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BBenenue

AXKTyaJbHOCTH TEMBI.

3ajaun 1mojlaBJIeHnsi BHEITHIX BO3MYIIEHUI, NefCTBYIOMNX Ha 00BLEKT yIpaB/ie-
HUd, SBJISIIOTCA YPE3BblYaiiHO BaKHBIMU B TEOPUU aBTOMATUYCCKOI'O PEryJinpoBa-
Hus. Peanbable Texunvdeckne 00bLEKTHI YIIPABIEHUS, KaK TPABUIO0, (DYHKIIMOHUPYIOT
B YCJIOBUAX HEOIIPeIeJIeHHOCTel, CBA3aHHbIX KaK C HEeM3BECTHLIMU 3apaHee U Hen3-
MepsieMbIMI BO3MYIIEHUSSA, TaK U CO CJyYailHbIMEU OInOKaMu usaMmepenusi. s pe-
[ICHUS 33184 110/IaBJICHU BO3MYIIEHUI B TEOPUU YIIPABJICHUS IPUMEHAIOTC Pa3HO-
obpazuble 1moaxobl. Cpean 1mo100HbIX MOIX0A0B MOZKHO BBIJICJINTH T€OMETPUUIECKIE
[IO/IXO/IbI, KOMIIEHCAIIMOHHDIC II0/IXO/bI, & TaKyKe METOJbl MUHUMU3AINNA BJINAHUST
OITpeIeIEHHOT0 KJ1acca BOBMYIIIEHNI Ha YIIPaB/ISeMbIil BBIXOJ CHCTEMbI. B mocie/-
HEM cJlydae MojiaBjieHne BIUSHUS BHEITHUX BO3MYIIEHNH MOYKET OBITh pPean30BaHO
JIJIst HEKOTOPOI'O Hallepe/i 3a/IaHHOI0 MHOYKECTBa CUI'HAJIOB 0e3 ero m3mepeHusi. Takue
[IO/IXO/Ibl 3aKJII0YAI0TCA B MUHUMU3AIUNA OIEPATOPHON HOPMbLI OT BO3MYIIAIOIIETO
BO3JICHCTBUS K YIIPaBIseMOMY BBIXOy. B Kjacce JTUHEHHBIX cUCTEM K HanboJiee 10-
[IYJISAPHBIM METOAaM MUHUMU3AINN OIIEPATOPHON HOPMBL OT BO3MYIIIAIOIIEI0 BO3/1eii-
CTBUSI K yTpasjiseMoMy Bbixoy orHocsitest LQG /Ho 1 H oo mojrxoibl. MuunMmsaiims
TOT'O WJITM MHOTO KPUTEPHUS KadeCcTBa O3BOJIeT HAWIYUIINM 00Pa30M MOIABIATH 3a-
JAHHBI KJIACC BHEITHUX BO3MYIIeHuii, neicrytomux Ha cucremy. Tak, LQG/Ho
PeryJsiTop IO03BOJIZeT HAWJIYUIINM 00pa30M MUHUMU3UPOBATH CPEIHEKBaIpaTHU-
HOEe OTKJIOHEHHE BBIXO/HOI MepeMEeHHOIl CUCTEeMBbl, Ha KOTOPYIO IeifiCTByeT rayCcCoB-
cKUil OeJIbIil MIyM ¢ HYJEBBIM CPEJHUM U €IUHUYHON KOBapUallMOHHON MaTpHIEil.
B ciyaae Ho ylpaBiennss MUHUME3HPYETCsT MaKCUMa/bHas (10 BCEMY JHANa30Hy

YaCTOT) OllepATOPHAsI HOPMa [ePeIaTOUHOM MATPUIbl (Kak KohDMUIUEHT YCUIeHUsT
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BHEIIHEro Bo3Myiaorero Boseiicrsus ) [141] [161), 290] 296]. Peryisropst, nosyuen-
HbIE C HCIOJIL30BAHUEM H oo MTOJIXOJIA, KaK MPABUJIO U3JIUIIHE KOHCEPBATUBHBI, 9TO
HMPUBOJUT K OOJIBINTUM SHEPIeTUUYCCKUM 3aTpaTaM Ha peaJin3alliio 3aKoHA YIIpaB-
JIEHUsI UCIIOJIHUTEIbHBIM YCTpOiicTBOM. [JIsh 1Ipeoo/ieHns: 9TOr0 HeJIOCTATKa MOLYT
OBITH UCIOJIb30BAHBI cMeranible Ho /Hoo MeTosb! [238] min Tak Ha3bIBaeMbIil Me-
Toy1, hopmuposanust Koutypa [207]. Metosx dopmupoBannst KOHTYpa 3aKII0IaeTCs
B HCIIOJIb30BAHUN JIONOJTHUTEIbHBIX (DUIBTPOB, OTCEKAIOIINX OIPEIe/IeHHbII auara-
30H gacToT. OJIHAKO, TAKO MOJIXO0/ SIBJISIETCSI CTPOIO MHIMBUYAbHBIM K KayKIOMY
o6bekTy u Tpebyer riybokoro nccienoBanus. Cmernanabie Hy /H oo METOJIBI T03BO-
JISTIOT MUHUMHU3UPOBATD H 5o HOPMY TIEPEIATOYHON (PYHKIINN OT BO3MYIIICHUS K OTHO-
MY VIPaBJISEMOMY BBIXOJIY C OrpaHUYeHreM Ha He HOPMY MepeaTouHol (PyHKINNT
OT BO3MYIIEHUs K Jipyromy Bbixojy. Cwmeranubiii Ho /H oo TOIXO K YIPABIEHIIO
CHUCTEMaMU C HEOIPEe/IeJIeHHOCTSIMI ObLT puMener B [252].

Takxke, Kak U TeOpUst Hoo YIIPABJICHUSI, aHU30TPOIUITHAA TEOPUs, TPEJIIOXKEH-
Has V.I". BiraguMupoBbIM, n3ydaeT BO3MOKHOCTH ITO/IaBJIEHUsT CUCTEMO CJTy JailHbIX
BHEIITHUX BO3MYIIeHUil. B or/indne oT nepeducieHHbIX BbIIIE M0JIX0/I0B, aHU30TPO-
NuiiHas Teopust yIpaB/eHUsl YIUThIBAET OKPAIIEHHOCTb CIYyYaiiHOTO BXOHOIO BO3-
MyIeHusi. Mepoii OKpallleHHOCTH BBICTYIIAeT HEOTPUIATEIbHOE YHCJI0, HA3bIBAEMOE
cpejiHeil aHn30TpoIHeil, KoTopasi UCIOJIb3YeTCsI JIJIsi TeOPETUKO-NH(MOPMAIIOHHOTO
(MM SHTPOMUMIHHOTO) OMUCAHWST CTATUCTHIECKON HEOIPEIeIeHHOCTH B OTHOIICHUH
cayqaitasix mymon [18), [124], 28T, 277, 25T]. B pabore [282] 6bu10 mostydeno pere-
HUe 3a/a491 OITHMAJILHOIO aHIM30TPOIMITHOrO yIpaBieHnsa B (hopMe JTUHAMITIECKO
00OpaTHOM CBSI3M TIOJHOTO MOPsiJIKA ITPU HEIOJHOM H3MEPEHUN BEKTOPa COCTOSTHUS.
[Ipu sToMm Obuin mpeosiostensr Heytoctatkn LQG/He u Hoo peryisitopos. Kirode-
BBIM IIAI'OM B JIaJIbHENIIEeM Pa3BUTUU aHU30TPOIUNHON TEOPHH sIBUJIACh JaCTOTHAsI
Teopema, chOopMyJINpOBaHHAsI CHaYasa B TepMuHax ypapHenniti Pukkaru E.A. Mak-
cuMoBbIM B pabore [I82], a mosznee 3anucannas M.M. HaiikoBckuM B TepMuHAX
MaTpuaHbIx HepaBeHcTB B [271]. Pabora [271] mosmoxmia Havaso pasBUTHIO Teo-

pun Cy6OHTI/IMa.HbHOFO aHMSOTpOHHﬁHOFO YiipaBJI€HUA JIMHeHbIMHI cucreMaMu. B
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[32] npuBomsTes perienns jis 3aja9 CUHTE3a CyOONTUMAJIBHBIX aHU30TPOINUITHBIX
PEryJsiTOpOB IIPU ITOJTHOM U HEIOJIHOM M3MePeHUU BEKTOPa COCTOSIHUSI, ¢ JOIOJIHU-
TeJIbHBIMI KPUTEPUSIMHE, a TaKzKe JJIsl OJHOTO KJIaCCa CUCTEM C ITapaMeTPpUIeCKIMU
HeolIpeIeIeHHOCTSAMU. BbLIO I0Ka3aHOo, 9TO IIPUMEHEeHNe aHM30TPOINITHBIX PeryJis-
TOPOB IPH YIIPABIECHUN JUCKPETHBIMEI CUCTEMaMI CYIIEeCTBEHHO YMEHbIIIaeT dHepre-
TUYECKHe 3aTpaThl Ha yIpaBJEHHUE 33 CUET ydeTa CTaTUCTUIECKOI Heolpe e IeHHO-
CTHU CJIyYaifHOrO BHEIIHEIO BO3MYIIEHNUsI, He CHIKAsI I[P 9TOM KadeCTBa IePEeX0/IHbIX
niporieccoB. Ilpu atom ciayuan Ho u Hoo ylpaB/ieHus MOTYT PACCMaTPUBATHLCA Kak
YaCTHBIE [IPejle/IbHble CIydanl aHI30TPOINITHON TeOpUN.

CucreMbl yHIpaB/eHUs, 3aMKHYTble AHU30TPOIMITHBIMU PEryJssTOPaMu, sBJIs-
10Tcst Oojiee poOACTHBIMM, YeM CHCTeMbl, 3aMKHYTble Ho PeryJsropamu, U Me-
Hee KOHCEPBATHBHBIMHU, U€M CHCTEMBI, 3aMKHYThIe H., peryiasropaMmu. B paborax
[T7, 4], 183] paccmaTpuBainch cpaBHEHUST BOSMOXKHOCTEH Ho , Hoo M AHH30TPOIIHI-
HBIX PEryJIsSITOPOB B 3ajiade MOaBJIeHNs] BHEIITHETO BO3MYIIEHIS THIIA CABUTA BETPa,
DU [IOCAJIKE CAMOJIETa, B IIPUCYTCTBUU CJIYYaAHBIX OKPAIIEHHBIX IIYMOB H3MePeHMil.
AHusorponuiinble PerysTopbl IOKa3al 3HAYUTE/bHbIE IPENMYIIecTBa 110 CpaB-
HEHUIO C H oo PErysIigaTopaMi B BOIIPOCAX dHEPro3arpaT Ha ylpaBjeHue. Y YUThiBasi
BCE IIPEUMYIIECTBA aHU30TPOIMITHOIO OJIX0/a K CUHTE3y POOACTHBIX PEryJsiTOPOB,
JlaJibHelilee pa3BUTHE METOJI0B aHU30TPOIUITHOTO aHaJM3a U YIIPABJICHUS JJIsd HO-
BBIX KJIACCOB CHCTEM SIBJIsIETCS BaKHOI 1 aKTyaJbHOIl 3aj1a4eii. Cpejn TakKnx Kjiac-
COB CHCTEM CJIeJIyeT BbIJIEIUTH JIECKPUIITOPHBIE CUCTEMBI.

JleCKpHUIITOPHDBIE CUCTEMBI SIBJISIIOTCS €CTECTBEHHBIM 000011IeHneM 00bIKHOBEHHBIX
CUCTEM IIPU COCTABJIEHNH MaTeMaTUIeCKNX MoJiejieil peajbHbIX 00beKTOB yIIpaBJie-
Husi. MaremaTndeckne MOJIE/IM CUCTEM YIIPaBJIEHUS CTPOSITCS Ha, OCHOBE M3BECTHBIX
3aKOHOB IPUPOJIbI: (DUBNUECKUX, XUMUIECKUX, OMOJOINIeCKUX 1 T.J. TaKne 3aKOHbI
UMeroT Kak uddepeHnuaibayo (Hanpuvep, BTopoii 3akon HbioToHa), Tak u aJ-
rebpamaeckyio dopmy (3akor Knpxroda). OObdHO MaTeMaTndeckast MOJIe/b 00b-
eKTa yIpaB/jeHns 3anucbiBaercss B dopme auddepeHnnajbHbIX WA PA3HOCTHBIX

ypasuennii. OIHAKO CYHIECTBYIOT CUTYaIllH, KOIJIa TaKoil (hOpMbI OlrcaHust ObIBaeT
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HejiocTaTovuHO. [lonbITKKM 3ajiaHus MOJ00HBIX CUCTEM C IIOMOIIBIO TOJILKO i de-
peHIAaIbHBIX UIN PA3HOCTHLIX YPaBHEHUII MOI'YT IIPUBECTU K HoTepe MH(OpMaIun
I »Ke K OIMCAHUIO CUCTEMbI B HEKOTOPBIX aOCTPAKTHBIX IEePEMEHHbBIX, HA3bIBae-
MBbIX (PA30BBIMU IIePEMEHHBIMI. JTO MOXKET 3aTPYIHSATH IPAKTHIECKYIO Pean3aIinio
VIPaBJISONINX YCTPOUCTB, a TaKKe MOKeT IPUBOJNTH K CHUXKEHUIO KaueCcTBa pPery-
JINPOBaHUs PeaJIbHBIMI O0bEKTAMMU.

Taxkum oOpa3oM, IPU BEIOOPE MaTeMaTHIECKON MOJIE/IT CHCTEMbI B IIEPEMEHHBIX,
KOTOPbIE UMEIOT PeasibHbIil (DU3UIECKUIT CMBICJI, ITPUXOINTCS CTAJIKHBATHCS C TEM,
YTO OHa MOYKET COJIEpKaTh B cebe He TOBKO auddeperiuaibuble, HO 1 ajaredbpante-
CKHE CBS3W U OTPAHUYCHUS. 3aIllUCh MATEeMaTHIeCKONH MOJICTH CUCTEMbI YIIPABJICHIS
B aJjiredpo-auddepennnaibHoii (hopMme, KaK IpaBuiio, BiedeT 3a coDOil HEBO3MOK-
HOCTb pa3peliuTh JaHHYI0 COBOKYITHOCTb ajre0po-auddepeHiuabHbIX YpaBHEeHUIT
OTHOCHUTEJILHO II€PBOIi ITPOU3BOJIHOI. DTO MPUBOJUT K IOSBJICHUIO HOBOTO KJIacca
CHCTEM, Ha3bIBAEMbBIX aaredpo-anddepeHImajlbHbIMI WX JeCKPUITOPHBIMEI CUCTE-
MaMI.

[Ipoucxoxienne Teopun JeCKPUITOPHBIX CHCTEM BOCXOIUT K paboram K. Beiiep-
mrpacca u JI. Kponekepa [175, 285] o mapamerpusyembix cemeiicTBax OUIMHEHHBIX
dopm. B repmunax marpuir Jjisi aHamu3a JHHEHHbIX cicTeM 00bIKHOBEHHBIX Jndde-
pPEeHIAIbHBIX YPaBHEHUI ¢ BOSMOYKHBIMU BBIPOKICHUSIMU TJIABHOIO KO3 DuIneHTa
matpuiisl @.P. arTMaxepom ObLIH HCIOTB30BaHbl MaTpudabie mydkn [20].

anbHeiiee pa3BuTue Teopusl mnoJy4dmia B paborax 1. dupaxa 06 0000IIEHHBIX
lamuibronosbix cucremax [128 [129] 130]. OcHoBHast ujesi, Koropast pacCMOTPEHa B
BBIIIECOINCAHHBIX paboTax, B COBPEMEHHON HayKe Ha3bIBACTCs WHJIEKCOM JinddepeH-
LUPOBaHUSI IIOJIYSIBHBIX JIECKPUIITOPHBIX cucTeM. ['eoMeTpuyuecKuii MeTo  n3yYeHust
TaK Ha3bIBA€MbIX CUCTEM C OI'DaHNYEHUSIMU, OCBEIeHHBIX B paboTax lupaka, Hale
cBoe npumenenre B Mexanuke |58, 150, 157, 202, 203, 208, 248, 249, 250]. Mexa-
HUYECKNEe CHCTEeMbl KaK JECKPUIITOPHbIE CHCTEMbl B JaJIbHEHINEM CTaJ 00bEKTOM
mupokoro uccyepopanus [147, [163) 188].

Boubimoe uncio HCC.HC,HOB&HI/Iﬁ B TEOPpUMN AECKPUIITOPHBIX CUCTEM OTHOCUTCA TaK-
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JKe K Teopun 3jieKTpudecknx cxeM. [losisienne nuddepenimaibubix 1 ajaredpamnde-
CKUX YPaBHEHUI B MOJEJIAX TAKUX CHCTEM CBSI3aHO ¢ KoMOmHalumeil juddepeHim-
AJIbHBIX YPABHEHUIT, ONMUCHIBAIONINX ITOBEJ/IEHNE PEAKTUBHBLIX 3JIEMEHTOB, U aJjred-
pamdecKnx 3aBUCUMOCTel, OCHOBAHHBIX Ha 3akoHax Kupxroda n xapakKTepuCTUKax
ssementos [137, 236) 237, 255].

Maremaruueckast Teopusi aaredpo-anddepeHnnajibHbIX CUCTEM HadaIa aKTHBHO
pasBuBarhbcd B 1970X IT. HE3aBUCUMO B Pa3/JIMYHBIX 00/1acTAX TeXHUKU. Heobxommo
BbIIENTH paborel ['mpa [145], Taiikenca [270], a Taxxke monorpadun Kaommbesrta
[100], 101] un Iersonna [225], Beimenmue B mHadase 1980x rr. B mamabix paborax
OCHOBHOE BHUMAaHME OBbLJIO aKICHTUPOBAHO HA YHCJIEHHBIX ACIEKTaX MOJICTUPOBa-
HUsl JIECKPUIITOPHBIX CUCTeM. B HacTosiliee Bpems JIOCTATOYHO OOJIbIIIOE BHIMA-
Hue yjueJisiercs: ajaredpo-auddepeHiuaabHbIM CICTEMaM B 9aCTHBIX ITPOU3BOJIHBIX
[88, 204], 233], a Takke cTOXacTHIECKIM JIECKPHUIITOPHBIM crucTeMaM [243].

B oredecTBenHOl 1 3apybe:KHOI JinTepaType ajaredpo-anddepeHnuajibHble Cu-
crembl |10, B3, O8] naswbiBatorcst Takxke cunryssipabiMu cucremamu [100, 101, 121],
0DOBIIEHHBIMU CUCTEMAME B ITPOCTPAHCTBE COCTOSHU (11 OOOOIIEHHBIMI CHCTEMA-
vn) [62], messabivn cucremamu [48) 57 wn neckpunroprbivu cucremanmn [214] 215].
Tak>ke B OTe€UYeCTBEHHOI JinTeparype MOYKHO BCTPETUTh TEPMUH «CHUCTeMbl JIeoH-
theBckoro tumay (13 22 [30]. Haubosee gacro B 3apybeskHOil uTepaType HCHoib-
3yeTcsl IOHATHE «JCCKPUIITOPHbBIE CUCTEMbBI». B JaHHOM cjydae IpeInoaraeTcs, ITo
nepeMeHHble, (OPMUPYIOIITE MaTeMaTUIeCKy0 MOJIeIb 00bEeKTa YIIpaBIEHUs, O~
CBIBAIOT HEKUil peaibHbIi Ipoliece, mporekaouii B oobekre (ot anr. descriptor -
OTINCATEID ).

JleCKpHUIITOPHBIE CHUCTEMbI HAILJIA CBOE NPUJIOYKEHUE IIPU MOJICIUPOBAHUN IBU-
JKeHUs JleTaTe bHbIX anmaparos [258)], xumuaeckux mporeccos [59 60, 176], B cxe-
motexuuke [214] 215 2306, 237], B sxonomuvecknx cucremax [196], mst omucanus
COEIMHEHHBIX MeXKIy c000ii cucreM BbIcOKOTO mopsiika [197], B TexHUUIecKUx cu-
cremax [50) [165], B sHepreruueckux cucremax [240], st onucanns MexaHUYECKUX

cucrem [58) 228] u B pobororexuuke [209]. /leckpunropHbie CHCTEMbl IMEIOT HEKO-
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TOPBIE XapaKTEepPHbIE OTJINTHsT OT OOBIKHOBEHHBIX CHCTEM (371eCh U jajiee OOBIKHO-
BEHHBIMU OyJIeM HA3BIBATH CUCTEMbI, OMUCHIBAEMbIE TOJLKO JuddepennnaabHbIMn
I TOJIBKO PA3HOCTHBIMU ypaBHEHUsIME). JIJisi IeCKPUIITOPHBIX CHCTEM XapaKTep-

HBI cie/yrormue cBoficTsa (82, 148, 276):

e [lepenarounas GyHKIN JECKPUIITOPHON CHCTEMbBI MOXKET HE sIBJSITHCS CTPOTO

[IPaBUJILHOI.

e Jljis1 MpON3BOJILHBIX OIPAHUYCHHBIX HAYAJILHBIX YCJIOBUI B PEIICHUSIX aJiredpo-
nnddepeHInalIbHbIX YPaBHEHII MOTYT MPUCYTCTBOBATH 0000ITCHHBIE (DYHK-
nuu (MMITYJIbCHOE TIOBEJIeHNE), a JIJId aredpO-Pa3HOCTHBIX yPABHEHHUI petrie-
HIIEe MOYKET 3aBUCETH OT OY/IYIIMX MOMEHTOB BpeMeH! (HEeIpPUINHHOE TTOBE/Ie-

HIe).

e Pemenne jmneiinoro aaredpo-anddepeHnnaj bHOr0 ypaBHEeHNsT OOBIYHO COJIEP-
JKAT TPU TUIIA, KOMIIOHEHT: OrpaHUYeHHble JUHAMUYIECKNe KOMIIOHEHTbI, COOT-
BeTcTBYyOIIMe JuddepeHnnaibHoil COCTaBIIAOIIeH; HeJJuHaMUIeCKIIe KOMIIO-
HEHTbI, COOTBETCTBYIOIIHE aJIredpanvIecKiM COCTaBJIAIONIINM; HeOI'DaHTIeHHbIE
JIMHAMIYECKIe KOMIIOHEHTBI U3 KJ1acca 0000IeHHBIX (DYHKINI, HaJIn4Ine KOTO-
PBIX 3aBUCHUT OT IJIQJIKOCTH BXOJHOI'O CUI'HAJIA, & TaKyKe OT HAYAJIbHBIX YCJIO-

BUI.

HecMmoTpst Ha yKazaHHBIE BbIIIIe 0COOEHHOCTH, CC/IeIOBAHNIE JIECKPUTITOPHBIX CU-
CTeM TPEJICTABISET JOCTATOTHO MEPCIEKTUBHOE HAIIpAB/IEeHNE KaK ¢ TOYKHU 3PEHU
dyHIaMEHTATBHBIX UCCJIEIOBAHNIT, TAK U C TOUKU 3PEHUs TPAKTUIECKOrO IIPUMEHE-
Hust. CylecTBeHHbIE OTJINUUST JIECKPUIITOPHBIX CHCTEM OT OOBIKHOBEHHBIX HOTPEOO-
BaJI Pa3BUTHA U 0DODIIEHUST MaTEeMAaTUIeCKOr0 alapaTa, JIjid HUX.

Muorue dyHiaMeHTaJIbHbIe TOHATHS U PE3Yy/JIbTaTbl U3 TEOPUN OOBIKHOBEHHDBIX
CUCTEM OBLIM YCIENTHO O0OOIEHBI Ha JIECKPUIITOPHBIE CUCTEMBI: pPa3pennMOCThb
asrebpo-nddepeHImaIbHbIX YPaBHEHU, NCCIeI0BAHIE YIIPABISEMOCTH U HADJTIO-

maemoctn |10, 33, B85, M121]; xanonmueckme boOpMbl U MpeCTABICHUS JIECKPUII-
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topubix cucrem [102, 153 154, 186]; munnmanbubie peanusamuu [119, 138, 160];
skBUBasieHTHOCTL cucreM [121) 164, 262, 275]; perynasprocts u pery/sipusariust
[93, 94], ©5, ©7,, 112, 113]; ycroitunBocts u cradbummsanus [149] 187, 217, 242] 286];
mogastbroe yrpasienne [36, 114 T21], [151], 152], 247, 291]; muneitno-kBaparuanoe
ontumasibHoe yipasienne [82, 179, 218|; cunres mabirogaresneit u dbuabrparus
(122, 123, 210, 219, 220]; Teopembr u ypasuenust Jlsmnynosa [81], 167, 261, 267, 293);
peaykrust mogenn [264 294); Ho u Hoo yupasmerue [106] 107, 139, 140, 168, 173,
200, 260, 268, 269, 284], 280].

PesioMupysi BbIIIECKA3aHHOE, MOYKHO CJ€JIaTh BBIBOJ, UTO aKTyaJbHOCTH pas-
BUTHs aHM30TPOIUIHON Teopun n paspaboTKa HOBBIX METOJ0B aHH30TPOIUHHOIO
aHAJIN3a 1 CHHTE3a PODACTHBLIX PEryJISITOPOB JJIsi HOBBIX KJIACCOB HE BBLI3LIBAET CO-
MHEHH. DT MeTO/Ibl IIO3BOJISIIOT 0000IIaTh B paMKax €JIMHOTO II0JX0/a Pa3pO3HeH-
HbIE€ CYIIECTBYIOIIIE 1 IOSBJISIONINECS] B HACTOSIIIINANA MOMEHT Pe3yJIbTaThl aHAIN3a
u cunresa LQG/Hy u Hoo PEryasiTOpOB It JTMHEHHBIX CHCTEM, KakK OOBIKHOBEH-
HBIX (38/1aBa€MBIX PA3HOCHBIMEU YPABHEHUSIMU), TaK U JIECKPUITOPHBIX (aarebpo-
Pa3HOCTHBIX) CHCTEM.

IMenbro jaHHOIO JUCCEPTAIMOHHOTO MCCIEIOBAHNS SIBJISIIOTCA paspabOTKa HO-
BBIX METOJIOB aHAJIN3a W CHHTE3a JJIsI KJIacca JUHEHHBIX JeCKPUIITOPHBLIX CUCTEM Ha
OCHOBE aHM30TPOIMUIHOrO MOIX01a K OIICAHIIO BHEITHIX BO3MYIIEHNUIT 11 00001IeHne
METOJI0B aHH30TPOINIHON TEOPUHN YIIPABICHIS Ha HEKOTOPbIE KJIACCHI apaMeTpH-
JeCKN HEOIIPEIEIeHHBIX OOBIKHOBEHHBIX CHCTEM.

J171s1 TOCTUKEeHMSI TIOCTaBJIEHHOI 11eJIM HEOOXOIMMO PEIIUTh CJIeIYIONIe 3aadmn:

1. g JuHEHHBIX JEeCKPUIITOPHBIX CHCTEM IOJYYUTH YCJIOBHA W paszpadoTaTh

AJITOPUTMBI JIJId OIIEHKW W BbIYMCJICHW A aHI/ISOTpOHI/IfIHOﬁ HOPMbI CUCTEMBI.

2. g nMuHeRHbIX JIeCKPUIITOPHBIX CUCTEM Pa3paboTaTbh METOJUKY CHUHTE3a OIl-
TUMAaJIbHOI'O 3aKOHA yIIPaBJIeHUs IIPU TIOJTHOM U HEIIOJIHOM U3MePEHUUN BEKTOPa
COCTOSIHUS, KOTOPBIil Je/laeT 3aMKHYTYIO CUCTEMY JOIIyCTUMON U MUHUMU3U-

pyeT ee aHU30TPONUIHYIO HOPMY OT BO3MYIIIEHUA K YIIPABAAEMOMY BBIXOJLY.
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11 IMHENHBIX JIUCKPETHBIX JIECKPUIITOPHBIX YIIPABJIsIEMbIX CHCTEM pa3pabo-
TaTh METOJNKY CHHTE3a CYyOONTHMAJIbLHOIO 3aKOHA YIIPABJICHUS NP ITOJHOM
U3MEPEeHNN BEKTOpa COCTOAHUS, KOTOPBI JiejiaeT 3aMKHYTYIO CUCTEMY JOILy-
CTUMOI U TapaHTHUPYeT OIPAaHNYCHHOCTDL €€ aHU30TPOIUNHON HOPMBI OT BO3-

MYIIEHUA K YIIPABJIAECMOMY BBIXOY.

g MuHEeNHBIX JUCKPETHBIX JIECKPUITOPHBIX CHUCTEM C MapaMeTpUYeCKUMU
OI'PAHUYCHHBIMU 110 HOPME HEOIPEeAeJICHHOCTIAMA IIOJYYUTh YCJAOBUA JJIsI IIPO-
BEPKM poOACTHOI JOIMYCTUMOCTH 1 OTIEHKN BePXHEl I'PaHUIlbl AHU30TPOITIITHOM

HOPMBI 1 pa3pa60TaTb AJITOPUTM JIA €€ BBIYUCJICHUA.

st MuHelnbIX MUCKPETHLIX JIECKPUITOPHBIX CUCTEM C MapaMeTpPUUeCKUMU
OrpaHMYEHHBIME 10 HOPME HEOIPeJIeICHHOCTIMI pa3padoTaTh METO/IbI CHHTe-
3a 3aKOHA yIIPaBJICHUA IIPU MTOJTHOM U3MEPEHUN BEKTOPA COCTOAHUS, rapaHTHU-
pYIOIIero podbacTHYIO JOMYCTUMOCTD 3aMKHYTONH CUCTEMBI W OIPAHMYEHHOCTD

CBEPXYy ee aHU30TPOINIHHON HOPMBI OT BO3MYIICHUA K YIIPABIAEMOMY BbIXOJLY.

st TUHEHBINX JINCKPETHBIX OOBIKHOBEHHBIX CHCTEM C IapaMeTpPUYeCKUMU
OI'PAHUYCHHBIMU 110 HOPME M HOJUTOINUYCCKUMU HEOIPEJICJICHHOCTAMU I10JIY-
YUTH YCJIOBUSA JIJI TTPOBEPKU POOACTHON YCTONYINBOCTH U OIEHKN BEPXHEIT rpa-

HUIBI AaHU30TPONMITHON HOPMBI U pa3paboTaTh aJarOpUTM JIJI €€ BHIUYNCICHUS.

JIst MuHERHBIRX JUCKPETHBIX OOBIKHOBEHHBIX CHCTEM C IapaMeTpUUeCKUMH
OIPAHUYEHHBIMU 110 HOPME U MOJUTONNYECKUMU HEOIIPEJIEJIEHHOCTSIMU pa3pa-
60TaTh METOJbI CUHTE3a 3aKOHA YIPaBJIECHUA IIPU MOJTHOM U HEIIOJTHOM H3Me-
PEHUN BEKTOpPa COCTOSIHUS, TapaHTUPYIONIEro poOACTHYIO YCTOHYMBOCTH 3a-
MKHYTOI CUCTEMbI U OIPAHUYEHHOCTb CBEPXY €€ aHU30TPOIUITHONI HOPMBI OT

BO3MYIIEHUS K YIIPABJIAEMOMY BBIXOJLY.

PazpaboTraTb METOIUKY JETEKTUPOBAHUS U MJIEHTHMUKAIINNA OTKA30B UCIIOJI-
HUTEJIbHBIX U U3MEPUTEJILHBIX 3JICMEHTOB JIMHEIHOI TUCKPETHO! CUCTEMBI, KO-

TOpas rapaHTUPYET OrPAHUYECHHOCTh aHU30TPOIUITHON HOPMBbI OT BO3MYIIIEHUS
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K OIINOKEe OLIEHNUBaHUA, U pa3padboTraTh METOAUKY CUHTE3a, 0TKA30yCTONINBOIO

yIIpaBJIeHUS.

Hayunas soBu3Ha. Pe3y/ibrarThl, 10JIyUeHHbIE B IICCEPTALIMOHHO paboTe, 110-
CTAHOBKM 3aJ1a9 1 METOIbI UX PEIIeHus SIBITAIOTCA HOBBIMU B aHU30TPOIMUIHON Teo-

pun yIipaBJICHN. K ocHOBHBIM HOBLIM pe3yyibTaTaM OTHOCATCA CJIEYIOIINEC:

1. Pemenn! 3a/1aun aHU30TPONUIHOIO aHalIl3a 1 BBIYUCICHIA aHI30TPOINNIHON
HOPMBI JIECKPUIITOPHON CHUCTEMBbI C UCIIOJIL30BaHNEM ODODIIEHHBIX aJiredpan-

YECKUX yp&BHeHI/Iﬁ Puxkkaru n METOJI0B BbIHyKHOfI OIITMMU3alI .

2. IlostydeHbl METOJMKHU CHHTE3a ONTHMAJILHOIO aHU30TPOINNIHOTO yIIPABJICHMS
IIPU TIOJITHOM U HETIOJIHOM M3MEPEHNN BEKTOPa, COCTOSHNSA Ha OCHOBE 000O0IEH-
HBIX U OOBIKHOBEHHBIX airedpanmdeckux ypapHennii PUKKaTu jj1s 1eCKpUITop-

HbIX CUCTEM.

3. Pemena 3aj1ava cuHTe3a aHU30TPOINMITHONO PETYJISITOPa IPU MTOJTHOM H3Mepe-
HUU BEKTOPa COCTOAHUSA JJI JeCKPUIITOPHBIX CUCTEM C PACHOJIOXKEHUEM KO-

HEYHDbIX ITOJIIOCOB SaMKHYTOﬁ CHUCTEMBI B BaﬂaHHOﬁ 0bJ1aCcTH.

4. Pemena 3ajada podacTHOrO0 aHU30TPOIMITHONO aHAJIM3a U pa3paboTaH aJjro-
PUTM OIIEHKHN BepXHell IPaHUIlbl aHU30TPOINNHON HOPMBI JTECKPUIITOPHON CH-

CTEeMBbI C OI'paHUYC€HHbBIMUA 110 HOPpME ITapaMETPUICCKUMHU HECOIIPEACJICHHOCTAMMU.

5. Pemena 3aada cuaTe3a pobacTHOTO AaHM30TPOIMITHOTO YIIPpAaBJIEHUS JIECKPHUII-
TOPHOII CUCTEMOI ¢ OrpaHUYeHHBIMU 110 HOPMe ITapaMeTPUYecKUMU Heolpe/ie-

JICHHOCTAMMU IIPpN IIOJTHOM M3MEPCHHUN BEKTOPa COCTOAHMA.

6. Pemena 3aj1a4a cuHTE3a POOACTHOIO AHM30TPOIMITHOIO YIIPABICHUS JECKPUII-
TOPHOI CHCTEMOIl ¢ OIpaHUYEHHBIMU 110 HOPME ITapaMeTPpUYecKUMHU Heolpe-
JIEJIEHHOCTSMU C PaCIOJIOZKeHNeM KOHEYHBIX IOJII0COB 3aMKHYTOI CUCTEMbI B

3aJIAHHOI 00/IACTH MPU MTOJTHOM U3MEPEHNN BEKTOPA COCTOSHUSI.
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10.

11.

12.

Pemena 3ajiaua podacTHOTO aHU30TPONUITHOIO aHaJIM3a U pa3paboTaH aJiro-
PUTM OIIEHKHU BepxXHeil I'PaHUIbl aHIM30TPOIUIHON HOPMbI OOBIKHOBEHHO CH-

CTEMDBI C OI'PaHUYCHHBLIMH 110 HOPpME ITapaMETPUICCKUMUA HEOIIPEACJICHHOCTAMMU.

Pertennr 3aa4un cuaTE3a pOOACTHOIO aHU3O0TPOIUIHOIO YIIPaBIeHUsT OObIKHO-
BEHHOII CUCTEMOI ¢ OrpaHUYEHHBIMU 110 HOPME MapaMeTPUYeCKUMU Heolpe/le-

JICHHOCTAMMN IIPpH IIOJTHOM M HEIIOJIHOM HM3MEPEHUMN BEKTOPa COCTOAHMAI.

Pemena 3ajiaga oneHkn BepxHeil IpaHUIbl Ho, HOPMBI, & Tak:Ke pa3padoTaH
METOJ CHHTe3a POOACTHOIO Ho PErysidgTopa JJisi JeCKPUIITOPHONR CHCTEMbI C
OrPpaHUYEHHBIMU 110 HOpME IapaMeTPUIeCKIMU HEeOIPeIeJIeHHOCTSIMI Ha, OC-

HOBE JINHENHBIX MaTPpUYIHBIX HEPaABEHCTB.

Pemena 3ajjaga pobacTHOTO aHU30TPONUNHOTO aHAJN3a U pa3zpadoTaH ajro-
PUTM OIEHKHU BepXHell TPaHUIbl aHM30TPONNIHON HOPMBI OOBIKHOBEHHOM CH-

CTEMBI C IIOJIMTOIIMYECKUMU ITapaMETPUICCKUIMHU HEOIIPEAC/ICHHOCTAMM.

Permena 3ajga4ua cuaTE3a pOOACTHOIO aHU3O0TPOIUIHOTO yIIpaB/JIeHusl OObIKHO-
BEHHOII CHCTEMOI ¢ MOJUTONMMIECKUMHU TTapaMeTPUIeCKUMHI HeOolpe e IeHHO-

CTAMUA IIPpU IIOJTHOM M3MEPEHHUN BEKTOPa COCTOAHM.

Pemena 3aJada AETEKTUPOBaHUA U I/I,HGHTI/I(bI/IKaHI/H/I OTKa30B HCIIOJIHUTEJIb-
HbIX M1 M3MEPUTEJIbHBIX 9JIEMEHTOB JIMHENHOI ,ZLI/ICerTHOﬁ CHUCTEMBI C UCIIOJIb-

30BaHIEM aHU30TPOIUIHOIO (PYHKIIMOHAJIA KAdeCTBa.

Teoperundeckass 3Ha4YMMOCTb. (Q000IIeHIe AHM30TPOIUITHOIO IOJIX0[a Ha

KJlaCC JECKPUIITOPHbLIX CHCTEM IIO3BOJINJIO O6'b€ﬂHHHTI) B paMKaX e,ZLI/IHOfI TEOpUNn

METO/Ibl aHaJIN3a N CHUHTE3a JIMHEIHBIX CUCTEM, MCIIOJIb3YIOIIUX B BHJAEC KPHUTEPUA

KauecTBa HOPMY BXO/I-BBIXOJIHOI'O OllepaTopa CUcTeMbl. Takum obpa3oMm, B paMKax

o0IIeil KOHIIENIINH YAJI0Ch 00bEIMHUTD pa3pO3HEHHBIE JI0 HACTOSAIIEI0 MOMEHTa Me-

ToJbl Ho 1 H oo TEOPUIl JIJI JECKPUIITOPHBIX CUCTEM KaK JaCTHBIE CJIydan aHu30TPO-

HUAHOTO IIoJxX0[Ja, a TaKzKe pacCMaTpuBaTb OOBIKHOBEHHBIE CHUCTEMbBI KaK YaCTHBIN
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cJIydail JIeCKPUIITOPHBIX cucTeM. BliepBble aHM30TPONUITHBIH 110/1X0/1 ObLIT IIPUMEHEH
K PeNienuio 3a/iad MIeHTU(UKAIIME cOOEB U CUHTE3a O0TKA30yCTONIMBLIX JTNHEHHBIX
CUCTEM.

IIpakTuyeckass 3HaYUMOCTb. [losrydennbie B AuccepTallMOHHOM HUCCJIEI0Ba-
HUU METOJIbl aHAIN3a U CHHTe3a POOACTHBIX CUCTEM aBTOMATHYECKOTIO yIIPABICHUS
C TOYHO M3BECTHBIMU IO3BOJIAIOT CYIIECTBEHHO CHU3UTH KOHCEPBATU3M 3aMKHYTBHIX
CUCTEM 110 CPABHEHUIO C H oo PETYJIATOPAMHU, MOBBIIIAs POOACTHOCTD 110 OTHOIICHUIO K
CTATUCTUYECKUM HEOIPEJIeJIEHHOCTSAM B paclipejle/IeHusAX CaydaliHbIX BO3MYIIEHUIA.
Taxme peryadaTopbl MOT'YT CYIIECTBEHHO CHU3UTDL SHEPTO3aTpaThl Ha YIIpaBjeHue 1
BpeMsl aBTOHOMHOI pabOThl 3aMKHYTBIX CHCTEM 3a CUYeT Oojiee TOHKOI HaCTPOWKM
yIIPaBJIAIONIEro yeTpoiicTBa. MeTo/ibl aHa/n3a 1 CUHTE3a AaHU30TPOIMITHOTO YITPaB-
JICHUS JIJIl CUCTEM C HETOYHO 3aJIaHHBIMU ITapaMeTpaMi IO3BOJIAIOT MOBBICUTH PO-
6acTHOEe KAa4ecTBO 3aMKHYTLIX CHCTEM B YCJIOBHUSAX MapaMeTPUIecKoil Heolpe e /eH-
HOCTU 00BEKTOB YIIPABJIECHNs, BBI3BAHHBIX HETOUYHO U3BECTHOI MaTeMaTHIeCKONl MO-
JIeJIBIO MJIM TeXHOJIOTMYECKIMU JIOIYCKAMU ITPHU MPOU3BOJICTBE KOMIIOHEHT O0bEKTOB
yIIpaBJICHUS.

OcHoBHBIE IIOJIO2KEHN A, BBIHOCUMBbIC Ha 3allIUTYy

1. MeTtoabl ann30TpONuitHoro anaan3a n aJropuTMbl BBIUYACIEHNST aHN30TPOITHII-
HOIl HOPMBI JIECKPUIITOPHON CUCTEMBI € UCIOJb30BAHUEM TeXHUKN PukkaTn n

METO/I0B BbIHyK.HOfI OIITHUMU3aIllN.

2. Meroapl cuHTe3a ONTHUMAJLHOIO U CYOONTHMAJBLHOIO AHU30TPOIMITHOIO
yIIpaB/IeHUs [IPHU IIOJHOM M HEIOJHOM HU3MEPEHUU BEKTOPa COCTOSHHSI Ha OC-
HOBE OOODIIEHHBIX U OOBIKHOBEHHBIX aJireOpandecKnX ypaBHeHuit Pukkaru, a

TaK2>Ke C IIOMOIIIbIO ME€TOI0B BbIHyKHOﬁ OIITMMU3allN.

3. Metojbl pobacTHOrO aHM30TPOIUITHOTO aHAIN3a U aJI'OPUTM OIEHKN BepXHeil
IPpaHUIbl AHU30TPONUITHON HOPMBbI JIECKPUIITOPHOII CUCTEMbI C OrpaHUYEeHHbI-

MUK 110 HOpME ITapaME€TPHUYCCKUMUN HEOIIpEedC/ICHHOCTAMMU.
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4. Merojibl cuHTe3a POOACTHOI'O aHU3OTPOIMITHOIO YIIPABIEHUS JECKPUIITOPHOIT
CUCTEMOI ¢ OrpaHUYeHHBIMU 10 HOPME IapaMeTPUYeCKUMU HEOIPEJIe/ICHHO-

CTAMMU IIDU IIOJTHOM M3MEPEHNHU BEKTOPa COCTOAHMI.

5. AJropuTM OlleHKU BepxXHeil rpaHuiibl Ho, HOPMBI, & TaKzKe MeTOJ CUHTEe3a, PO-
6acTHOTO H o PETYIATOPA JJIST JIECKPUIITOPHON CUCTEMBI ¢ OTPAHUYEHHBIMU 110

HOPME IIapaME€TPUYICCKUMUN HEOIIPEACJICHHOCTAMU.

6. MeToapl pobacTHOIO aHU30TPOIMITHOIO aHAJIN3a U aJIFOPUTM OIEHKU BepXHeil
I'PAHUITBI AHU30TPONUNIHON HOPMbI OOBIKHOBEHHOI CUCTEMBI C OrpaHUYCHHBIMI

I1IO0 HOpPpME ITapaMETPUIECCKUMHI HEOIIPEACJIEHHOCTAMMU.

7. Mero cuaTe3a poOACTHOIO aHU3O0TPOIUIHOTO yIIpaBieHnsl OObIKHOBEHHOI CH-
CTEMOIl ¢ OrpaHUYEHHBIMU 110 HOpMe TapaMeTPUYeCKUMU HEOIPeIeJIeHHOCTS-

MM IIPpH IIOJIHOM M HEIIOJITHOM M3MEPEHNHN BEKTOPa COCTOJHMI.

8. Metojbl pobacTHOrO AaHM30TPONUITHOTO aHAIN3a U aJITOPUTM OIEHKN BepXHeil
I'PAHUIBI AHU30TPOIIITHON HOPMBI OOBIKHOBEHHO CUCTEMBI € TIOJIUTONTNYECK -

MU ITapaMETpUYIeCKNMN HEOIIPEJC/ICHHOCTAMM.

9. MeToj cuaTe3a poOACTHOIO aHU3OTPOIUIHOTO yIIpaBIeHnsl OOLIKHOBEHHOMN CH-
CTEMOIl ¢ TIOJIUTOINYECKUMU MapaMETPUYECKUMU HEOIPEICJIeHHOCTAMU IIPU

IIOJIHOM HN3ME€pPEHUN BEKTOPaA COCTOAHNA.

10. MGTOﬂ; JNArHOCTUKHN OTKa30B MCIIOJTHUTEJILHBIX U U3MEPUTC/IbHDLIX 9JIEMCHTOB
CHUCTEMBI C NCIIOJIb30BaHMEM aHHSOTpOHI/IﬁHOFO beHKHI/IOHaHa KadeCTBa U aJl-

ropuTM CHHTE3a OTK&SOYCTOﬁ‘IHBle CHCTEM.

CootBercTBue mudpy crnermuajabHoOcTU. PaboTa coOOTBETCTBYET CIIEIUaJib-
rHoctn 05.13.01 «Cucremublit anams, ynpasienne u 00paboTka nadopMalym (B 0T-

pacJIdx I/IH(bOpMaTI/IKI/I, BBIYUCJINTEJIbHON TEXHUKN U aBTOMaTI/ISaHI/II/I> » 110 IIYHKTaM:

® TeopeTquCKMe OCHOBBI I METOAbI CUCTEMHOI'O aHaJIN3a, OIITUMHU3allul, YIIpaB-

JIEHUSI, IPUHATUS pelleHnii 1 00paboTKu MH(MOPMAIIIN.
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L] CDOpMaJIHSaHHH N IIOCTaHOBKa 3aJad CHUCTEMHOI'O aHaJiin3a, OITHUMHU3alllH,

yIpaBeHns, IPUHATUS pertennii 1 06paboTKu nHMOpMAITIH.

e Paspaborka MeTOJI0B 1 aJI'OPUTMOB pPelleHusl 3a/a4 CUCTEMHOI'O aHAJI3a, OIl-

TUMUBAIIH, YIIPABJICHUS, IIPUHSITHS PElIeHnii 1 00pabOTKN NH(MOPMAIIIH.

e TeopeTuKO-MHOXKECTBEHHBIN W TEOPETUKO-MH(MOPMAIMOHHBIN aHAJN3 CJI0XK-

HBIX CHUCTEM.

e MeTob!l 1 aJIrOPUTMBbI IIPOTHO3UPOBAHUS 1 OLEHKN 3(PDEKTUBHOCTH, KAUeCTBa

1 HaJIe2KHOCTU CJIOZ?KHDbBIX CHUCTEM.

Metob1 nccjegoBanus. B paboTe IpUMeHSAIOTCS METO bl IMHEIWHOMN aJireOphI,
TEOPUHU BEPOSITHOCTE! 1 CJIYIaflHbIX IIPOIECCOB, TeOPUH (PYHKIII KOMILIEKCHOI'O I1e-
pemMenHoro, Teopun auddepeHnnaabHbIX ypaBHEHN, (PYHKIMOHAIBHOIO aHaAJIN3a,
Teopusi 00PaAdOTKU CUI'HAJIOB, METO/bI MATEMATUIECKOIO MOJIEINPOBAHUS 1 METO/IbI
ONTUMU3AINN.

CrernteHb 000CHOBAaHHOCTH W JJOCTOBEPHOCTH MOJIYyY€HHBIX HAYYHBIX pe-
3yJILTATOB. J[0CTOBEPHOCTD MOJIyYCHHBIX PE3YJIbTATOB 000CHOBAHA ITPUBEICHHBIMUI
JIOKA3aTeIbCTBAMI JIEMM U TE€OPEM, KOPPEKTHOCTHIO IIPOBEIEHHBIX MATEMATHIECKIX
1peoOpa3oBaHmii, a TakyKe JIOINOJHUTEJILHO IIPOBEpeHa pe3y/ibTaraMi MaTeMaTHde-
CKOI'0 I KOMIIBIOTEPHOI'O MOJIEJIUPOBAHINSI, COIVIACYIOIUMIUCS ¢ TEOPETUIECKUME pPe-
3yJIbTaTaMU.

Amnpobariusi. PesyibraTbl pabOThl JOKIAIBIBAIICH 1 00CYKIAJIICH Ha CJIELy-

IOIINX BCEPOCCUMCKIX U MEXKIYHAPOIHBIX KOH(DEPEHIINIX:

1. XI Mextynapojnas KoHpepeHIus « YCTONINBOCTD 1 KOJiebaHnsi HeJIMHEITHBIX

cucreM yrpasjenusi» (Koudepennus [Israumkoro), Mocksa, 2010.

2. 9-th International Conference Process Control 2010, Kouty nad Desnou: Czech
Republic, 2010.
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10.

11.

12.

13.

14.

15.

Kondepennus «YnpapjieHne B TEXHUUECKUX, SPraTUIECKUX, OpraHu3alllioH-

HbIX 1 ceTeBbix cucremaxy (Y TDOCC-2012; Canxr-Ilerepbypr)

11-it Beepoccuiickasi 1mkoJia-KOH(EPEHIUsT MOJIOJIbIX YUEHBIX <Y IIPaBieHne

oospamMmu cucremamny (YBC'2014, Apsamac)

I, II, IV Bceepoccuiickast MoJioferKHasl JIeTHss IIKOJIa « Y IIpaBjieHne, nHhop-

Manus 1 ontumMusaluss, 2009, 2010, 2012.

19th International Conference on Process Control (Strbske Pleso, Slovakia,

2013)
13th European Control Conference (ECC 2014, Strasbourg, France)

1st IFAC Conference on Modelling, Identification and Control of Nonlinear
Systems (MICNON 2015)

European Control Conference (ECC-2015, Linz, Austria)

2016 International Conference Stability and Oscillations of Nonlinear Control

Systems (Pyatnitskiy’s Conference)

25th Mediterranean Conference on Control and Automation (MED 2017,
Valletta, Malta)

21st International Conference on Process Control (Strbske Pleso, Slovakia,

2017)
20th IFAC World Congress, 2017

26th Mediterranean Conference on Control and Automation (MED 2018,
Zadar, Croatia)

14th International Conference “Stability and Oscillations of Nonlinear Control

Systems” (Pyatnitskiy’s Conference) (STAB-2018, Moscow)
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16. 18th IFAC Symposium on System Identification, SYSID 2018, Stockholm,

Sweden

17. 17th IFAC Workshop on Control Applications of Optimization Yekaterinburg,
CAO-2018

18. 20th International Carpathian Control Conference (ICCC 2019, Krakow-
Wieliczka, Poland)

19. 23rd International Conference on System Theory, Control and Computing

(ICSTCC 2019)

20. International Workshop Navigation and Motion Control (NMC 2019), 2019,

Saint Petersburg, Russia
21. 2020 European Control Conference (ECC 20, Saint Petersburg, Russia)

IIyoaukamumn.

[To Teme nuccepraiun onydsmkoBano 38 pabot. B Tom wmce 2 monorpaduu ([§]
B paMKax usjiaresibckoro rpanta POOU “n”, [73] unnexcupyercst 8 Web of Science),
15 »KypHAJBHBIX CTaTell B pereHsupyeMbix msganusx (14 umngekcupytorcs B Web
of Science u Scopus [28, 40, 43| [44], 49| 63, 64, 66, (68, 70l [71], [75, [74, [77], a [7§]
nHJeKCHpyercs B Scopus), 20 crareil B chopankax KoHdepeniuii (13 wHekcupyoTest
B Web of Science u Scopus [38, B89, 41l 47, [65, [69] [72], [79], 80, 89, 169, 46, [76], 3
uHekcupytorest B Scopus [42) [45], 67], 4 xoudepennun nupexcupyores 8 PUHI]
13, 6, 7, @]), 1 6porropa [4].

JInanubIii BKJIaJ| cCOMCKAaTeJId.

Bce ncciejoBanusi, mpejicTaB/JIeHHbIE B JIUCCEPTAIIMOHHON padoTe, ITOCTAHOBKU U
pereHust 3aj1a4, GOPMYJIUPOBKU 1 JOKA3aTE/JIbCTBA TEOPEM, BbIUUCIUTE/IbHbBIE KC-
[IEPUMEHTDI BBITTOJTHEHBI JITUHO COMCKATEIEM B IIPOIecce HAayIHOM jessiTesibHocTr. M3
COBMECTHBIX ITyOJINKAINiT B INCCEPTAIINIO O3 CChLIKN BKJIFOUEH JINIIb TOT MaTEPUAT,

KOTODBII HEITOCPE/ICTBEHHO MPUHAJICZKAT COUCKATEIO.
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CB43p C mj1aHaMu Hay1HbIX HCCHeﬂOBaHHﬁ.
PGSyﬂbTaTbl pa6OTbI OBLJIN UCIOJIL30BAHDI IIPp1 BBIIIOJIHEHNHN CJIEAYIOIINX ITPOEK-

TOB:

1. I'part PODU 14-08-00069 A TlocTpoenne aHn30TPONNITHOI T€OPUH IPK HEHY-

JIEBOM MaTEMaTUYIECKOM OXKHNJJaHUN BXOJAHOI'O BO3MYIIIECHUA.

2. I'pant POOU 15-08-07019 I Vznanue kauru “/lecKkpunTopHble CUCTEMBI

3819 yIpaBeHus.”

3. I'part POOU 16-38-00216 mos_a Obecrieyenne 3a/JaHHOIO KadecTBa Iepe-
XOJIHBIX TIPOIIECCOB B AHU30TPOIUITHOI Teopun i JIECKPUIITOPHBIX CUCTEM U
peleHue 3aiad aHM30TPONUNHON PuIbTpaIuy Jijisi JUCKPETHBIX 00bIKHOBEH-

HBbIX 1 JECKPUIITOPHBIX CUCTEM.

4. I'pant POOU 17-08-00185 A IlocTpoenne aHu30TPONUITHON Teopuu podbacT-
HOTO yIpaBJICHUS U (PUIBTPAIIH JIJIA CTAIIMOHAPHBIX W HECTAITMOHAPHBIX JIU-
HEITHBIX CUCTEM TP HYJIEBOM U HEHYJIEBOM MaTeMaTHIeCKOM OXKWJIaHUU BXO/I-

HOT'O BOSMYIIEHU.

5. I'pant PO®I 18-38-00076 mon_a [lonnmkenne Binsnus BHENTHIX BO3MYIIIE-
HU J17151 JIMHEWHBIX JUCKPETHBIX CUCTEM C MapaMeTPUYeCKUMU HeOoIIpe e ieH-

HOCTAMMN.

6. TocymapcrBennoii mporpamma (hUHAHCOBON TOJIEPKKN BEAYIINX YHUBEPCH-
tetoB Poccuiickoit @egeparun (cybeuaust 074-U01) B paMkax HporpamMbl

ITMO Postdoctoral Fellowship program.

7. I'pant PH® 18-71-00105 PaspaboTka METOJOB CHHTE3a OTKA30YCTOWIMBBLIX

cucreM ylipaBJIEHNA, HAXOOAININXCA 104 BJIMAHNEM Cﬂy‘{aﬁHbIX BO3My1HeHHﬁ.

CrpyKTypa m 00beM ANCCEPTAIIUN.
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Hucceprannonnast paboTa COCTOUT U3 BBEJIEHNS, NIECTH IJIaB, 3aK/TI0UEHHS, CITHC-
Ka IyOJImKalnii, crucKa jgureparypbl. Pabora m3yioxkena Ha 296 crpanuiax, cojep-
kut 42 unmoctparuu, 11 tadaun. Crnncok mUTHpyeMoil intepaTypbl BKIodaeT 296
HanMEHOBaHUIL.

Conepxkanne pabOTHI.

znoxkenne auccepTaiionioil paboThl TOCTPOEHO CJIe YoM obpa3oM. Bo BBe-
JleHnn 000CHOBaHa aKTyaJbHOCTb M 3HAUUMOCTD HCCJIEyeMOil 1pobieMaTuku, JTaH
0030p JiTepaTypbl, cOOPMYIUPOBAHBI 1IE/Ib U 3389l UCCIS0BAHNsI, OCHOBHbBIE 110~
JIOZKEHUSI, BBIHOCUMBbIE Ha 3aIlUTY, IPUBEJIEHBI JJAHHbIE O CTPYKTYpPe U 00beMe JIHC-
CEepPTAITMOHHON PAbOTHI.

I'masa 1. B riraBe 1 paccMoTpeHbl OCHOBHBIE OCOOEHHOCTH JINCKPETHBIX JECKPHUTI-
TOPHBIX CHCTEM, JJAHO KPATKOe M3/I0KEHUE TeOPUH AHM30TPOIHMITHOrO aHaJI3a, Jii-
HEITHBIX CUCTEeM YIIPaBJ/IeHnsd, a TaK¥Ke MPUBEIEHBI (POPMYINPOBKI N3BECTHBIX JIEMM
1 TeopeM, KOTOpble Oy/IyT MCIO/Ib30BAThCA B JajbHENINEM W3JI0KEHUN U IOJIyUe-
HUsI HOBBIX Pe3yJIbTaToB. B 1epBoM pasjielsie JA0TCsd OCHOBHBIE OIpEJIeeHIs, OT-
HOCSIIIIECST K TEOPUU JICCKPUIITOPHBIX CUCTEM, BBOJATCH OHSTHSA SKBUBAJCHTHBIX
dopM, MOHATHS PEryIAPHOCTH, TPUINHHOCTH, YCTOWYUBOCTH U JIOMYCTUMOCTH Jle-
CKPUITOPHON CHCTEMbI. TakKe pPaccMOTPEHBI Pa3JIMIHbIe BUJIBI YIIPABIAEMOCTH 1
HAOJTIOMAEMOCTH U TPUBEIEHBI (DOPMYJIBI JJI BHIUYNCIECHUS IPAMIAHOB YIIPABJISIEMO-
CTH 1 HaOJIIOIAeMOCTH JIECKPUITOPHBIX CUCTEM. DTU PE3YJIbTATHI U3BECTHHI U TI0-
9TOMY TIPUBOJATCS B 0030pHOIT popMe, 6e3 JIoKa3aTeIbCTB ¢ YKa3aHUEM CCHLIOK Ha
HIEPBOUCTOUHUKH.

I'maBa 2. B nannoii riase BBogsgTCs NOHATUS Ho , Hoo M1 AHUBOTPOIUITHON HOPM
nepeaTouHol PYHKINN JeCKPUIITOPHOIT cucrembl. CrielyeT 3aMeTUTh, YTO OHATHS
Ho n Hoo HOPM SIBJIAIOTCH OOIIEN3BECTHBIMU, HO BBIHECEHBI BO BTOPYIO IVIABY I
y/100CTBa M3JI0KEHU MaTepruaja paboThl. lIpuBemensl aJropuT™Mbl /1T BBIYHC/IE-
HUS COOTBETCTBYIONMNX HOPM U BBIYUC/IUTEIbHBIE TTPUMeEPHI. [lajiee B ryiaBe cTaBuT-
csl 3ajlavda aHM30TPOIMITHOIO aHaJM3a, JIECKPUIITOPHON CHCTEMbI B D0JIee HTIPOKOM

CMBbICJIE, KOTOpasd 3aKJII09a€TCsd B OﬂHOBpeMeHHOﬁ IIpoBEPKE €€ Ha AOIIYCTHMOCTD

24



1 OIeHKE OIpaHMYeHHOCTU aHU30TPOHUIHON HOPMBI JICCKPUIITOPHON CHUCTEMbl Ha-
nepeJi 3aJlaHHbIM dncyioM. [l pemenus janHoi 3a7a4un ObLIH cHOPMYINPOBAHDLI
1 JIOKa3aHbl pa3JNyuHble BAPUAHTHI aHU30TPONUNHON YacTOTHOM TeopeMbl. [lepBbIit
BapuaHT OCHOBAH Ha pelleHnr 000DIIEHHOro ajaredpanieckoro ypapHenusi Pukkari,
BTOPOIl U TpeTuil — Ha TPUMEHEHIH MeTO/Ia MaTPUIHBIX HEPABEHCTB. PaccMOTpeHs!
AJITOPUTMBI BBLIUNCIEHUS aHU30TPOINUIHON HOPMBI CHCTEMBI Ha OCHOBE ITPUBEJICH-
HBIX BapHaHTOB AHU30TPOIMITHON YaCcTOTHONH TeopeMbl. Pe3ybTaThl Noka3aHbl Ha
IpuMepax.

I'maBa 3 mnocsdiena pemennio 3a/ladi CUHTe3a aHM30TPOINITHOTO YITPABIEHUS
JIUT JIECKPUITOPHBIX CUCTEM C TOYHO W3BECTHBIME TapamMeTrpamu. [J1aBy ycJIOBHO
MOYKHO Pa3JIe/UTh Ha JIBe YacTU: ONTUMAJLHOE yIpaBjeHue 1 CcyOONTHMAaIbHOE
ylpaBJjienne. B Havdase 1/1aBbl TPUBOJIATCS pellleHne I ONTUMAIbHBIX 3a/1a9 KaK
IIPU TIOJTHOM M3MEPEHUN BEKTOpa, COCTOSHUSI, TaK U 10 BBIXO/IHON nepeMeHHoit. Obe
METOJUKHU CBOJSTCS K PEIICHUIO CUCTEM yPaBHEHUI, BKIIOYAIONUX B cedst ajarebpan-
geckue (06001eHHbIe 1 OOBIKHOBEHHbIE) ypaBHeHUs Pukkaru, ypasaenus (00001IeH-
Hble U OObIKHOBeHHBIE) JIsIITyHOBa, & TaKzKe ypaBHEHUsl CIIENNaJIbHOIO BUIa OTHOCH-
TeJILHO CpejHell aHm30TPOINHI BXOIHOTO BO3MYIIEeHU:A. Bo BTOPOIT YacTl perraeTcs
3a/1aua CyOOITHMATLHOTO aHU30TPOIUIHOTO YIIPABICHUS IPU U3MEPEHIH COCTOSTHIS
00beKTa U MpHu ToJHOM mH(opManuu. Perenns moydennsl B IBYX BUJaX: HA OCHOBE
0DOOIIECHHBIX aJiredpanvecKnX ypaBHeHNT PUKKaTn M Ha OCHOBE MaTPUYHBIX Hepa-
BEHCTB. DPDEKTUBHOCTHL paspabOTaHHBIX METOIOB IOKa3aHa Ha BBITHCIUTEIbHBIX
IpUMepax.

B rimaBe 4 paccMoTpena 3ajiada poOACTHOTO aHM30TPOINNITHOTO aHAJIM3a U CUH-
Te3a POOACTHLIX AHM30TPOIUITHBIX PEryJIsATOPOB JIJisd JUCKPETHBIX JECKPUIITOPHDBIX
CUCTEM C OFPAHMYEHHBIMI TI0 HOpMe apaMeTpUIeCKIMI HeolpeieIeHHOCTIME. Pe-
3YJIbTATHI, MOJYyUYeHHbIE B JAHHOI TyiaBe, OCHOBAHBI Ha OOODIIEHUAX PE3YILTATOB
cuHTe3a CyOONTHMAJIBHBIX PEryJIgTOPOB, IIPEJICTaBJICHHBIX B TpeTheil riase. Bee pe-
3yJIbTaThl CPOPMYIUPOBAHBI B TEPMUHAX MATPUUHBIX HEPABEHCTB, a TaKxKe TOJIy-

Y€HbI BBIIIYKJIbIE OI'DaHMYC€HUMsA AJIAd PEIICHUA 3ada9 aHaJl3a M CUHTE3A. OT,[LeﬂbHO
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peleHa 3ajiada CUHTe3a Ho, poOACTHOrO peryJisiTopa 1o cocrosuuio. [lomydennbie
YCJIOBUA TTO3BOJIAIOT YMEHBIINTH KOHCEPBATU3M I10JIYYaEeMbIX OIICHOK B OIIPe/IeJICH-
HBIX CJIydadaX, 9TO HeBO3MOXKHO IPU PEIIeHNN HeIlOCPEICTBEeHHO 3a1a4ll aHu30TPO-
IUIHOIO aHaJI3a 1 CUHTe3a. TakrKe pellleHa 3a/1a9a podacTHOIO MOJIAJIbHOIO yIIpaB-
JIEHUsI C aHU3O0TPOIUIMHBIM KPUTEepreM KadecTBa. BorauciureibHas 3(hPeKTUBHOCTh
[IpoBepeHa Ha IIpuMepax.

I'maBa 5 nocasiiena BolpocaM aHI30TPOIUITHOIO aHAJII3a U CUHTE3a B ITapaMeT-
pPUYECKHN HEeOIIPeJIe/IeHHBIX OOBIKHOBEHHBIX cHcTeMaX. PaccMaTpuBaloTcs aBa THIIA
napaMeTpruvecKnuxX HeolpeaeJICHHOCTel: MOJUTONMNYCCKIe U OrpaHnYeHHble 110 HOP-
Me HeolpejeJeHHOCTH. [yt 00ouX TUIIOB HEOIpeJIeICHHOCTEN TOJIyIeHbl YCIOBHS
OIrPAHNYCHHOCTH aHU30TPOIUINHON HOPMBI CBEPXY 3aJaHHbIM ITOJOKUTEJIbLHBIM Y1C-
JIOM, & TakrKe pa3paboTaHbl BHIYUCIUTE/IbHbIE METOIUKN OIIEHKH BEePXHEH rpaHuIlbl
AHM30TPONNIHON HOPMBI TTapaMeTPUYIeCcKN Heollpeie/IeHHoi cucTeMbl. B cirydae 1o-
JINTOIINYECKUX CUCTEM ObLIN pa3padoTaHbl METOIUKHI Ha, OCHOBE IapaMeTPUUECKIX
dyukuumit JIsnyHnosa, a TakxKe Ha OCHOBE BBIUMC/IUTEILHBIX IIPOIEyp 0e3 Heolpe-
JIeJICHHOT'O TIapaMeTpa. Tak:Ke MOJy4YeHbl peryaspHble MeTO/Ibl CHHTE3a, CTaOUIIN31-
PYIOIINX POOACTHBIX PEryJIATOPOB ¢ AHU30TPOINIHBIM KPUTEPUEM KadecTBa Kak I10
COCTOSTHHIO, TaK M 110 BBLIXOJIHON IepeMeHHoil. Pe3y/ibTaThl TponIIIOCTpIPOBAHBI Ha
[npuMepax.

B rimaBe 6 npejiaraercd pacimmpene aHu30TPOINITHON Teopru Ha 3a/1a491 TeX-
HUYECKON JIMarHOCTUKU OTKA30B B JIMHEHHBIX CUCTEMaX, & TaKyKe CUHTe3a OTKa30-
YCTOMUMBOIO yIpaBJieHus. PaccMOTpeHbl JiBe 3aja4i: OIeHKa OTKa3a M3MEpPUTE/Ib-
HBIX YCTPOMCTB U IMOCTPOCHNE OIeHNBAaTE g OTKA30B C AaHU30TPOIUNHBIM KpUTEepueM
Ka4ecTBa, a TaKzKe OIeHKa MCIOJHUTEJbHLIX U U3MEPUTEJbHLIX YCTPONCTB Ha OC-
HOBE CHHTE3a OLIEHUBAOIIEro (huabTpa ¢ aHM30TPOINITHLIM KpuTeprueM. PaboToctio-

COOHOCTB 000MX METOJIOB IPOUJIIIOCTPUPOBAHA HA BHIYUCINTEIBHBIX IIPUMepax.
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I'maBa 1. OcHoBHbIEe TIIOHATUS AaHU3OTPONMITHOI
TEOPUA M TeOpum JeCKPUIITOPHBIX CHU-

cTeM

1.1. OcHoOBHBIE IOHSATHUA TEOPUH JIECKPUNTOPHBIX CHUCTEM

B obmiem ciydae JIeCKPUIITOPHAs CHUCTEMa 3alliChbIBAeTCsl B BUJIE CJIEYIONIet

3aBUCUMOCTU:
F(i(t), (1), f(t), 1) =0, (1.1)
C ypaBHEHUEM BbIXO/a

h(z(t), 1) = 0, (1.2)

rie x(t) € R" — cocrosiaue cucremsl, f(t) € R™ — sxonuoii curnan, F(-) € R" u
h(-) € R? — nekoropble HejmHeiHbIE BEKTOP-DYHKIIUH.

B ormnmune or 00ObIKHOBEHHBIX JuddepeHnnaabHbIX ypaBHEHUI, ajredpo-
muddepennnanbable Wi AeCKPUITOPHBIE CUCTEMbI HE PA3PEIIMMbl OTHOCHTEILHO
epBoii mpon3BoHOI & (1).

Haubosiee X0poIno u3yueHHbIME B HACTOSIIEE BPeMsl sIBJISIIOTCS JeCKPUITOPHDBIE
CHCTEMBI, 3a/JaBa€Mble B TaK HA3BIBAEMBIX CHElUAILHBIX (opmax. Jluneitnas cra-
[MOHAPHAS CUCTEMa TaKyKe ABJISIeTCA OJHON U3 clieluabHbIX POPM ONUCAHUS Jie-

CKPHUIITOPHBIX CUCTEM M MMECET BUI:

Ei(t) = Ax(t)+ Bf(t), (1.3)
y(t) = Cx(t)+ Df(t).
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Eciu B ypasuenun ((1.3]) marpuria F siBjisieTcst BBIDOXK/IeHHOIT, T.e. rank (F) < n,
TO ajareOpamvdecKue CBA3U MEK/y IIePEeMEHHBIMU He II03BOJISIIOT Pa3pelinTb UCXO/I-
Hble YpaBHEHUsI OTHOCUTEJIbHO IPOon3BojHON. HeBo3MOKHOCTH 00paTUTh MaTPHUILY
E ne paer nepeiitu K 0ObIKHOBEHHBIM JudpepeHnnaabHbIM ypaBHeHUsIM. TaKuM
00pa3oM, B TEOPUU JIECKPUIITOPHBIX CUCTEM IIOSIBIJIOCH ITOHSITHE, Ha3bIBAEMOE Me-
poii HepaspemeHHOCTH cucTeMbl. Mepa HepaspeleHHOCTH WM HHAEKC ajaredpo-
JnnddepeHIaIbHON CHCTEMbBI — 3TO YNCI0, KOTOPOE PACCMATPUBAECTCS OTHOCUTE b
HO BXOJIHOI'O CUT'HAJIA ¥, B 3aBUCUMOCTH OT O0bEKTa U3YyUeHUsI, MOKET COJepXKaTh B
cebe pazmuHbie cBoiicTBa anredbpo-anuddepennnaibibix cucrem [92) 103, 104, 105,

146, 158, 159 162, 163, 177, 178, 180l 205], 235, 230, 231, 232), 2206], 227, 229, 234].
Bameuanue 1.1. Jleckpunmophovie cucmemvr HENPEPHIBHO20 PEMEHU BUIA
E.x(t) = A.x(t) + B.f(t)

MO2ym bvimb JUCKPEMUZ0BAHDL 6 0ECKPUNMOPHBLE CUCTEMbL QUCKDEMHO20 6DEMEHU

suda

~

Eqx(k+1) = Agz(k) + Baf (k)

C MAMPUYAMU:

Ed = Em Ad = TSAC + Ew Bd = TsBc-

3decv Ty — wae duckpemusayuu.

B nanbHeiinem 06beKTOM paccMOTPeHUs Oy/IyT BBICTYIATH JIMTHEIHBIE JIUCKPET-
HbIC JICCKPUIITOPHBIE CUCTEMBbI, TTIO3TOMY 3allUIIEM UX B IPOCTPAHCTBE COCTOAHUIT B
cJie/IyIoleM BUJIe:

Bx(k+1) = Ax(k)+ Bf(k), (1.4)
y(k) = Cux(k)+ Df(k), (1.5)

rie (k) € R" — Bekrop cocrosinusi cucrembl, f(k) € R™ u y(k) € RP — Bxognast

1 BBIXOJIHAs IIOCJIEI0BATE/ILHOCTH cooTBeTcTBeHHo, k € Z, k > 0. K, A, B, C, D
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— IIOCTOSTHHBIE JIeliCTBUTE/ILHBIE MATPUIILI COOTBETCTBYIOIINX pa3MepHocTeil. Takxke
BBITIOJIHSIETCsl paHroBoe orpanndenue rank £ = r < n.

Takzke Jy1st 1pocToThl U ynobcersa cucremy (1.4)-(1.5) 6yaem obosnatars B Bije:

AlB
P=|E | (1.6)
C|D

BI/IIL MaTeMaTU4YeCKOMI MOZ€EJIN CUCTEMDBI YIIpaBJICHUA 3aBUCHUT OT BI)I60pa uepe-
MEHHDBIX COCTOAHNMA. O‘IEBBI/I,D;HO7 9TO TaKOMi BbI60p He ABJjideTcd e JMHCTBCHHDBIM. 910

[IpuBOAUT K TOMY, 9TO MaTe€MaTH4dIC€CKad MOIEJIb 00bEeKTA YIIpaBJIEHNA HE ABJIAETCA

€JINHCTBEHHOII.

A|B _
Be cucremnr | F, n | E,

C|D

HUYEHHON 3KBUBAJEHTHOCTU €CJINA CymIeCTBYIOT TaKHeE ABE HEBLIPOXKAECHHbBIE MaTpPU-

Ha3bIBalOTCA CUCTEMaMU OI'pa-

11bI WuV pa3sMepHOCTU N X N, 4TO
E=WEV, A=WAV, B=WB, C=CV

[Ipu sTom mapa maTpuir (W, V) HA3bIBACTCS SKBUBAJIEHTHBIM MPEOOPA30BAHUEM.
[Ipn paccMoTpeHNN TNHERHBIX CTAIMOHAPHBIX JTECKPUITOPHBIX CUCTEM BayKHBIM T10-
HATUEM $BJIACTCS IOHATUE PETYJIAPHOCTH CUCTEMbI UJIN PETYJIAPHOCTH MaTPUIHOTO
nydka (AE — A), ¢BsI3aHHOrO ¢ MATPHUIAMHU COCTOSIHUS CHCTEMbl. B oTimdme oT
OOBIKHOBEHHBIX CUCTEM, pellleHne KOTOPBIX CYIIEeCTBYET U €IUHCTBEHHO IPH JIFOOBIX
HAYaJIbHBIX YCJIOBUAX, PEIIeHUe JIECKPUIITOPHOI CUCTEMBI MOYKET ObITh He €JIUH-
CTBEHHBIM WM JayKe He CyIMIeCTBOBAThH. HeoOXOUMBIM yCJIOBUEM CYIIECTBOBAHUSI
U €JJMHCTBEHHOCTHU PEIIeHUs JCCKPUIITOPHON CUCTEMBI SBJIAETCH PETrYJIAPHOCTD MaT-

puunoro nyuka (AE — A). damum caenyiomee onpegenenne [121], 262).

Omnpenenenue 1.1. /laa mobvx dsyx 3adarmvz mampuy, £, A € R™" napa mam-
puy (E,A) nasweaemes peeyaapnots (mampuunwviii nywox (aF — A) nasvieaem-

CA DERYAAPHVIM), €CAU cyuwecmsyem nocmosnuvitl ckaaap « € C, das xomopozo

det(aE — A) # 0.
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Kak nmokasano B [121], napa marpui (F, A) siBjisteTcst pery/isipHoii ecJin 1 TOJBKO

ecJI CYIIECTBYIOT TaKHe JIBe HeBBIPOZKIeHHbIe MaTpuis W u V| uTo
WEV = diag(I,,N), WAV = diag(Ai, I,,_,), (1.7)
rie rank (E) = r, Ay € R™", N € Rv=*(=7)  yyjinnorenr.

Omnpenenenue 1.2. Keadpamnas mampuya N HA3D6AEMCA HUADTLOMEHMOM UH-

dexca h, ecau N* =0, a N' # 0 ons ecexi =1, (h —1).
Mcnosb3ys npeobpazoBanne KOOPJAUHAT B BUJIE:

(k) = 7_1:1:(/4;) r1(k) € R", xo(k) € R"" (1.8)
2o (k) | ’

1 yMHOXKas1 JieByto u npaByto dactu ypasaerns (1.4) na marpuryy W, nomydanm

CTAHJIAPTHYIO JIEKOMIIO3UIINIO CUCTEMBI B BHUJIE:

ri(k+1) = Ayzi(k) + Bif(k), (1.9)
yi(k) = Cizai(k),

Nzy(k+1) = zo(k) + Baf(k), (1.10)
y2(k) = Cama(k),

y(k) = Ciz1(k) + Coxg(k) + Df(k) = 11 (k) + yo(k) + D f(k), (1.11)
e
WEV = diag(I,, N), WAV = diag(Ay, I,,_,),

By (1.12)

By
Ypasuenns (1.9)—(1.11)) B smreparype TakyKe HA3BIBAIOT MEPBOH SKBUBAJIECHT-

Hoit opmoit, a mogcucrempr (1.9) u (1.10]), coorBercTBEHHO, MeIIEHHOM (IPSMOiT)

1 6picTpoii (o6patnoii) mogcncremamu. Nngexe marpudanoro mydka (AE — A) mwin

mepa Hepasperniennoctu cucrembl  (1.9)—(1.11) paBHA WHEKCY HIJIBIOTEHTHOCTH
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matpuiiel N. B ciyuae, eciim matpuna A; 3armmcana B »KOp/iaHOBOI dopMe, TO CH-

crema (|1.9)—(1.11)) maseiBaerces karnonmdeckoii hopmoii Beiteprrpacca. damm ere

OJIHO BayKHOE TIOHSTHE B TEOPUU JIECKPUIITOPHBIX CUCTEM.
Omnpenenenne 1.3. [Tycmo cucmema sanucana 6 gopme ((1.7)), mozda

1. cobcmeerHvle 3HAMEHUA MaAmpuuysl Al, HA3BIBAOMCA KOHEUHBLMU CODCMEEH-

HOIMU 3HAMEHUAMY napve mampuy (B, A).

2. cobcmeennvie 3navenus mampuuv, N, Hasviearomcs 0eCkKoHeuHvMU COD-

CMBEHHBIMU 3HAYEHUAMYU HA DECKOHEUHOCTU.

PaccmorpuM ermie ojiHY BaxKHYIO 9KBHBAJCHTHYIO dopmy ist cucreMbl ([1.4)—
. Hanomunm, uro r = rank (E), npejmnosaraem, uro napa marpui (E, A) sBist-
eTcst pery/sipHoii. Torja 3 Teopuu MaTpHIL CJIe/lyeT, YTO MOXKHO 110/100paTh Takue
JBe HeBBIPOsK IeHbie Marpuisl W i V, uto WEV = diag(I,,0).

AHAJIOrTYIHO TPeABIAYIIEMY CJIydaio, MPUMeHds IpeodpasoBaHne KOOPINHAT

~ x1(k
Viz(k) = 1(k) , r1(k) € R", x9(k) € R"™", u ymMHOXKas JIEBYIO U [IPABYIO

2(k)
qactb ypastenns (1.4) sa marpuiy W, cucrema (T.4)—(T.5) sannmercs B Bue:

Qfl(k -+ 1) = Allxl(k:) + Algl'g(k) + Blf(k), (113)
0 = Aglxl(kﬁ) -+ Aggxg(k’) + Bgf(k), (1.14)
y(k) = Crai(k) + Coao(k) + Df(k), (1.15)
rie
— - Ay A ~ B ~
wAv = | " TR we=| T, Cvz[ol 02]. (1.16)
Ao An By

Cucrema ([1.13])—(|1.16|) masbiBaercst Bropoit sxkBuBaIeHTHOI (HOPMOIT HIIH SKBUBA-

JIEHTHOIT (pOpMOIt, OCHOBAHHOI Ha CHHTYJIAPHON JEKOMIIO3UIINHN, JIJIsT CUCTEMbI 1'

3.
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Matpunst W n V' moryT ObITh HafiJleHbl ¢ NCMOIB30BAHUEM CUHTYJIAPHON JTIEKOM-
MO3UITNHN B BUJIE:

E = Udiag(S,0)H". (1.17)

Snech U u H — neficTBuTe/IbHBIE OPTONOHAIBHBIE MATPUIILL, S — JMaroHa/IbHast
MaTpHUIla PA3MEPHOCTH 7 X 1, KOTopas (pOPMUPYETCs U3 HEHYJIEBBIX CHHIYJISIPHBIX

qucesa MaTpuibl £

W = diag(S~', I,_,)UT, V=H. (1.18)

OcobenHnocTu AECKPUIITOPHbBIX CUCTEM

JlucKpeTHbIe IeCKPUIITOPHBIE CUCTEMbI 00J1a1al0T HECKOJIbKIMEI 0COOEHHOCTSIMU,
KOTOPbIE HE II03BOJIAIOT OBICTPO M JIEFKO OOOOIIUTEL PE3YJIbTAThI, IOJYyUYEeHHbIE JIJIs
OOBIKHOBEHHBIX cucTeM. [JiaBHOI TaKoil 0COOEHHOCTDBIO SIBJISIETCsSI HAPYIIEHUE TTPITH-
IUITa TPUIUHHOCTH — TEKYIIEe COCTOSHUE CUCTEMbI MOYKET 3aBHCETh OT OYIyIINX

3HaYeHNiT BXOAHOTO curHaJja. [logcauMm To na mpumepe.

IIpumep 1.1. Paccmompum cucmemy:

10
z(k+1) = (k) + f(k),
00 01 1

Cucmema 3anucara 6 nepeoti K6UBANEHMHOT HOPME, a4 ee peuleHue ONpPedes-

emcsa 6 sude:

za(k) = —f(k),
wi(k) = —f(k) = f(E+1).

Ilepsas nepemernan cocmoanua 3asucum om oydywur 3navenuti 6xoda.

B TECOPHUHN AJECKPHUIITOPHLIX CUCTEM BBLIACJIAIOT ABa THUIla IIPUYUMHHOCTH
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o [IprIMHHOCTD MEXK Ty COCTOSTHUEM U BXOJI0M. B jtaHHOM ciiydae cucrema Oyjier
IPUYNHHOI, ec/i OblcTpast (oOpaTHasi) MOJACUCTEMa HE 3aBUCUT OT Oy/IyIIIX

3HAYEHUIT BXOJIHOTO curHaJga, T.e. ecan N By = 0.

o [IpuumHHOCTL MEXK Iy N3MEPAEMBIM BBIXOJI0OM 1 BX0/I0M. MOXKHO TOKa3aTh, 9TO
BBIXO/IHAST TIepeMenHast Yo (k) B Boipakennu ((1.10)) ompesessiercst paBeHCTBOM:

h—1

ys(k) = Coma(k) = =Y  CoN'Baf(k +1), (1.19)

i=0
Taxum oOpa3oM, 9TOOBI BBIXOAHAS IIePEMEHHasl He 3aBHUCeIa OT OyIyIIIX 3Ha-
YEeHUT BXOJIHOIO CUI'HAJIA, HEOOXOIMMO U JJOCTATOYHO BLIIIOJIHEHUE CJIEIYIOIIIX

yCJI0BUIT

CoN'By =0, i=1,2,....h—1,

nJIin
[02 CoN - - (Jgjvh—lrf\f[f_fz2 NBy - N’HBQ} =0. (1.20)

JpyruM BasKHBIM OTJIMINEM JTUCKPETHBIX JEeCKPUITOPHBIX CUCTEM OT CHCTEM
OOBIKHOBEHHBIX SIBJISETCSI TO, UTO JECKPUIITOPHBIE CUCTEMbI IMEIOT PellleHne He JIJIsd
BCEX HAYAJILHBIX YCJIOBUI. DTa 0COOEHHOCTH MOYKET ObITh IIPOUJLIIOCTPUPOBAHA, MC-
110JIb3Ys BbIpayKeHue JIJisd OIMCaHUs 3aBUCUMOCTH MEXKJy COCTOSHMEM CUCTEMbl U

BXOIOM B HyﬂeBOfI MOMEHT BpeMeEHH. Omna OolIpeae/IdeTcCsd BblpazKeHNEM:

| I - oL
2(0) =V 10|V 0 -V | | S NBf()
0 I =0
Taxum obpaszoM, peleHue CyIecTByeT, ecin
) h—1 ‘
[ 0 1 } V ox(0) == N'Byf(i). (1.21)
1=0

HavasibHble yeaoBust, /st KOTOPBIX clipaBeiinBo paBercTso ([1.21)), HasbiBaloT co-

IVIaCOBaHHBIMM HaYaJIbHBIMU YCJIOBUAMMU.
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Omnpenenenne 1.4. Cucmema (1.4) naswsaemes enobarvno acumnmomuyecky
yemotinueot uau npocmo yemotivueot, ecau npu f(k) =0 u das a0bwx coeraco-

BAHHBLT HAYAADHBLT YCA06U :L‘(O) CNPABEINUBO HEPABEHCTNBO
|lz(k)|| < aplz(0)||, kE€Z, k>0a>0,0<B<1

Oupenestenne 1.5. Cucmema (1.4) nasvsaemes donycmumot, ecau ona A6AAEM-

ca pezyaapnot (m.e. IN € C: (AE — A) #0), npununnot u ycmotiuusod.

JL1st cucTeMbl, 3aITMCaHHOI B 1I€PBOIi 1 BTOPOI SKBUBAJEHTHBLIX (DOpMax MOHSATHE

MPUYUTHHOCTH MOYKHO (DOPMAIM30BATh U 3alllCATh B CJIEIYIONIeil hopme.

[Tycts cucrema ((1.4)—(1.5) 3amama B sxBuBasentroit hopme ((1.9)—(1.12)). Torma

e [lapa marpur (F, A) sBiisieTcst IPUIMHHON TOTIa W TOJBKO TOrIa, Korga N =

0.

e [lapa marpur (E, A) sBisercss ycroidmBoil TOrjga M TOJBKO TOTJA, KO/

,0(141) < 1.

e [lapa marpur (E,A) sBjsercsa JOmycTUMON TOTJa U TOJBKO TOTJA, KOTJa

N=0up(A) <L

[TIycts cucrema (1.4)—(1.5) 3amamna Bo Bropoii skBuBasentHoii dhopme ([1.13)—
(T.16)

e [lapa marpur (E, A) saBjisieTcst IPUYIUHHON TOT/IA U TOJBKO TOIVIA, KOT/Ia MaT-

putia Aoy sIBJIIETCST HEBBIPOXK JICHHOIA.

e [lapa marpur (E, A) siBjsiercst JOMYyCTUMOIT TOTIa U TOJBKO TOT/A, KOTIa Ao

SIBJISIETCST HEBBIDOXK IeHHOM 1 p(Aqq — A12A§21A21) < 1.

Omnpepesienne 1.6. [22]] Paccmompum obaacmo D Ha KOMNAEKCHOT NAOCKOCMU,

3adasaemyro 6 sude:

D = {z¢€C:d+200e(2) + c|z|* < 0}. (1.22)
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Ilapy (E, A) 6ydem naszvieamov D —donycmumot, ecau ona Aeasemcs donycmumot,

a 6Ce ee KOHeUHble CODCMBEHHDIE 3HAYEHUSA NEHCAM 6eHYMPU obracmu 3.

B onpenenenun napaMeTpol b, ¢, u d ABJSIIOTCA BellecTBeHHbIME. Jljis1 —
JIOIIYCTUMOIl CHCTeMbI OHM 3aJal0T KPYT, JIeXKalluil BHYTPH €JIMHUIHOIO KPyTra Ha

KOMILJIEKCHOH TIJIOCKOCTM.

praBHﬂeMOCTb n H&6J’IIO,ZI;aeMOCTb AECCKPUIITOPHbBIX CUCTEM

Kak yxe ObL10 cKazaHo, cTaHgapTHAA JEKOMIIOZUIINS MTO3BOJISIET Pa3/Ie/InTh UC-
XOJHYIO JeCKPUIITOPHYIO CHCTEMY Ha JIB€ IIOJCUCTEMbl — IIPAMYIO U OOPaTHYIO.
[IycTs cucrema 3a/1aHa Ha KOHEIHOM Topu3oHTe BpeMenn L > n. [Ipu sTom pemenne
HPSIMO#T T10JICUCTEMBbI TIOJTHOCTBIO OIpE/Ie/IsieTCsl HadaJIbHbIMU YCJIOBUSIMU, a 00paT-

HOM 1ojicucTeMbl — KoHeuHbIME yejoBusamu [121]. Byuem nasbiBaTh Takue ycjaoBust
71(0)
w3(L)

B c¢Ba3m ¢ TeMm, UTO JAMHAMHUKA JIECKPHUIITOPHON CHCTEMBI pasjesdeTrcd Ha

I'PaHUYIHBIMUA U 0003HAYNM UX KaK

JIBE MOJCUCTEMbI, HOHATUS YIIPABISIEMOCTH U HAOIIOZAEMOCTH B JIECKPHUITOPHBIX
cucTeMax ropasjo HIMpe, YeM AHAJOTMYHLIC MOHATHA B TEOPUN OOBLIKHOBEHHBIX
JMHEHHbIX cucTeM. Tak, B TEOPUM JECKPUITOPHBIX CHUCTEM BBIJICJIAIOT IOJIHYIO
yipasJisieMocThb (C-yIpaB/isieMoCTh ), YIIPABJISIeMOCTb Ha MHOYKECTBE JIOCTUKUMOCTH
(R-ympaB/isieMocTh) U TNPUYUHHYIO yrpaBisieMocTb (Y-yrpasiseMocTs). [losaast
VIIPAB/ISIeMOCTh O3HAYAET YIPAB/IsEeMOCTh 0beux mojcucrem B Bbipaxenun ([1.9)-
(1.10). YnpasnsiemocTh Ha MHOMKECTBE JIOCTHKMMOCTH O3HAYAET YIPABJISEMOCT
s nepsoit nozcucrenmst ([1.9). Ocranosumes moapobHee Ha NPUUMHHON yHpaB-

JisieMocTH. PaccMoTpuM 3aKOH ylipaB/ieHus B BUJIE:

F(k) = Ka(k) +v(k), (1.23)
rie K € R™" — nocrosinaast matpura, v(k) — HOBBII BXOJIHO CHTHAJ, & 3aMKHY-
Tasgd CUCTEMa Oy/leT UMeTh BU/I:

Ex(k + 1) = (A+ BK)z(k) + Bo(k). (1.24)
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Cucrema (1.4 HazbBaeTCSI IPUIMHHO YIIPABJISIEMOI, €CJIN CYIIECTBYET TaKOH 3aKOH
yrupasernst (|1.23)), uro 3amrHyTas cucrema (|1.24)) sieistercs npuananoii. Hapyrme-
HUe IPUHIIIA IPUIHHHOCTHU IIPU COCTABIHIN MaTeMaTHIecKX Mo/jie/ieil peaabHbIX
CUCTEM B JIECKPUIITOPHOI (hopMe SIBJISETCA JJOCTATOYHO Cephe3HOI IPodIeMoil 1Ipu
pelieHnn 3ajia4d yipaBieHus, aHaan3a, nJIeHTu@UKaIul 1 CUHTe3a HadJIo1aTe el
COCTOSTHUSI, & TaK»Ke CO3/IaeT 3HAYNTE/IbHbIE CJIO?KHOCTU B 0DOOINEHNH Pe3yJIbTaTOB,
N3BECTHBIX J1JIsT OOBIKHOBEHHBIX cricTeM. CBONCTBO NPUYNHHON yIIPABJISIEMOCTH 1103~
BOJISIET CTPOUTH HEYIIPEXKJIAIOIINe 3aKOHbI YIIPABJIEHUsI II0C/Ie IPUMEHEHIS Kay3a-
nusupyrotieit obparuoit ces3u  (|1.23)). Takum oOpazoM, NpUIHHHAS YIIPAB/ISIEMOCTD
O3HAYACT YIIPABJISIEMOCTD IOJICUCTEMBbI . OTHU HOHSITUS JIEFKO 0000IIAIOTCS Ha
cHUCTeMBbI, 3aJlaHHble Ha GeckonedHoM ropusonTe [121].

CHp&Be,ZLJII/IBbI cielyromune Kpurepuun ylpabBjadeMOCTH

1. Cucrema ([1.9)—(|1.10) stBisteTcst MOMHOCTBIO yTIPABIISIEMOIt, ecin

rank [By, A\ By, ..., A"'B)] = 1,
rank [By, NBy, ..., N" " 1By] = n—r.

[\)

. Cucrema ([1.9)—(|1.10)) sBisteTcst ynpap/sieMoii Ha MHOZKECTBE JOCTHZKIMOCTH,

€CJIN

rank [Bl, AlBl, s ,Ag_lBl] =T

w

. Cucrema (1.9)—(1.10]) stByisleTcst IPUYNHHO yTIpaBJIsieMOit, ecin

E 0 0
rank = rank (E) + n.

A E B
[TonsiTue HabJIIOAAEMOCTH, aHAJOTMYHO C Teopueill OObIKHOBEHHBIX CHCTEM, SIB-
JIIeTCs IBOMICTBEHHBIM IOHATHEM K yIIpaBjsieMocTH. IloaToMy i 1eCKPUIITOPHBIX
CHCTEM CIIPaBeJIJINBbI MOHSITUS [TOJIHOI HAOII0AaeMOCTH, HAOII0JaeMOCTH Ha, MHOYKE-
CTBE JOCTHKUMOCTH I IPUINHHON HAOTIOAaeMOCTH. AHAIOTTIHO KPUTEPHUSIM YIIPaB-

JIAEeMOCTH, MO2KHO BBIJICJINTL KPpUTEPpUN H&6.HIO,H&€MOCTI/I
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1. Cucrema ([1.9)—(L.10]) mosmocTsio HabsoaeMa Toria 1 TOJILKO TO/Ia, KOIjia

rank

Cl CZ
OlAl C(2]\7
= r and rank =n-—r
C’lA’l"_1 Cy A1

2. Cucrema ((1.9)—(1.10) R-mabsogaema Torga u ToJbKO TOr/Ia, KOrja

Ch
C1 A

rank

OlAq_l

3. Cucrema ((1.9)—(1.10) npraumHO Hab/IOAEMA TOTIA U TOJIBLKO TOLJA, KOTJA

rank = n + rank (F).

Onpepnenenue 1.7. Payuonarvnas mampusnan gynxyus P(z) = C(zE—A) 1B+

D mnasweaemca nepedamounoti gynryuets duckpemmnotli deckpunmopHotli cucme-

mot (LA)—(1.5]). 3decvy z — nepemennan Z-npeobpazosarus Jlansaca.

Onpenenenune 1.8. [Ipednonooicum, wmo napa mampuy, (E, A) yemotivuea. Bse-

dem 0b03HaMEHUEC

JE 0|
W o, k=0,1,2,..
0 0
0 0 .
W o, k=-1,-2,..
0 —N k-1

ede mampuuv, W u V' 3adarom sxeusarenmnyro gopmy Betiepuumpacca cucmemul

(1.4)-(1.5) ¢ mampuyamu J u N.
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1. Hpuvwurnods epamuar ynpasasemocmu cucmemot (1.4)—(1.5) onpedessemca 6

sude

Gaee =Y _ FyBBTF, (1.25)
k=0

2. Hpuwunnwd epavuan nabarodaemocmu cucmemui (L.4)—(1.5) onpedessemcs 6

sude

Gaeo = 0,01 =Y F'CTCF, (1.26)

k=0

1. Henpuwunnoti epavuan ynpasasemocmu cucmemovs (L4)~(L.5) onpedeasemen
6 sude o
Gane = Y  FBBTF. (1.27)
k=—h
2. Henpuwunnwti epamuan nabaodaemocmu cucmems (1.4) ~([1.5]) onpedeanemea
6 sude B
Gao=»_ FFCTCE. (1.28)
k=—h

I'pamuan ynpasasemocmu cucmemv, (1.4)—(1.5]) onpedeasemes no gpopmyae

Gae = Gaee + Gane, a ee epamuan nabarodaemocmu paser Gao = Gaeo + Gano-

1.2. AHnz3orponus cjiaydaiiHOro BEKTOpPa M CpeaHdd aHU30-

TPOIINA CAT'HAJIA

Huzke Oy 1y T paccMOTpPEHBI OCHOBHbBIE TIOHATHS U3 TEOPUN AHI30TPOIHITHOTO aHa-
JI3a CUTHAJIOB U JMHAMIYECKIX CHCTEeM, BBeJeHHble B paborax [14] 15, [16] 18] 1T24)
182, 280, 281].

[Iycte W = {wi} _sock<oo — CTAIMOHADHAS TIOCJIEIOBATEIBHOCTD CJIyYailHbIX
BEKTOPOB Wi € R™ ¢ KOHEYHBIMH BTOPbIMU MOMeHTaMu. COocTaBUM 3/IEMEHTHI 110~

ciemoBaresnbHoctn W paccmarpuBaemble Ha BpemenHoM unTepBase [0, N|, B ciy-
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JalHbIil BEKTOP BU/IA
Wo

Won=1, : |- (1.29)

WwN

[Ipenanonaraem, uro Wy.ny siBasieTcs: abCOIIOTHO HEIIPEPBIBHO PACIIPEIE/IeHHBIM JIJIs

mo6bix N > 0. Aunsorponust Bekropa Wy.n obosnauaercst gepes A (Wo.y) u ompe-
JeJISIeTCsl KAK MUHIMAJIbHOE 3HAUeHNe OTHOCUTEILHON SHTpOIU (MHMDOPMAIMOHHOE

(N+1) 5ra10HHDBIM

ykjonenne Kynbbaka-Jleitbiepa) mo orHorernio Kk Bekropy u3 R
BEPOSITHOCTHLIM PacIpejieIeHeM, POJib KOTOPOTO HCIOJHSIET IayCCOBCKOE paciipe-
JIeJICHIE C HYJIEBBIM MaTeMATHIeCKUM OXKUJIAHIEM U CKaJIsIPHON KOBAapUAIMOHHOI

maTpureit. Aunzorponust Bekropa Wy, Beraucsercs o gopmyiie [280]

m(N + 1) In < (27re

AWon) = —— N +1)

E<|W01N|2>> — h(Wo),
rie nuddepentinanbias suTporst h(Wy. ) BeIIHCIsieTCs: B BHle

B(Wox) = —Eln f(Wiy) = — / f(2)In f(2)de,

Rm(N+1)
a f(r) — YHKIUA MIOTHOCTH BEPOATHOCTH BekTOpa W N .

OrmeruMm TakxKe, 9T0 mHMOpPMalnoHHoe yKioHeHne Kynbbaka-Jleiibepa sBiisi-
eTcsl HeOTPUIATEIbHBIM PYHKITHOHAJIOM. TaknuM 00pa30M, aHI30TPOIINsT CJIyYaiiHOTO
BEKTOPA TAKIKe sIBJISAeTCs HeoTpurarebHbiM anciom, T.e. A(Wy.y) = 0. Takxe ciie-
ayer ormeruthb, 9to A(Wy.x) = 0 ecit u Tosbko eciiu W,y — rayccoBeKuii BEKTOD
C HYJIEBBIM MaTeMaTHIeCKIM OKUJIAHUEM U CKaJIsIPHON KOBapPHUAIMOHHON MaTPHIIEii.

CpetHsist aHn30TpoIus mnocaegoaresbHocTn W ootnpeesnsiercs Kak

A(W) = Jim_ W (1.30)

B pab6ore [18] nokaszano, 1aro
A(W) = A(wo) + I (wo; {wr}r<o) (1.31)

riae I (wo; {wgti<o) = limsy— oo I (wo; Wi.—1) — B3aumuast undopmarust [saHona

[155] mexkty wy u Beeit npesicropueit {wy } <o mocaenosarenbuoctu W.
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Jl71s1 cTammoHapHoil rayccoBCKOI 1mocseioBarebHocT W B3anMHast mHpOpMa-

s [TIsuHoHA MesK Ly wq U Beeil npepicropueil {wy, <o onpejensercs no dpopmyie
1 = -1
I (wo; {wg }r<o) = 5 In det(cov(wp)cov(wy) ), (1.32)

rae
71)0 = Wy — E(wo\{wk}k<g) (133)

OIMMMOKa ONTHMAJIBHOTO CPEJTHEKBAPATHIHOTO IPEJICKA3aHNs Wy 110 MPEIBICTOPIH
(W) k<0, BBITHCIIsIEMAsT I€Pe3 YCJIOBHOE MATEMATHIECKOE OYKUTaAHNE.
CrekTpasbHasi IIIOTHOCTL S (w) mocsegoBarebaocT W cBsi3ana ¢ KoBapHalii-

OHHOII MaTpuIieit omuoku npejckazanus (|1.33)) mo dpopmyse Kommoroposa-Cere:
1 ™
Py / Indet S(w)dw = In det cov(wy). (1.34)
™ —T

CreKkTpasibHYI0 IJIOTHOCTH S(w) MOXKHO TPEJICTaBUTh B BUjE (haKTOPU3AIIN

~

S(w) = G(w)G* (W), (-7 < w < 1), G(w) = limy_,; G(le™).

C yueroM u3JI0XKEeHHBIX OHATUI CPe/IHsIsi AHU30TPOINST TOC/IeI0BaTeIbHOCTH W
MOKET OBbITh OlpejieJieHa B 4aCTOTHONH 0OJACTH ¢ UCIOJIb30BAHUEM CHEKTPATbHOIL
IJIOTHOCTU KaK

— 1 [T mS(w) 1 mcov (W)
A = —— Indet ———~dw = —— Indet ———~= 1.
W) 4w/_ﬁ Y TEE Y T T Y e (1.35)

rje
IGllo=(=— [ Tr (G*(w)G(w)) dw =|— [ TrS(w)dw :
27 ). 2 |,

Bameuanue 1.2. [Tycmv V' — 2ayccosckuti beaviti wym ¢ edununoti Ko6apuayuo-
HOT MAMPUUET, U HYAEBBM MAMEMAMUYECKUM ootcudanuem. Tax xax cnexmpanb-
HaA NAOMHOCMb nocaedosamesvrocmu Vo nocmosrwna U pasHa eQuHuUYHOT Mam-
puye, mo nocaedosamensvrocmo W moorcem 6vims chopmuposara us 2ayccoscrozo
benozo wyma V. nocpedcmeom usvmpa G(z), m.e. W = GV. Taxum obpasom,

daxmopuzayuro G(z) b6ydem nazvisamov Gopmupyrowsum Guibmpom.
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Bameuanue 1.3. Cpednss anuzomponus cmayuoraprot cayualinot nociedosa-
meavrocmu W moorcem makotce noaHocmuvio onpedeaimuves uepes  daxmopusa-
YU €€ CNEKMPanbHot NAOMHOCTIU CA?(w) U aAcCOuUUPOBAHHOT ¢ Hell nepedamourot
Pynryueti G(2), nosmomy 6 dasvretiuem 6ydem ucnosvsosams obosnavenue A(G)

emecmo A(W) mam, 20e amo ydobnee.

=3 T T T

A(W)'=D (wvhi = Gaussian noise) ' ' '

1 1 1 1 1 1 1 1 1
a 100 200 300 400 500 500 700 go0 900 1000

10 T T T T

AN=0.5

i] 100 200 300 400 500 600 700 800 Q00 1000

20 T T T T T T T

AWE1S
Wik 0 W&W«\W

0 1 1 1 1 1 1 1 1 1
i] 100 200 300 400 500 600 700 800 200 1000

k, time

Puc. 1.1. IIpumep peanmszarnuu cTaloHAPHBIX CJIyYaiiHbIX 1TOCIEI0BATE/TIHLHOCTEH ¢

Pa3sHbIMU YPOBHSAMU cpejiHeil aHn30TPOINN K(W)

PaccmoTpum 06bIKHOBEHHYTO pa3HOCTHYIO cuctemy F(2) :

r(k+1) = Ax(k)+ Bw(k), (1.36)
y(k) = Cx(k)+ Dw(k). (1.37)

Bnech x(k) € R" w(k) € R™ u y(k) € RP. llepegarounast GyHKIIMsT CHCTEMbI HMeeT
B

F(z)=C(2I — A 'B+D.

Jyist Bxo-BBIXOIHOTO cooTHotenust (1.36))—(1.37) BBemem cpeHeKBapaTHIHbIi
K0(DDUIHEHT ycuieHust, onpejensemblii coorromnennem [124] 281]:

Y
QUF.W) = M (1.38)

41



rue

N

1
— | lim - 2
V1 = | Jim g 3 Bl

— MolHocTHas HopMa nocienoBareibaoct Y = {y(k) ez

Onpenenenne 1.9. Jlasa 3adarnozo yposna cpedneti anuszomponuu a = 0 anuso-
mponudinan wopma cucmemv F ¢ peanusayued 6 npocmpancmee cocmosnud (1.36]) -
(11.37) onpedeasemca evipasceruem
|7, = sup Q(F,W). (1.39)
A(W)<a
Taknm obpazoM, aHH30TpOIINITHAST HOpMa cucTeMsl || F||, omucbiBaeT croxacTude-
cKkuit Ko9HhOUIMEHT yCUIeHNsT CUCTEMbI F 110 OTHOIIEHUIO K CTAIMOHAPHOMY BHEITI-
HeMy Bo3MmyIeHnio W, dbst cpejiHsisi aHU30TPOIHsT He MPEBBINIACT 33 [aHHbI yPO-
BEHbD a.
OTHollenne MOITHOCTHBIX HOPM, 3ajiaBaeMoe BbipazkenueM (|1.38) Moxker ObITh

3allicaHa B CJAEYIONMEM BUJIE:

IVl _ IFC]
e

e G (z) — 9710 hopMUPYIONINiT PUIBTP, aCCOIMUPOBAHHBIN ¢ (haKTOpu3aIueil crex-
TpaJIbHOI IIJIOTHOCTH TocseoBarebinoct W. Mcernonb3ys 3Ty 3anmch, aHu30TPO-

MUITHYIO0 HOPMY CHCTEMbI MOYKHO OIIPEJICIUTh JIPYTHUM 00pa30M.

Omnpenenenue 1.10. /las 3adannozo yposs cpedueti anuzomponuu a = 0 anudo-
mponutinas nopma cucmemv, F' ¢ pearusayuets 6 npocmpancmse cocmoaruts (([1.36])—

(1.37)) onpedeanemcsa svipasiceruem

FG
17], = sup WG

. 1.40
B T (1.40)

3decv wepes G, 0003HAMAEMCA MHOACECTNBO BCEX POPMUPYOUWUT HUALBMPOS, OAA

KOMOPHIT CNPABEOAUBO HEPAGENCTNEO
G,={GeH,™": AG)<a}.
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Omnpenenenue 1.11. Quavmp G € Gy, na Komopom docmuzaemcs Cynpemym
ommowenus 6 npasot, wacmu ewparcenus (|1.40), nasweaemea nauzydwum gop-

MUPYOULUM PUALMPOM.

1.3. BcmomorarejgbHBIE pe3yJjibTaTbl, HNCIIOJIb3ye€Mbl€ B [AHC-

cepTanumn
Omnpenenenne  1.12. Cucmema  F(z),  ydosaemeopaowas — Ycao6uam
F*(2)UF(z) = U daa nexomopoti nenyresoti mampuyv, ¥ = T € RPP y

</ T, _T </
Hesviposrcdennott mampuuyv, ¥ = W € R™™ ya edunuunoti okpyostcnocmu, m.e.
npu |z| = 1 [27]], nasweaemea 636ewernnot cucmemot noano2o NPonyckaHUA.

Ipu smom npednosazaemcs, wmo 6LINOAHEHO YCA06UE M < P.

JleMMa 0 B3BeIIEHHOI crcTeMe MOJTHOTO MPOITYCKAHUSI.

pXm

Jlemmva 1.1. [27]] Jiaa sadannoir mampuy W u W cucmema F € Heoo ABNA-
emcs 636€UEHHOT CUCTNEMOT NOAHO20 NPONYCKAHUA, ECAU CYULECNBYEM MAMPUUA

R =R"Y, xomopasa ydosaemsopaem cAeOYIOUUM YPAEHEHUAM:

R = ATRA+CTUC, (1.41)
0 = B'"RA+D'UC, (1.42)
vV = B'RB+DUD. (1.43)

Kpurepuit 0MyCcTUMOCTH CHCTEMBI HA OCHOBE 0000IIEHHbIX ypaBHenuii JIgamymno-

Ba.

Teopema 1.1. [200)] Peeyaspnan duckpemmas deckpunmopras cucmema (1.4) ae-
asgemes donycmumoti, ecau cyujecmeyem pewenue X = X' € R™" obobusenozo

ypasrenua J1anynosa

AYXA-E'XE+Q =0, (1.44)

ydosaemesoparowee yeaosuwro ET X E > 0 das nexomopoti nososcumenvno onpede-

aennoti mampuyst Q = QT > 0.
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YacrorHass TeopeMa 00 OrpaHMYEHHOCTU Ho, HOPMBI JE€CKPHUIITOPHON CHCTe-

Mbl [286].

Teopema 1.2. Jlas 3adannozo wucaa v > 0 duckpemmuasn deckpunmopHas cucmema
P(z) = C(2E — A)"'B + D ¢ peasusayueti 6 npocmpancmese cocmosnut ([1.4) -
(1.5)) asasemes donycmumoti, a Hopma ee nepedamounoti Gynkyuu yooesemeopaem
nepasencmsy || Plle < 7, ecau u moavko ecau cyuecmsyem maxas mampuya R =

RT 5 0JLﬂ %omopoﬁ B6blNMOAHEHDL Hepaeencmea:
ETRE >0
= 9

ATRA—-ETRE+CTC ATRB+CTD

i i i i 2 <0 (1.45)
BYRA+ D™C BYRB + D™D — 421,

Jlemma 1.2. (Jlemma o D—ycmotivueocmu.) [242] ITycmo obaacmv D, onpedens-
emas evpaxrcenuem (4.28), — duck ¢ yenmpom 6 Hauane KOOPAUHAM, KOMNAEKCHOU
naockocmu, umerowut paduyc w < 1, m.e. d = —w? b =0, uc=1. [lapa (E, A)
UMEEM, § KOHEUHDLT COOCMBEHNHDIT 3Hauenul eHympu obaacmu D u (n — g) Koney-
HBLT COOCMBEHHBIT 3HAYEHUL 6HE 00AGCMU B, eCAU U MOADKO ECAU CYUECTNBYEM
neewviposicdernnan mampuua X = X1 € R™™ ¢ g nosoorcumenvivimu u (n — g)

ompuyuamesbHuMU cobCmMEEHHBLMU wucaamu, ydoeﬂemeopﬁmuga.ﬂ HEPAGEHCMEBY
—WEXET + AXAT <. (1.46)

Jlemma 1.3. (Jlemma Ilemepcena.) [224] [Tycmo mampuyw M € R™P o N € R

ABNAIOMCA Henyresvmu, a G = GT ¢ R™", Hepasencmeo
G+ MAN +NT'ATMT <0 (1.47)

svnoanaemca oas ecex A € RP*4: ATA < I, ecau cywecmeyem maxoti noaoscu-

menvHl CKANAAD € > O, Ymo 6vlinoAHEHO HEPABGEHCTIEO0

1
G+eMM" +-NTN <. (1.48)
3
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Jlemma 1.4. (Jlemma o donoanenuu [ypa.) [91)
Iycmo
X1 Xig
X5 X
2de X11 u Xoo — K6adpammvie Mampuubl.

Ecau X117 > 0, mo X > 0 moada u moavko moezda, xozda

Xop — XLX1' X1 > 0. (1.49)
Ecau Xoo >0, mo X > 0 moeda u moavko mozda, xozda

X1 — X X' X1 > 0. (1.50)

Jlemma 1.5. (Anusomponudinas wacmomnas meopema.) [32] Cucmema (1.36)-
ABAACMCA YCMOUNUBOT U €€ aNU3OMPONUTHAA HOPMA OAA 300aHN020 YPOBHA
cpedreti anu3omponuy 6x00H020 CAY4alino20 cuekara ¢ = 0 ozpanuvena ceepry
wucaom y > 0, ecau u moavko ecau watidymes makue mampuyvt X > 0,Y > 0,

U >0 umvucion: n > 2, 044 KOMOPHIT CNPasediuEdL COOTNHOUEHUA

n— (e " det \I/)l/m <74 (1.51)

v —nl, * *

B -Y % < 0, (1.52)

D 0 -1,

- X * * *

0 -—nl, % *
<0, (1.53)

A B -Y «x

C D 0 -1,

XY =1, (1.54)
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BriBoabl K ri1ase 1

B sToit rimaBe ObLIN paccMOTpPEHbI OCHOBHBIE TTOHATUS TEOPUN JUCKPETHBIX Jle-
CKPUITOPHBIX CUCTEM. BBLIO TOKA3aHO, UYTO B OTJINYNE OT OOBIKHOBEHHBIX CHUCTEM,
JIECKPUIITOPHBIE CUCTEMbI 00JIaJIal0T CBOMCTBAMU 1 OCOOEHHOCTSIME, KOTOPhIE CYIIe-
CTBEHHO OCJIOKHSIIOT 0000IIeHIe CYIIeCTBYIOMNX pe3yabTaToB. IlokazaHno, 4To B jie-
CKPUINTOPHBIX CHUCTeMax HapyllaeTcs MPUHINUIT TPUYNHHOCTU, PEIIeHUEe MOXKET He
CYIIIECTBOBATDH ITPH JIFOOBIX HAYAJbHBIX YCJIOBHUAX, & TaKyKe 9TO JIECKPUIITOPHBIE CHU-
CTEeMBI IMEIOT HECKOJILKO THUIIOB YIIPABIIEMOCTH U HAO/IIOAAEMOCTH. YCTONINBOCTH
JIECKPUTITOPHBIX CHCTEM OIlpejiesisgeTcsd B cMbicie JIgamynoa. Bo BTopoMm pasmese
KpPaTKO IPHUBEJEHbl OCHOBbI aHU30TPONMITHON Teopun. AHU30TPOINMSI CJIyIailHOIO
BEKTOPA OIIPeesIsieTcss KaK MUHIMAaJIbHOe HH(MOPMAIIMOHHOE YKJIOHEHIE ero pacipe-
JIeJIeHUsT OT rayCCOBCKUX PacCIpejle/IeHUll ¢ HyJIeBbIM MaTeMaTUYeCKUM OXKUJaHIEM
1 CKaJIIPHBIMU KOBapualmoHHbIMU MaTpuiiaMu. CpeHsiss aHU30TPOINS CIy JaiiHO
rayCcCOBCKOI TI0C/IE/I0BATE/IbHOCTU MOYKET OBITh BBIYHCJICHA C UCIIOJIH30BAHIEM (haK-
TOPUBAIUHN CIIEKTPAJIBLHON IJIOTHOCTH CUTHAJa B YacTOTHON obsacTu. B Tperhem
pasjiesie KpaTkKo MPUBOJIATCH OCHOBHBIE JIEMMbI U TEOPEMbBI, KOTOpPbLIE MOTPEOYIOT-
cd B JaJibHeIeM 13/I0KeHun. DT (POPMYJIUPOBKH OIIMPAIOTCS Ha M3JI0XKEHHbIE B
Tekyuieil riape nouaTusi. Cpeln HUX IMOHSITHE B3BEIIEHHON CHCTEeMbI IIOJTHOIO IIPO-
IIyCKaHUs, JIeMMa O MPUHA/JIEKHOCTU KOHEYHBIX ITOJIFOCOB JICCKPUIITOPHOI CUCTEMBbI
OKPY2KHOCTH 3a/IAaHHOT'O PaJInyca Ha KOMILJIEKCHOI IIJIOCKOCTH, JIeMMa O JIONOJTHEHUN

[ITypa, a Takxke jgemMma Ilerepcena.
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I'mapa 2. AHm30TponmiiHbII aHAJJAN3 JAeCKPHUITOP-
HBbIX CHACTEM C TOYHO M3BECTHBIMU IIapa-

MeTpaMu

JlanHas riaBa IOCBSIIEHA PEIIeHU0 339l OIEHKH POOACTHOI'O KAdeCTBa, J0-
IIyCTUMON JICCKPUIITOPHOI CHUCTEMBbI 110 OTHOIIEHUIO K CJAYYalHBIM BHEIIHUM BO3-
MYIIEHUSM C U3BECTHBIM YPOBHEM cpejiHell aHn3oTponuu. PaccmaTpuBatoTcest oorme
METO/Ibl 1 aJIFOPUTMBI JIJIsl PEIIeHUs] 3a/la4l aHa/li3a KaK Ha OCHOBE pelleHunii 0600-
IEHHBIX aJreOpandecKux ypaBHeHNIT PUKKaTH, Tak M ¢ UCIOJb30BAHHEM METOJIOB

BbIHyKJIOﬁ OIITUMHU3all1 1 JIMHEHBIX MaTPHUYIHBIX HEPABEHCTB.

2.1. Hopwmbl nepegaTodnoil (pyHKIINMN JeCKPUOTOPHOI cuCTe-
MBI
HpeyK;Le qeM HepeﬁTI/I HEIIOCPEACTBEHHO K IIOCTaHOBKE N PEIICHUIO 3aJa4l aHU-
30TPOIUITHOTO aHAJIN3a JIECKPUIITOPHBIX CUCTEM, PACCMOTPHUM OJIn3Kue 3aa49u Ho 1
H oo anasuza. st 3Toro HeoOX0IMMO JaTh onpeaeaeHns Ho 1 Hoo HOPM IepeaTod-

HO¥ (DYHKIMK JIECKPUIITOPHOI cucTeMbl. HalloMHUM, 4TO B IPOCTPAHCTBE COCTOSTHUIT

JECCKPHUIITOPHaA CUCTEMa 3allUChIBacTCsA B BUJIC:

FEx(k+1) = Ax(k)+ Bw(k), (2.1)
y(k) = Cx(k)+ Dw(k). (2.2)

Cucremy (2.1)—(2.2) Tak:ke MOKHO MpPEJCTABUTH B YaCTOTHOH 00JIACTH Yepe3
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HepelaTouHyio PYHKINIO, KOTOpasi BbIParKaeTcsl paBEHCTBOM
P(z) = C(zE — A 'B+D.

Pacemorpum onpesieniennst Ho u Ho, HOPM niepeaTodnoit dyukmun P(z) geckpur-

TopHoii cuctembr ((2.1)—(2.2) [260].

L™ u Hy HOpMBI

ObozHaunMm 1depes Lgxm(f’), riae I' — equanmyaHass OKpPyKHOCTH Ha KOMILICKCHOM
IJIOCKOCTH, TTPOCTPAHCTBO MaTpwdHbix dyukiuit P : ' — CP*™  koropble nMeIoT

pXm
koreunyio L5 (I') nopmy, ompeesiseMyto BbIpazKeHneM

1Pl = <% /0 e (D) P(e)) dw)é | (2.3)

X
O6oznaunm uvepes HoP*™ nopnpocrpancrso npocrpancrsa LY (T'), koropoe
COCTOUT U3 BCEX PallMOHAJIbHBIX Iepe/IaTOuHbIX (PYHKIMN, aHAIUTHICCKIX BHE €/11-
HUYHOTO Kpyra. He HOpMa nepejarounoit dyukimn P(z) € HoP*™ Gyuer onpee-

JIATBCA KaK

7= (55 [ o (e pe) dw)é (/] |P<eiw>|2dw)% .

Ecmu P(z) crporo npaBu/ibHasi, 1 KOHEUIHbIE 0OOOIIEHHBIE COOCTBEHHBIE YUC/IA MAT-
puunoro nyuka (AE — A) jexar BHyTpH eauuudHoro Kpyra, to P(z) € HoP™™.
C npyroii croponbl, ecin P(z) € Ho?*™, mo P(z) cTporo npaBmibHasi, HO KOHEU-
HbIe 0000IEeHHbIe COOCTBEHHbBIE YNC/Ia MATPUIHOTO Tydka (AE — A) Heobs3aTeibHO
JIEZKAT BHYTPH €MHUIHOIO KPYTa.

HarmoMuum, 910 panmoHaJjbHas repejaTodHast (DYHKIUA HA3bIBAETCS MPABIIIb-
HOIl, €CJIN CTeleHb YUCINTENS He ITPEBOCKXOJIUT CTEIIeHN 3HaAMEHATeIs, a CTPOro Ipa-
BUJIHHOI, €CJIM CTElleHb YHCIUTE/IS CTPOrO MEeHbIIe CTEeleHN 3HAMEeHATeJIs.

Asroputym BbrvmcIenust Ho HOPMBI JIECKPUIITOPHON CHCTEMBI JIOCTATOYHO TPY/I0-

el\/IKI/IIL/’I7 TaK KaK OH CB#fA3aH C BbIYMCJICHUEM 110 OTAEC/JIbHOCTU IPUYIMHHOTI'O U HEIITPUYMH-
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HOTO IpaMHAHOB ylpasjsemoctu (Habsogaemoctn). st Boranciennst Ho HOPMbI
JIECKPUIITOPHOI CUCTEMbI HEOOXOIMMO PEHINTh 0000IIEeHHOe IPOEKIIMOHHOEe YPaBHe-

rne JIsmyHnoBa oTHOCHTEILHO TpaMuana yrpasisemoctn (Habmiogaemoctn) [260]:

AG4AT — EG4ET = —PBBTPF + (I — P,)BB™ (I — )7,

(2.4)
Gdc — (I - Pr)Gdc(I - PT)T
nJjm
AT GypA — ETGuE = —PTCTCP, + (I — P)TCTO(I — P, .
Gdo — (I - B)TGdo(I - Pl);
rie
|5, 0| L, 0]
P=V V., B=W W (2.6)
0 O 0 O

— CIEKTpaJIbHBIE TPOEKINH MaTpuIHOro mydka (AE — A) Ha JieBoe u mpaBoe Kop-
HeBbie monpocrpancTsa. Oxamnako ecom cucrema (2.1)—(2.2)) aBsierest momycTimoi,
TO aJITOPUTM BbIUNCICHNS Ho MOXKET OBITH CHIIBHO yiporren. Merognka cocront n3

CJIJIYIOIINX TIAr0OB:

1. Beruncigroress marpunsl Wi n Vi, ¢ OMOIIBIO KOTOPBIX MCXOJHAsI CUCTEMa

npeobpaszyercst BO Bropyio skBuBasienTHyo dopmy (1.13)—(1.16)), rxe

All A12
A21 A22

WAV, =

2. Boeruncisiores marpuiisl Wo 1 Vo o cireytonum gpopmyiam:

I, —ApAy) v I, 0
0 [n—r _A2_21 A21 A2_21

[N}
I
[\]
I

3. Omnpenesstiorest marpunsl W = WiWy u V = Vi Vs, Marpuist W n V. peo6-

pa3yIoT UCXOHYIO CUCTEMY B MEPBYIO SKBUBAJCHTHYIO (DOPMY

WEV — diag(]?“a 0)7 WAV - diag(A17 In—r)7
_ By _ _
WEB = B ,CVZ[C1 02]7
By
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BareM perraeTcst JUCKpeTHOE ypaBHeHue JIgmyHosa
AL GoA — Gy = —CLCy. (2.7)

Hakonern, Hs HOpMAa CHUCTEMBI BHIYUCISIETCS 110 POPMYIIe

|um2:\ﬁm(B?Gw31+(0—szgTu>—(23g)

,ZL&HH&H METO/JNKa JIETKO aJITOPUTMHU3YETCA, TaK KaK HNCIIOJIb3YEeT N3BECTHLIC MEC-

TOJIbI JINHEIHO# arebpsl. PaccmMoTpuM paboTy aJiropuTMa Ha, CJIeIYIOEeM IIPIMepE.

IIpumep 2.1. IIycmb mampuyvt cucmemvt pasHbL:

3 0 2 =5 0.7 —3.25 —0.7 0
0 3 -2 2 1.8 04 —6.4 2.6
E = 5 A= )
2 2 0 =2 1 —19 —54 24
2 —4 4 —6 —06 —-27 54 —238
2.1 —0.8
0.2 1
B = , C = M(w41], Dz[lﬂ.
1.5 1.3
0 2

Mampuyoe W u V' mooicno natimu 6 sude:

1 0 22847 —2.1209 1 0 0 0

— 0 1 1.4593 5.2108 — 0 1 0 0
W — , W e
00 1 0 —0.1713 —0.2585 —3.2481 0.6194
00 0 1 —0.1705 —0.0758 —1.7412 1.1245

Cucmema npeobpadyemcs 6 NEPBYI0 IKGUBANCHMHYIO HOPMY KAK

—0.4428 —6.0760
0.2371 —0.8616 — By —5.6722 12.7570

1= ) — — )

—0.0031 —0.5371 By —0.2187  0.0877
—0.6087  2.4927
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CV = [(71 Cs }:: [(11568 0.1570 | 3.0786 (15697}.

Pewenue G, ypasnernus (2.7) umeem euo:

0.0260 0.0173
0.0173 0.0843

co

Haxoneu, noayuaem, wmo || P||s = 4.4.

LEX™ m Ho HOPMBI

[Iycte LEX™(I") — npoctpancrBo marpudnbix dynknnit suga P : ' — CP*"
KOTOpbIE cylnecTBento orpannyennl Ha I'. IIpocrpancrsom Ha P*™ obosuaunm mo-
npocTpancTBo mpoctpancTa L2 (I'), KOTOpoe coCTOUT U3 paIlMOHAJIbHBIX TIepejia-
TOYHBIX (PYHKIINI, aHAJTUTHICCKUX BHE 3aMKHYTOIO €MHUIHOTO KpyTa. Ho HOpMa,

pxXm

nepejarodnoii pyukinnu P(z) € Hy ompeje/siercs 1o popmyJie

[Pl = sup @ (P(e™)) = sup [[P(e")]e.
we(0,27] we(0,27]
H o HOpMa TiepeiaToTHol yHKIMN P(z) SBJISeTCS KOHETHON TOr/A U TOJBKO

torja, korya P(z) € LEX™(I') npasusibnasi.

Jlemma 2.1. [160] ITyemov 3adan noaoocumenviwid ckaaap v > 0. Cucmema (2.1])—

(2.2) asasemcea donycmumod, a ee nepedamounan Pynryua
P(z)=C(zE—A)"'B+D (2.8)
ydos.aemeopaem yca06uI0

ecau u moavko ecau cywecmeyem mampuua R = R | das xomopoti ecnpasedausoi

caedyrouue Hepasencmea :
E'RE > 0, (2.10)
ATRA—E'RE+CTC  ATRB+C'™D

~ - < 0. (2.11)
BYRA+ D'C BYRB + D™D —~%1
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Boerauciaenune H,, HOpMBbI

Yc/10BHs JIEMMBI MOZKHO HCIOJIb30BaTh JIJIst BBIUUC/IEHUs H o HOPMBL. BBOjIs
obosHaueHne & = > 0 H 9 -
= *, IpOOJIEMa BBIMHCIICHU H o HOPMBI MOXKET OBITH CHOPMYINPO

BaHa KaK 3a/a9a BLITYKJIONH ONTHMU3AIINN BUJIA:
& =miné

Ha MHOZKEeCTBE II€PEMEHHDLIX

{¢, R},

yiosaerBopstionux  Hepasencrsam  (2.10)—(2.11). Ecan munumym &, maiigen, To

H oo HOpMa cucTeMbl ([2.8]) MoxKeT ObITH HafijieHa Kak

1Ploc = V& (2.12)

IIpumep 2.2. Buvucaum Hoo HOPMY ONA CUCTIEMDL C NAPAMENPAMU, 360GHHBLMU 6
npumepe |2. 1| ¢ Ucnosb306aHUEM EBIUCONUCAHHOT ONMUMUSAUUOHHOT NPOYUEIYPDL Ha
ocnose aemmol (2.1 Hoaywennoe snavernue Hoo mopmuve cucmemo, pasro vy = 9.0478,

a mampuuya R, umeem euod

0.1120 —9.0655 5.1750 —5.6424
—9.0655 —12.2041 13.4356 —1.5472
5.1750  13.4356 11.4013  5.1043
—5.6424 —1.5472 5.1043  2.8984

Aum3zoTponuiinasi HopMa

Paccmorpum j1omycTuMy1o JecKpUNTOpPHYIO cucteMy P ¢ peaju3aliieil B Mpo-

CTPAHCTBE COCTOAHMIA:

Ex(k+1) = Ax(k)+ Bw(k), (2.13)
y(k) = Cx(k)+ Dw(k), (2.14)
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rie (k) € R" — cocrosnue cucremsl, w(k) € R™ — Bxojnoe Bosmymienue, y(k) €
RP — usmepstemblii BbIxo1 cucrembl. Takxke mnpesnonaraem, aro rank (£) = r < n.
W = {w(k)}rez cranumonapHasi raycCoBCKasi MOC/IE0BATEIHLHOCTD, COCTOSIIAST
13 M-MEPHBIX CJIyYaiiHbIX BEKTOPOB C OTPAHMYEHHBIM YPOBHEM CpeHeil aHu30TPO-
man A(W) < a (a > 0) u HyJTeBBIM MATeMATHIECKIM OZKHAHIEM.
OrnpejiesieHre aHU30TPOINUIHON HOPMBI JIECKPUIITOPHON CHCTEMbI B YaCTOTHOI

obJstacTu anajiorndxo omnpesjesnennto [1.10 Harmomuum ero.

Omnpenenenue 2.1. Jlis 3a0a11otll seausunvl Yposhs cpedret anudomponuu a = 0

AHUBOMPONUTHAA HOPMG cucmemv, P ¢ peasudayuetd 6 npocmpaHcmee cocmos-

nuti (2.13)~(2.14) onpedeasemesn evipasrceruem

T [A(w) S0 ()] dw
1Pf, = sup LGN g = - (2.15)

ceG, |Gl _K(W)éa fTrSw(w)dw

~

3decy A(w) = P*(w)P(w), Selw) = GW)G* (W), 20¢ (—7 < w < 7), G(w) =
limy_,; G(le™).

G, — Mmnooicecmso popmupyrowus Gusompos, onpedessemulr BvuLPaAHCEHUEM

G, = {GeH,"": A(G)<a}.

Bpruncienne aHN30TpONNITHON HOPMBI

Tak kax cucrema P ¢ peanmmsanueii B mpocrpancTse cocrosmuit (2.13])—(2.14)
SIBJISICTCA JIOMYCTUMOI, TO CyNIECTBYIOT TaKWe HeBBIPOXKeHHble MaTpuisl W n V,

qTOo

WEV = diag(I,,0).
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Taxum obpazom, cucrema ([2.13)—(2.14)) mpeobpasyercst BO BTOPYIO 9KBUBAJECHTHYIO
dopmy B BHIE:

331<]€ + 1) = Allxl(k) + Algajg(k) + BﬂU(k), (216)
0 = A21£L'1(k) + AQQI‘Q(]C) + BQW(k), (217)
y(k) = Cizi(k) + Coza(k) + Dw(k), (2.18)

rje Marpuria Ags B Beipazkenuu (2.17)) saBisiercst HeBbIpozK AeHHOM. Matpunbt W n
V' moryT ObITh HafiieHbl u3 cunry/spHoii gekommosuiun ((1.17) and ((1.18)). Hesnbi-

POYKJIEHHOCTb MaTpUIlbl Asy MO3BOJISIET SIBHO BBIPA3UThL BEKTOD To(k) U3 ypasHe-

aust (2.17) xak

xg(]{) = —A2—21 (Aglxl(k) + ng(l{?)) (219)

[Toncranoska (2.19)) B Boipazkenus (2.16|) u (2.18) mpuBouT K BBIPAYKEHIIO
zi(k+1) = Axi(k) + Bw(k), (2.20)
y(k) = Cuxy(k) + Dw(k) (2.21)

rie

A = A — ApAy Ay, B = By — ApAyy By,
C = C1—CyAy Ay, D = D—CyABs.
[Tosryuennas cucrema (2.20)—(2.21)) sxBuBaseHTa HCXOMHO TECKPUIITOPHON CHUCTE-

me (2.13)—(2.14) B cMmbIcsie BXOJ-BBIXOJHOTO COOTHOMIeHUs. Bekrop x1(k) umeer

MEHBIIIYI0 Pa3MEPHOCTDb U IPEJICTaBIIAeT cOOOi COCTOSTHIE OOBIKHOBEHHON CUCTEMBI.

(2.22)

CdhopmynmupyeMm Teopemy, O3BOJISIIONIYI0 TOYHO BBIUYUC/IUTDL AHI30TPOINITHYIO

HOPpMY ILOHYCTHMOfI ﬂeCKpHHTOpHOﬁ CUCTEMBI.

Teopema 2.1. [05] [Tycmv cucmema P ¢ peanusdayuedi 6 npocmpancmee cocmos-
nut (2.13)—(2.14) asanemea donycmumoti. Tozda ee anuzomponuiinas Hopma co6-

nadaem ¢ aHU30MPONUTHOT HOPMOT 00BIKHOBEHHOT CUCTEMYL C Peasusatuets 8 npo-

cmparcmese cocmosanud (2.20)—(2.21) u paccuummeaemesn no gopmy.ae

1 m 1/2
Pl =(=(1-
171 = (5 (1 s )
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2de q € [0, | P||22), a mampuyw I1, L u Y Haxodamces us pewienus cucmemvt ypaec-
HeHUT, KOMOpvle BKA0UANM 6 CEOA:

anzebpauveckoe ypasherue Puxkamu:
R = ATRA+¢C"C+L"s'L,
L = S(B"RA+¢D"C),
> = (I,—B"RB—¢D" D)™
ypasrenue Jlanynosa:
I1 = (A+ BL)II(A+ BL)" + BLB",

YPaBHEHUE CNEUUANDBHOZO0 euda:

L In det m
= —— INn .
“= 7 tr(LILT + %)

Mampuun A, B, C, D onpedeasromes uz coommowernut ([2.22)).

3aMeTnM, UTO IPHU BBIYUCICHUN aHI30TPOIUITHON HOPMBI CUCTEMbI UCIIOJIb3YeT-
s MTOHSATHE HAUXY/IIEro (hopMUPYIONIEro puabTpa — (PaKTOPU3AIIHI CIIEKTPATbHOI
IJIOTHOCTU BXOJIHOTO BO3MYyTenus W, Ha KOTOpOM JOCTHUTAET CYIIPEMYM COOTHOTIIE-
nus (2.15)). Mapamerps! Hanxymero GopMupyoero GpuibTpa MoryT ObITh Haile-
HBI U3 CJIEJIYIONIEr0 COOTHOITEHUS
A+ BL| By

L 21/2

ITpumep 2.3. Buuucium anudomponutingio Hopmy Cucmemol, npusedenmoti 6 npu-
sepe [
Jlas dannoti cucmemv, umeem: rank (E) = 2. Jlaa npeobpazosanus ucxodnot

CUCTNEMDL 60 6TNOPYIO IKEUBANCHTIIHYIO ¢0pJ\/Ly MOIHCHO 6?)L6pamb MaAMmPUUdL

—0.5228  0.3220 —0.1338 —0.7779
—~ —0.5233 —0.4659 —0.6595 0.2723

0.1736  0.7599 —0.5536  0.2932
—0.6501  0.3190  0.4906  0.4846
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—0.0292 —0.1028
0.0328 —0.1669
—0.0413  0.0427
0.0705  0.0601

—0.7935 0.1742
0.4113 0.2662
0.2347 0.8396

—0.3822 0.4403

Komopwie npeobpasyrom mampuuy E x npedcmasaenuro

10

~ ~ 01
WEV =
00

00

Mampuuya A nepenuwemcs 6 sude:

WAV =

Jlezxo nposepumv, umo mampuua Ass ABAAECMCA HEBVIPOHCOEHHOT, NOIMOMY CU-
cmema npuvunnan. Cnexmpanvhoits paduyce mampuyse A = Ay — A Ay Ay pasen
p(A) = 0.5405 < 1. Taxum obpazom, cucmema ABAACLMCA QONYCTNUMOTL U MOHCEM,

OvMB npeo6pa306aHa K 00bIKHOBEHHOT IKGUBANECHMHOT CUCTNEME NOHUHCEHHOT pas-

All A12
A21 A22

—0.4712

OO_
00
00
00

0.5249 —0.8132 | —0.4367
4.1626 —6.9268

0.0136

MEPHOCTU C NAPAMEMPAMU

~ 0.2371 —0.8616 5
—0.0031 —0.5371

A:

~

0.1568 0.1570 |, D

—1.2341 —0.9895

—0.0338 —0.0947 | —0.4369
0.0993 —0.0792 | —0.6765

—0.4428 —6.0760
—5.6722  12.7570

— [2.0200 —0.6900 |,

By —2.1814 —0.3600
WB = - ,
B, —0.2187  0.0877
—0.6087  2.4927
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ITEN

i ; ; i i
0 1 2 3 4 5
Mean anizotropy level A{W) =a
Puc. 2.1. 3aBucumMocTh aHU30TPOIMITHON HOPMBI CUCTEeMbI PP OT YPOBHs CpejiHeit

AHU30TPOIINN 4 BXOAHOI'O BOSMYIICHN .

CV = {01 02} = [0.1094 —0.1795 | —1.7304 1.4597}.

lanee npumensem meopemy ons sviwucierus aruzomponuinots wopmu || P,
UCTOOHOT CUCTNEMYL NPU PASHHLT YPOSHAT cpednels arusomponuu a. Pesysvmamo
BUIUUCAEHUA AHUSOMPONUTIHOT HOPMBL NPEJCTNABAEHDL 6 6Ude 2paduka 3a6UCUMO-

CU 3HAYENUA HOPMBL O YPOGHA cpednels anuszomponuu a wa puc. (2.1 Jlas cay-

was, xkoeda a = 0 3navenue aHu3omponuinot HOPMbL PaGHO

4.4 P
IP], = 31112 = = = 121l

V2oV

2.2. (OOmiag mocTaHOBKA 3aJla9Md aHN3O0TPONMITHOTO aHAJIN3a

PaccMmoTrpennbiit Bbilie aaropuT™ BBIYNCIEHNS aHN30TPOTUHHON HOPMBI SIBJISET-
¢ YJI00HBIM TOJBKO B TOM CJIydae, €C/Ii W3BECTHO, YTO UCCIeAyeMas CHUCTEMa sTB-

JIACTCA ,HOHyCTHMOfI. Ha INpaKTHUKE IIPEAITIOYTUTEJIbHBIM ABJIACTCA OJHOBPEMEHHALA

o7



IIPOBEPKA JIOIYCTUMOCTU CHCTEMbI M BBIYUC/ICHUE WM OIeHKa €€ aHU30TPOINIHOI
HOPMBI. BoJjiee Toro, npeiioyKeHHblii aJropuT™ COAEPKUT MaTPUIHbIE I1peodpa3o-
BaHUsl, KOTOPble He MOI'YT ObITb BBIIOJIHEHBI IIPU PEHIeHUN 3aJadll CHHTe3a aHU-
30TPONUIHBIX Pery/assTopoB. Vcxost 3 BbIIIECKA3aHHOI'O, €CTEeCTBEHHBIM 00Pa30M
BO3HUKAET 3a/lavda IOMCKa TaKUX YCJIOBHUIl, KOTOpPbIe OJIHOBPEMEHHO MOI'YT CKa3aTh,
JIOTIYCTHMa, JIN CHCTEMa U YJIOBJIETBOPSIET JIM OHA, 3a/[aHHBIM OIPAHUYEHUsIM Ha aHU-
30Tponuniinyio HopMmy. Hurke MbI nmpuBejem Taknue pe3y/bTaTbl ¢ HCIIOJb30BAHIEM
JIBYX TI0JIXOJIOB: TEXHUKHU, OCHOBAHHOII Ha pelieHnn 0000IIEHHOTO aaredpamdecKoro
ypaBHeHns] PUKKaT, 1 TeXHUKM, OCHOBAHHOI HAa BBINIYKJION ONTUMU3AINN W MaT-
PUUHBIX HepaBeHcTBaX. PaccMoTpuM oOIIyIO IIOCTAHOBKY 3a/1ati.

HyCTb JECKPHUIITOPHasAd CUCTEMa 3a/laHa B BHUJIE:

Ex(k+1) = Ax(k)+ Bw(k), (2.23)
y(k) = Cx(k)+ Dw(k), (2.24)

rie (k) € R" — Bekrop cocrosiaus cucrembl, w(k) € R™ — ciyuvaiinas crarmo-
HapHasl MOC/Ie0BATEILHOCTh ¢ OIpaHMYeHHON cpejneil anuszorporneit A(W) < a
(@ >0), y(k) € RP — usmepsiembrit Boixo, B, A, B, C'u D — u3Becrhbie jieiicTBu-
TeJIbHble MATPUIIBI COOTBETCTBYIONINX pa3mepHocTeil. Marpuiia E npejnosaraercs
BBIPOZK/ICHHOM, T.¢. rank (E) =1 < n.

3jiech 1 jasiee B ryiase OyjeM MpeJnoiaraTh, 4TO BbIIOJHEHO CJIeyIOIIee PaH-

rOBOE OIpaHMYeHe Jid cucTeMbl ([2.23)):
rank {E B} = rank (£). (2.25)

Cucrema ([2.23)—(2.24)) accorumpyercs ¢ nepeparodnoil dbyHKIueil, onpeessieMoii
110 popmyJie

P(z) = C(zE — A)'B+D.
Taxxxe 1t yaoocTBa Oy/1eM UCIOIb30BATH CAeAyIolee 0003HaAYCHIE:

A|B

P=|E,
C|D
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Bamauya 2.1. Brodnas nocaedosamesvrnocmv W — cmauyuonapras 2ayccoscras
CAYHATHAA NOCALI0BAMENLHOCTNG C 02PAHUMEHHBIM YPOBHEM CPEIHET AHUIOMPONUL
A(W) < a. IIpednosrazaemcsa, wmo uzeecmmuvl ckasaprvie seausunos a = 0wy > 0.

Tpebyemesn nposepums, asasemes au cucmema (2.23)—(2.24) donyemumot u 6vi-

noaneno au nepasencmso || P, < .

2.3. AHn3orponuiiHblii aHaJn3 Ha ocHOBe PukkaTu moaxoma

[Tpek e 1eM npeIcTaBUTh PE3yIbTATHI IO aHU30TPOIMUIHOMY aHAJII3Y JIeCKPUII-
TOPHBIX CHUCTEM C HWCIOJb30BaHMEeM PUKKaTH Mojaxojia, HeoOXOJINMO TOJTYIUTH JI0-
MOJIHUTETHHDBIE YCIOBUS, ONPEJIEISIONIIe CUCTEMY MTOJTHOrO Mpomyckanns. Cucrema,
¢ mepejaTovHoi pyukiueit P (z) Ha3bIBACTCs CUCTEMOI IIOJTHOT'O IIPOITYCKAHUA, €CJIN
P*P = I, Ha e uHNYHOIT OKpY2KHOCTH, T.e. ipu |z| = 1 [274].

Jlemma [1.1] onipeienisieT HEOOXOMMBIE U JIOCTATOTYHBIE YCJIOBUS, TIPU BHITIOJTHEHIH
KOTOPBIX OOBIKHOBEHHAsI cucTeMa J(z) sIBJIsIeTCsl B3BEIIEHHON CHCTeMOil MOJTHOro
npoiyckanust. OOOOIINM 3TO MOHSITHE Ha KJIACC JECKPUITOPHBIX CHCTEM.

PaccmoTrpum jeckpuntopnyio cuctemy F:

Ex(k+1) = Ax(k)+ Bw(k) (2.26)
y(k) = Cz(k)+ Dw(k). (2.27)

[Ipe/imooK M, 9TO BBIIOJHEHB! CJIC/IYIOIINE PAHTOBBIC YCIIOBHS:
rank (E) =rank[ F B | =rank[ ET C"]. (2.28)

Jlemma 2.2. Jonycmuman cucmema  (2.26)—(2.27) asasemea cucmemots noanozo
nponyckanus, ecau cywecmeyem mampuya R = RT | ydosaemsopsaowan ycarosumo

ETRE > 0 u asamowaacs pewernuem caedyoweti cucmemvt ypashenuti:

B"RB+D"D = I, (2.29)
BTRA+D"C = 0, (2.30)
ATRA+C"C - E'RE = 0. (2.31)
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HokazaTeabcTBO. /[l J01MyCcTIMOIT JIECKPUIITOPHOM CHCTEMBI BCErJla CYIIECTBY-

0T Takme ;e MaTpuinl W ou V| KoTophble npeobpasyior cucremy (2.26)-([2.27) B

9KBUBAJIEHTHYIO (POPMY

Lol — — A o | _ B
,WAV: ’WB:

V= ¢, WEV =
0 0 0 I B,

Buech r = rank (F), x(k) € R™. Panrosoe orpanndenne (2.28)) sKBUBAIEHTHO CJie-
JyIoIIeMy
rank (WEV) =rank[| WEV WRB ]| =rank[ WEV VTCT ].

DTO 03HAYAET, UTO

I 0 By I 0 ClT
rank = rank = rank
0 0 00 By 00 CF
cJieJoBaTe IbHO,
By =0, Cy=0. (2.32)

[IpencraBum maTpuiry RsB cJIeIyIoIeM BUJIE:

- 0 —  — 2| Ry Ral|—
R=W'rRw=w"| " "W (2.33)
Ro1 R

Togcrasum R 13 Bbipakenust (2.33) B ([2.31)), momyamm

AW ' RWA+CTC — E"W RWE =0. (2.34)

_T _
YMHOXKasl CJIeBa U CIIPaBa Ha HEBLIPOXKJEHHBbIC MaTpurbl Vo 1 V' coOTBETCTBEHHO,

nMeeM
VAW RWAV +V' CTOV - V' EYW' RWEV = 0. (2.35)

Boipazkenue ([2.35]) MokeT ObITH MEPENUCAHO B BUJIE

AT 0| [ Ry BRo | ] 4 0 o
+ {(J1 02}—
0 I|| Ry B || 0 I i
(2.36)
I 0 Ri1 Ry I 0 _ 0

00 Ro1 R 00
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nJim

AT R A, ATR ctc, Ccrc Ri1 O
1 11411 1 12 4 1 1 1 2 _ 11 0. (2'37)
RQlAl RQQ Cg 01 Cg CQ 0 O
U3 sToro caemyer, 9T0
ATRuA +CTCy— R,y =0, AR, +CTCy =0,
Ry A +CyCL=0, Ry +CFCy=0. (2.38)

Tenepn pacemorpum soipazkenne ([2.30): BT W' RWA+DTC = 0. Vvmoxas cIpa-

Ba Ha V', mosrydaem

BIRuA +DY'Cy = 0, (2.39)
BIRi, +D"Cy = 0. (2.40)
Ucnionb3yst anajorngubie npeobpazosanust st (2.29)), nmeem
BI R\1B) + Bl R13Bs + By RyyBo + D' D = 1. (2.41)
y‘{I/ITbIBaH yC.HOBI/IH , BbIpazKeH A * 9KBUBaJICHTHBI cne;gy}o—
MM
AT RpA+CICL— Ry = 0, (2.42)
B RuA +D"C, = 0, (2.43)
B R B, +D'D = 1. (2.44)

Takum 06pa30M, MBI II0Ka3aJii, 9TO UCXOJHad JCCKPUIITOPHaA CUCTEMa SKBHUBaJIeHTa

OOBIKHOBEHHOII crcTeMe ¢ IapamMeTpamMu

ZBl(k + 1) = All'l(k) + Blu(k:),
y(k) = Cizi1(k) + Du(k),

1ytst Koropoit yeiosus (2.38)), (2.39)), (2.41) coBragaor ¢ aHAJOrUIHBIME YCJIOBUSIMU

semubt (1] B cyuae, eciu W = [, u W = [,,. Takum obpasom, cucrema (2.26)—
(2.27)), ymomrerBopsttoriast panroBomy orpaxudenuto (2.28) un ypasuenusim ([2.29))—

(2.31]), siBaIsteTcst cucTeMoii TTOJTHOTO MPOITYCKAHUST. M
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ChopmynmpyeM aHI30TPOINUITHYIO YaCcTOTHYIO TEOpeMy Ha OCHOBE YpPaBHEHHSI

Pukkaru.

Teopema 2.2. I[Iycmv P € H "™ — donyemumas cucmema ¢ npedcmasieHuem
6 npocmpancmee cocmosnuti  ([2.23)~([2.24). Jan sadannox ckaisprowx seausun
a>0u~vy >0 anuzomponuting HOPMa CUCTNEMbL 02PAHUMEHA CEEPTY YUCAOM 7Y,
m.e. |P|, < v, moeda v moavko moeda, kozda cywecmsyem maroe wucao q €

[0, min(y~2, [|P||22)), das komopozo cnpacedauco nepasencmeo
1 2
— §ln det ((1 —qy )E) > a, (2.45)

20e Mampuya Y ceA3aHA CO cma6uau3upy70u4u pewenuem R = RT obobwennozo

anzebpauveckozo ypasrerus Purkxamu

E'RE = A"RA+q¢CTC+L"S'L, (2.46)
L = X(B"RA+¢D"0), (2.47)
> = (I,—B'RB—¢D" D)™, (2.48)

¢ ONONHUMENDHDIM YCAOBUEM

ETRE > 0.

HoxkaszaresiberBo. Otnomienne MomuocTHLIX HOpM || PG|2/||G |2 B mpaBoit wactn
BbIpazKeHud 1 AHU30TPONUITHBIH (DYyHKIIMOHA K(G), oIpe/iesIsIeMbIil BbIpa-
kernneM (|1.35)), AABJIAIOTCS MHBAPUAHTHBIMIE 110 OTHOIIEHUIO K YMHOXKEHUIO HA OPTO-
roHaJIbHbIE MATPUIILI U JICHCTBUTEILHOE HEHYJICBOE YIC/I0 (POPMHUPYIONIETO PIIbTPa
G. Jlns 3aannoit cucreMbl P OHE TOJTHOCTBIO ONPEIEISIIOTCS HOPMUPOBAHHOMN CIIEK-
TpasbHOIl ioTHOCTHIO [182):

- mS(w)  2mmS(w)

= == — ’
IG12 [ trS(v)dv

TI(w) (2.49)

! Crabunmsupyiomuy permennem obobmiennoro anrebpamdeckoro ypasuenns Pukkaru (2.46) Gyzem nasbisarsh

MaTPHILY }AE, Jutst koropoit mapa (E, A+ BL) siBasiercst JOIyCTUMOT.
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TOTJIa,

A(G) = a(Il) = —i/lndetﬂ(w)dw, (2.50)
IPGI3 o L[
IGI3 (H)Qﬂm[t (Alw)(w))dw. (2.51)

Oyukius [1(w), onpeesentas Ha MOJyUHTEPBaJe [—7, T), IPUHIMAET 3HAYCHUsI U3
MHOZKECTBA TOJIO?KUTEJILHO OIIPEICJIEHHBIX SPMUTOBBIX MaTPUI PA3MEPHOCTH 11, X 1M,

U yAOBJIETBOPAIOT YCJIOBUIO

/tr [(w)dw = 2mm.

-7

Bamaanm byskimio A(w) B cieLyoneM Buje:
Alw) = P*(w)P(w). (2.52)

Ormernm Takzke, uro dbyuknuonan v(Il) sBisercs JuHEHBIM O TTEPEMEHHOI
[I(w), a a(Il) crporo Beimykibiii o II(w). Crporas BbITYyKIOCTH QYHKIHOHATA (¢
cJiejtyeT u3 cTporoii Beimykjoctu (yukinnu Indet(-), paccmarpuBaemoii Ha BBITYK-
JIOM KOHYCe MOJIOKUTE/IbHO onpejenenubix Marputl [31]. Takske crporast BbITyK-

socth «(IT) Moxker OBITE MOJTyUeHA TIPSMBIM BBIUUCIEHUEM BTOPO BApHAIIIN:

™

52(IT) = % / b (T (00)OTT ()T~ ()3T () ) —

-7

_ % / T2 ()T ()T 2(w) |2, (2.53)

e 811(w) — sapuanus I1, a | M| = (tr(M*M))"/? osnauaer bpobenmycoBy HOpMY
mMaTpuilbl. B Beipazkerun (2.53]) 6bLI0 UCIOTB30BAHO BBIPAYKEHUE /IS BHIUHCICHUST

MepPBOil Bapuamuy oOpaTHO HEBBIPOXKIEHHON MATPUIIBI

§(EH =-E""=2)=",
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a TaKzKe CBOICTBO CJjiejia MaTPUILb
Indet= = triln =.

Takum obpazom, MUHIMAJIBLHOE 3HAUEHUE CpejIHel aHM30TPOINK BXOIHOTO BO3-
Mmytenus: W, koTopoe HeOOX0UMO, YTOOBI JIOCTUYL BeJTUINHbI 7y > () onpejiensgercs

BbIpazK€eHUueM
™

, 1
V{Iﬂligva(ﬂ) =1 y%ﬁlg}(;?/ln det IT(w)dw. (2.54)

Ucnonb3ys meron MHoxkuTe el Jlarpanzka, MOKHO [0KA3aTh, YTO II€PBLIA M-
HUMYM B BbIpaykeHun ([2.54)) jocturaercst mpu CreKTpaibHOil JIOTHOCTH, TPOIOPITH-

OHAaJILHOM

Su(@) = (I — qA(@)) ™, (2.55)

rjie ¢ — BCIIOMOraTejibHasl epeMeHHast, Haxojlsiiasicst B jguarasone 0 < ¢ < || P H;f.

Brenem dynxmmm

A(q) = a(1,), N(q) = +/v(11,), (2.56)

KoTopbie omnpejessiorcst dyakiuonaniamu «(I1) n v(I1) uz Beipaxenuit (2.50) u

(2.51]) Ha HOpMUpPOBaHHOI CHEKTPAIBLHOI IIJIOTHOCTH

I, (w) = —27M5ul@) (2.57)

[ trS,(v)dv

TIOJIy9CeHHON I10JICTAHOBKOI B Bblpazkenue (2.49). Mexmounm u3 pacemor-
peHHd TPUBHAJLHBIN corydail, Korjga (ByHKINs A B BbIparKeHUH ABJIACTCSA
nocrostunoii marpuneii. Torna o6e dyuxmuun A(qg) u N (g) aBiasgiorcsa ¢Tporo Bo3-
pacramomumu 1o napamerpy ¢ (cm. [124 281]). Dror dakT 103B0JAET BHIYUCIUTD
MUHEMAJILHOE 3HAUeHUe CPeJiHell aHU30TPOINU B BLIPAXKCHUY 1o dopmyJe
ANTL(), tie N71() obosnauaer obparnyto dyuxiuio it N (g). Crepoparein-

o, uepasenctio ||| P|||ls < 7 sxsusanentno nepasencrsy AN (7)) > a. Takum
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obpazom, u3 Beipazkenust (2.55)) cienyer, uro A(w) = (I, — Sy(w)™)/q n

1 11
%/tr (A(w)Sy(w)) dw =7 %/tqu(w)dw— 1],
aro coBMecTHO ¢ onpejenerne dbyukuuu N (q) gepes (2.51), (2.56) u (2.57) naer
HAM _
L /t S, (w)dw = ——— (2.58)
r = : :
2Tm =TT gN?2(q)

[Moncrasmss (2.50), (2.57) u (2.58)) B BBIpakenue ([2.56)), moaydaem GyHKIIO
A(q) B dopme

A(q) = 2A(q, N(q)), (2.59)
e )
A(q,v) = —%/ln det Sy (w)dw — % In(1 — gv?). (2.60)

Tax kak dyukuus — In(1—gvy?) monoronro sospacraer o y € [0,1/,/g), o 310
ke crpaseyinBo 1 s Gyaknnn 2A(q, ). Craeayer oTMeTuTh TakzKe, IT0 (DYHKIHST
2(q,~) mocThraeT cBoero MakCHMaJIbLHOro 3HadeHus 1o q B Touke ¢ = N~ H(y), re
corsacHo Beipazkennio ([2.59)), ona cosnanaer ¢ dbyukuueii A(q):

W 7 Ag,7) = AN (7),7) = AN (). (2.61)

BaskHOCTH 9TOro CBOICTBA IPH JOKA3aTEILCTBE KPUTEPHS OrPaHUYEHHOCTH
AHU30TPONUIHON HOPMBI cucremsl, T.e. [|[P|, < <, oObscHseTca TeMm, 4TO U3
BbIPAKEHHsI cJlejlyeT 3KBUBAJEHTHOCTH MEYKJY BBIIIOJHEHHEM HepaBeHCTBA
ANTL(v)) = a u cymecrsopanuem napamerpa q € [0,||P||%2), yiosiaersopsi-
foriero HepasencTsy A(g,vy) = a. Cuenosarensno, ||P|, < v, ecim A(q,y) =
a aus Hekotoporo g € [0, || P[|32).

CroitcrBo  (2.61) mpoepsiercst ¢ momornipio auddepenimpoBannst (yHKIIN
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2A(q, ) u3 Beipazkenus (2.60)) o mepemenHoii g:

0A(q,7) 1 [T dlndet(l,, — gA(w)) my*
dqg  Ar /_W dq ot 2(1—q7?)
L[ myt  __ mMN(g) my?
T ) RS et S = ) T )

2(1 = ¢7?)(1 — gN?*(q))
Oyukiust N (q) siBisiercss ¢Tporo MOHOTOHHOIM, a u3 npejcraienus (2.62)) cueny-

0A(q,) " e .
€T, YTO —7 = ABJIACTCS HOJIOKUTEILHOMN 1PH ¢ < (v) u orpunaTeabHOl MpH

q > N71(7). Tenepn neobxoaumo npejcrapuTh HepasencTso A(q, v) = a nst HyHK-
mun (2.60)) Bo Bpemennoii obsactu st cucrembl P. Hamomnum, 4to BhIpazkenue
OIMCHIBAET MHOYKECTBO HAUXY/IIINX CHEKTPAJIbHBIX [JIOTHOCTEH BXOIHOIO BO3-
myIenus W s 1omnycTuMbIx 3Hadennii nepemennoii . Tak Kak BcromMoraTebHast
HepeMeHHast ¢ IpejnoJaraercs (pUKCHPOBAHHOM JIJIst OCTABIIENCs YaCTH JOKA3aTe b

CTBa, BBEJIEM CJIeJIyIolee 000O3HAUEHIEe
Se(w) = (I — ¢ A (W), (2.63)

e ¢, = A (a).

[TpuBejieHHas BBIIIE 9aCTh JOKA3ATEIHCTBA AHAJOIMIHO JJOKA3ATEILCTBY, T1PE/I-
crapjiennomy B [I82], Tak Kak B 9acTOTHON 06JIACTH MPEJICTABIEHHIE JIOMYCTUMbIX
JIECKPUIITOPHBIX CUCTEM C YIETOM PAHI'OBOI'O OIPAHUYEHUsT COBIIAJIAET C [Pe/I-
CTaBJIeHNEM OOBIKHOBEHHBIX CUCTEM.

Ternepb MOJIYIUM pean3aIiio B IPOCTPAHCTBE COCTOAHUIT JIJIs HAMXY/IIIEr0 BXO/I-
HOro BosMmyIenust W, co CleKTpasibHOll MII0THOCTBIO Sy, KOTOpasi NeHepUpyeTcs us3
rayCCOBCKOT0 6EI0ro MiyMa ¢ HyJIEBbIM CPEJHUM U €JIMHNTHON KOBAPUAIIMOHHOMN MaT-

purieii. YanrsiBas obosnadenue (2.52)), Beipazkenue (2.63) MOXKHO 3ammcaTh B BUJIE

~

0" (W)O(w) = Iy, —T<w<T, (2.64)

. P
rae © = \/Aq_ ()
G (w)
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31ech é* — nepejaTodHas pyHKIMs popMupytoiero puibTpa s curaaa W
KoTopas coracho [124], onpejensger HAUXYIIIYIO CIEKTPAILHYIO ILJIOTHOCTD
B Bujie S, = @*@i YesoBue O3HAYAET, YTO CUCTEMA O sBJseTCs CHCTEMOI
MIOJIHOT'O TTPOITYCKAHMS.

Byjem nckarh Hauxy/imee Bosmyinenne B sujie W, = GV, rie V' — rayccoBckuit

oesprit yMm. IlycTb

w, (k) = La(k) + 2V20(k), (2.65)

3necy L € R™™ — nocrostnHast MaTputia, Jjisi Kotopoii napa (K, A + BL) sBisi-
ercs JomycTuMoil, a X € R™ ™ — 1oJi02KUTeJIbHO OlIpejiesieHHas MaTpuia. loria
IpeJICTaBJIEHIE B IPOCTPAHCTBE COCTOSTHUI Jij1st popMupytoiiero puiabrpa G, Oyuer

NMETDL BUJL:

A+ BL| Bx12

G, = |E,
L 21/2

[Ipenmnonokum Takxke, 4To GUILTP Gy ABJIIETCS 00PATUMBIM, T.€. BO3MOXKHO (pop-
MaJIbHO BBIPA3UTh 3HAUYEHHE BXOHON mepeMenHoil v(k) depes BBIXOIHYIO MepeMeH-
ayto w(k) n napamerpsr dunbrpa. Torga obpaTHbiil GbUIbTP OYIET UMETH CIEIYIO-
IIe napamMeTpbl

A | B
L _y-1/2p | 172

G'=|E

Torpa okoHUaTeIbHOE IIPEJACTAaBICHIE B IPOCTPAHCTBE COCTOSIHUI JIJIsi CUCTEMbl O

OlIpeneJIdeTCsa BbhlpazKeHNEeM:

A B
o=|EB ¢2c 42D
_Z—l/QL 2—1/2

Cornacro semme 2.2, Moxxno Hajiti Takyio Marpuiy R = RT | ynosiaersopstio-

nyto ycsosuio BT RE > 0, /11 KOTOPOil clipaBe/InBO

Tp 1/2 T —1/2\T qu _
B RB + 2D (2 / ) =1, (2.66)
q $-1/2 ’
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1/2
BTEA /2T —1/2\T q/C =0 267

+ | ¢/2DT (71?2 . : (2.67)
ql/QC

— E"RE =0, (2.68)
—n-v2r

ATEA‘F [q1/2cT —LT (Z—l/Q)T }

Tak Kak Y — MOJIOXKUTENBHO Olpejie/ieHHas MaTpHila, To U3 ypasHenuii ([2.66))

u (2.67) umeem:
> = (I, — B"RB—q¢D" D)™, (2.69)

L=X(B"RA+q¢D"0). (2.70)

DTn BhIpaKeHUst coBnajaoT ¢ Bhipaxkenusmu (2.47) u (2.48)). Ypasuenue (2.68)

MOZKHO II€EpEIINCAaTb B BUJE!:
ETRE = A"RA+¢CTC + L"S7'L. (2.71)

Tak Kak Hauxy/iee BXOJHOe BO3MYIIEHUE OlChIBAeTCsl BbipaykenueM ([2.65), rie
{vk } ez — rayccoBekuit GesibIil IIyM ¢ HyJIEBBIM CDEJIHUM U eJIMHUTIHON KOBapHalli-
OHHOII MaTpuIeit, To onmbKa npesckasanus (1.33)) pasua w(0) = L20(0), u, cieo-
BatesibHO, cov(w(0)) = 3. Takum obpaszom, ¢ yaerom dopmystsl Komvoroposa-Cere

(11.34), umeem

™

1
— [ Indet Sy(w)dw = Indet X.
2m

-7

YauTeiBast mocseHee Boipazkerne, u3 ([2.60]) momrydaem

A(q,v) = —%lndet (1-=g)).

Taxum obpasom, yeimosue 2A(q,y) = a dkBUBajJeHTHO HepaBeHCTBY ([2.45]) s

MaTpUIILI Y., CBS3aHHONH € OOODOIIEHHBIM ajreOpamvdeckuM ypaBHeHUEM Pukkartn

(2.46)—(2.48). D10 3aBepInaeT JoKa3aTEILCTBO. M

Paccmorpum mpnmenenne TeopeMbl [2.2] K olleHKe aHU30TPONUITHON HOPMBI jie-

CKPUNTOPHOIT CUCTEMBI Ha YUCJIEHHOM IIpUMEPE.

68



Tabnuna 2.1. IIpoepka BbITToIHEHNs yesoBHil Teopembr 2.2/ ipu a = 0.1

0% 3.170 ‘ 3.160 ‘ 3.150
[0, min(v~2, || P|I52)) [0,0.0214)
q 0.0209 0.0213 -0.0001i+0.0214
0.2508 0.4703 0 0.2538 0.4818 0 —0.0018i + 0.2577 —0.0123i +0.4993 0
ETRE 0.4703 3.3776 0O 0.4818 3.5087 O —0.0123i 4+ 0.4993 —0.1636i+ 3.7194 O
0 0 0 0 0 0 0 0 0

IIpumep 2.4. Paccmompum cucmemy (2.23)~([2.24) co caedyrowyumu napamempa-

MU
1 00 0.3500  1.0000 —0.7800 —0.3
E=1010|, A=1]06300 —-01100 09700 |, B=| 01 |,
000 0.6177 0.8038  0.7851 0

C = [0.70 2.00 —1.56}, D =1[0.6].

Cucmema asasemes donycmumoti, 0606wennvit cnekmpasvnvts paduyc p(E, A) =
0.9799, paneosoe oepaHuveHUE maxoice 6uinoAHeH0. Haoo HOPMa nepedamo-
noti pynryuu | P|le pasna 6.8364.

Umobwv, ydoeaemeopAmb YCAOBUAM MEOPEMDBL ONA 3GOAHHDIT & U 7Y, NAPAMEM]P
q doavicen npunadiescamy uHmMepsany q € [O,min(WQ, HPHOOQ)) 2de ||P||2 =
0.0214. Taxoice neobrodumo evnoarenue yeaosus BT RE > 0 das mampuyvl R.

IIposepum vinosnenue Ycaosutl meopemuvt 044 Pa3HOLT 3naverud . Anuzompo-
nutinas nopma cucmemv, npu a = 0.1 pasna ||P|, = 3.1537. B mabauye
NPedCMaBALHbL PESYALMAMDBL NPOBEPKU YCAOBUL TEOPEMBL NPU PASAUYHBLE 3HA-
YEHUAL 7.

Qucaennoie aKcnepumenmo nokasviearom, wmo das eeauwunov, y > || P, sce
YCAOBUA MEOPEMDL evinoarens. B cayuae, ecau v < ||P|,, mo daa darno-
20 NPUMEPL HAPYULAIOMCA YCAOBUA HE MOALKO HA NPUHAOAEHCHOCTND CKANAPHOZ0
napamempa q 3a0GHHOMY UHMEPSANY, HO MAKHCE U HA HEOMPUUAMEALHYIO ONpPede-

aenrocmoy mampuyst ET RE.

Teopema MOYKET OBITH TaKKe NCIOJIH30BAHA JIJIsT BBIYUCICHIST AHN30TPOIHI-
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HOI HOPMBI JIECKPUIITOPHON CUCTEMBI ¢ Hamepe| 3a/laHHOil TOUHOCTBIO E€piy. MeTo-
JINKa BBIYUCJICHUS COCTOUT B UTEPAlMOHHOM YTOYHEHHUU [IOPOT'OBOIl BEJINYNHBI 7,
IIPU KOTOPOIT YCJIOBUS TEOPEMBI BBLITTOJIHEHDBI. B KadecTBe HA9a/ILHOTO TPUOINZKEHN S
MOXKHO WCIIOJIb30BaTh 3HadeHne H ., HOPMbI JJECKPUITOPHOI cucTembl. BJoK-cxema

aJrOpuUTMa IIpuBejieHa Ha puc. 2.2
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Bgo:
oA T 2 B
iz i
r=lpl.. e=¢..
>
L 4
Perriaem (2.46)-(2.48),
ITpoBepsem (2.45)

N o—
7 N g

ge [D, min[}'_z, ||P|L_':2 )] AA

ETRE =0

y=y+& &=

[

HET

Puc. 2.2. Biok-cxeMa Jij1st BBIYUCIEHNST aHT30TPONNITHON HOPMBI CHCTEMBI Ha

OCHOBe peleHns 0000IEeHHOro aaredpanieckoro ypasuenns PUKkaTy.
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2.4. AHU3OTpONUIiHBII aHAJIN3 JAEeCKPUOTOPHBLIX CHCTEM Ha

OCHOBeE BbIHYKJIOfI OoIITUMMU3alnumMn

PaccmoTpum MeTo bl aHM30TPONUIHOIO aHAJIN3a JeCKPUITOPHBIX CUCTEM Ha OC-
HOBE METOJIOB BBIIYKJIO# onTuMmm3anuu. IIpexie yem chopmyanpoBaTh aHI30TPO-
NMUIHYIO0 YaCTOTHYIO TEOPEMY JJIs JIECKPUIITOPHBIX CUCTEM, TIPEITOJIOKUM, YTO BMe-

cre ¢ ([2.25)) BBITOTHAETCS CIIe/IyIOIIee YCI0BUE

A—-)E B
rank =n+m. (2.72)
C D

Teopema 2.3. [Tycmo W = {w(k)}rez — cmayuonapras cayuainas 2ayccoscras
nocAedo8aMENLHOCNY, CPEIHAA AHUSOMPONUA KOMOPOT HE NPEBOCTOOUM 360aHH020
wucaa, m.e. A(W) < a, 2de a = 0. Cucmema P ¢ pearusayuets 8 npocmpancmee

cocmosnut  (2.23)—(2.24) asasemcea donycmumoti, a ee anuzomponulinai HOPMG

02PAHUYUEHA TONOHCUMENDHDIM HYUCAOM Y > 0, m.e.
1P, <

ecau cyuecmeyem maxoti ckaaapnolt napamemp q € |0, min(y 2, HPHOO)> U CUM-

mempuyeckas mampuua R, xomopwie ydosaemesopsarom HepaseHcmeam

ERET >0,
— (det(I,, — BTRB — ¢DTD))V/™ < —(1 — go?)e>/™, (2.73)
ATRA—ETRE  A"RB T
+q o pl<o  @w
BTRA B"RB -1, DT

JlokazaTrebCcTBO. AHAJOIMYHO TeopeMe OyJileM HCIIOJIB30BATh CJIeIyIoNine

0003HaYEeHNY

Y = (I, — B"RB—qD"D) "' u L =%(BYRA+qD"C).
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Bocrosbsyemest coitctBamu storapudma u mpeobpasyem vepasenctso ([2.45)). [To-
JIy UM

—Indet((1 — ¢7*)X) > 2a,
—Indet X — Indet(Z,(1 — ¢v%)) > 2a,

TOT A

—Indet ¥ > mIn(1l — q*yz) + 2a,
—1/mIndet 3 > In <€2“/m(1 — q72)> ;
(det 2)7Y™ > (1 — gr?)e?v/m,

YMHOKas ceBa n crpasa Ha (—1), OKOHIATEIBHO NMeeM
—(det )" Ym < —(1 — gy?)e?vm,

[Tokazkem Terepb, YTO U3 BBIOJTHEHUsT YCJIOBUN TeopeMbl [2.3] TakKe BBIIOTHSOT-
cst yesosust reopembt [2.2) Pacemorpum nepasencrso ([2.74). Packpbisast ckobku, 610K
(2,2) B 9TOM HepaBeHcTBe MOXKHO 3amucarh B suje: ¥ = (I, — BYRB — ¢DT D)™t
win Y = q(q 1, —q¢ ' BT RB—D D)™, Vuurnisas, uro q € [O, min(y~?, HPHOO)),
nosrygaeM, uTo > > 0. Mcnonb3ysa monosnenne o Hlypy, HepaBencTso MOZKET

OBLITD Iepernucato B CJIeyomeM BUIAE:

ATRA — EYRE + ¢CTC+
+ (ARB" + ¢C'D)(I,, - B"RB — ¢D"* D) ' (BRAY +¢D'C) <0 (2.75)

WA C YYETOM HCIIOJIb3YEMbIX 0003HATEHMIT
A"RA—-ETRE+q¢CTC+ 'Y 'L <0, (2.76)
Tornma cymecrByer Takast MmaTpuiia = > 0, J1j11 KOTOPOil clipaBeIInBO PABEHCTBO
ATRA—-ETRE4+¢CT'C +L'S'L+E2=0. (2.77)

Bamernu Taxeke, aro Marpuna qCT C'+ LT X~ L apigercs monoKuTeI5HO ompe-

nenennoit. CrieloBaTesIbHO, cucTeMa siBjsgeTcs jomycrumoii [261].

73



BadukcupyeM mnapamerp ¢, KOTOPBI yJI0BIeTBOpsieT HepaBencTBam ([2.73)—
(2.74). Tax kax crpaBemBo HepaBeHcTBO (2.76]), TO CcyIllecTByeT Takash MaTpPUIA

R* JJIA KOTOpOﬁ BBIIIOJIHAETCA paBEHCTBO

A"RA—-E"R.E +¢C"C + (AR.B" +¢.C"D)(I,, - B"R,B — ¢.D" D)"'x
x (BR,A' +¢,D'C)=0. (2.78)

Bostee Toro, cormacuo [292] Boimosasiercst HepasencrBo R < R,. Takum obpa-
30M, R, sIBJISIETCSI JIONYCTUMBIM PEIIeHIeM 00O0OIIEHHOr0 ajaredpanieckoro ypaBHe-
Hug Puxkkarun . MozkHO 1moKazaTh, UTO JJjisi (PUKCUPOBAHHOI'O ¢, HEPABEHCTBO
(2.73) Bomonnstercst gst R,. C yuerom panrosoro yciosus (2.72)), marpunst R u R,
SIBJIIOTCs] CTAOMIM3UPYIONINMU PEIIeHUsIMI 0000IEHHBIX ajredpandecKux ypaBHe-
Huit Puxkkarn I/I coorercriento [I171]. Takum obpasom, cymecTByer
Takas mapa (qs, Ry), KOTOopas $IBJSETCsS pelieHneM OOOOIIEHHOTO ajrebpamdecKo-
ro ypasrenust Pukkaru (2.46)—(2.48) upu ycaosun (2.45). Cormacuo reopewme 2.2
nosrydaeM, uto || P, < 7. Teopema nokazana. m

Crenyer 3aMeTUThb, YTO OIPaHUUICHUE TaKKe SIBJISIETCS BBIMYKJIBIM. [lo-

JPOOHBIIT aHAJIN3 BBITYKJIOCTH MOYKHO HafiTu B juccepranuu [32].

Bameuanmne 2.1. Mampuunwe nepasercmea (2.73) u (2.74) ne moeym 6vimo
HANPAMYIO NPUMEHEHDL ONS GUHUUCAEHUA MUHUMAALHOZ0 3HAMENUS 7Y, NOTNOMY YN0

codepoicam HeAUnetinocmb 6 6Ude NEPEMHONCEHUA NEPEMENNIT ¢ U V> 6 Npascofi

wacmu nepasercmsa  (2.73)).

IIpeobpasyem nepasencmea (2.73) u (2.74). Beedem sameny nepemennoir n =

gt ® =nR ué=n~% Yunooicas 0ba nepasencmea cae6a U cnpasa na 1 a Makdice

nodcmasasn & emecmo 72, YCAOBUS MEOPEMDL MO2Ym Obimb NEPENUCAHBL 6 sude
n— (e 2 det(nl,, — BY®B — DT D))V/™ < ¢, (2.79)

AT®A - ETOE + CTC AT®B +CTD

<0, (2.80)
BT®A+ DTC BY®B + DD —nl,,
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ETOE > 0. (2.81)

Yeaosus (2.79) w (2.80)) asaaromes aunetnvmu no &,

Onu No36OAAIOM OUEHUMD MUHUMAALHOE 3HAYEHUE Y € NOMOULDHIO PEULEHUSA
3adavu 6vinyKA0T onmumudayuy 6uda & = miné Ha MHoICECMBE NEPEMEHHBIT
{®, n, £}, ydosaemsoparowuz yeaosusm (2.79) f. Ecau murnumanvroe anave-
Hue & natideno, mo aHu30MpPonuiinas Hopma cucmemv, P moorcem bvimv ouerena

rax

IPll, ~ V&

Bameuanue 2.2. Cdeaaem euje 00no GaxcHoe 3amevarue. s wascdozo dony-
CIUMO20 3HaNeHUA ¢ cmabuiusupyrowee pewenue R ypasrenus Pukkamu ([2.46) -
eOUHCMBEHHO, MAK YMO CYUW,LCEYEM BNOAHE ONPEICACHHOE 0MOOPANCEHUE
q — Ry [32]. Mroocecmso mex snavenudi q, das komopwx napa (¢, Ry) ydosaemeo-
paem nepasencmesy (2.45), obpasyem unmepsan [gs, ¢*], Konyesvie mowku xomopoeo
s 3adannoti cucmemv, F asasomen dynxyuamu a u . Hnmepsan cmanosumcs
MHOHCECTNBOM, COCTNOAULUM U3 OUHCMBEHH020 INEMEHMA (s = ¢ Mmo2da U Moab-
ko mozda, xoeda v = ||P|,. Taxum obpasom, das caywas a = 0 u evnosnerus
pasencmea | P, = v noayuaem, wmo ¢ = 0 u pesyavmam zamenv, 7 = q ' ne
onpedenen. Yuummeasn, wmo wepasencmeo (2.79) aeasemces cmpozum, OAd CAYUASA
a = 0 pasencmso || P||, = v nedocmuotcumo. Omryda caedyem, wmo q # 0 u 3amena

n = q ' asasemea voppexmnoti daa ecex a > 0.

IIpenenbHbIE cirydan aHU30TPONUITHON YaCTOTHOI TeopeMbl

Paccmorpum yeioBust TeopeMbl  [2.3| It JIBYX TIPEEIbHBIX CJIydaeB cpejHeil
AHM30TPOINN BXOJHON CJIydaifHOl Moce0BaTeIbHOCTH. Tak Kak MaciTadbupoBaH-
Hasg Ho 1 Ho, HOPMBI ABJLIOTC TTPEIETbHBIMEI CIYyIaIMU aHU30TPOTUIHHON HOPMbI

st ¢ = 0 m a — 00 B 4aCTOTHON 00J1aCTH, HEOOXOMMO MPOBEPUTH, YTO HepaBeH-

crBa (2.73) u (2.74]) MoryT ya0BIETBOPATH KPUTEPHSIM OrPAHIYEHHOCTH MACIITa0H-

poBannoit ‘He HOpMBI U Hoo HOpMBI AeckpunTopHoit cucrtembl P. IIpoBepum sTOT
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daxkr.

ﬂOKa}KeM BCIIOMOI'aTeJIbHbIA peE3YJIbTAT dJId BBIYMCJICHM A HQ HOPMBI JECKPHII-

TOPHOI CUCTEMBDI.
Jlemma 2.3. I[Tycmv T' — pewenue caedyrowezo 0b60bwenrozo ypasuernus Janyrosa
AYTA—-E'TE+C"C =0 (2.82)

das cucmemsvl, ¢ peasusayuets 6 npocmpancmee cocmoanuti  (2.23)—(2.24). Toeda
Ho cucmemwr (2.23))~(2.24) moorcem 6vims evruucaena no popmyae

|Pllo = \/tx(BYTB + DT D). (2.83)

JlokazaTejabCcTBO.
B [81] mokazamo, uro perenne 0600IEHHOIO TIPOEKIMOHHOTO YpaBHeHust JIsiiny-
HoBa ([2.4) coBnasaer ¢ pemennem obodiennoro ypasuenust Jlanynosa (2.82)), ecim
T _

CorylacHo paHroBoMmy orpanmdennto (2.25)) cyiiecTByer Takast MaTpuiia W, 9to

Otkyna ciemyer, uto Bs = 0 u, cienosaTenbho, yeiosue BiBy = 0 BblnoJHe-
no. Takum obpazowm, perrerne 0600IIEeHHOTO ypaBHeHus JIsiyHOBa orpe/Iesi-
eT rpamuaH HabJII0JJAeMOCTH CUCTEMbI —. Ucnonb3yst onpejesienne Ho
JIECKPUIITOPHON CUCTEMBI, I10JIyIaeM . |

Huzke paccMoTpuM 1Ba IIpejie/IbHbIX CJIydasi cpejiHeil aHu30TPOIII BXOIHOM C1y-

yaliHOll 11oc/1e/I0BaTe/IbHOCTH, & UMeHHO a = 0 u a — 00.

1. Ecmn a — 0, To HepaBencTBo ([2.79)) 95KBUBAJEHTHO CJIEIYIONIEMY

n — (det(nl,, — BY®B — DT D))/™ < ~2, (2.84)
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[IpryanMast BO BHUMaHUE OTHOIIEHUE MK 1y apudMeTHIECKIM 1 TeOMeTpude-

ckuM cpeganvn  [84], mveem
(det(nI,, — BT®B — DT D))V/™ < %tr(nlm — BT®B - D' D)).
13 nepasencTsa CJIEJIyeT, 9TO
tr(BT®B + D' D) < m~?. (2.85)

MozKHO TIPOBEPUTE, UTO U3 BbINOIHEHHs HepaseHeTBa (2.80)), ciremryer BoImos-

HEeHne HepaBEeHCTBa
AToA - ETOE+CTC <. (2.86)

Yeaosug ((2.85) u (2.86)) ¢ yuerom (2.81) SKBUBaJIEHTHBI HEPABEHCTBY

1
— || P2 < 7.
=Pl <~

2. Ecim a — 0o, To 7 — 4%, 1 mepasenctso (2.79)) cranosuTes HegeicTBUTEND-
npM. g ® = y® MoxkHO 3aMeTHTh, uTo HepasencTso (2.80]) sKBUBasIEHT-
no ([1.45). Taxum obpasom, npu a — oo yciosue ||P|, < v cosmamaer c

YCJIOBUAMHI YaCTOTHOI TeopeMbl Jist Hoo HOPMBL, T.€. || Pllo < 7.

P&CCMOTpeHHI)IQ IIpeaecJsbHble CJIy9al IIOKa3bIBarOT, 9TO aHI/ISOTpOHI/IﬁHaﬂ qaCTOT-
Hagd TeopeMa AJIsd JEeCKPUIITOPHBLIX CHUCTEM B TE€pMHMHaX MaTPUYHbLIX HEPAaBEHCTB CO-

IJIacyeTcs ¢ OlpejieJIeHeM aHU30TPOINIHONI HOPMBI B 9aCTOTHOMN 00JIACTH.

ITpumep 2.5. I[Tycmv napamempo, cucmemovs umerom 6ud

3 0 2 =5 0.7 =3.25 —0.7 0
0 3 -2 2 1.8 0.4 —64 26
E = ) A = Y
2 2 0 =2 1 —-19 -54 24
2 =4 4 —6 -0.6 =27 54 —-28
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T T T T T T
: : : : : R
5 5 T
5k L e T : L L -
: et : —-— - LMl based
*;k* : -+ - Riccati based
5_ ......... j__*{, .......... .- .......... ........... T -
A5k jk'jF ..................... ................................ ........... ......... i
e ;*
5 1_..:*_ ........................... T P SRR RIEE I -
/ : : §
a5 _T ............................. ................................ L SRR -
j | -
| : : :
ar ............................... ................................ ........... ......... -
o 0.5 1 1.4 2 28 3 35 4
a

Puc. 2.3. Aunzorponniinast HOpMa CHCTEMBI ¢ UCIIOJIb30BAHIEM aJrOpUTMa Ha

OCHOBE TE€OPEMBI

3.2 =35
25 =79
3.8 —=7.6

—-1.2 8.2

2.1

, C

U TEOPEMBI

2.9|

[0.2 0.4 045 0.6], D

[0.2 1}-

Paneosoe ozpanuuenue (2.25) dasa cucmemwvr svinoaneno. Pesyavmamo: 6viuucae-

HUA CLHUBOmpO’I’LUﬁHO’Ij HOPMDBL C UCTIOND306AHUEM MEMOodbl ebmyvmoﬁ onmumusa-

yuu, a marorce mernHury Ha OCHOGE PEULEHUA CL,/L2€6pCL’U/%6C7€020 YpaeHEHUA Puxxamu

OAA IKEUBANEHMHOT 0OBIKHOBEHHOT cucmembv, npedcmasaenv, wa puc. (2.5 Puc.

demoncmpupyem abcoMOMHYI0 OWUOKY MeNHCIY NOAYUEHHBIMU GEAUNUHAMU. Boi-

YUCAUMENOH LT IKCNEPUMEHI, NoKa3vleaem, 4mo npede:)fceHHuil anzopumm 6ol-

YUCNEHUA anusomponuﬁHoz'Z HOPMDBL HA4 OCHOBE SbLTLy%’./LOfZ onmumu3ayul obaadaem

doCcmamovno 6u.cokoti MoYHOCMDBIO.
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Puc. 2.4. Abcomtorrast ommbOKa MeXKIy METOIOM TE€OPEMbI
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2.5. Momudukanusa aHN30TPONUITHO YaCTOTHOI TeopeMBbI:

CTpOTUEe yCJIOBUS

Pesynbrarol, moydennble B IpeJIbLIyIeM pasjiesie, cOpMyInpOBaH B BUJIE He-
CTPOTUX MATPUYHBIX HEPABEHCTB. DTO MOXKET CKa3aThCs Ha peau3alliid U TOTHO-
CTU BBIYHUCJICHUS aHU30TPONUITHON HOPMBI IIPU UCIHOJIB30BAHUU AJTOPUTMUYECKUX
nporneayp. Kpome Toro, mannble ycaoBUA NPUBOAAT K HEJUMHEHHBIM MaTPUIHBIM
HEpPaBEHCTBAM IIPU IOUCKE CyOONTHUMAJIBLHOIO yIpaBieHnd. PaccMoTrpum Moaudu-
[IUPOBAHHYIO YaCTOTHYIO TeOpeMy, KOTOpasl I103BOJISIET UCIIPABUTH OIIMCAHHbBIE BhIIIE

HeJIOCTATKI.

MO,D;I/ICI)I/II_II/IPOBaHHaﬂ JaCTOTHasA TeopeMa AdJIA OOBIKHOBEHHBIX CUCTEM

[Ipexie gem cpopMympoBaTh MOINGMUINPOBAHHYIO AHU30TPONMITHYIO YaCTOT-
HYIO TeOpeMy I JIeCKPUIITOPHBIX CUCTEM, HEOOXOIUMO IMOJIYIUTH PEe3YIbTaT JI/Is
cucTeM OOBIKHOBEHHBIX. [T09TOMY paccMOTpuM OOBIKHOBEHHYIO CUCTEMY B TTPOCTPaH-

CTBE COCTOSHUI:

z(k+1) = Ax(k)+ Bw(k), (2.87)

y(k) = Cx(k)+ Dw(k), (2.88)

rie (k) € R"™ — cocrosinme obbekra ymupasienus, w(k) € R™ — ciuyuaiinas
CTalMOHAPHASI [OCJIEI0BATE/ILHOCTL € U3BECTHBIM YDOBHEM CpEJHEH aHU30TPOIUK

A(W) < a, y(k) € R? — usmepsembiit Boixon, A, B, C u D — jeflcTBUTeNbHbIE

MMOCTOSTHHBIE MATPUIIBI COOTBETCTBYIOIINX PA3MEPHOCTEN.

[Tepenarounas dynkius cucremsr (2.87)—(2.88)) sammcbiBaercs B Bujie
F(z) = C(zI,, — A)"'B+ D.

[IpenmonoKmM, 94T0 M3BECTHBI CKAJIAPHBIE Bendnnbl a > 0 u v > 0. [Ipobiema

aHHBOTpOHHﬁHOFO aHaJIn3a 3aKJ/JII049a€TCA B IIPOBEPKE yCJIOBI/Iﬁi
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1. Cucrema (2.87)—([2.88]|) ycroitunsa,;

2. 1 Flly <

Panee B TepMmHAX MATPUUYHBIX HEPABEHCTB OTBET Ha BOIIPOC 00 OrpaHUYEHHO-
CTU aHU30TPOIUIHHO HOpMBI 66T moTydeH B [271] u m3BecTeH 1Moj KAk aHU30TPO-
IMitHAs YacTOTHAsI TeopeMma Jijisi OOBIKHOBEHHBIX CHUCTEM B TePMUHAX MaTPUYHBIX
HepaBeHcTB. [IpuBenem ee hopMyIMpoOBKY, TaK Kak B JajbHeilIeM oHa ITOHAI00UT-

Cd IIpU JO0Ka3aTeJIbCTBE.

Jlemmvma 2.4. [271] Ilyemv cucmema (2.87)—(2.88) ¢ nepedamounoti ¢pynruued

F(z) € HooP™ asasemea yemoliuueot. JIas U36ECMHBT CKAAAPHOIT GEAUHUN
a =0 uy >0 anusomponuilnas HOPMA 02PAHUMEHA NOAOAHCUMEALHBIM YUCAOM
v, m.e.

10, <~

ecAU cywecmsyrom ckanap 7 > ’}/2 U NOAOHCUMENDBHO Onp€a€/L€HHClﬂ n Xn-mampuyua

O = T > 0, dasa Komopur cNPacedsuEsL CALOYIOUUE HEPABENCNEA!
n— (e"%det(nl,, — BT®B — DT D))V/™ < ~2, (2.89)

AT®A - D +CTC AT®B+C'D
BT®A+DTC  BT®B+ DTD —ql,,
Bamernm, 9To B opMyanpoBKe JieMMbl [2.4] cicrema ((2.87)—(2.88) npeanoaraet-

cs1 yeroitunpoit. OjiHaKo JisAyHOBCKast yacTh B HepaBeHcTBe ([2.90) copepkut B cede

yesioBue mposepku ycroitanBoctn cucrembl  ((2.87)—(2.88). Takum obpaszom, Jjiemma

< 0. (2.90)

OTBeYaeT Cpa3y Ha J[Ba BOIIPOCa: O ITPOBEPKE YCTONINBOCTH 1 00 OTPAHMIEHHOCTN
AHN30TPOINITHOI HOPMBI.
[TpuBenem GpopMyINpPOBKY MOTUMUIINPOBAHHON TacTOTHOW TEOPEMbI st OObIK-

HOBEHHBLIX CHUCTEM.
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Teopema 2.4. Jlasa sadannvr wucen a > 0wy > 0 cucmema (2.87)—(2.88) ¢

nepedamounoti gynxuuet F(z) = C(zI, — A)"'B + D asaaemes yemotivueot u

€ee (ZHUSO’/?’LpOnUﬁHCLﬂ HOpMA 02PAHUHEHA HYUCAOM 7Y, T.€E.
I, <,

ecau cywecmseyiom 1 > Y2, noaosicumenvno onpedesernas n X n-mampuya ® =
OT > 0 u npoussorvras nesvposicdennas n X n-mampuya Y marue, ¥mo cnpa-

BEOAUBDL CACOYIOULUE HEPABEHCTNEA

n— (e 2 det(nl,, — BT®B — DT D))V/™ < ~2, (2.91)
1 j T r 1 T
—§Y — EY YA YB ¢ —-Y"' — §Y 0
ATYT -d 0 ATYT CcT
BTYT 0 —nl, BTY?T DT | <. (2.92)
CID—Y—%YT YA YB -y -Yy? 0
i 0 C D 0 1, |

HoxkazarennsctBo. [Ipemonoxim, aro Hepasernctsa (2.91) u (2.92) BeimosasIoTCSA.

[Tepenumiem Boipazkenue (2.92) B caemyomieit hopme

ZE+TTYTA+ATY YT <0, (2.93)

rieA=1|1, 00 I, ] , T = [ —%[n A B -1, |,acummMerpruyeckas MaTpuIa

= ompesiesigeTcs Kak

0 0 0 o
__|loc'c-» "D o0
~ lo Dp'Cc D'D—yI, 0|

o 0 0 0

Ucnosbsyst gemmy o npoexrmu [91], moyaaem aro mepaserctso (2.93) pasperrmo

JIUT HEBBIPOXKJIEHHON 7 X N-MaTPHUIBI Y, €CJIU U TOJBKO €CJIn
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MT=ZM <0u NTZN <0

JLIST
[ 0 1, 0 0] _InOO—%In—
M= 0 01, 0|, N'=|og 1 0 AT
~I, 0 0 I, 0 0 I, BT

Kpowme Toro, crosibier marpuiisl N dhopMmupyioT 6asuc sijpa T, a cToJIONb MATPHUITHI
M dopmupyitor b6azuc A.

OrmMmernMm TaK>Ke, 9TO

~-d ®A OB
NTzZN=| 4T Cc"Cc C'D | <O. (2.94)
BT® DTC DD

Tak xak ® = ®T > 0, To ucnonb3ys gemmy o gonoinennu Ilypa, MbI MozKeM
peobpa3oBaTh HepaBeHCTBO (2.94]) B

ctc C¢Tp AT .

_ o(-®)'@| 4 B <0,

DYC D'D BT
Tora

ATdA -+ CTC AT®B +C'D

BY®A+D'C BY®B+D'D-nl,

< 0.

CuieJ1oBaTe/IbHO, YCJIOBUSI TEOPEMbI COBIAJIAIOT C YCJIOBUSAMHU JieMMbl [2.4] m

3amevanue 2.3. Ymobw usbasumoca om npoussedernus mampuy DT D 6 nepa-

6erHcmee , npedcmasum 1oy nepemernyro W :
v < nl, — B"®B - D' D. (2.95)
IIpeobpasyem nepasercmeo (2.95)) ucnorvays semmy o donoanenuu Hlypa, nosyuum
v —nl, +B'®B - D' (-1,) D < 0,

W —pl, + BY®B DT
< 0.
D —1,
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Taxum obpazom, nepaserncmeo (2.91) moorcem bvimsv nepenucaro 6 cucmemy Hepa-

6EHCME

n— (e72* det(T))/™ < 4?

W —pl, + BT®B DT
D —1,

< 0.

MomudnnnpoBaHHast aHN30TPOINITHAS YaCTOTHASA TeopeMa JIJisi JeCKPUII-

TOPHBIX CHUCTEM

PaccmorpuM Terephb ucKpeTHyo 1ecKpunTophyio cucremy (2.23)—(2.24)). Ipen-

IIoJiaraeM, 4TO CUCTEeMa ABJIAETCA perﬂHpHOﬁ, I[IO3TOMY IJId Hee€ CYILIEeCTBYIOT TaKHe

JlBe HeBLIPOyKJieHHble MaTpiipl W u V, ¢ LOMOIIbIO KOTOpbIX cucreMa  (2.23) -
(2.24) moxer 6bITH MpejicTaBieHa Bo Bropoii skBuBaienTHOi (opme ((1.13)—(1.15)).

Huxkxe Oynem mcrosib3oBaTh cjieyione obo3Hadenns: By = /WVE‘NA Ay = /I/IV/A‘N/,
B;=WB,C,=CV, D, = D.

CdhopmyupyeM MOAIMDUIIMPOBAHHYI0 aHU30TPOIUIHHYIO YaCTOTHYIO TEOopeMmy

st cucrembl  ([2.23)—([2.24)).

Teopema 2.5. /las 3adannvix ckasapos a = 0wy > 0 cucmema (2.23))(2.24)

¢ nepedamounot dynkyuetd P(z) asasemes donycmumotls u ee anu3omponutinas

HOpMA 0ePAHUHEHA HYUCAOM 7Y, T.€E.
1Pl <,

ecau cyuecmsyrom maxue mampuun, L € R™" L >0, Q € R™", R € RTX("—’"),
S € ROv=x(v=r) ¢ R™™ 4 cranspuvie sesuvunoe 1 > > uw a > 0, wmo

BUNOAHANMCA CACOYIOULUE HEPABEHCTNEA:
n— (e72 det(W))Y™ < 42, (2.96)

U — I, + BYOB; DT
Dy —1I,

<0, (2.97)
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[ —le-1QT I Ay re,  L'-Q'-1Q 0 '
ATTT MA; + ATTIT — O 1B, ATTT CT +aATTITCT
BITT BrmT —nl, BITT DY +aBTI"CT | <0,
L—Q — %QT A, I'By —Q—-Q" 0
L 0 Cd + OéCdHAd Dd + aCdHBd 0 —]p ]
2.98)
L 0 0 0
2de © = , 1= ,F:{Q R}.
0 0 0 S
JlokazaTejabCcTBO.

[Ipeamosozkum, aro HepasencTsa (2.96)—(2.98) crpasemmsbl. st Bropoii 9K-
BuBastenTHON dopmbr ((1.13)(1.15) cucremsr (2.23))(2.24)) M0kKHO HOMYINTH Ctery-

roniee HepaBeHCTBO

z11 212 213 214 215 O

T
2l —L 293 0 205 296

23 %93 % Z 235 %
13 %23 %33 234 235 236
Z = . . <0
2y 0 zgy —nlp 25 a6
T T T T
215 25 %5 A %5 0

T T T
0 206 235 Zug 0 -1,

rue

z11 = —%Q — %QT, 219 = QA1 + RAg,
213 = QA1 + RA2, 214 = QB1 + RBy,
as=L" = Q" — %Q, 203 = Ay ST,
205 = ALQT + AR RY, 296 = Cf + A3 ST CY
233 = SAg + ApS", 234 =SBy,
235 = ALQT + ARRY, 236 = Cy + aApSTCY

245 :B?QT +B2TRT, 246 :DT +OngSTC;,
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T
zs=—Q — Q.
Taxk kak Z < 0, TO MBI MOYKEM BBIOPATH HEBBLIPOXKJIECHHYIO MaTpHILy [, /1 KOTOPOit

6y,ueT BbBIIIOJIHATHCA HepaBeHCTBO
KZKT <o.

Breibepem MaTpuity K B ciielylonieM BUJIE

I, 0 O 0O 0 O

0 I, 0 0O 0 O

o 0o o0 I, 0 0

K —

0O 0 0 0 I, 0

0O 0 O 0 0 I,

0O 0 I,., 0 0 O

Torpa mosyanm
211 212 214 z1s 00 23
ZlTZ —L 0 295 2926 <923
20 —nl, 245 24 24
KZKT = | ™% Tm 25 2624 ).

21T5 22T5 Z4T5 zs5 0 zz}})
0 z2TG z:l% 0 -1, Z3T6
Zirs z;f?, Z34 235 236 <33

Paccmorpum Boipazkenue KZKT =W + W7 e

wyp 0 0 0 0 O

wop Wy 0wy was Wog

W — w3y 0 w3z w3y w3z wse |
W41 0 0 W44 0 0
0 0 0 0 Ws5 0
wer 0 0 we wes wee

1
Wy = —§Q7 Wy = woy = A1, QT + A3 RT,

86



1
Wop = —§L, W5 = C1T + ogAngT C2Ta

Wo6 — AQTlST, W31 — W34 — B;FQT + BQT RT,
Wsz = —g[m, W35 = DT -+ OéBQT STO;F,
1
wss =By ST, wy =L —Q — §QT7
1
W44 = —Q, Wy — _§Ip7 Wes — 02T + OJA;FQSTCQT,

T T T pT T QT
We1 = Weq = A12Q + A22R , Wee = A22S .

Taxum obpazom,

w+wt <o. (2.99)

Tax kax 233 = ALST + SAyp < 0, To 0b6e Marpuibl Ay n S ABIAIOTCH HEBbI-
poxaeHHbIMI. Takum obpazom, cuctema ([2.23)) siBjisieTcs IPUINHHON U MOYKeT ObITh
1peoOpa3oBaHa B SKBUBAJEHTHYIO OOBIKHOBEHHYIO cucTeMy 1’ MeHbIIeil pasMepHOo-

CcTu

2(k+1) = Az(k)+ Buw(k), (2.100)
J(k) = Cz(k) + Dw(k), (2.101)

rie T(k) € R,
A=Ay — A Ay Aoy B=B - A1pAys By |

C=C)—CyAyAs, D=D—CyA3B,.

YauTeBag BO BHUMaHHUE pPaHroBoe orpanmdenne, mnogydaem Bs = (0. Torma
repasencTBo ([2.96)) cosmasgaer ¢ mepasencrsom (2.91)) mis SKBUBAIEHTHOI crcTe-

wt (2.100)-(2.101)).

Tereps noxazkem, uro marpuna A ssisiercs myposoii u |1, < 7. Tax kak S Ags

u ALST obparumbie, A3,ST < 0 u SAg < 0, To HpuMeHsist JieMMy O JIOHO/THEHI
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[lypa x Bbipazkenuio (2.99)), mosyamm

[ Q-5Q" QA QB I"-Q"-.Q 0
AT QT ~L 0 AT QT T
BTQT 0 —nly BTQT DT | <. (2.102)
L-Q-3Q" QA QB —Q-Q" 0
_ 0 ¢ D 0 -1, |

P

Cornacuo Teopeme [2.4] mosryaaem, aro p(A) < 1 u \||f|\| . < 7- OTkyza cieyer, 4To

1Pl <. m
AHI/IBOTpOHI/IﬁHaH HOpMa ILGCKpI/IHTOpHOﬁ CUCTEMBI MOXKET OBLITL BBLIULCJIEHA C

UCIIOJIb30BAHIEM METO/IOB BBIIYKJIONH ONTUMI3AIUU 1 UCIOJIH30BAHUEM aJIOPUTMA:
ITar 1. BBogUM ObO3HAueHHE & = 2,
Iar 2. zagaem aucio a > 0,
IMTar 3. pemniaem cJeyoINLyI0 ONTUMU3AINOHHYIO 3a/1ady
Haittu & = min &

wa  muHOKectBe {L, Q, R, S, VU, n, £},  yIOBIETBOPSIONINX  HEPABEH-

crsan (2:98) (2:99).

Ecmn munuMyMm &, HaiijeH, TO aHM30TPOINITHAsT HOPMa CHCTEeMbl P BBIYUCIISICTCS

KaK
IPll, ~ V&

PaCCMOTpI/IM IpuMep InNpuMeHeHuA YCJIOBI/Iﬁ TEOPpEMDBI IJIgl OLICHKU aHHSOTpOHHﬁ—

HOIl HOPMBI JIECKPUIITOPHON CUCTEMBL.

IIpumep 2.6. [Tycmv napamempo cucmemuvi (2.23)—(2.24]) pasrw
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b T T T T T T T

: : | ==~ LMl based
cc — —.Riccati h:ensed |
gL / ........... ..................................................... i
A5k ........... .......... .......... .......... ........... .......... i

P, : : : , : : :
Ak .......... [ERRERRRPES .......... .......... ........... ........... e
35 P B ST R -
3 ..................................................................................... .

Sk i i ; ; : i i
0 045 1 15 2 25 3 34 4

a

Puc. 2.5. 3aBucuMocTb aHH30TPOIUITHON HOPMBI OT YPOBHSI CpeIHENl aHU30TPOIIN,

BbIYMCJIEHHOI Ha OCHOBE TEOPEMBI [2.0]
3 0 2 =5 0.7 —-325 —0.7 O
0 3 -2 2 1.8 04 —64 2.6
E: A:
2 2 0 -2 1.0 —-19 -—-54 24
2 —4 4 —6 —-0.6 —2.7 54 —-28
3.2 —3.5
2.5 =79
B = , =102 04 045 0.6], Dz[o.z 1.0}.
3.8 —7.6
—1.2 8.2

Buibepem maxorce o = 100. Jlezko nposepumbv, umo cucmema A6AAEMCA JONY-
CTUMOT, M.e. NPUYUHHOT U Ycmotuusol. Pe3ysvmamol 8bMUCAEHUA AHUIOMPO-
NUTHOT HOPMDBL C UCTNLOABIOBAHUEM MOOUDUUUPOBAHHOT AHUZOMPONUTIHOT YACTOM-
Hot meopemovl noxasanv, Ha puc. [2.5. Ha puc. u3006pasicena abcoMoMHaL OULUD-
K BbIMUCAEHUSA AGHUSOMPONUTIHOT HOPMYL C UCTLOAB30BAHUEM MOOUDUUUPOBAHHOT

(IHUSO’ITLZ)OH’LL?:ZHO”[Z Yacmommot meopemvt U M€m00a, OCHOBAHHO020 HA NPUMEHEHUU

meopemovi [2. 1]
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Puc. 2.6. AbcosrorHast ommnbKa BEIYUCIEHIT aHI30TPOIIITHON HOPMBI C

HCIOJIb30BAHUEM TEOPEMBI [2.0| 1 TeopeMbl [2. 1],
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BriBoapl K ri1iaBe 2

B nannoit riaBe ObLIM pacCMOTPEHBI HECKOJBKO TOJIXO0B K aHU30TPOITHITHOMY
aHaJ N3y 1 BRIYUCJIEHUIO aHM30TPOINITHON HOPMBI JIECKPUIITOPHOI cucTeMbl. [lepBbrit
I10JIX0/I OCHOBAH Ha 9KBUBAJIEHTHBIX [1PEOOPA3OBAHUSX U 3aK/II0UAETCS B UCIIOJIB30-
BaHUU 9KBUBAJICHTHBIX BXO/[-BbIXOHBIX OIIEPATOPOB JIJId BHIYUC/ICHUA aHU30TPOITNIA-
HOU HOPMBI UCXO/THON JIECKPUIITOPHON CUCTEMbI YePe3 BLIYUCICHNEC aHN30TPOIINITHONI
HOPMBbI OOBIKHOBEHHOI CUCTeMbI. /JaHHBI METO/] IT03BOJISIET TOYHO BHIYUCIUTE aHU-
30TPONUITHYIO HOPMY, OJTHAKO JIJIsI €r0 ITPUMeHeHns] HeOOXO0IMMO CHAYaJ Ia ITPOBEPUTH
CUCTEMY Ha JIONYCTUMOCTHL. Kpome Toro, JaHHbBIM TOJIXO0J] UCIOIb3YeT HeJTnHEeHHbIe
MaTpPUIHbIE TPe0OPa30BaHNs, KOTOPbIC 3aTPY/IHIIOT €ro MpUMEHEHUE NP PEIIeHUN
3a/1a4U CUHTE3a aHU30TPOHUNHBIX PEryIdTOpPOB.

Bropoii 1ojixo/1 ocHOBaH Ha pPelieHrn: 0000IIEHHOI0 ajredpanieckoro ypaBHeHHsI
Pukkaru. B ganHOM ciydae KoJIM9eCTBO YpaBHEHUIl, KOTOpbIe HEOOXOINMO PEITUTh
JIJISl OLICHKN aHU30TPOINUITHOI HOPMBI CYIIECTBEHHO MEHBIIEe, & YCJIOBUA SBJISAIOTC
HEOOXOIMMBIMI 1 JIOCTATOYHBIMU. B oT/imaue oT mepBOro mojxojia, Ha CUCTEMY Ha-
KJIaIbIBAETCS PAHrOBOe orpanndenne. HecMoTpst Ha TO, 9YTO 9TO CyKaeT BO3MOKHBII
KJIACC HCCJIEJlyeMbIX CUCTEeM, TaKoe IPEeJIOJIOKeHNe sIBJisieTcss pU3ndecKn 000CHO-
BaHHbIM, T.K. CMBICJI €r0o 3aKJI04YaeTcd B TOM, 4YTO BO3MYIICHUE He JeiicTByeT Ha
aJiredpanvecKre KOOPJANHATHI.

EcrecTBeHHBIM TPOJOJIZKEHUEM BTOPOIO I0JIX0JIa SBJISICTCS TPEodpa30BaAHME
YCJOBUII B TepMHUHAX MATPUYHBIX HEPABEHCTB, YTO II03BOJISET IPUMEHATH pas3pa-
OOoTaHHBIE U XOPOIIIO 3apPEKOMeH I0BaBINe cedsl YMCIeHHbIe TTAKEeTHI BBLITYKJIONH OITH-
MU3alUuy JJIs pelleHnsd 3a/1a49 aHu30TPOINIHOI0 aHaJIn3a JeCKPUIITOPHBIX CHUCTEM.
IlepBasi MeTo/IUKa, OCHOBaHHAasI Ha, MATPUUHBIX HEPABEHCTBAX, IIpeJIcTaB/isieT coboil
HECTpOrue BbIyKJible orpaHndeHuss. C IIOMOIIbIO 3TUX ONPAHUYEHUI JIEMKO ITOKa-
3aTh, YTO IIpeJeJibHble Cydan aHU30TPONnitHON HOpMbI 11t @ = 0 1 @ — 00 B Ya-
CTOTHOI 00J1aCTH COrJIACYIOTCSA BO BpeMeHHoil obyiacTu. Bropasi MeToimKa 0CHOBaHa

Ha 1Ipeobpa30BaHUsIX CUCTEMbI KO BTOPOIl 9KBUBAJIEHTHONI (popMe u chopMyInpo-

91



BaHa B TEPMUHAX CTPOTMX MaTPUYHBIX HEpaBeHCTB. Kpome Toro, Bropas MeTOMKA
MIpeJIToIaraeT MeHbBIIee YNCJIO MTepeEMEHHBIX, HeOOXOMMBbIX JIJI OIEHKH aHW30TPO-
MUHHON HOPMBI CUCTEMBI, U YA00HA IS pelleHns 3a/a9i CUHTe3a 3aKOHOB yIIpaB-

JIEHUsI, KOTOpPbIe OYIYT PACCMOTPEHbI B CJIEIYIOIIEil IJIaBe.
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I'maBa 3. CuHTe3 aHU3OTPONUITHLIX PETYJIATOPOB
IJId TeCKPUIITOPHBIX CUCTEM C TOYHO W3-

BECTHBIMU ITapaMeTpaMu

B nanHOIT Ty1aBe paccMaTpUBaOTCs U PEMIAlTCs 3a/adl OINTUMAJIbHOIO U CyO-
OINITUMAJIBHOIO aHU30TPONUITHOTO YIIPaBJIeHU /I JIECKPUIITOPHBIX CUCTEM C TOYHO

N3BECTHLIMHU ITapaME€TpaMN.

3.1. OnrTumaJjbHOe ynpaBJieHHIe

3.1.1. OO6miass mocTaHOBKA 337249 ONTUMAJBHOTO YITPABJIEHUS

PaccmoTpum IecKpUNITOPHYIO CUCTEMY € peau3aliueil B TpoCTpaHCTBE COCTOs-

HUIl B CJIELYIOIIEM BHU/IE:

Ex(k+1) = Ax(k)+ Byw(k) + Byu(k), (3.1)

z2(k) = C.x(k)+ D.yw(k)+ D,u(k), (3.2)

y(k) = Cyx(k) + Dyw(k), (3.3)

rie z(k) € R" — Bekrop cocrosiamst cucremsl, w(k) € R™ — ciydaiinoe BHerHee

Bosmytrenue, u(k) € R™ — curnan ynpasienns, z € RPY — yrnpasisieMblil BBIXO/,
y € RP? — u3mepsieMblil BBIXOJ,

[Ipesmoaraercst, 9T0 Bce MapaMeTpbl CHCTEMbI TOYHO U3BeCTHBI, a w(k) — cra-
IMOHapHAas TayCCOBCKAasl MOC/IeI0BATETLHOCTD C OTPAHUYEHHON cpejiHeil aHn30TPo-

meit A(W) < a, a > 0.
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PaccmoTpum cTporo HeynperkIaloiuil 3aKoH yIIpaBJIeHusl B BUJIE:

rie K (-) — dynkmus, mojiexaiias onpeiesernio. Toria 3a/1ady cuHTe3a OnTuMAab-

HOTI'O aHHSOTpOHHﬁHOFO yiipaBJIEHUA MO2KHO C(bOM}/JII/IpOBaTb B CJIE€AYIOIIEM BU/IEC:

Bamaua 3.1. Jlaa uzsecmuozo HEOMPUUAMEALHO20 YPOSHA CPEOHET AHUSOMPONUL
A(W) = a = 0 6xodnozo sosmywenus w(k) u cucmemer (3.28)~(3.30), neobzodumo
natimu 3axon ynpasaernus u(k) = K(z(k),y(k)), xomopui deraem samrnymyro
cucmemy donycmumot U npu IMOM MUHUMUSUPYEM €€ GHU3OMPONUTNYIO HOPMY,
ONPEIEAALMYIO COOMHOUEHUAMU

F,(P, K)G _
sup [ Fl )Gll2 — min, G € Gy, (3.4)
A(G)<a 1G] K

2de G — dopmupyrowudi dusvmp oaa 3amrxnymoti cucmemol, G, — MHooicecmeso
dopmupyrowur Gusvmpos ¢ 3adarHviM YposHem cpednets aHU30MPONUL PABHIM a,

a Fy(P, K) osnauaem 3aMKxHymy0 cucmemy.

3.1.2. OnTtumaJjbHOe ynpaBJIeHHE MO MePeMeHHbIM COCTOSTHUS
PaccMoTpuM JIMCKpPeTHYIO JIECKPUIITOPHYIO cucTeMy P B CIeayIomeM Bu/ie:

Ex(k+1) = Ax(k)+ Byw(k) + Byu(k), (3.5)
2(k) = Czx(k)+ Dyw(k) + Dyu(k), (3.6)

rie w(k) € R™ u z(k) € RP — BxojiHO#i U BBIXOJHOII CHUI'HAJIBI COOTBETCTBEHHO,
u(k) € R™ — curnan yupasnennst. £, A, By, By, C, D, D, — nocTOsiHHbIE MaT-
PUILI COOTBETCTBYIOIUX pasMepHocreil. IIpeamonaraercst, 4To cucreMa sSIBIAETCSI
IPUYUHHO YIPAB/IAEMOil 1 cTadminsupyemoii. BxoHoil curtas gpiisiercst OKpaleH-
HOI rayCCOBCKOI MOCJIE0BATEILHOCTBIO ¢ M3BECTHLIM YPOBHEM CPEJIHEN aHu30TPO-
mn a, .e. A(W) <a (a>0).

3a/1a49a ONTUMAJILHOTO aHN30TPONUIHOrO YIpaBIeHns I JeCKPUIITOPHOI ch-

CTEMBI 110 COCTOAHHIIO MOYKET OBITH CHOPMYINPOBAHA CJIEIYIONINM 00pa30M.
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Bagada 3.2. Jaa 3a0annot npuunto YnpasaAemMot u Cmabusu3upyemot cucme-
ot (3.5)~([B.6) u cayuatinozo enewnezo sosmywenus w(k) ¢ yposnem cpednet anu-
somponuu a = 0 mpebyemca natimu AUHETRbIT 3A4K0H YNPABAEHUA 6 6Ude CTNATU-
weckoti obpamnot ceasu no cocmoanuwio u(k) = Kx(k), xomopwii deaaem sammny-

myro cucmemy donycmumot U MUHUMUSUPYEM, ee GHUSOMPONUTHIYIO HOPMY:

P,(K)G )
12K, = sup IEBICGle e (3.7
ciec, G2 K

[TogcraBum 3axkon yupasienus u(k) = Kx(k) B ypasuenus cucrembl ([3.5)—(3.6)).

Torma 3amkuyTas cucrema P (K) Oyaer nMmeTs BuL

Ex(k+1) = (A+ B,K)xz(k)+ Byw(k), (3.8)
2(k) = (C+ D,K)z(k) + Dyw(k). (3.9)

Unest pertennst onTuMaJibHON aHU30TPONMIHOM 3a1aun yipaserus (3.7]) ocHo-
BaHO Ha IPUHINAIIE ceJI/I0BOI Toukn. PaccmorpuMm jBa MmuoxkecTBa. st j1oboro j1o-
nyctumoro dpopmupyiomiero dunsrpa G € G, 1 00010 JIOIMyCTUMOIO PEryJIsaTopa

K € K(P) stu MHO)ecTBa OyIyT UMETDh BUJI:

K°(G) = A in ||Py(K G,
(@)= Arg min | Pu(K)Gla. G €

G (K) = Arg max 1P (K)G ]l

. K e K(P).
el (7)

Mmuoxkectso K°(G) cocTonT u3 J0MyCTUMBIX PETYJISITOPOB, PEIIAONIX B3BEIICHHY IO
3ajiaqy Ho onrummsaruu, npu 3ToM Bxoi w(k) onpeensercs kak W = GV. Best-
kuit peryaarop K € K(P) MUHUMU3UDPYET JUCIEPCHIO Ha BBIXOJE Z JIJIsi BXOHOTO
curtasa ¢ yaerom W = GV. K(P) — MHOXKeCTBO PEryjsiTopoB, KOTOPBIE JIEJIAI0T
3aMKHYTYIO cucteMmy gomycrumoit. Muoxkecrso GS(K) cocrout usz dhopMupyrommx
GUIBTPOB, KOTOPBIE JIEIAI0T HAUXY/IIEH CIeKTpaabHyIO IJIOTHOCTh BXOJHOI'O CHUI-

HaJla OJId 3aJaHHOI'O YPOBHA aHU3O0TPOIINU a AJIgd SaMKHYTOIU/I CUCTEMDBI.

Jlemma 3.1. [282] Ecau donycmumoviii peeyaamop K aeaaemca nenodsusicrot

mouxoti omobpasicenua K o G

o, mo on Aeasemca pewenuem 3adavu 3.9
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Taxkum obpasoM, pelieHne ONTHUMAJbHON 3a/iadn COCTOUT U3 JBYX 3TaloB. Ha
[IEPBOM 3Talle HeOOXOIMMO HAWTH MHOXKECTBO BCEX HAMXYAMINX (DOPMUPYIONNX
dbuibrpoB G(z) € G, TeHEPUPYOIINX U3 TAYCCOBCKOTO 6esioro myma V' BXOJIHYIO
nocjeioBaTesbHOCTh W e 3a1aHHBIM YPOBHEM CpeIHell aHN30TPOITIH K(W) < a. Ha
BTOPOM 3Talle HeOOXOINMO PEIINTh B3BEIIeHHYIO 3aa1y Ho ONTHMAILHOTO YIIPaB-
JIEHUSI.

Curetyrommuit IpoMerKyTOUHBII Pe3y/ILTAT JIJIst BLIYUCIeHNs Ho HOPMBI JECKPHUII-

TOPHOI CHCTEMBI OYJIET UCIOIb30BaH JlaJee.

Jlemma 3.2. [Tycmwv cucmema, s3adannan ypasnwenuamu (2.26)—(2.27) asasemes
donycmumoti. ITycmov makoice 6uinOANACMCA NPEONOAOICENUE

~ ~ o~

rank (E) = rank[ F B |. (3.10)
Paccmompum obobwerroe ypasnenue Jlanymnosa
AGAT — EGE™ + BB" =0. (3.11)
Toeda Ho mopma cucmemvt SHYUCAAEMCA MO HOPMYAGM
|P||2 = tr(CGCT + D' D). (3.12)

JlokazaTe/IbCTBO JIEMMBI AHAJIOTUYHO JIOKA3aTeJIbCTBY JIEMMbI C TO JINIIb
pasHurieii, aro ypashenue ([3.11) omnpejesnsier rpaMuaH yIpaBISeMOCTH CHCTEMbI
£ E20.

st ynobcTBa B JlaJibHEMIIIEM M3JI0XKEHUHM BBEJIEM CJeAyIole 0003HaUeHUsT
A=A+ B, K, C = C1 + Dy K u 1upeanosioKuM, 9TO 3aMKHYTasl CUCTEMa sIB-
Jsiercst jroryctumoit. Criesyrornast TeopeMa 1Mo3BoJigeT HalTh (haKTOPU3aIN0 Hau-
XyJHieil CrieKTpaJibHOl MIJIOTHOCTH BXOJHOIO BO3MYIIEHUs (HAMXY I (hopMUpyto-
it GUILTP) it 3aMKHYTOI CHCTeMBbI, Ha BXOJ] KOTODPOIl TTOCTYIIAeT BO3MYIIEHIE

co cpeaanm yposreM anmsorpormn A (W) < a.

Teopema 3.1. [Tycmo cucmema (3.5)—(3.6) Asasemea npuvurnno ynpasasemot u

cmabususupyemoti. Tozda das 1106020 ypoews cpedrets anu3omponuu 6LodH020 603-
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mywenus a = 0 cywecmsyem eduncmeennan napa (q, R), 2de ckaraproi napa-
MEMP ¢ NPUHAOAEHCUN. NOAYUHMEPEANY [O, HPCZ]BOQ), a R=R" — nxn mam-
puna, das xKomopoti cnpasedauco yearosue BT RE > 0. Pewenue (q, R) nazodumca

u3 cucmemdst ypa6H€HUfZ

E'RE = A"RA+¢C"C+L"s 'L, (3.13)
Y = (In, —qD.D,— B:RB,) ™", (3.14)
L = %(BYRA+¢D!C). (3.15)
1 mlE
— —Indet — 3.16
g ¢ (tr(LPgLT + z)) “ (3.16)

2de Pg = Pj > 0, Pg € R™" — zpamuan ynpasasemocmu Gopmupyrousezo duno-

mpa G, xomopwil Haxodumces u3 pewenus 0000ueHHo20 ypashenus JLanyrosa
EPGE" = (A+ B,L)Ps(A+ B,L)" — B,SBY. (3.17)

Kpome mozo, opmupyrowuti pusomp G ¢ peasudanuets 6 npocmpancmee cocmos-

Hul
A+ B,L | B,XY?

L 21/2

G=|E, (3.18)

ABNACNCA HAUTYOWUM DOPMUPYOULUM HUALMPOM OAL 3GMEHYMOT CUCTILEMDL.

HokaszaresnberBo. lcrnonb3yst onpejererne aHu30Tporuiinoit Hopmbr (2.15)), pac-

cmoTpuM byHKIMO JlarpaHzxka, KoTopasi 3allliChIBaeTCsl Kak
€ = [|[PaG|3 = pllGl3 — AA(G). (3.19)

Moxkno nokazars [124], aro dyukuus Jlarpamxa (3.19) jgocruraer cBoero Makcu-
MyMa, KOTJIa,

g\ (w) — Iy, + oS Hw) = 0, (3.20)
rie Aw) = ﬁ;“l(w)ﬁcl(w), S(w) = @(w)é*(w)
3 ypasuenus (3.20) ciaemyer, 910
S(w) = (I, — gAw)) ™"
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onpeneJdeT ClIEKTPaJIbHYIO IIJIOTHOCTh HaUXyJIEro BXO/AHOI'O BOSMYIICHM . Bes 1o-

TepH OOIIHOCTH MOYKHO MOJIOXKUTH 0 = 1 u mepenucath ypasuaenne ([3.20) B dpopme

~ ~

4P (w)Pa(w) + G H(w)(G*) M (w) = L,

Bsenem obo3nauenune

o \/Aaﬁd (w)

G (w)
Torpa 3aMKHyTasi cuCTeMa ¢ HaAUXYIIIUM (DUJIBTPOM JIOJI2KHA YIOBJIETBOPSTEH (haK-
Topm3ain ©*0O = I, . Illpennosaras, aro dopmupytomuit uiabtp G gBIgETCA

o0paTUMBbIM, IMeeM

~

i | B,

Gl=|E,
_E—I/ZL 2—1/2

Peaymmzaliust B IpocTpaHCTBe COCTOsIHII cucTeMbl © OyIeT uMeTh BUJL

NGl o Al B,
G ala |
rie
C D,
Q= Va A= Vi
—2_1/2[/ 2—1/2

Ucnonb3yss jgemmy 1 TIOJICTABJISIS MapaMeTPhl CUCTEMbI © B BbIpayKeHIsi

(2:29)-(2.31), mosyuaem (3.13)—(3.15). Yuursisas yciosust jemwmst 3.2, Ha nOpMa

dopmupytormiero puabTpa onpegeasaeTcs popMmyJIoi
|G||3 = tr(LPoL* +%). (3.21)

[TpuanMast Bo BHEMaHKIe onpejiesenue cpeareii anuzorponun ((1.35) u BeiparKke-
aue (3.21]), momyuaem ypasuenue (3.16). Dro 3aBeprnaer J0Ka3aTeIbCTBO. W

PaccmoTpum Tenephb pacHimpeHHyIo CUCTEMY C peaJin3alneit
Ex(k+1) = AZ(k)+ Buu(k) + Buv(k), (3.22)
2(k) = C.3(k) + Dyv(k), (3.23)
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e Z(k) € R*™, 2(k) € R?, v(k) € R™ — Geiblit rayccopekuii mym. Iapamerpnt

E 0
CUCTeMBI paBHbI [, =
0 F
A BylL By,
A, = , Bus = , C, = [C DwL} . Tak xkak dopmu-
0 A+ B,L 0

pytomuit buabTp G 1pe/ioiaraeTcs 00paTuMbIM, 3a/1ada CHHTE3a aHI30TPOITNHHOTO
peryJsiTopa MoxKeT ObITh CBeJIcHa K 3ajiade CuHTe3a Ho ONTHMAJILHOTO PEry/isiTopa,

perienne KOTopoit mpusejiero B [172).

Teopema 3.2. [Tycmov cucmema (3.22)—(3.23) Asasemea cmabuausupyemot u npu-
YUHHO YNPaBAAeMOT. BaKon Ynpasienua, KOmopull PEwaem onmumMasoHyI0 GHU30-
mponutnylo 3adany, moscem Ovmv natiden u3 pewenus 636euennots 3adaqu Ho

onmumansvbrHozo YynpasieHuA 6 GUde
K=I1+1% (324)

2de I' = [Ty Tg] onpedeasemes ¢ nomowgpro mampuyw, T = T ydosaemeopsro-
weti yearoswro EYTE, > 0 u asasowetica pewenuem 06061e1no20 areebpausecko-

20 ypasnenus Purxkamu

E'TE, = A'TA,+CrC,+T1Ir, (3.25)
II = (BLTB,.+D.D,), (3.26)
I = -II"Y(BLTA, +DlC,). (3.27)

Taxum obpasom, pelreHne ONTUMAaJIbHON aHU30TPONNITHON 3a a4 P IIOJTHOM
U3MEPEHNHN BEKTOPA COCTOSHIS CBOJUTCS K PEIIEHNIO CBAZAHHBIX MeK/ Iy cOOOi MaT-
PUYHBIX ypaBHEHNUI: JIBa 0000OIEHHBIX aJareOpandeckux ypaBHeHus PukkaTn —
(3.15) m (3.25)—(3.27), obobrmentoro ypasuenus JlsmyHosa 1 HeJIMHEeHHOro

ypaBuenust (3.16)).
B ciyuae, ectn a = 0 mapamMeTpsl Hauxymero (hopMupyomero (hujibTpa paBHbI
L =0uX=1I,,. B>arom ciyuae penienne 3a/jaqi OITUMaIbLHOIO aHU30TPOIUITHOIO

yIIpaBJIEHNs 110 COCTOSHIAIO COBIAJAET C pereHneM Ho ONTHUMAaJbLHON 3a1a9M1.
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IIpumep 3.1. Paccmompum cucmemy:

10 1.15 —0.3 0.5 1
E - ) A - ) Bw - ) Bu - )
00 0.1 0.3 0 0

0:[1 o], D, =02, D,=01.

Jlezxo nposepums, wmo rank (F) = rank|[ F B, | = 1. Cucmema npuvunnas,
Ho He asasemcsa ycmotnueot (p(E, A) = 1.25).

Hatidem ynpasaerue no cocmosnuto 6 eude u(k) = Kx(k) daa yposnsa anuso-
mponuu a = 0.4 ¢ ucnoav3osaruem 00KA3AHHLT MEOPEM.

Pewerue 6v.40 NoAyUeHo ¢ NOMOWBIO NAKEMA CuUMBONLHUT Svivucaenut Matlab.
Onmumarvrvil PE2YAANOD PABEH K* = [ —1.6514 0O } . Sa.M%:Hymaﬂ cucmema A6-
aaemea donyemumoti, 0606wernnvill cnekmpasvnvit paduyc napo p(E, A+ B, K*) =

0.4014, a ee anusomponutinas nopma pasna ||P3Y||, = 0.4978.

3.1.3. OnTumaJjbpHOe ynpaBJjieHHEe MO BBIXO/IHOI MepeMeHHO

OObeKT yrpajeHus 3ajilad B (popme

Ex(k+1) = Ax(k)+ Byw(k) + Byu(k), (3.28)
z2(k) = C,x(k)+ Dpw(k) + Du(k), (3.29)
yk) = Cyrlk) + Dyuuw(k), (330

rie x(k) € R™ — Bekrop cocrositust cucrembl, w(k) € R™ — premnuii curnal,
KOTOPBIII HY?KHO OTCJIEXKHBATH UM BO3MYIIEHUE, KOTOPOe HEOOXOIMMO I10JABHUTD,
u(k) € R™ — curnan yupasienus, z € RP! — ynpasisiemblit Bbixoq, y € RP? —
N3MEPACMBII BBIXOJT.

[Ipennomnaraercst, uto curnari w(k) sBJIseTCsT CTAIMOHAPHO{T IayCCOBCKOIT mocie-
JIOBATE/IbHOCTHIO C U3BECTHBIM YPOBHEM cpejaHeil annzorponun a > 0.

HYCTI) TaK2Ke€ BBIIIOJIHEHDI CJICAYIONIINE CTaHAapTHBIC IIPDEAIIOJIO?KEHNA O CUCTEME

A1l. Cucrema siBigeTcsd cTaOMIM3UPYEMOil U TPUINHHO YIIPABJISIEMOil.
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A2. Cucrema sIBIsSIeTCSI JI€TEKTUPYEMOI U IPUINHHO HAOJIIOaeMOii.

A3. PazmMepHOCTB yIpaBJ/isieMOT0 CUTHAJIA 2 MEHbIIE Pa3MEPHOCTH BXOJHOTO BO3-

MYIIEHUs w: p1 < M.
A4. Marpuna D,,, uMeeT HOJHbI cTpounblii panr: rank Dy, = py < my.

Ab5. Marpuna D, umeer HOJHBIIA cTOI0IOBBIN paHnr: rank D,, = ms < py.

Torja 3aja4ya cuHTE3a aHU3O0TPOIUNHOIO PErYIITOpa MOXKET ObITh C(HOPMYJIN-

poBaHa B CJICAYIOIIECM BHUIE:

Bagaua 3.3. [as useecmnozo yposns cpednetl anusomponuu a > 0 nocaedosa-
meavnocmu w(k) u das cucmemo mpebyemca natimu durnamuveckut pe2y-
aamop K, xomopuuti deaaem samxnymyro cucmemy Jonycmumots, a makaice MuHu-
MUSUPYEM, €€ G-AHUSOMPONUTNYIO HOPMY:

IE2 (P, K) G|
P

G e G, — n}}n. (3.31)

Tak Kak 1CxXojiHas CHCTEeMa MOYKET OBITh HEPUUMHHON, TO CUHTE3 OlEHNBAIOIIIEe-
ro peryjasropa HeBO3MOxKeH. [loaroMy mporieypy cuHTe3a HEOOXOIMMO pa3/Ie/nTh
Ha JiBa sTana. Ha mepBoM sTame cTpouTcd KOHTYP, KOTOPBI OyeT obecrevdnBaTh
CBOMCTBO MPUYUHHOCTH JIJIsE UCXOHON crcTeMbl (Kaysasmsaius). Ha Bropom srare
CTPOUTCsI OLIEHUBAIOIIUI PEeryssiTop, CTadUIN3UPYIOMINi CUCTEMY U MUHIMU3UPYIO-

Il AaHU30TPOINITHYIO0 HOPMY 3aMKHYTOIl CUCTEMBI.

Pemmenune 3agaun

Kayszaimzamus cucremsbl. B cuny npeanosnoxkenus Al cucrema siBasgeTcst Ipu-
YUHHO YIIPABJISIEMOii, TO €CTh CYIIECTBYeT Takoii 3akon ynpasierus 4(k) = Kyy(k),
uro napa (E, A+ B,KC)) sBisercs IPUINHHOML.

Pacemorpum miporierypy noncka koadguunenrta yeumienust K [64]. Tak kax

pazomkHyTas cucrema  ([3.28)—(3.30) mpe/mosaraeTcs peryisipHoil, TO CyIIECTBYIOT
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TaKIe JBe HeBLIPOsKICHIbIe MaTpuinl W i V, 4To Hexoiast ciuereMa (3.28)—(3.30)

npeobpasyercs KO BTOPOI SKBUBAJIEHTHOI opme, Tjie

o7 : = An A
WEV = diag(I,,0), WAV = , (3.32)
A21 A22

riae r = rank (E). Marpuripr WuV MOTYT OBITH HaliJIEHbl U3 CUHTYJISIPHON JTEKOM-

nozurmn  ([1.17)) w (1.18)).

Tak Kak MCXOIHBIN OOBLEKT IPEIIIOIaraeTCs HEIPUINHHBIM, TO Aoy MOXKET ObITH
BeIpOK IeHHO MaTputeit [286]. [Ipeogorers 910 moMOXKeT cieyrolast mpoIeLypa.

[Ipumenum npeobpazoBaHne KOOPIUHAT

Vi = , (3.33)
Ho)

K cucremMe

Ex(k+1) = (A+ B.K,C,)z(k),

n YMHOXKUM cjieBa Ha matpuity W. lveem:

— | (k+1 — o~ o~ ~ r1(k +
T e (WAV + WB,K.C,V) (k1)
xo(k + 1) xo(k + 1)
[Tociie/Hee BbIpasKeHIE MOXKHO IEpPernucaTh B hopMe:
I, 0 561(]{? + 1) B
An A B9y r1(k+1)
— ‘|‘ Kl [ 021 CQQ }
Ao Ago B wo(k + 1)

Ecmm rank (Ag) = s < n — r, pacemorpum coepytoruii 6510k (Agg + BagK1C9s).
Cornacuo mpejnoniokernio Al cymecrByer Takast Matpuiia Kp, ato rank (Asg +
ByyK1Cy%) = n — r. Ilpumensiss B odepeiHoil pa3 CHHTYJISIPHYIO JIEKOMITO3UITHIO,

IpeIcTaBuM MaTpuily Ao B popme

I, 0
Sy, AsoUs,, = . (3.34)
00
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YMHoxkas caeBa n crpasa Boipaxkenne (Agg + Boa K1C9) na matpuipl Sa,, u Uy,,,

oJIiyaeM

+ By K Coy, (3.35)
0 0

e Byy = S 4y B2o 11 Coy = CU 4,, -

Torma 3agada Kay3aJ m3anuil MOXKeT ObITh IIpeJICTaBIeHa KaK 3a/1ada MOMCKa Ta-
Koit MaTpuiisl kosdduimentoB Ky, uro marpunia (3.35)) craHeT HEBBIPOXKICHHOIL.
15t TpOCTOTHI MOJIOXKUM, UTO HEOOXOUMO HAMTH TaKylo MaTpuily K, 9ToObI BbI-

IIOJIHAJIOCH PaBEHCTBO

I, 0O ~ ~ 21, 0
+ Boy K1Cyp = ;
0 0 0 I, , .
YTO KBUBAJIEHTHO
By K Coy = I, _,.
OTkyna ciaemyer, 9To

K, = B4,CS,, (3.36)

rae M ncesnoobpamenne no Mypy-ITenpoysy marpuner M.
CuHTEe3 OIEHUBAIOIIETO PETYJIATOPA JIJis JMHAMUYECKO MO/ICCTEMBI.

PaccMmorpuM 3aKoH yIIpaBJIeHHS CJIIYIONIEro BU/Ia
u(k) = Kiy(k) + u (k). (3.37)

[ToncraBum Beipazkenne (3.37) B ypasuenns ([3.28)—(3.30)), momyamm

Ex(k+1) = (A+ B,K\C))x(k) + (By + By K 1Dyy)w(k) + Byui (k),
2(k) = (C.+ D, K 1Cy)x(k) + (D + Do K1 Dyyy)w(k) + Doyun (k),
y(k) = Cyx(k)+ Dyyw(k).

Beenem obosnauenms: A = A + B,K,C,, Cy = C, + D.,K,C,, Cy = Cy,
E1 - Bw + BuKlDyw: §2 = Bu n ﬁll = Dzw + DzuKlDyw-
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[Ipumensist ipeobpazoBanue KoopauHat ([3.33) 1 yMHOXKasi ypaBHEHUsI CJieBa Ha

Matpuity W, mosydaum

$1(k‘ -+ 1) = Alll'l(k) + A12£U2(k’) + an(k) + leul(k), (338)
0 = Zglxl(k) + ZQQIQ(]C) + Elgw(k) + Fggul(k), (339)
Z(k) = 611561(]{3) + 612332(]{3) + Dllw(k) + Dlgul(k), (3 40)
y(k:) = 621@‘1(]6) + 622@'2(]6) + Dglw(/{?), (341)
rie
— A A — B — B
WAV _ 11 12 ’ WBw _ _11 ’ WBU _ _21 ’
Az A By Boy
62‘7 = [611 612 } ) ﬁy‘7 - [621 622 } .

[Tponeypa Kay3aiusaluy MO3B0JAET MPEoOPA30BaTh UCXOHMYIO CUCTEMY K SK-
BUBAJIEHTHOf cUCTeMe, cofepsKallell ssBHbIE BHIPAsKEHUs I IMHAMIIECKOH 1 aires-
pandeckoit nogcucrem. Boipasum z2(k) depes 1 (k), nogcrasum B ypastenust (3.38)—
(B-41). Toyunm coepyronyo OOBIKHOBEHHYIO CHCTEMY:

Z(I{?) = Cll'l(]{?) -+ DHUJ(k) + Dlgul(k),
y(k) = C2$1<l€) + Dgl’w(lﬂ) + Dggul(k),

.A = A11 — A12A22 Agl, Bz — Bil - A12A22 Bi2;

Cin — CipAyy Ao1,  Dij = Dij — CipAyy By,

A
I

e v, j = 1,2.

Mcxonnast anredpo-pasHOCTHas CUCTEMa T10C/Ie BBEICHUST Kay3aJn3upyroleil 0o-
paTHOIl CBsA3M MOXKET OBITH CBejeHa K OOBIKHOBeHHOI cucreme. OpHAKO B 00IIEM
cJlydae SKBUBaJIEHTHAsI CUCTEMa He YJIOBJIETBOPsieT CTaHIapTHBIM TpeOOBaHUsIM, Ha-

KJlaZblBacMbIM Ha 00 BEKT YIIpaBJIECHH. A NMEHHO, B O6LLL€M CJIy4da€ HE BbIIIOJIHACTCHA
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TpeboBaHUE

Dyy = 0, (3.42)

Jl1s1 TOTO, 4TOOBI TOJIyUYeHHAsT CUCTEMa YJIOBJIETBOPSIIA CTaHIaPTHBIM TpeboBa-
HUSIM, BOCIIOJIB3YyeMCsI ITpeobpasoBanusivMi, onucanubiMu B [240].

Orpannuenue (3.42)) MOKHO 000NTH, BOCIIOIH30BABIINCH 3aMEHOI ITepeMeHHbIX
y (k) = y(k) — Doguy (k).

Takasi 3aMeHa IePEMEHHBIX TT03BOJISIET OOHYIUTL MaTpuily Doy 00beKTa yIIpas-
JIEHHUsI, BBOJIsI CTATUIECKYIO 0OPATHYIO CBSA3b ¢ KoddduimenTom ycuaeHus: — Doy Ha
PEryJIsiTope MeXK/Iy m3MepsieMbIM BbIxooM y(k) u ynpasiennem ug (k).

[Tocsie ykazaHHBIX BBIIIE IPe0OPA30BaHNiT CICTEMa YIOBIETBOPSIET CTAH AP THBIM
TpebOBAHUSIM, MTOITOMY JIJIsi Hee NpPUMEHUMa yrKe pellleHHas 3ajada CHHTe3a aHU-
30TPOIHUITHOrO peryssaTopa 1o Beixoay [282|. B mamuoit pabore mpusepemM KpaTKo
AJICOPUTM pelieHns: 1 pOpPMYyJIbl JI/IsT HAXOXKJICHUST TTapaMeTpoB perysaTropa. Bosee
110/IPOOHO O METO/IMKE CHHTE3a ONTHMAJILHBIX aHU30TPOIUITHBIX PEryJIATOPOB MOYKHO
y3HaTh, HAIIpUMep, u3 [278].

Ucxosst w3 ycioBUsl ONTUMAJIBHOCTH, CHHTE3 CTAOWIM3UPYIONIETO PEryIdTopa

paS6I/IBa€TCH Ha HECKOJIbKO IIOJA9TallOB:

1. Cunres Hauxyiero (hopMupyoIero GuibTpa 3aMKHYTOH CUCTEMBbI.

2. Cunres HabJt01aTe sl TOJHOIO MOPSIKa JIJIsI CUCTEMbl, B3BelIeHHO# (hopmu-

PYIOHIUM (PUJIBTPOM.
3. Pemenne 3aaun Ho onTuMasbHOIO yIIpaBJIeHHs Jjisi 00bEeKTa, B3BEIIEHHOI'O
dopMupyomIM (GUIHLTPOM.

[Ipuseaem dopmysibl 171t pacdera orneHnBaoiiero peryiaropa [282]. Ero peasn-

3allid B ITPOCTPaHCTBE COCTOAHUMIT nMeeT BUJI:

- A B
: (3.43)
0



rue

~

AV =A+BM+ BQ(Fl + FQ) — A(CQ + DglM), B =A, 5 =TI +4+15. (344)

[Tapamerpsr I'y, I'y, M, A moryT ObITb HaiileHBI U3 PEIIeHNs CIeAYIOMNX YpaB-
HEeHUI:
1. Anrebpanueckoro ypaBHennsi PUKKaTu jj1sI IIOUCKa HAUXYIIIETO (POPMUPYIO-

mero puibTpa 3aMKHYTONH CUCTEMbI

R = AYRAq+qCiCa+LTS7'L,
Y = (Im, —¢D}Du— By RBa) ™,
L = X(BYRA, + ¢DLCy),

rie ¢ € R, R € R*2" g
.A Bgé Bl

ACZ — ~ 9 BCl -

_ _ 70012[61 Dlgé]-
BC, A BDyy

2. YpaBHEHUSA OTHOCUTEJILHO Jlorapudma it YPOBHS CpeHeil aHn30TPOInn

1 1 d t mlE
a = ——1nae .
2 tr(LPLT 4+ 3)

3. Ypasuenus JIsamyHoBa s BoIIucaeHus Ho HOPMBI HAUXYIIIETO (hDOPMUPYIO-

mero puibTpa
P = (A4 + ByL)P(Ay + ByL)" + B,LB).
4. Anrebpamdeckoro ypaBHeHns: PUKKaTn 17151 HAOIIOIEHNST

S = (A+61L1)S(A+81L1)T +Bl§JB? — A@AT,
O = (Co+ Do L1)S(Co + D21L1)T + szpgp
A = ((A+BiL)S(Co+ DuLy)" + BiXDy) O,

rie Ly sBistercst 6;10KoM pasmepa (mq X n) MaTpuiisl L taknm, aro L = ( Ly L, ) :

Marpuma M u3 (3.43) onpemensiercs kak M = Ly + Lo.
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z(k) w(k)

P(z2)
k
(k) — W0
I K,
+
(1)
yW(k) ()

Puc. 3.1. CtpykTypHas cxeMa 3aMKHYTON CHCTEMBI.

5. Anrebpandeckoro ypaBHeHHs PUKKaTH JJIsI pelieHns paciinpeHHOd 3a adu

Ho onrumusanum Jjis 00beKTa, B3BEIIEeHHOI0 (hOPMUPYIONUM (PIIBTPOM

T = ATTA, +CTC, — 17T,
I1 = B'TB, + DD,
I = —II"Y(BITA. + Dj,C.),

B kKoTopoM T € R¥™21 T = [ Iy, Iy ] , a

A BiM By
A, = , Bi= C*:{Cl lDllM}'
0 A+ BiM+ By(I'y + I'y) 0

Torjga OKOHUATEILHO CTPYKTYPa 3aMKHYTO! CUCTEMBI IIPUMET BUJI, TOKA3AHHLII
wa Puc. 3.1 Kak BunHo u3 pucyska, peryastop nmeer jBa KOHTYpa. [lepBbriit KoH-

TYD CJYKUT JIJIsl Kay3a/Jiu3alliil 00paTHO (aﬂre6pamquKoﬁ) [IOJICUCTEMBI, & BTOPOil
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— JIIst CTabUIM3aIin mpsMoit (uHamMudeckoit) mojgcucteMbl. Kosdduiment —Dayo
CJLy2KUT Jiyist 00x0/1a orpannyenus ((3.42)).

Packpoem BbIpazkeHune JIJisi peryasTopa, yauTbiBas (3.43]), Torma mosydaem

~

T(k+1) = Az(k) + ByW(k),
w(k) = Ci(k),

riae #(k) € R" — cocrognue onenuparens. C yderom Toro, uro y)(k) = y(k) —

Dosuy(k), numeem
y W (k) = y(k) — Dasus (k) = y(k) — DnCE(k),
TOTIa [TapaMeTpPhl PEryJssTopa /s NCXOIHOTO CUTHAJA HAOJIIOMEHNsT PABHEI
A— BDyC B
C 0

K:

[Tokazkem, 4To paszdbueHne 3aa4i Ha JIBE COCTABJIAIONINE TI03BOJISIET PEIIUTH UC-
XOJIHYIO 3a/1a9y TI0KMCKa eAnHOro peryastopa. JleilcrBuresbHo, corsacto puc. 1 pery-
JIITOP MOYKHO IPEJCTaBUThH B BUJIE €JIMHON CHCTEMBI YIIPABJIEHUsI ¢ HepapXudecKoil
CTPYKTYPOIi, cocTosimIell 13 HeCKOJILKUX 3BeHbeB. Tak Kak IIpejoaraercs, 9To nc-
XOJIHasl CHCTeMa peryJisipHa, TO OHa IIpejcTaBuMa B sKkBuBaJeHTHON (opme ((1.13]),
B KOTOPOil MaTpuiia Agy sIBJIsIeTCs BBIPOZKIeHHONH. CBOMCTBO NPUIMHHON YIIPaBJIs-
eMOCTH TI03BOJISIeT Haiitn 3akon yrupasienns U(k) = Kjxz(k) takoii, 1ro Marpura
Ags cTaHOBUTCS HEBBIPOZK AeHHOI. Takum 00pa3oM, IOsIBJISIETCA BOZMOXKHOCTD BbIpa-
3UTH KOOPMHATHI Lo (k) depe3 x1(k) u mepeiiTi K SKBUBATIEHTHOMY BXOJI-BBIXOIHOMY
OIepaTopy MOHMKEHHON PasMepHOCTH, JJisi KOTOPOI'o IIPOIelypa CUHTE3a Y2Ke XO-
porio u3ydeHa. Tak Kak orneparop siB/sSieTCs SKBUBAJIEHTHBLIM, TO, Pellas 3ajady
JIJIs1 OOBIKHOBEHHOM CHCTEMbI OHUYKEHHOI pa3MepHOCTH, PeliaeM UCXOIHYIO 3314y
JITs oTlepaTopa MOJIHON pasmepHocTu. Koadduimen sl ycusienns B 1enu 00paTHO
CBA3M, PeIIalolye 3aa9y Kay3aJlu3alii CUCTeMbI, KOCBEHHBIM 00pa30M BXOJAT B
HOJIyYeHHBIH OIepaTop, IMO3TOMY IPH PEIIeHIN 3aa4i CHHTE3a, ONTUMAILHOTO OIle-

HUBaOIICI'O PEryjidTopa UX TaKzKE YIUTbIBalOT.
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ITpumep 3.2. Paccmompum 8uiuUCAUMENLHBIT NPUMED, HAAAOHO OEMOHCMPUPY-
0UUE MEMOJUKY CUHMEZA AHUSOMPONUTHO20 PE2YAAMOPG OAA decKkpunmoproti cu-

cmemuvl. [lycmv napamempor 0bsexma ynpasieHus pacHbL:

_—2 00 25_ _ -2 —=0.01 0.125 25.005_
B -1 050 6 A —0.9975  0.4925 0.03 5.995 |
1 =24 0 1 0.88 —23.875 0 0.005
-1 —-0.5 0 20 —1.0025 —0.5025 0.1 20.015
_ 0.0105 —0.0093_ | 0.005 0_
B, — 0.005 —0.0011 B, - —0.005 —0.0025 |
—0.0015 —0.0249 0.006  —0.12
0.004 —0.0092 0.015 —0.0025

Cz:{l 00 o], Dzw:{o 0}, Dzu:[o 0.1},

10 015 0.15 0 00
Cy = ) Dyw = ) Dyu -
0013 O 0 —0.5 00
IIposepum, asasemes au cucmema npudunnot. Xapaxkmepucmuieckutl nosu-
nom cucmemnt pasen det(zE — A) = 0.00572% — 0.01142 — 0.00567. Cmenenv xa-
paxmepucmueckozo nosunoma deg det(zE—A) = 2, 6 mo epema xax rank (E) = 3.

Taxum obpaszom, cucmema ne ABAACMCA NPULUHHOTL.

IIposepum 6vinosrerue Kpumepues npuduHHots YnpasiseMocmu U NpUusuHHoU

nabarodaemocmu
E A
E 0 0
rank =7, rank 0 FE =T7.
A FE B,
0 Cy

Clucmema ABAAEMCA NPUNUHHO YNPABAAEMOT, U NPUHUHHO HabA00aemOTl, NO-
2MOMY BOZMONCHO CUHMEIUPOBAMDY KAY3AAUSUPYIOULYIO CMAMUYECKYIO 00paMHYI0

C6A3b N0 6blr00Y.

109



Iapamempo, pezyaamopa pasHol

0 —37.74
0 0

Koneunvie cobcmeenmvie snavernus cucmemvs pashve AN E, A + B,K;C)
1.0001 1.0031 0.9919 |. Cucmema asasemcsa neycmotivusot. Xapaxmepucmu-
weckutdi noaunom cucmemvi pasen det(zE — (A+ B, K1Cy)) = —55.932° 4+ 167.52% —
167.22 + 55.6.
Buoinoaneno pasencmeo deg det(zE— A) = rank (E), nosmomy cucmemy mozichno
npeobpazosamv K IK6USANEHMHOT 00bKHOBEHHOT cucmeme.

B pesyavmame npeobpadosanuti bvia nosyuern 00sexm ynpasieHus ¢ Napamem-

PaMU
| 1.0001 0 —0.013 ]
A= 0 09945 —-0.159 |,
0 —0.0001 1.004
- —0.015 —0.0489 | | —0.033 —0.0097 -
By = | 0.0006 0.026 | , Ba= | 0.0001 0.1197 |,
0 —0.0002 0 —0.0002

—0.0436 0.0014 —1.5488

C1 = {0.0021 —0.0021 —1.3978 ] , Co=
—0.0008 0.0001 —0.0027

911:{0 0}, 17122{0 0.1},

0.15 0 0 0
Dy = , Doy =
—0.0106 —0.0029 0.0265 0

IIpoussedem npouedypy curnmesa oUueHUBAIOWE20 PE2YAAMOPA NOAHO20 NOPAJKA
ONA NOAYUEHHOT IKBUBANEHMHOT CUCTNEMDBL NPU PASAUNHBLET YPOSHAL CPEOHE AU~
somponuu. Pesysomamor ceedenvr 6 mab. 3.1.

Paccmompum pewenue 3adavu cmabusudayut 0aa ucxodHot Cucmemvt npu Ha-

AUYMUL BO3MYWAI0ULE20 6030eTCMEUA HA 8T00E CUCTNEMDBL CO CPEOHEM YPOBHEM GHU-
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Tabnuna 3.1. Hopma 3aMKHYTOfl cicTeMbl B 3aBUCUMOCTH OT YPOBHS CpeJTHEl

AHU30TPOIINN a

a 0 005 | 0.5 1.0 5 00
IP]l]a || 0.0398 | 0.2372 || 0.5010 || 0.61995 || 0.7502 || 0.7510

somponuu a = 0.1. Ha puc. NOKA3AHDL 2PAPUKU YNPABAAIOWE20 6030elcmEu,
a Ha puc. — YNPaBAAEMBIT BHLTO0 CUCTNEMDL OAA MPET MUNOE PE2YAAMOPOS:

Ho , anuzomponutinozo (AC) u H .

Tak xax || Pll2/v/m < ||P], < || P|lco, Pa3paboranx MozkeT Gosiee TOHKO HACTPO-
UTh 3aMKHYTYIO CUCTEMY II0 OTHONIEHHIO K BJIMSIHUIO BHEITHUX BO3MYIIEHHIT, N3Me-
HsIsT yPOBeHb cpejineit annzorpornun ot 0 10 1ocTaTouHo 60/bINX 3HaUeHnil. Bolio
II0Ka3aHO, 9T0 Hs, peryadarop obecrieunBaer 00J1ee OBICTPBIN IePeXo HbIi Ipolece,
ojiHAKO 00J1a/iaeT HoJiee MUPOKOI moJiocoit mporyckanus. LQG/Hy obecreduBaior
JIOCTATOYHO TJIAJIKNI TePEXOHBII MPoIece, TaK KaK HACTPOEHbI Ha MUHNMI3AIIIIO
BJINSIHIS TAYCCOBCKOTO OEJIOTO IIyMa, HO He MOI'YT 00eCIednTh podacTHOCTh. AHI30-
TPONUIHBIE PETYIATOPEI MO3BOJISIOT HAWTH MPUEMIEMbBIH KOMIIPOMUCC MEXKIY JIBYMSI

I10/IXO/IaMU.
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2y

Puc. 3.3. YnupapiseMblil BBIXOJ CUCTEMBI.
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3.2. CybnorumaJjibHOE yIpaBJieHIe

3.2.1. OO6miast TocCTaHOBKA 33/la9M CyOOIITUMAJILHOTO yIPaBJIeHUA

PaccmoTpuM JIeCKpUIITOPHYIO CHCTEMY, 3aJIaHHYIO B IIPOCTPAHCTBE COCTOSTHUIL:

Ex(k+1) = Ax(k)+ Byw(k) + Byu(k), (3.45)
2(k) = Czx(k)+ Dyw(k) + Dyu(k), (3.46)

z(k) € R" — cocrosinne cucremsl, w(k) € R™ — crannonapHast rayccoBCKasl 10C/Ie-
JIOBATEILHOCTD ¢ OTPAHNYEeHHBIM ypoBHeM cpeieit annsorporn A (W) < a, a > 0,
z(k) € RP — ynpasigemsiit Bbixoj, u(k) € R™ — ynpasnenue, E, A, By, By, C,
Dy, D, u3BecTHbIe JefCTBUTEIBHBIE MATPHUIBI COOTBETCTBYIOIINX Pa3MEPHOCTEIl,
rank (E) =r < n.

[Ipeanonoxkmm, 91O

1. cucrema ([3.45)—(3.46|) siBisieTcst IpuaMHEO yIIPABIsieMOil 1 CTabUIN3HPYEMOii;

2. BBIIIOJIHEHO paHI'OBOE OI'paHNY€HUE

rank (E) =rank[ F B, |.

Bamauya 3.4. Brodnas nocaedosamesvrnocmv W — cmauyuonapnas 2ayccoscras
CAYHATHAA NOCALIOBAMENLHOCTNG C 02PAHUMEHHBIM YPOBHEM CPEIHET AHU3OMPONUL
A(W) < a. IIpednonrazaemcsa, wmo uzeecmmuvl ckasaprvie seausunos a = 0wy > 0.

Pacemompum 3axon ynpasaenus 6 eude:

3adaveli cunmesa cyoonmuUMasbLH020 GHUOMPONUTH020 PE2YAAMOPG OAA decKpun-
MOPHVLT CUCTNEM ABAAEMCA NOUCK MaKo2o 3axona ynpasaenua u(k) = Kx(k), npu

rOmopom 3amMKEHYmas CucCimema A6AACTMCA donycmumm’l U 8HIMONHEHO HEPABGEHCINBO

IPerll, < -
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3.2.2. CunTe3 cyObONTHMAJBHOIO aHU3OTPOIIUITHOIO yHpaBJIeHUs Ha OC-

HOoBe Pukkaru moaxoja

B nannOM pasjesne Oy/1yT pacCMOTPEHbI METO/Ibl CUHTE3a CyOOIITUMA/IbHBIX aHU-
30TPONUITHBIX PETYJISITOPOB, OCHOBaHHbIE HA PEIIeHN 0000IIEHHOr0 ajredpaniecko-
ro ypasuenusi Pukkaru. B niepBom ciiydae 1npejiosaraercest, UTo n3MepeHnio J0CTy-
IIeH BEKTOP COCTOSIHUS CUCTEMbBI, & BO BTOPOM CJIyUae MPEJIIOJIAraeTcs, YTo M3Mepe-

HUIO TaKyKe JOCTYIEH BEKTOP BO3MYIIEeHHii (yIpaB/ieHne o MoJHO nHMOpMAIUN ).

YipaBJjieHUE IO BEKTOPY COCTOSTHUS

PaccmorprM 3asiady yIpaBIeHns M0 COCTOSHUIO. ByaeM HCKATh 3aKOH yIpaB-
nenust B chopme ugp(k) = Fyx(k). Torna samknyras cucrema P5Y Gynem umern

BIJT

Ex(k+1) = (A+ B,F2)x(k) + Byw(k), (3.47)
z2(k) = (C+ D Fy)x(k) + Dyw(k). (3.48)

Bes cHukenus obmHocTn OyjeM ojiaraTh, 9TO HavabHblE YCIOBHS HA CHCTE-
me ([3.45)—(3.46]) yrosaersopsiior ypasuenuio Fx(0) = 0. Tpebyercst naiitin takoe
F5, pu KOTOPOM 3aMKHYTasl CHCTeMa, sBJIsIeTCsl JIONYCTUMOI, a ee aHn30TPONNHHAS

nopma || P5F |, orpanuuena unciom v > 0.

Teopema 3.3. /Jlas 3adarmozo yposus cpedueti anudomponuu 6To0H020 603MYue-

nwua A(W) = a > 0 u wucaa v > 0 samxnymas cucmema P5F

eti 6 npocmpancmee cocmosnut, onpedeasemoti evparcenuamu (3.47)—(3.48), a6-

C Peasu3alU-

agemces donycmumoti, a ee aHu30MpPONULHGA HOPMA 02PAHUYEHE YUCAOM 7Y, M.E.

12550, < 7, ecau cywecmeyrom maxas mampuya ® = ®T € R™" u norooicu-
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MEABHOE HUCA0 1) > Y2, KOMOpvle YO0BACMEOPAIOM CACOYIOUUM YCAOGUAM

ET®E >0, (3.49)

BT®B, + DD, — 21, <0, (3.50)

BT®B,+ DID, > 0, (3.51)

—$In(det((n — 7*)(nlm, — By B, — Dy D,)™)) > a, (3.52)
ET®E = AT®A + CTC—

—(AT®B + S)(B @B+ R)"Y(B ®A+ ST), (3.53)

2(965:[31” Bu],S:{CTDw CTDU},R: - -
D, D, D, D,

IIpu amom 3aK0H YnpasieHUus ONPeJessEMCA NO POPMYIE:

Fy=—(B'eéB, +D!D,)) (Bl ®A+ D} C). (3.54)

JokazareabcTBo. [loKa3aTesbCTBO TEOPEMBI COCTOUT 13 TPex sTanos. Ha nepsom
Tare HeoOXOINMO TT0Ka3aTh, ITO CHCTEMa, 3AMKHYTas 3aKOHOM yipas/ienns u(k) =
Fyx(k), sastercst jonyerumoit. Ha Bropom sTane jokazkem, uto P3E € Ho 7™,
Ha Tperpem stale jijisl 3aMKHYTOI CHCTEMBI IPIMEHIM YaCTOTHYIO TEOPEMY i
YCTAHOBUM BBITIOJIHEHNE €€ YCIOBHIl C YCIOBUAMHI HACTOSIIENH TE€OPEMBIL.

[lycts My = BE®B,+ D} D, —nl,,, . Tak kak 1o ycjiosusim Teopembl BL ® B, +
Dng —nyIml <0un>n~2 10 M <O0.

Bsenem obosnadenmst
M, =Br®B,+D!D, >0,
M; =BYeB,+DLD, —~%, <O,
N =B'®B,+D!D,,
Acl :A+BuF27 C(cl :C+DuF2

3aMeTnM TakKxKe, UTO MaTpUIA

o M, N
M=B ®B+R= < 0.
NT M,
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Bsesem BcrioMoraTesibHYIO IIepeMEHHY IO

F _
F=| '=-M'B oA+5") (3.55)
F

Bripaxkenne ((3.55)) moxkHO repenucarsb B (hopme
MF = —(B ®A+ 8ST).
CiiegoBaTesIbHO,
MFi+ NF, = —(BL®A+ D, C),

NYF| + MyF, = —(Bf®A + DI C).

Bes cHmrkenunst oOIIHOCTH BhIOEpEeM MaTpuIly F'i, YIOBIECTBOPSIONLYIO YCJIOBHUSIM:

MFy = 0,
N'F, = 0.
Torna
(A+ B,F»)'®B, + (C + D,)' D, = 0. (3.56)

Tak kak M < 0, To 0600IIeHHOe asirebpandeckoe ypaBHenne Pukkaru (3.53]) moxker

OBITDH IIE€pPEeIcaHo B cJiejlylomieii popMme:

T

. . C C
ETOFE = AT®A + . (3.57)
(—M)'?F (—M)'2F

Ypasrenne (3.57)) sxBuBajgenTHO 0600MIeHHOMY ypaBHenuio Jlsmynosa (1.44) ¢
C C

marputaymu F, Ay = A+ B, Fo u Q = > 0.
(_M)1/2F (_M)I/QF

Orkyma ciemyer, uro napa marput (E, Ay) gBiagercs momycTuMoii.

Terepn nokazkem, uro ||P3E||%, < . Pacemorpum ciiejtytornyio dbyHKIMIO

T (z(k)) = 2* (k)E*®Ex(k) > 0.
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Paccmorpum BeriomoraTe/ibHYI0 (DYyHKITHIO
H(x(k),w(k)) = T(x(k +1)) = T((k)) + [l2(k)|I* = nllw(k)|*.

3nech [|z(k)]|? = 2T (k)z(k). He cuuzkast 0GIIHOCTH, IPEJIIOJNOKIM TAKAKeE, YTO

W = {w(k)}rez € Ly. okaxkewm, ato H(z(k),w(k)) < 0:

H(x(k),w(k)) =2 (k+1)ET®Ex(k +1) — 2t (k)ET ®Ex(k)+
+[|Ca(k) + Dyw(k) + Dyu(F)[I* = nllw(k)[?. (3.58)

[Togacrasum Ex(k + 1) n3 Boipaxkenust (3.45)), mosmyamm
H(x(k),w(k)) = (Az(k) + Byw(k) + Byu(k))* ®(Az(k) + Byw(k) + Byu(k))—
— 2t (k)E' ®Ex(k) + ||Cz(k) + Dyw(k) + Dyu(k)||* — nllw(k)||*. (3.59)
YuaursiBast, aro u(k) = Fox(k), nmeem
(Az(k) + Byw(k) + B,Fox (k)T ®(Az(k) + Byw(k) + B, Fyx(k))—
— 2V (R)ET ®Ex(k) + ||Cx(k) + Dyw(k) + D Fox(k)||* — n|lw(k)|?. (3.60)

Brous obosnauenne © = (AT ®B, + C' D,)F;, nocieinee BbIpazkeHue MOXKHO 3a-

IINCaTb KaK

wh (k) Msw(k) + w' (k)(A+ B,Fy)' ®B, + (C 4+ D ) D) x(k)+
+ 2 (k) (A + B,F2)' ®B, + (C + D Fy)* Dy)w(k)+
+ 2 (k) (AT®A+ CTC — EYOFE + F MyFy + © + 01 )x(k) (3.61)

3 Boipazkennii ([3.54)), (3.56]) ¢ ygerom Toro, daro
AT®A+CYC - EYOFE = —F} My,
TOJTy JaeM

H(z(k),w(k)) = w" (k) Msw(k)—
— 227 (k)(AY®B, + CT*D,)M; (B ®A+ DI C))x(k) < 0. (3.62)
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[IpoBejist cymmupoBanue ciaraeMbix B Boipazkenuu jyist H (x(k), w(k)), onpenesen-

HBIM BbipazkerueM (|3.58)), ¢ k = 0 g0 k — 0o, mosrydnm

> H(a(k),w(k)) = T(z(c0)) — )+ D (l=())P = nllw(k)|?) <0

Tak Kak BaMKHyTas cucTeMa siBjsiercst yeroiumpoit, To T(z(00)) =
2t (0)ET®Ex(00) = 0, n mak xax Fz(0) = 0, nonysaem T(x(0)) =
2P (0)ET®Ex(0) = 0, Toraa

(0 ¢]
S U = allwk)?) < 0
k=0
", cjieJoBaTeJIbHO,
sup Sl

S Jw@E S

Tak kak samxnyTas cucrema Pf € H P*™ 1o s Hee MOMKHO HpHMe-

HITH aHN30TPONMIIHYIO YacTOTHYIO TeopeMy. BBejem obosnadenns 1 = ¢ © u

o = q_lﬁ. Tora 06001eHHOE anrebpandeckoe ypasaenne Puxkkaru ([2.46)—(2.48))
1utst 3aMkHyTOI cucrembl  ([3.47)—(3.48|) cosnasaer ¢ ypasuenunem (3.53)). Hepasen-
ctBO (3.52)) coBnasaer ¢ HepaseHcTBoM ([2.45]). Takum obpasom clripaBeJInBO Hepa-

sencrso || P, < 7, 4To 3aBepiiaeT J0Ka3aTEILCTEO TEOPEMbI. W

ameuanue 3.1. Paccmompum npedeavroiti caywati, npu xomopom a — +00. Ilpe-

00pa3yem GuIPaNHCEHUE 1) cADYIOWUM 00PaA30M.
— In (det(nln, — By, ®B, — Dy D,)™") = 2a+ mqiIn(n — +?). (3.63)

Tax xax nl,,, — BL®B, — DI D, < nl, , mo nepaserncmeo ([3.63) moorcem Goimo

nepenucano 6 eude
—In (det(n™'I,)) = 2a+ miln(n — 7*).

Omwxyda umeem
= 1 — e—2a/m1
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,}/2

T (3.64)

v <n <

B cayuae, ko2da a — 400 us yeaosus (3.64) noayuaem, wmo n — 2, nosmomy
nepaserncmeo (3.52) evinoansemesn ecezda u ne mpebyem nposepxu. Ilodcmasansn >
emecmo 1 6 ypasnenus (3.49)—(3.53)), noayuaem yeaosus das cunmesa cybonmu-

MaAvH020 Hoo ynpasaenua. Omryda caedyem, wmo hm 12550, = 1P | < 7

ITpumep 3.3. Paccmompum wucrennvili npumep. Ilycmou deckpunmopran cucmema

onpedessemcs credyowuMU NAPaMEMPAMU:

0.9 0 0.85 —0.3 —0.02
E = ) A — 9 Bw — 9
0 0 0.1 0.3 0
—0.1
B, = ,C = [ 0.35 0.09 ] ., D, =0.035 D, =0.1.
0

Jleexo eudemv, wmo panzosoe ycaosue evinoaneno, m.e. rank (E) =
rank | £ B, | = 1. Cucmema asasemea npuiuniot, no ne AGAAEMEA YCmotuueot
(p(E, A) = 1.0556).

Hatidem ynpasaerue no cocmosnuto u no noanot ukgopmauuu 6 sude ugp(k) =
Fyx(k) daa sadarnnoir snauenuts cpednets anuzomponuy 6x00H020 603MYUEHUA 4 U
ONA U3BECTHOTL BEAUMUNDL NOOABAEHUA Y, UCTOALIYA YCAOBUA D0KA3ANHOT BbLULE
meopemot. Peaysvmamo, curnmesa cybonmumasvbHulLT aHU30MPONUTHIE Pe2YAAMO-
PO, 4 MAKIAHCE AHANUS KAYECTNEA NOJABACHUA BHEULHUT B03MYWEHUT 6 3AMKHYMOT

cucmeme OAi PABAUNHHLE PEYAAMOPOs npusedenv, 6 mabauye (3.3,
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Tabnuna 3.2. Pesysnbrarhl cuaTe3a cyOboNTIMAIBLHOTO aHT30TPOINITHOTO

peryjidaropa 1pu II0JIHOM U3MEPEHUN COCTOAHUA IAJIs1 PA3JIMIHBIX ypOBHeﬁ Cpe,ZLHeﬁ

AHI30TPOIINN
a 0.2 0.5 0.8
o 0.050 0.055 0.060
125510, 0.0336 0.0422 0.0423
p(E, A+ B,F) 0.7611 0.7672 0.7631
V2 0.0025 0.0030 0.0036
n 0.0042 0.0038 0.0041
o 1.0468 0.7327 1.0531 0.7372 1.0489 0.7342
0.7327 0.5129 0.7372 0.5160 0.7342 0.5139
F 2.3498; -0.9] 2.2956; -0.9] 2.3319; -0.9]
. 0.8479 0 0.8530 0 0.8496 0
0 0 0 0 0 0
M, 0.0205 0.0205 0.0205
Ms —8.5629 - 10~* —0.0014 —0.0020
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3.2.3. CunTe3 cyObONTUMAJBHOIO aHU3OTPOIIUITHOIO yHpaBJIeHUs Ha OC-

HOBe BbIHYKJIOﬁ OIITMMU3alInn

B naHHOM pa3zjiesie npejcTaBUM pelieHne cyOonTUMaJIbHON 3a1a9i aHU30TPO-
MUIHOTO YIIPaBJIeHNs ¢ UCIOJb30BAHMEM CTPOIMX MaTPUYHBIX HEpaBEHCTB. DyjieMm

paccMaTpuBaTh 3aJady CyOOITHMAJIbHOIO aHU30TPOIMITHONO yIIpaBIeHUs JIJIsI CHU-

crembl ([3.45)-(3.46) ¢ D, = 0.

PaccMoTpM 3aKOH ylpaBJieHHs B BUJIE
u = Fhx(k).
Torja BbIpazKkeHns [ist 3aMKHYTOI CHCTEMBI 3aIUIIYTCs KAk

Ex(k+1) = (A+ B,Fy)z(k) + Byw(k), (3.65)
z2(k) = Czx(k)+ Dyw(k) (3.66)

YUuTBIBasT MPEJIITONI0KEHNE O TOM, UTO cucteMa ((3.45)) siBIIsieTcst pery/istpHoii, MbI

MOKEeM HaMTH JIBe HEBBIpOXKJIeHHBbIe Marpulibl W n V| KoTropble peodpasyoT uc-

xojuyto cucremy (3.45)—(3.46) k skBuBasentroit hopme ([1.13))—(1.15)). Huxke Oymem

HCII0JIb30BATh CJIeIyIoNine 0003HAYEHNSI:
Ey=WEV, Ay = WAV, Byg = WBy, Bya=WB,, Cqy=CV, Dyg = D,.

st Toro, 9ToObI HAWTU CYyOONITUMAJILHBIN PEry/IsaTOpP METOJIAMU BBIITYKJION OIl-
TUMM3AIUN, I/ 3aMKHYTOI CUCTEMBI — HEOOXOMMO MPUMEHUTH TeO-
pemy 1 BBIPA3UTh U3 MepeMeHHbIX MaTpuily Fb. Tak Kak HemocpecTBEHHOE
IIpUMeHeHNe TeopeMbl [2.0] IPUBOANT K HEJIMHENHBIM BBIITYKJ/IBIM OIPDAHUIEHUSAM, TO

MOJIYIUTh PETYJISATOP C HOMOIIBIO aJTOPUTMOB HE TOJYUUTCA. ITOOBI 000MTH 3TOT

HEJIOCTATOK, PACCMOTPUM CHCTEMY, JBoiicTBeHHYIO K ([3.65))—(3.66|), KoTOpas Oyer

nMeeT CJICIYIONIYIO peaJm3aliio B IIPOCTPAHCTBE COCTOAHMIL:
E'2(k+1) = (A+ B,F) 2/ (k) + CTw'(k), (3.67)
(k) = BLa'(k)+ DLw'(k), (3.68)
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CitestyeT oTMeTUTh, 9TO JiJist Ho U Hoo HOPM B JIMHEHHBIX CHCTEMAX BBIIOJIHSIETCS
yCJI0BUE JIBOMCTBEHHOCTH, T.€. Ho M H oo HOPMBI UCXOJIHOIN 1 JIBONCTBEHHON CHCTEM
coBIaaior. K corkajgeHnio, aHn30TpONitHAS HOPpMa IOJ00HBIM CBOCTBOM He 00J1a-
JlaeT, OJIHAKO B CJlydae Korja mi < p, TpeDOBaHUs, IPeIbsiBseMble K BeJIUINHE
AQHI30TPOINIHON HOPMbBI NCXO/IHOM 3aMKHYTOI CHCTEMbI, MOT'YT OBbIThH BBIIIOJIHEHbBI
JJId CUCTEMDbI, JIBOMCTBEHHON K HEil.

Takas BO3MOXKHOCTH COTJIACYeTCS ¢ ACUMIITOTUYECKUM IOBEJIEHUEM aHU30TPO-

nmitHoit Hopmer [279):

1 IPlls 1
P = ——||P I1+4/a —— | +o(va) |, 3.69
IPL,.., = =Pl Pl D) eova]. oo
1 2
IP1. = [Plloc {1 = gexp | ———(a+J+0o(1)) | ), (3.70)
1
rae J = —+ [7 Indet ( — ||P||:2P* (w)P(w )) dw — SHTPONUFIHDIH HHTErPAJL.

I3 Beipazkenwuii (3.69) u (3.70) ciemyer, aro ipu my < p clipaBe/InBO HEPABEH-

ctBo || Pall, < P all, xax mpu @ — +0, tak u npu a — +o00. Kpome Toro, ncxo-
Jisl U3 Bujia Irpaduka aHU30TPOIUIHON HOPMbI CUCTEMbI B 3aBUCUMOCTH OT yYPOBHS
cpejiHeil aHu30TPOIINN BXOJIHOIO BO3MYIIEHAA U HA& OCHOBE PsAJIa BHIYUCIUTEIBHBIX
9KCIIEPUMEHTOB, MOKHO BbBIJIBUHYTL I'MIIOTE3y O TOM, YTO B3aUMHOE PACIIOJIOZKEeHUE
AHU30TPOIUITHBIX HOPM COIPSAKEHHBIX CUCTEM B CJIyvae mj; < p COXpaHdeTcd Ha
BeeM unHTepBase a € [0; 400).

OTmeTHM, 9TO ecji p = mq, aHU30TPOINIHbIE HOPMBbI JIBOHCTBEHHOI 1 MCXO/IHOI

cucrem pasubl, T.e. |Pall, = P all,

Teopema 3.4. Paccmompum  cucmemy  (3.45)—(3.46). Ipednorosrcum, wmo
rank (ET) = rank {ET CT} u my < p. Jaa zadannvir wucaa vy > 0w
YposHa cpednets anu3omponuy, To0HoT 603mywarowet nociedosamenvrocmu W
A(W) = a > 0 samrnyman cucmema P3E aeasemea donycmumoti, a ee anu-
30m 1 0 Pt 10
ponutinas nopma ydosaemsopsaem nepasencmey || P77, < v, ecau natdymes

maxue mampuyn, L € R L > 0, Q € R, R € R0 G ¢ R=)x(n-r)
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Z € R™m2 I € R™MX™M g vqucao 1 > 2, 048 KOMOPHIT cnpaceoiueb HEPAGencmea

An A'er Agl A4T1 0
A1 Ay Ag, Aoy A,
A31 A32 —n[p A31 A5T3 < 0, (371)
Ap Ag Ay —(Q@+QY) 0
0 A52 A53 0 _Iml
n— (e det(1))? < A2, (3.72)
v —nl,+C,0CT DT
T T RaBe Pl | (3.73)
Dwd _Iml
2de
1 1
A = —§Q — gQT, Aoy = AlT + Bzt QF,

1
Ay = G An=L-Q--Q",

Nyy = TIAY + AJIY +®ZBL + B, ZT ' — 0,
Asy = Bl Ass= DL, Agp = CyIl*.

wd> wd?

Ocmanvrvie 0003HaeHUA ONPEJEAAIOMEA NO HOPMYAAM

Lo 0 0 0 0
o-— T = D= ,Q:{]T()],F:[Q R}.
0 0 0 S 0 I,

Tozda donycmumwiti pe2yaamop 6 opme cmamuneckots 0opammoti c8A3U NoO cOCMO-
AHUN MOdHCEM Obimb Hatiden no dopmyae:

QT 0 |-

=277 v (3.74)
_SfT RT Q—T SfT

okazaTeabcTBO. [lokaxkeM, 9TO perysaTop, KOTOPHIi pertaeT MocTaB/IeHHyIo 3a-
Jlaqy cyOOTUMAILHOTO aHU30TPOIMITHOTO YIIPABJIEHN JI/Isi CUCTEMBI BO BTOPOIT 9K-
BUBaJIEHTHOI (popMe, TaKzKe pelraeTr 3Ty 3a1a49y JIJId UCXOIHOM CUCTeMBbI. Y YUThIBast

CBOICTBO MHBAPUAHTHOCTHU IIePeIaTOUYHON (DYHKIMN OTHOCUTEIBHO IIPeodpa30BaHust
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KOOP/IMHAT, UMeeM

Pi(z) = CVV ' (2E — A— B,Fy) "' W'WB,, + D,, =
— CV(zWEV — WAV — WB,FEV) 'WB, + D, =
= Od(ZEd — Ad - BudFd)_led + Dwd7

~

rine Fy; = V.

[Ipenmonoxkum, 9T0 HEPABEHCTBA — crpaBeUIUBBI. Torja n3 6Ji0Ka
(1,1) B steBoit wactu HepasencTsa ([3.71)) ciemyer, uro matpuria () sB/sgeTCS 0OPATH-
Moit. Takzke HpeaooKM, 4To MaTpuIa S siBJIsSIeTCsI HeBBIPOXKIeHHOI. e 910
HE BBIIOJIHEHO, TO BCerjia MOXKHO Hafitum Takoe wmcsio € € (0; 1), 9ro HepaseH-
crso (3.71)) Bemonneno g marpuisl S = S 4 €l,_,. Taxum 06pasoM, MBI MOKEM

ICIIOJIB30BaTh MaTpuily S BMecTO S. 3aMeHssl epeMeHHyo Z Ha BBeJIeHHOe 060-
3HAYEHIe Fl B (3.71), nomyuaem ycjoBust aHu30TpONUITHON YaCTOTHOI

TEOPEMBI [Tl CHCcTeMbl, JBoiicTBernoit K (13.45))—(3.46)). Takmm obpazom, coracto
AHN30TPOIUITHON YacTOTHON TeopeMe, 3aMmKiyTas cucrema (3.47)(3.48)) sBiserca
JIOTIYCTUMOI, a ee aHN30TPONUiiHag HOPMa OIPAHNTICHA THCIOM 7.

Ecian 3amada ynpapjeHusl paspeiinMa, TO YCIOBHUS TeOPEMbI BBIIIOJTHEHEI

muist cucteMbl  (3.45)—(3.46]). DT yenoBus Takyke crpaBeIUBLL I ABOWCTBEHHOI

R
cucreMbl. Vcrosb3yst JIMHEIHYI0 3aMeHy IIepeMEHHbIX © FdT = /Z, U3 KO-
0 S
- 0 0 - 0 0
TOpOIt cjejlyeT, ITo [Q R } F; = [[r 0 ] Z n F; = Z,
0 S 0 I,

oJIydaeM HepaBeHCTBO (3.71).
Panee ObLI0 MOKa3aHO, YTO MATPUILI () 1 S ABJIAIOTCH 00paTUMbIMU. Takmm
obpa3oM, crarndeckast odpaTHasi CBsI3b [y JJist 3aMKHYTOI CHCTEMbI, 3alllCaHHOI BO

BTOPOI1 9KBUBAJIEHTHOH (pOpPME OIIpeIeIsieTCsl BhIPasKeHIeM

Q" 0

F, =277
_S—T RT Q_T S—T
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[Tyrem obparHOii 3aMeHbI IepeMeHHBIX ToJrydaeM Fy st cucrembr (3.47)—(3.48) B
dope (7). m

Sameuanue 3.2. /A noucka MUHUMAALHO20 3HAYEHUA Y HEODTOOUMO DEWUMD
CACOYIOWYI0 ONMUMUSGUUOHHYIO NPodaemy. Heobxodumo natimu & = miné nua

mnoorcecmee nepemennvix {L, Q, R, S, Z, W, n, £}, ydosaemeoparowux cucmeme

nepasencmes  (3.71)—(3.73)). 3decw & = 2.

[IponmmocrpupyeM 3PEeKTUBHOCTH METO/Ia Ha YUCJICHHOM IIPUMeEpE.

IIpumep 3.4. [lycmv napamempvt cucmemovs PasHL.

[ 03 05 01 0 05 | [ 0.3 05001 0.1002 0.0005 0.5006
0.7 0.8 3.3 0 0.6 0.7 0.7941 3.2909 0.0006 0.6002
E=106 08 03008, A=]06 0.8 0.2999 0.0008 0.8004 |,
0.7 05 09 0 1 0.7 0.4989 0.8978 0.001 1.0003
0.6 0.7 0.3 0 0.4 0.6 0.7 0.2998 0.0004 0.4013
[ 0.0003 —0.0002 | [ 01 —0125 |
~0.0058  0.0019 0.2333 0.2
Bi=| 0.0002 —0.0013 |, By=10" 0.2 0.2 |,
~0.0013 —0.0015 0.2333  0.125
0.0001  0.0017 0.2 0.175
_ 11000,1)1: 0.1 0.2
02000 0.1 0.3

Cucmema ne asasemca npusunnot (degdet(zE—A) = 3, rank (E) = 4), a maxorce
ne asasemes yemotuusol (p(E, A) = 1.000). Pesyavmamor cunmesa ynpasieHus

npedcmasaensv. 6 mabauye [3.5

126



Tabnuna 3.3. PesynbraThl cuaTe3a yIpaB/ieHus JIsd Pa3HbIX YPOBHEH aHN30TPOINN

a 0 0.1 0.2 0.5
125510, 0.2739 | 0.3266 | 0.3430 | 0.3662
p(E, A+ ByFy) | 0.9999 | 0.9998 | 0.9998 | 0.9998

a 0.7 1 2 45
1PSE]. 0.3711 | 0.3796 | 0.3855 | 0.3866
p(E,A+ ByF;) | 0.9998 | 0.9998 | 0.9998 | 0.9998

3.2.4. CwuHTE3 MOAAJILHOIO yIPaBJIEHNHd C aHU30TPONUITHBIM KPUTEePUeM

Ka4decTBa

3ajiava MOJIAJIbHOIO yIIpaB/IeHUs JIJIsi JeCKPUIITOPHBIX CUCTEM pellaJjach B pas-
mraabix padorax  [121], 143], 242]. Samanue obmactu pacmosioxKeHsi KOHETHBIX T10-
JIIOCOB JIMHEIHON CHCTeMbl — 3TO U3BECTHAS TEXHUKA JJIsI IOJIyYeHHs »KeJaeMOTo
BIJIa IIEPEXOJHBIX MPOIEccOB. MeTonbl BBIIYK/ION ONTUMHU3AINN [TO3BOJISIIOT C OJI-
HOII CTOPOHBI 33JaTh KeJaeMylo 00JIaCTh PACIIOIOKEHUs] KOHEUHBIX II0JIFOCOB Jle-
CKPUIITOPHOI CHCTEMBI, & C JPYIroii CTOPOHBI — IIO3BOJISIIOT HAJIaraTh JOIOJIHUTE b
Hble KpUTepun Ha cucreMmy. Himrke paccMOTpuM OJHY U3 TakKuX 3aJad — 3ajady
AQHI30TPOINIHOIO CyOOIITUMAIBHOIO YIIPABJIEHHUSI 110 COCTOSIHUIO C 3aJaHHOi 0bJIa-
CTBIO PACIIOJIOYKEHIS KOHEUHBIX ITOJIFOCOB 3aMKHYTOI crucreMmbl. Brime HaMn ObLIO
PACCMOTPEHO MOHATHE D —JIOIMYCTUMOCTHU JIECKPUIITOPHOI crucTeMbl. PaccMoTprm Te-
1Iepb IIOCTAHOBKY 3aJIa9i MOJIAJbHOIO YIIPABJIEHUS ¢ aHIN30TPOINIHBIM KPUTEPUEM

KadeCTBa.

Bamaua 3.5. Jaa cucmemor  (3.45)—(3.46) w sadannwxr wucen a = 0 u -y > 0

mpebyemca Hatmu 3aKoH YnpasieHus 6 6ude cmamuveckotl oopammol ceA3U No

COCTMOAHUNO

u(k) = For(k), (3.75)
npu xKomopom 3aMrHYmMmaa CucCmema
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1. asasemca D —donycmumoti;

2. ee aHU30MPONUTINAA HOPMA OAA 360AHH020 A HE NPEBOCTOIUM GEAUNUHDL 7Y,

m.e.
I Perlle <,
2de Py(z) = C(2zE — A — B,F>)"'B, + D, — nepedamounas dynxyus 3a-

JVLKIHyWOﬁ CUCMmMemMDL.

Teopema 3.5. IIpednoroscum, wmo
rank £ = rank[E B,y |-

ITycmv obaacmsv D — duck ¢ yenmpom 6 Hauase KoopoOUHam KOMNAEKCHOT NA0C-
Kocms ¢ paduycom 0 < w < 1. Jlaa 3adannvxr wucea v > 0, 0 < w <1 ua >0
pasomknyman cucmema  ([3.45)—([3.46) npu u(k) = 0 asasemes D -donyemumot
c 000OULEHHDIM CNEKMPANLHUM PAOUYCOM W, G €€ AHUSOMPONUTHAA HOPMG 02D0-
nuvena ceepry wucaom vy, m.e. ||P|l, < v, ecau cywecmsyrom maxue mampuiy
LeR™ L[ >0 Q¢cR>, RecR>*nn g¢gRO-xnr) x_ xT c Rrn

X >0 wu CKANAPHAA NEPEMEHHAA T] > ’}/2, d/Lﬂ rOMopPwvLT 6bINOAHAIOTCA HEPABEHCTNEA
n— (e det(nln, — BY©Byq — DY Dya))V/™ < 42, (3.76)

&, TA; TBu oT, 0
ATTT &y IIB,y AT 9l

BITT BT OT 421, BLIT &L | <0, (3.77)
Dy Ay TBue -Q-QF 0
0 By s 0o I
—w2X 0 Ad
+ He au | <o, (3.78)
0 X —FEy

ede
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Py =—3Q — 3Q7, Py =114, + AJIIT — 0,
Dy =L—Q—3Q", O5p = Ca+ aCyllA,,
P53 = Dyg + aCyllB,q,

L 0 00

O = , 11 = '=1Q R,
00 0 S { ]
T
0
a—|¢ (3.79)
RT ST
Uu
0 0 I, 0
U= . (3.80)
0 Iy 00

Crarsaprouti napamemp o > 0 npednoaazaemcs docmamoyumo 60AbULUM.

HokazaTeabcTBo. JloKazarebcTBO OrpaHMYEHHOCTH AHU30TPONUIHON HOPMBI
HalpsiMyto cjiejyer u3 teopembl 2.5 Ham HeoOXoquMo j10Ka3aTh, 4TO HEPABEH-
ctBO (|3.78)) rapanTupyer HaxoXKIeHHE KOHEUHBIX IOJIOCOB PA30MKHYTOH CHCTEMBI
BHYTPH D —00J1aCTH, OIPeIe/IAeMOil pajnycoM w.

[Ipesnonoxnm, uto pasomknyras cucrema (3.45)—(3.46) ¢ u(k) = 0 asnser-
¢ ®D—I0MYCTUMOI ¢ 00JIacThIo B, OlpeIesIsseMoil PaJInycoM w, TOrJa HepaBeHCTBO
(1.46)) sBnsteTcs cipaBe/IMBLIM JIJTs HEKOTOPOH MATDPHITLI X .

VMHOkKas cieBa u crpasa Buipakenne (1.46) na marpunst W n W' coorser-

CTBEHHO, II0JIyYaeM
— WWEXE™W' + WAXA™W' <o0. (3.81)

[IycTn X=VX VT . Takoe npejicraB/ieHne cjiejiaTh BO3SMOXKHO JIJIsT JIFOOOI HEBBI-
pozkieHHoiT MaTpuiel V. Ilyerh Takske MaTpuisl WV BBIOPaHbI TaKIM 00pa30M,
9TO TP YMHOMKEHHN cjieBa n cipasa  (3.45) ma W n V COOTBETCTBCHHO, CHCTe-
Ma Ipeobpa3yeTrcss Ko BTOpoil SKkBuBaJjeHTHON dopMme. [IprmHUMas 570 BO BHUMAaHUE,

HepaBeHcTBO ([3.81]) MOXKHO TepernucarTsb B BU/Ie

—WEXE] + AiX A} <. (3.82)
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Bamerum Takxke, 9o napa (K, A) ssisiercs jgomycrumoit. OTkyma ciaeayer 00-

paTuMOoCTh MaTpuIlbl Ag. Benem obosnadenns:

W I, —ApAy) 5 I, 0
0 In—r _A2_21A21 A2_21

[IpejicTaBuM HOBYIO MAaTPUILY X =WXV' u YMHOKIM CJIeBa 1 CIIpaBa Bblpa-
wenne (3.82) na marpunpr W n V cOOTBeTCTBeHHO. B pesysbraTe IOIyHaeM, 9To
I, 0 I, 0 A 0 | ~| AT o

+ X <0,  (3.83)
0 0 I, 0 I,
Iie A = All — A12A2_21A21.
~ X1 X

[IycTts MmaTpuna X pasjesena Ha Ooku X = |
X5 Xo

3 mepasencrsa (3.83)) ciaegayer, 1To X1 > 0. Tornma wepasercTso (3.83)) crpa-

,rae X1 € R™ T,

BEJJINBO, €CJIN

— WX + AX AT < 0, (3.84)
Xy < 0. (3.85)

OcranosnMcst oapoduee Ha HepasercTse ([3.84)). OHO ABJIsIETCS CTPOTUM, HOITO-

My cymiecTByeT JOCTaTOYHO MaJIbIil CKaJIAD W, AJIdd KOTOPOIr'o CIIpaBeIaJINBO
— QJZ)?H + 2{\)/(\'1121\11 + ,uwQAuAlTQ < 0. (386)

Brenem ciepyioniye MaTpPUILhL:

B T
0O 0 I.0
y — ’
0 I,— 0 O
N I A
AL I, 0 0
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MozkHo mpoBepuTh, YTO

- T
I, 00 O
Ny = ,
0 00 I,-,
- R T
I, —Ap A 0
Nz =
0 0 0 I,_,

ompejieistior daszucol siyiep marpui; ) u Z coorBercrserno. C yuerom (3.86)) crpa-

BeJIJINBbLI CJIeJIyIONINe HePaBEHCTBA:

NyT./V‘; < 0,

(3.87)
NZT TNZ < 0,

e
| —wz)?n —uw?A 0 0 ]
—pw? ALy —pwl, . 0 0

0 0  Xu 0

0 0 0 —ul,,

CorytacHo jlemme o nipoektun [254], cymiecTByer Takast Marpuiia G, ijist KOTOPOIt

T+ He(Z'GY1) <0 (3.88)
i
—w? X1 0 0 0
0 —uw?l,_, 0 0
g - +
0 0 X1 0
0 0 0 —ul,_,
T 0 0 T
+He | 2 +G 1Y < 0. (3.89)
0 —uw?l,_,
Bsenem obo3nauenne
_ 0 0
— +g
0 —uw?l,_,
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X1 Xio —w2)/(\'11 0
X Xo 0 —pw? Iy

Torma nepaBencTBo ((3.89)) MOXKHO Hepenucarsb B BUJE:

—w?X 0
0 X

+Zteyt +yGz <. (3.90)

Hakonern, HeoOXouMo Ji0Ka3aTb, 4To Marpuia G siBjIseTcs HEBbIPOXKIEHHOIA.
Ecsin G BBIPOZKIEHA, TO CYIIECTBYET TAKOIl HEHYJIEBOH BEKTOD ¢ = [ c1 Co ] , JLJIsT
kotoporo Ge = 0. IIyctb ¢; € R”. Toria yMHOMKEHUE CJIeBa U CIIPaBa HEPABEHCTBA
(13.90) Ha [ 0 co ¢ 0 } 11 ero TPAHCIOHUPOBaHUE MaeT HaM —CoXooca +c1 X111 <
0, aTo mpoTuBopevnT ycjioBuAM X11 > 0 n Xog < 0.

Bribupas B kauectse G = G u (3.79) u nogcrassaa nx s (3.90), moayuaenm nepa-
sercrso (3.78). Bamerum rakKe, 4ro D—JOLYCTUMOCTb SIBJISACTCs 6OJICE CHIIBLHBIM
CBOIMCTBOM 110 OTHOIIEHUIO K OOBIMHOM JOIYCTUMOCTH. Y YUThIBasl, YTO HEPABEHCTBO
rapaHTHPyeT JOIMYCTUMOCTb CHCTEMBbI, BBIOOD repemenHoit B Buje (3.79)) He
nporusopednt (3.77). m

Bajgaua cuHTE3a pelniaeTcs Mojg00HO CTaHIapTHON 3aja4ue aHu30TPOIIITHOTO
yIIpaBJIeHUsI, pacCMOTPeHHO B TeopeMe [3.4] ¢ ncnosb3oBannem JiBOfICTBEHHON cu-

CTEMDI. CHpaBeﬂJH/IBa CJleAyromas TeopemMa.

Teopema 3.6. IIycmv obaacmsv D — Juck ¢ uenmpom 6 nauase KoopouHam Kom-
naekcHot naockocmov ¢ paduycom 0 < w < 1. Jlasa 3adannvir wucea v > 0,
0 <w<1wua>0 3adava PASPEUWAUMA, ECAU HATIOYMCA MaKue “ucaa 1n > v,
g1 >0, >0 umampuyn X = XT e R X >0,Q € R™*", R € R*(7),
S e Rmmxtn=n) [, ¢ R L > 0 u Z € R™™, daa xomopux cnpasediuso

6YINONHEHUE HEPABGEHCTNG

n— (e 2 det(nl, — C40CT — DyaDI NP < ~2, (3.91)

—w?X 0 A B,
+ He e+ | T 27 v <o, (3.92)

0 X —FE, 0



A Ay Ay Ady 0 |
Ao Mgy Agy Ay Ag
Mg A —nl,  As AL | <o, (3.93)
Ag Ay Ay —(@Q+QY) 0
0 Asz Ass 0 — I,

2de

A= —3Q —3Q7, Agy = ALY + By ZT Q7T
Ay =C I A =L—-Q—3Q",
Aoy =TIA; + AJIY + ®ZB;, + ByyZ' ® — 0O,

Agp = CylIT ) Ay = BT, As3 = D,
0 0 0o S 0 I,_,

0= [ o].r=[a #]

Mampuuve G u G onpedeasromes us ewpasicerud (3.79) w (3.80) coomeememeenno.

3axon ynpasierHUuA MOHCHO NOAYHUTD 6 sude:

Q" 0 -1

=2zt % (3.94)
—S_TRTQ_T S_T
HokazarenbcTBO. [IpencraBuM 3amMeny mepeMeHHBIX
R
< Fl =2 (3.95)
0 S
I3 Boipazkenus (13.95)) ciemyer, aro
T 0 0 T 0 0
[Q R}Fd:[[TO}ZM F = 7
0S5 0 L,

YauTbiBas JMHEHHYIO 3aMeHy nepeMeHHbIX (13.95]) u moucraBiss ee B HEpaBeH-

crBo ([3.78)), mosyuaem (3.92)) misg 3amkuyToil cucremsr (3.67)—(3.68]). Anasormano,
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nozicranoska (3.95) B (3.77) maer mam 6sokn A9 m Agg B Hepasencrse (3.93)), koro-

pbIe COBNAIAIOT C YCJOBUSIMU T€OPeMBI (3. 5| /u1st pasoMkHyToi cucremsbt ((3.67)—(3.68)).
Takum obpasowm, coractuo reopeme [3.5, samkuyras cucrema (3.45)—(3.46) sasisercs

®)—IOIIyCTUMOI1, a ee aHM30TPONHUiiHas HOPMa, JI/I 33 IaHHOI0 @ OTPAHIMYEHA CBEPXY

YUCJIOM 7.
Kpowme Toro u3 Boinosinennst nepapenctsa (13.93)) ciie/ryer 00paTuMoCTh MATPUIIHI
(). Obparumocts MaTpuiibl S rapanTupyercst BeimosHerueM ((3.92). Taknum obpaszowm,

K03 dunneHTs! peryasitopa Fy onpenensiores 1mo gpopmylie

Q' 0

F, =277
_S—T RT Q_T S—T

Bamerum, uro Fy = F»V . VI3 110C/e1Hero ypaBHeHHs CJIe/IyeT, 9To Fy olpejiessieTcs
s dopyie (507). m

ITpumep 3.5. I[lycmov deckpunmophas cucmema umeem cAedyouue napamempol.

3 0 2 =5 4.7 —=3.25 —-0.7 0
o 3 -2 2 0.8 04 —64 26
E = ) A= ’
2 2 0 =2 1 —-19 -54 24
2 —4 4 —6 —06 —-27 54 -28
0 3.2 —3.5
0 2.5 —=7.9
BZ_ 731: ) C: 110—1i|7D1:|:12 ]_3j|
1 3.8 —7.6
1 —1.2 8.2

Cucmema, paccmampueaemas 6 NPUMepe, ABAACMCA NPUYUHHOU, HO HE ABAA-
emca yemotinueol. Koneunvie cobcmeenmbie 3HANeHUA CUCMemMvl, PasHbvl {1, Ao} =
{1.2523; 0.5994}.

B kauecmese ueau paccmompum cunmes Jonycmumozo peyssmopa 6 popme
cmamuveckot 06pammoti C6A3U MO COCTOAHUIO, MUHUMUSUPYIOULL20 NAPAMEM]D 7Y

ONA 3AMEHYMOT CUCTNEMDL ONA BHEWHE20 BO3MYULANULE20 B030ETLCMBUA C YPOBHEM
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cpedreti anudomponuu a = 0.2, npu KOmopom 6ce KoHeuHve COOCMBEHHDBIE 3HAYE-
HUA 3aMKEHYMOUT cucmems, bydym aedcamov enympu kpyea paduyca w = 0.5.

Hapamempn, uckomoz20 pe2ysamopa pasHbl

i = | 2193 3.4906 ~3.8471 23006 | .

Jlezxo nposepumos, wmo 3aMKHYMaAA CUCTNEME ABAAECMNCA JONYCMUMOT, O ee KO-

HeYuHbe COBCTMEEHHDIE 3HAYCHUA PacHbL
AW A = {—0.4744;  0.4997}.
IIpu amom aruzomponuiinas HOpMa 3aMKEHYMOT CUCTEMYL PAGHE
IE51, = 4.4558.

Pewenue zadavwu MUHUMUSAUUU APAMEmMpa ~y oAs SCLM%HymOﬁ CUCTNEMDL NPU
ynpasaAeHUU 10 COCTMOAHUIO bes OZPGHu%eHUﬁ pacnososHcenue KOHEYHHLL NOAI0CO6

3aAMKHYMOT cucmemuv, daem caedyrouutl pe3yibmam:
P = [ —6.2855 5.7999 12.8111 —6.0253 } .
Hpu IAMOM KOHEUYHDBLE TLOAMOCDHL SCLJ\/L?{;HymOﬁ CUCTMEMDL PABH DL
AP APY = {0.1443;  0.6134],
a ClHUSOmpOnUﬁ/HCZﬂ HOpMa SCLM%’HymOf/: CUCTNEMDBL
1P, = 4.1198.

Pewenue sadavu cunmesa &onycmumoeo MOJaANbHO20 pe2yaAamopa be3 aHu30-

mponutinozo xKpumepus daem caedyrouyue napamempo, pezyaamopa [242]
Y = [ _3.0863 4.6807 —1.8345 1.2492 ] .
KOH@”{/'H?)LG oA CDHL 3@M7€Hym0ﬁ cucmemmsl pa@HﬁL

AP = {0.0001;  0.4532},
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a4 BEAUMUHA GHUSOMPONUTHOT HOPMDL DAGHA
3
1P, = 4.9568.

Taxum 0bpaszom, NOAYUEHHDBLE YCAOBUSA NO3BOALIOM 0OHOBDEMENHO IPHEKMUBHO
YNPasAAML OblCMPodeticmeuem 3aMEHymot Cucmems, U 00ECnevusamy HYHCHbLT
3anac Ycmotiuusocmiu ¢ HaUAYYUWUM NOJABAECHUEM BHEUHUT BOZMYULEHUT 8 CMBLCAE

AGHUZOMPONUTHOUT HOPMDL.

BorancmnTe/ibHbIIT TPUMeEp MOKA3bIBAET, UYTO UCIOJIb30BAHUE OJHOTO U3 KpUTe-
pueB — MHUHUMHN3alUs aHU30TPOINIHON HOPMBI 3aMKHYTOIl CUCTEMBbl WMJIM CUHTE3
MOJIAJILHOTO YITPABJIEHUS — MOYKET He YJIOBJIETBOPATH TPeOOBAHUAM PaspadoTIrKa
cucTeMbl yrpajienud. [Ipnmenenne obonx KpuTepmeB MOYKET CYIIECTBEHHO YJIyd-
IIUTH YYBCTBUTEJILHOCTL CUCTEMBI K BHEIIHUM BO3MYIIAIOIINM BO3ICUCTBUAM IIPU

3aJIaHHOM OBICTPOJIECTBUHN U 3allace yCTONIMBOCTH.
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BriBoabl K ri1aBe 3

B nanHOi TyiaBe OBLIM MOCTABIEHBI U PEIIeHBI 38/la4l ONTUMAJIbHOIO U CyOOIl-
TUMAaJIbHOI'O aHU30TPOIMITHOIO YIPABICHUS JIJId JIECCKPUIITOPHBIX CUCTEM C TOYHO
U3BECTHBIMU ITapaMeTrpaMu. B ciydyae onTuMabHOIO yIIpaB/eHUs pelleHbl 3aa49u
IIPU [IOJTHOM ¥ HEIIOJIHOM U3MEPEHUN BEKTOPa COCTOsiHMA. B 0boux ciiydasx perieHne
COCTOUT B ITOUCKE IapaMeTpoB HaUXYJIero popMUPYIOIEro huibrpa u mpeodpa-
30BaHUsI 3aJ1a91 CUHTE3a aHIM30TPOIUITHOrO PEryJjsiTopa K B3BEHICHHON Ho 3ajade
ONTUMAJILHOTO yIIpaB/eHusi. B oT/imdaune or 3aj1a49u aHam3a, pacCMOTPEHHON B IJ1aBe
2, 3ajlaUa CHHTE3a He MOYKeT ObITh TPUBHUAJIBLHBIM 00PA30M CBEJIeHA K aHAJIOTUIHOM
3aJlave JIJIs 9KBUBAJICHTHONH OOBIKHOBEHHOI cucTeMbl. B ciiydae yrpas/eHus 1o co-
CTOSHHIO, ONTHUMAJIbHbBI AHU30TPOINIHBIA PEryjsiTop MOXKeT ObITh BBIYHC/IEH U3
pelieHnsl CBsA3aHHBIX MEXKJIy CO0OI JIByX OOODINEHHBIX ajaredpandeckKux ypaBHEHUIT
Pukkaru, ogHOro 00OOIEHHOrO ypaBHEHUs JIAIyHOBa M HEJIMHEITHOrO ypaBHEHUSI
OTHOCUTEJILHO JioraprdMa JIeTepMUHAHTA, TOJI0KUTEIHLHO OIPeIeJIeHHON MaTPHUILhL.
B ciydae ke yipaB/ieHusl 110 BBIXOJIHOI IepeMeHHO# HeoOXOIMMO ITPOBECTH Kay3ar-
JIM3AIUAI0 UCXO/IHON NeCKPUITOPHON CUCTEMDI.

K coxkajieHuno, onck onTUMAaJIbHBIX aHI30TPOINIHBIX PErYJIATOPOB IPUBOIUT K
HEOOXOIMMOCTHU pellaTh CUCTeMbl MaTPUYHBIX HEJIMHEHHBIX ypaBHeHuil. B gacTHo-
CTH, B 3aja4e CHHTE3a ONTUMAJILHOTO aHU30TPOIUIHOIO PErY/IsITOPa 10 COCTOSHUIO
BO3HUKAET HEOOXOIMMOCTh peliaTh 00OOIIEHHBIE ajredpandecKue ypaBHeHns Puk-
KaTu. B HacTosiee BpeMst YuC/IeHHbIE METO/Ibl PelleHusI 0000IIEHHBIX ajredpamnye-
cKux ypaBHennii Pukkaru passuthl mioxo. [loctanoBka u pereHne cyoOnTHMAIb-
HBIX 33J1a49 SABJISIOTCS 00JIee TPUB/IEKATEILHBIMU C TOUKN 3PEHUS TOMCKA IHCJIEHHBIX
pelleHnii, IMOCKOJIbKY MCIOJIb3YIOTCS XOPOIIO Pa3BUThIe B HACTOSIIINI MOMEHT MeTO-
JIbl BBIIYKJION onTuMusaiuu. B jpaHHOM ciydae ObLIM IOJIYYeHBI pelleHusi cyOoIl-
TUMaJIbHBIX 3a/1a4 yIIpaB/IeHUs IIPU IIOJTHOM U3MEPEHUN BEKTOpa COCTOsIHMA. Takoe
OrpaHIYeHNe CBA3aHO ¢ HEBO3MOYKHOCTHIO IOCTPOUTH CTPOr0 HEYIPErK A0l pe-

T'YJIATOP IO BBIXO/Y JIfA ,ZLI/ICerTHOfI ﬂeCKpI/IHTOpHOﬁ crucTeMbl. BbLin 1mocraB/IeHbI
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U pelleHbl KaK aHU30TPOIHiiHas cybonTuMa/ibHasl 3a/ia4a, TaK U 3ajada ¢ OrpaHu-
YeHUEeM Ha PaCIOJIOXKEHUe KOHEUHBIX COOCTBEHHBIX 3HAUEHHI 3aMKHYTOIl CHCTEMBI.
B oboux ciaydagx ObLIN HOJYYEHBI CTPOIUE BBITYKJIbIC YCIOBHUA, KOTOPHIE JIETKO aJI-

FOPUTMUIYIOTCA U ABJIAIOTCA BbIYUCJINTEJILHO SCb(beKTMBHbIMH.
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I'maBa 4. AHmM30TpONuMiiHBIN aHAJJN3 U CUHTE3 aHU-
30TPONMNIMHBIX PErYJIITOPOB JJId IIapaMeT-
pUYeCKn HeonpedesIeHHbIX JeCKPUITOP-

HbIX CHUCTEM

ntepec B wucciejoBaHnu pobacTHON yCTOMYMBOCTM U CHHTE3a POOACTHOIO
yIIpaBJieHus JIECKPUIITOPHBIMU CUCTEMaMU C [apaMeTPUYECKUMU Heollpeje/IeHHO-
CTSIMU TIOSIBUJICSI B TIOCJIEJIHUE T'OJIbl. DTO CBS3aHO C TEM, UTO HEOIPEJIeTCHHOCTH
BCerja MpUCYTCTBYIOT B PeAJIbHbIX CUCTEMAaX, YTO IPUBOJUT K CHUZKEHUIO KauyeCTBa
yIpaBJeHUs U JlazKe [0Tepe YCTOMYNBOCTHU B TeX CJIydasiX, KOrjla 3aKOH YIIPaBJIeHUsI
He YIUTBHIBAET BJINIHNE BOZMOXKHBIX Heolpeaeennocteil. B macrosimeit ryiase OyayT
pPACCMOTPEHBI 3a/1a91 POOACTHOTO aHAIN3a W CHHTE3a POOACTHLIX 3aKOHOB YIIpaBJie-

HuA OJ1gd JECKPUIITOPHBIX CUCTEM C aHI/IBOTpOHI/IfIHbIM beHKLH/IOHa.HOM Ka4decTBa.

4.1. OOmnias MmocTaHOBKA 33aJaYM aAHAJIN3A W YIIPABJIEHUS

[IycTs neckpunTophas cucTeMa 3aJaHa B IPOCTPAHCTBE COCTOTHUIN B CJIEIYIOIIEM

BUJIE:

FEx(k+1) = Aax(k)+ Baww(k) + Bayu(k), (4.1)
y(k) = Cax(k) + Dayw(k), (4.2)

rie z(k) € R" — cocrostane cucrempr, w(k) € RY — cayuajinag crannonapHast
10CJIE/IOBATE/ILHOCTD ¢ OTPAHMYEHHBIM YpoBHeM cpejneil annsorpormn A (W) < a,

y(k) € RP — Boixon cucremsr, u(k) € R™ — ympasienne. Marpuna F sBisercs
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BBIPOZKIEHHOI, T.e. rank (F) =1 < n.

Marpuisl cucTeMbl HPEJICTABUMBL B ciepyiomeM Buje: Ay = A + MAANy,
Baw = By + MEANE, Bay = By + MEANE, Ca = C + McANg, Day =
D, + MpANp. 3necs marpunia A € R¥*® nenspecrHas MaTpuila ¢ OrpaHnIeHHoil
crekTpasbHoii Hopmoii, T.e. ||Alls < 1. Cremyer 3aMeTuTb TakxKe, ITO JIJIA CIIEK-
TpaJIbHOI HOPMBI CIIPABEJINBO Cieytoriee yreepxkenne: |Alls < 1, ecsin n To1bKO
ecn ATA < 1.

[Ipenmosiaraercst TakzKe, 4TO JJIsl BCEX BO3MOXKHDBIX HEOIIPeIeJIeHHOCTel cucreMa,
(E.1)—(4.2) siBasteres peryasipuoit: VA 3N # 0 det(\E? — A%) # 0. B nporusHom
cJlydae MOXKHO MPUMEHUTDH Pa3/IMUHble TEXHUKU PEry/IsipU3aliiil CUCTEMbI, OIICAH-
uble, Hanpumep, B [93], 94] 05].

BeejieM 1oHATHST PODACTHON yCTONYMBOCTH M POOACTHON JIOIMYCTUMOCTU JIe-

CKPUITOPHOI CUCTEMBI:

Onpenenenne 4.1. Jleckpunmopras cucmema ¢ peaiusayueti 6 npocmpancmee co-
cmoanutd (4.1)-(4.2) aeasemca pobacmmno yemotuusot (pobacmio donycmumor),
ECAU OHG ABAACTNCA YCMOUuu60T (donycmumot) npu 6cex 3navenuar A u3 mmo-

orcecmea AT A < 1.

Omnpenenenne 4.2. Cucmema ¢ pearusayuets 6 npocmparcmee cocmosnut (4.1])—
(4.2) asasemesn pobacmmno cmabususupyemotl, ecau CYuecmsyem 3aKoH Ynpas.ie-
nus 6 gopme cmamuneckoti obpamnoti ceazu no cocmosnuro f(k) = Fgyx(k), npu

xomopom napa mampuy, (E, AL + BEFy) pobacmmo ycmotivusa.

Onpegenenue 4.3. Ilapa mampuy, (E9, AdA) HA3bIBAEMCA PobacmHo donycmumor
(D —donycmumoti), ecau oHa ABAACMCA NPUUUNHOT, YCMOTYUBOT, 6 6CE KOHEUHDIE
cobcmeennvle 3HAYEHUA NYUKA MAMPUY, (AEd — AdA) AEACAT, BHYMPU eOUHUYHO20
kpyea (6nympu obaacmu D u3 eOUHUNH020 KPYea) KOMNACKCHOT NAOCKOCTU OAf

scex A\ u3 3a0ar1020 MHOICECTEA.

Cucrema (4.1)—(4.2) npeobpasyercst BO BTOPYIO SKBHBAJEHTHYIO (GOPMY C

UCIIOJIb30BAHUEM CJIeAYIONUX 0003HAUEHNI
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— — BY — —
Ay = WAV, Byg = WB, = “|, By = WB,, C; = CV = [Cfl Cﬂ,

Bl

L . L wd
Dya = Dy, M = WMy, N§ = NaV, Mg = WMy = | " | Npt = Ng,

M

Myt =WMp, Ngt = Np, Mg = Me, N& = NoV = [ N&, Ng, ]
[Iperonoxkmm, 910

rank (ET) = rank [ET,CT,NE;} : (4.3)
rank (F) = rank [E, B,,, M5]. (4.4)

Bgejiem onpejiesienne aHU30TPOIMITHON HOPMBI JIJIsI CUCTEMbBI C HEOIIPE/IeJIeHHO-

CTAMMU.

Onpegenenune 4.4. Paccmompum omobpasicenue Pa : W — Y, xomopoe 3adaemcas
ypasneruamu (4.1)-(4.2). Anuzomponuiinot nopmots cucmemvl ¢ napamMempuiecku-
MU HEONPEIEACHHOCTAMY, OYdem Ha3v6amb HOpMy onepamopa P, onpedeasemyro

CAEAYIOULUM COOMHOUEHUEM

Y 1»
IPal = swp el
WeA(W)<a P

Huzke Oy1yT paccMOTPEHBI CJISYIONINE 3/ aNn:

Bamgada 4.1. Jlaa cucmemvi ¢ pearudayuets 6 npocmpancmse cocmoanuds ({.1])—
(4.2) u oepanuuenmvir no nopme neonpedeaennocmeti mpedbyemcs nposepums CE0T-
cmeo pobacmmoti JonYCmMuUMoCu U BbiNOAHEHUE 02PAHUMEHHOCTIU GHU3OMPONUTI-

HOTL, HOPMBL CUCTEMDL 6 Gude:
I Palle <~

ONA UIBECTHBIT YUCA0BDT 3Havenut a = 0 u v > 0.

Bamaua 4.2. /s cucmemv, ¢ peaausayuets 6 npocmpancmee cocmosnuti (4.1))—

(4.2) u uzsecmmozo yposua cpeduet anuzomponuu 600020 coamywenus A(W) <
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a, (a = 0) mpebyemesa nocmpoums 3axon ynpasaenus u(k) = Kz (k), xomopou
deaaem cucmemy pobacmmo donycmumots (D —donycmumoti) u aparmupyem oz2pa-

HUYEHHOCTND GHUSOMPONUTHOT HOPMbBL ONEPamopa 3amxHymot cucmemovt y > 0.

4.2. Aum3oTponuiiHbIii aHaJAN3 JIeCKPUITOPHBIX CHCTEM C

HeollpeaeJIEHHOCTAMMU

[Ipu permennu 3aa4un anam3a mpejnoiaraeM, 9To yipaBaeHne Ha BXO/e OTCYT-

creyet, T.e. u(k) = 0. CupasejjinBa ciieyiolias TeopeMa.

Teopema 4.1. [42] Taa sadanmox wucea a = 0 uy > 0 cucmema (4.1)—(4.2) as-
AseMeA pobacmno donycmumot, a ee aHU30MPONUTNAL HOPMA 02ZDAHULEHA YUCAOM
7y, m.e.

IPally <,

ecau cyuecmesytom makue wucaa 1 > Y2, €1 > 0, €9 > 0 u mampuywv, Q € R™",
R e R0 g ¢ R=mx(n=n) §y ¢ RI*, L e R™", L >0, T € R™*", T > 0,

romopuwie y@oeﬂemeopﬂmm me&ymwum 02paHuUMeHUAM

YL=1,. (4.5)
N — (e det(W))/" < 47, (4.6)
O+ NEN M
S I} (4.7)
M} —e11o4
[ Y+ e NI N M- |
S P} (4.8)
MQT —62[45
3decw _ -
W —nl,, DI, (BL)'
U — Dwd —Ip O )
BY, 0 -
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0 0
Np 00
Mi=|Mp 0 |,N =
Ned 0 0
0 Myd
—3Q —3Q" A, [Bu L' =Q"—3Q 0
AT A, + AT — 6 B, ATTT oh
2= Bt B, —nly Bt Doy (4.9)
L-Q—3Q" T Ay By —Q-Q" 0
0 Cy Do 0 —1I,
rmMe¢ T™M% 0 0 - -
0N 0 00
Mg 1IMg 0 0
0 0 Ngt 0O
My = 0 0 0 0 |, Ne2= ,
0N 0 00
rmM¢ TMEY 0 0
0 0 Np 00
0 0 Mg Mp - -
L 0 0 0
© = = ,I'= { Q R] :
0 0 0 S

okazareabcTBo.  CoryracHO TIPEJIITOIOKEHISM u MoJTyJaeM, UTO
By = 0u C5 = 0. MoxKHO IPpOBEPUTH, UTO B BBIPAXKEHUN aCyllA; = 0
n aCyllB,; = 0. Paccmorpum HepaBeHCTBO U3 TeOPeMbI . YauTniBas,
panrosoe orpanndenue (4.4) u Bys = 0, soipawenne BX, ©Ba, lepenuiiercs B

BUJIE:

L 0 By + MEIANYY
ng@BAw:[ (Bwl_i_MgdANgd)T 0} 0 0Bl B —

= (Bur + MBIANED " L(Byy + MEIANED > 0.

O6oznaunm Bayi = By + MEIANEY. Torma nepasencrso  (2.97) s cucrembr
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(4.1)—(4.2) upuobperaer Bu;

U —nl, + (Baw)" LBawi D},
Dy —I,

< 0.

[Ipumensiss pononnenue no [lypy K mocsieineMy HepaBeHCTBY U YUYUTbIBasi 0003Ha~

genme ¥ = L™, nmeem

U —nl,, DX, (Baw)'
Dayw —1I, 0 < 0. (4.10)
BAwl 0 =T

Barmmiem nepapenctso ([4.10) B paszsepuyToit (bopme. oy amm:

v —l, (Dwa + MpANp)T  (By1 + MngNgd)T_
Dyia + MpANp ~1I, 0 <0 (4.11)
By + MEIANY 0 -7
nJjim
U + He (M;AN,) < 0. (4.12)

Ucnonbays ponosnenue o Hlypy u semmy Ilerepcena, wepasenctso (4.12)) te-

pernucoiBaercs B Buje (4.33)).

[Ipeo6pasyem renepb Boipazkenue ([2.98)):

S + He (MAN,) < 0. (4.13)

AnajioruanbiM obpasoM, npumMensisi jgemmy Ilerepcena u gonosaenue no [Hlypy

uepaserctBy (4.13]), momyaaem

1
>+ €—M2M2T + 9Ny Ny < 0,
2

S+ e9Ny Ny — My(—e2I) ' My <0,
>+ €2Ng NQ M2
MQT —62[

< 0.
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Iocneanee nepasencrso cosuagaer ¢ (4.42). Boipaxkenue 9KBHUBAJIEHT-
Ho (2.9G), uro 3aBepaeT LoKa3aTEILCTEO. B

BzanMnoobpaTHble MaTPHUIILI MOT'YT ObITh HailJIeHbI ¢ IIOMOIIBIO aJTOPUTMA, OIIH-
cannoro B [2]. Toraa anropurm oneHKr BepXHEH MPaHUIBI AHU30TPOIMHITHON HOPMBbI
CHCTEMBI ¢ HEOIPeJIeIeHHOCTAMI MOXKHO cOPMYJIUPOBATE CICAYIONIUM 06Pa30M.

Asropury 4.1,

Ilar 1. 3agaem j = 0, seibupaem mMarpuinl Gy = G € RV u Gy = G5 €
Rnxn'
IIar 2. PemaeM onTuMU3aIllioOHOYIO 38189y
{A, &} = min{\ + &}
Ha, MHOYKECTBE
{777 57 )\7 (1)7 \117 H7 Y7 €1, 82}
npu orpatudenusix (5.67)—(5.69) u
o I, I,
1 G| +
I, 11 G1
o I, Go
+| 6 5] Ay, <0, (4.14)
I, 1I I,
- I,
— A\, < 0. (415)
I, —1II

IMIar 3. Eciu A\, < 9, rie 0 — 3ajaHHasi TOYHOCTb BBIYIC/IEHHSI, TOTIa

IPAll, = V&

AJITOPUTM OCTaHaBJ/IMBAECTCAd, MHa4YEC II€PEXOJNM Ha CJIG,ZLyIOHlI/HL/,I Iar.

IIIar 4. 3amaem G = —Hj_l, Gy = —CIDj_l, j =5 + 1. llepexomum na mar 2.
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Yesosust, ccopmynpoBatibie B Teopeme [A. 1| IBISI0TCsT HEBBITYKJIBIMIE. DTO MPHU-
BOJIUT K IPOOJIeMe OUCKa B3aUMHOOOPATHBIX MATPUIL, YBEJNYCHNS YIC/Ia [IePeMeH-
HBIX U BpeMeHHU BhIYncjenust. V36aBuThbesd OT HEBBITYKJIOCTH IOMOYKET CJIC/LY IOt

nprueM. PaccMoTpuM HEepaBeHCTBO

v —nl, * *
Dya+ MpANp —Ip * <0 (416)
By + MEIANET 0 —L7!

BBejieM HeBbIPOKIEHHYIO MaTpU4HYIO IepeMennyio € R™" u ymHoxKuM Hepa-
I 00

BeHcTBo (4.16]) ciieBa u cipaBa Ha Matpuily | 0 J (O | 4 ee TPaHCIOHUPOBAHHYIO

00 H
coorBeTcTBeHHO. [Tosryamm: B -
v —nl, * *
Duwa + MpANp — —1, * <0. (4.17)
HBy + HMEIANYY 0 —HL'HT

Bamerum Takxke, uro L > (. Torma u3 BbIIOJIHEHUSI HEPABEHCTBA,
—(H-L)'"L Y H-L)<0

caenyer, uro —HLVHY < —H — HT + L. Takum ob6pazoM, Teopemy MOYKHO

nepedopMyJIIPOBATh CJIEYIONUM 00Pa30M.

2. A | > M A)—(4.2) asean A
Teopema 4.2. /[aa 3adarnvx wucen a = 0 u vy > 0 cucmema (4.1))—(4.2) asasemc
pobacmro donycmumoti, a ee aHU30MPONUTHAA HOPMG 02PAHUYEHA YUCAOM Y, TM.€.

IPall, <7, ecau cywecmeyrom makue wucaa n > v*, €1 > 0, €2 > 0 u mampuyv
Q R, Re R §eRO=*0=) §y e Ri*¢ [ e R™", L >0, HER™,
ONA KOMOPBLT CNPABEONUCHE MATNPULHBLE HEPABEHCTNEA

n— (e72 det(0))Y1 < ~2, (4.18)

O+e NN, M,

<0, (4.19)
MlT —e11as
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3decw

—%Q _ %QT
ATTT
B! T

L-Q-1Q"

0

NS
e

I M
0

Y+ e NS Ny M,
< 0.
M} —eolys
U —nl; Dy, (Bi)"HT
Dwi —1, 0 ,
HBY 0 —-H-H'+1L
0 0
Np 00
MD O 9 N]. —
N 0 0
0 HMYL
A, By L' —Q"—-3Q 0
MMA; + ATTIT —© TB,, ATTT o)
BgdHT —nl, BngT DzTud
T A, I'B,g —-Q-0Q7 0
Cd Dwd 0 —[p
rmMed 0 0 .
0 N¢ 0 00
IME: 0 0
. - N 0 0 Nt oo
) 2 —
0N 0 00
rmMed 0 0
0 0 Np 00
0 Mg Mp .
L 0 0 0
M= T=|qQ R]
0 0 0 S

(4.20)

(4.21)

Huzke paceMOTpuM BBIMHCIUTEIBHYIO 3 (MEKTUBHOCTD TPEJIJIO?KEHHBIX METO/IOB

[P OIlCHKEe BEpXHEell IpaHullbl aHN30TPONUITHOIT HOPMbI HEOIPEIeJICHHOI CUCTEMBI.
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ITpumep 4.1. Paccmompum 2udpasiuveckyro cucmemy ¢ mpems oaxamu, npeo-
CMABAEHHYIO HA PUC. [50]. Jluneapusosarnasn duckpemmas Modess 6 NPOCMPaH-

cmee cocmoanutl umeem 6uo:

Eq(k+1) = Aq(k)+ Byu(k) + Be&(k), (4.22)
y(k) = Cq(k)+0.3n(k), (4.23)

ede q(k) — sexmop, npedcmasasowyut 0bsemvl scudkocmu 6 baxax, u(k) — nomox,
cozdasaemoili nacocom, £(k) — cayuatinoe soamyuwenue, eoddeticmeyrouee Ha 006-

exm ynpasaerua, (k) — wym uzmepenut. Mampuun 6 ypasnenuaz (4.22))—(4.23)

umerom 6uo: _ - _ -
1 00 0.9692 00

E=1010][ A=1]0.009 0.987 0 |,

00O 1 23328 1

0.056 0.02
B, = |0.003 |, Bc¢= | 0.01 ,02[010],

0 0

0.02 0

Beedem obosnavernue w = [€ n)T. Toeda By = | 0.01 0 |, D1 = [0 0_3} .
0 O

Iycmo neonpedeserHnocmu 8uipadtcaromes Yepes Mampuib:

T
My = [0.1 —0.01 0.03} Ny = [0.2 0.1 0.1]7

T
Mp=[o010 0] Np=|o1 0], Mo=1,
N¢ = {0 0.1 0}, Mp =0, Np = {0 O}-
Mootcro nposepumov, wmo cucmema AGAACMCA Pobacmmo JonYcmumoti OA4 6Cex
snavenut A € [—1; 1].
Ha puc. [4.3 cunas cnaownas AUHWA NOKA3BIBALTN, PE3YALIMAMBL OUEHKU GHU30-

MPONUTUHOT HOPMBL HA OCHOGE MUHUMUSAUUL Y € UCTLOND3OEAHUEM TEOPEMDL
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Puc. 4.1. I'mapaBimdeckas cucTeMa 3 Tpex OaKoB.

KPACHAA NYHKMUPHAA AUHUA NPeJcmasAsem cobotll Memod GblUUCAEHUS HA OCHO-
6€ PE3YALIMAMA C UCTOABIOBAHUEM B3AUMHO 00PAMHHLT MAMPuy, u3 meopemo [4. 1,
YePHAA NUHUA NOKA3BIBACTN MOYHYI0 GEPTHION 2PDAHULY AGHU3OMPONUTHOT HOPMbL
CUCMeMbL. 3AMEMUM, YMO MOYHAA BEPTHAA 2PAHUYG GHU3OMPONUTHOT HOPMDBL CU-
cmemol LA svucaena caedyrouum obpazom. Ompesor [—1; 1] v nodeaen Ha
cemxy ¢ wazom h = 1073, das waoicdozo ysaa cemwxu durcuposarocsr wucio Ay,
nocAe 4e20 NPUMEHAAGCH NPOUEIYPA BHUUCAIEHUS GHUSOMPONUTHOT, HOPMDL C TOMO-
wwro meopemwi [2.5. Hauboavwee snavenue, noayuennoe na ompeske [—1; 1] noaa-

2a.00CH MOYHOT 2panuuets aru3omponutiHotl HOPMbL.

Kaxk sujno us puc. [4.2) reopembrt [4.1] 1 [4.2] nator 6imskue pesyasrarst. [Ipu srom
ncnosb3osanne reopeMel [4.2) aBagerca 6osee MPEIIIOUTUTENLHBIM ¢ BBIYHCIUTEIb-
HOIT TOUKM 3pEHus, T.K. B JAHHOM CJIy4ae MEHDBIIE YUC/I0 HeN3BECTHBIX MePEeMEHHDBIX

U HE HY2XKEH BBIYUCJINTEIbHBI ITUKJI JJI9d ITIONCKa BS&I/IMHOO6paTHbIX MaTpUII.
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7 ; ;

1Eal

OIIcHKA HA OCHOBe T. 4.2
TAR S = — = TOYHAA BEPXHAA IPaHHIIA
: ! ! — =~ oIeHKa HAa ocHOBe T. 4.1.

0 i i i i i i i i i
0 05 1 15 2 25 3 35 4 45 5
a

Puc. 4.2. AHn3oTponniinbiii aHaIM3 CUCTEMBI C NCIIOJIB30BAHUEM PA3HBIX TEOPEM.

4.3. Cunre3 pobacTHOTO aHU3OTPOIIUIAHOTO YIIPABJIEHUS JIJIsI

cucreM C HeollpeadeJIEHHOCTbIO
[Iperkie wem mepefiT K PeInenuio 3a/adn CHHTE3a, MPEIIOJIOKIM, TTO
Al. p<yq
A2. rank F =rank|E B, Mgzl;

A3. rank ET =rank [ ET CT (No)T;

)

A4. cucrema (4.1)) aBisercd TpPUYMHHO YIpaBJsSeMOil [Jist BCEX BO3MOYKHBIX

HeolpejiesieHHocTeit A;

A5. cucrema (4.1) pobactHo crabuIU3EpyeMa.

Bremiee Bo3myIenne w(k) [IPEJIITI0IaracTCd CIIyYaiiHoil CTAllMOHAPHOI ITOCTIe-

JIOBATEJIbHOCTBIO, & YPOBEHDb CpeHell aHM30TPOIINY BXOHOI'O CJIYYaiiHOTO BO3MYIIE-
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HUS OI'paHUYeH U3BECTHBIM HEOTPUIATEIbHBIM YUCJIOM «: K(W) < a.

Pesysibrar, cchopMmyimpoBaHHbIil HIZKe, OJTyUeH Ha 0cHOBe TeopeMbl [4.2] Tak Kak
ee YCJIOBUS SBJIAIOTCS BBITYKJILIMU. Pelienne 3a/1aqn cMHTE3a TaKyKe ONMUpaeTcs Ha
HCIOJIb30BaHUeE JIBOMCTBEHHOI CUCTEMBI U TIPEIIOJIOKEHNS O TOM, YTO aHU30TPOITHii-
Has HOpMa MCXOJIHOW CUCTeMbl IPU P < ¢ HE TIPEBOCXOAUT aHU30TPOIUITHYIO HOPMY

JIBOMICTBEHHOII €1 CUCTEMBI.

Teopema 4.3. 3adaua cunmesa pobacmro2o aHu30MpPONUiHO20 pe2yAAMopa 6 cude
u(k) = Fa(k) oaa cucmemwn (4.1)~([(12) dan sadanmvz wucea v > 0 u a > 0
(A(W) < a) paspewuma, ecau cyuecmeyrom makue wucaa 1 > v2, g1 > 0, €9 > 0
u mampuun, Q € R™" R € R0 g ¢ Rmx(=n) y ¢ RP¥P [, € R™7,

L>0, HeR™ and Z € R"™™, daa xomopwvix cnpasediuss. HEPABEHCMEH

n—(e”adet(\P))l{p < 7 (4.24)
O+ NN MF
SR <0, (4.25)
M, —e1lag
A+ oM M N. |
S N} (4.26)
NQT _52[55
3decw _ ;
U —nl, Dy CIH
U: ng‘d —Iq 0 ’
HY(CH)" 0 —-H-H'+L
0 0
(Mp)™ 0 0
M, = T , Ni=| (Np)*t 0 :
(MZH)" 0 0 ot
0 (V&)
o (MH' 0 00
0 (ME)" 0 00
My=1]0 0 (M&)" 00},
0 (MgHh' 0 00
0o 0 (M5 00




r(vi)t ez(v)' TV 0 o
n(v)" ez(vg)t m(vy)' 0 0
Ny = 0 0 0 0 0 ,
d\ T ud\ T d\T
rvd" ez(vg)' T 0 o
0 0 0 (Ng)" (vE)T
(An AL AL AL 0]
A21 A22 Agg A21 A5T2

A= | As1 Ay —nl, As AL
Apg Ay Ay —(Q+QY) 0
0 A52 A53 0 —Iq

A= —5Q —5Q%, Ay = AT + By ZT Q7
Ay =C I Ay =L—-Q—3Q",

Aoy = TA] + AJIY + ®Z B, + B gz o1 — O,

Ago = CyII" | Ao = By, As3 = Dy .
L 0 0 0 0 O
@ == 3 H — ) @ = )
00 03 0 I,

0= [10).r=[q r]

3aK0H YNPasAeHUAs MOACHO HATIMU NO POPMYALE

-T 0 —
Q Tl
—S_T RT Q_T S—T

F=27zr (4.27)

JloKazaTebeTBO TEOPEMBI AHAJIOTUTHO JIOKA3ATEBCTBY TEOPEMbI 1 110~

9TOMY HE IIPUBOAUNTCH.

ITpumep 4.2. [Tycmv napamempov, cucmemvt pasHL:
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210 3 202 099 3 3
010 0.5 0.02 097 05 1
E = y A= 3
1 20 —1 1.04 195 -1 -1
-2 30 0 —1.94 289 0 0.5
5.9 0.05 0.1
2.3 —0.2 0
Bu: ) Bw: )
1.15 0 0.33
4.05 0 0
1000 0.03 0.07
0100 0.09 0.12

Heonpedeaennocmv 6 mampuue A 6viparcaemcs Heu38eCMHbLM NAPAMEMPOM

A € [—1; 1] u koapuyuenmamu

T
MA:[O.Q 0.3 05 0.1} , NA:[l 11 0.3}.

Cucmema 1e asaaemcs Hu npuvunnot, wu yemotvusot. Moowcno nposepums,
ymo ece npednoaosicenus A1-A5 evinoanenv. Ilpu smom, obobuwerHvill cnex-
mpanvHolll paduyc HoMuHavHot cucmemos paser p(F, A) = 1.054.

IIpednonoorcum, wmo yposens cpedreti anuzomponuu pasen a = 0.2. [leavro 3a-
daMU CUHMESA ABAAECMCA NOUCK PE2YAAMOPA, HA KOMOPOM J0CMU2GEMCA HAUMEHD-
ULee 603MOIHCHOE ZHAYEHUE 7Y, NPU KOMOPHLT GHINOAHEHDL YCAOBUS Teopemvl [4.3.

B pesyavmame pewenun onmumusauuontoti 3a0a4u no noucky MUuHUMGALHOZ0
BHAYEHUA 7Y, OBIAL NOAYUEHBL CACIYIOWUE PESYALMAMDBL: Vi = 9.0370, a napamem-

pr peeyﬂﬂmopa pCLSH’bL
Fiob = | —0.2460 —0.1821 0.6837 0.0172 | .

Tourvie 8EPTHAA U HUNCHAA 2PAHUUDL GAHUSOMPONUTHOT HOPMDYL 3AMKEHYMOT Cucme-

ML pasrvl coomsememeenno ¥ = 1.5419 u%y = 6.0066 (memod sviuucrenus onucan
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6 npumepe [{.1). Taxum obpasom, yeav ynpasaenus docmuenyma. Pacnoaooicenue
KOHEUHDIT COOCMBEHHDLY 3HAUEHUT 3AMKHYMOT cucmemvs pe2yaimopom Fron npu
PABAUMHOIT 3HAYEHUAT Heonpedesennocmet nokadanv, Ha puc. [4.3. Ha epadurax
BUOHO, 4MO COOCMBEHHDIE ZHAYEHUA He GHLTOOAM 3G 2PAHUUDL OUHUYHO020 KPY2Q
npu 6Cer 803MOACHUT Heonpedeaennocmar A € [—1; 1].

Jas cpasnenus makotce OviA CUHMESUPOBAH Y-ONMUMANOHBLT PEYAAMOD OAA
HOMUHGALHOT, CUCTNEMDL C MEM HCE BHAYEHUEM YPOBHA CPEIHel anudomponuu. IIpu

peweruy 3adavu curnmesa bvia nosyuer credyrowuli pezyiamop

Fhom = [ —0.1942 —0.1109 0.3419 0} :

Cucmema ¢ HEONPEJEAEHHOCTNAMU, 3AMKHYMAA 3akonom ynpasaenus u(k) =
Fromz (k) wmoorcem mepamo yemotivusocmyv. Pacnosostcenue koneuHor cobcmeen-
HOLT 3HAMEHUT 3aMKHYMOT cucmemol peeysamopom Fhom npu pasauunoir 3nave-
nuAT neonpedeaennocmeti noxasanv, wa puc. [4.4. Ha epagurax eudno, wmo cyuse-
CMBYI0Om maxue 3HaAYeHUA HeonpedeaeHrocmet, npu Komopuixr 0600uerHHvll cnek-
mpasoroill paduyc 3aMKERYMOT CUCMEMbL 8HT00UM 30 2PAHUYYL eOUHUYHO20 KPY2a,

Hmo coomeemcmaeyem H@yCTROﬁ%UGOﬁ Cucmeme.
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Finite eigenvalues

08t

0.6}

0.4+

0.2k

e e e b o b B

I A(A])

02rF

O4rF

N6 F

N8r

Puc. 4.3. Koneunble coOCTBeHHbIE 3HAUYEHNS CUCTEMBI C yIpaBaenueM Fiqp.

Finite eigenwalues
T T T T T

0B B

0.4

* o+ o

02

b L * ¥ A B

Tm(A(A))
-
T

02F

+4++ %

04

Puc. 4.4. Koneunble coOCTBeHHbIE 3HAYEHNS CUCTEMBI C yIIpaBienueM Fion.
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4.4. CuHTe3 pobACTHOro MOJAJLHOI'O YIIPaBJEHHS C aHU30-

TPONUITHBIM KPUTEPUEM KadeCTBa

PaceMoTpuM 061aCTh Ha KOMILIEKCHO! MJIOCKOCTH, ONIPEIEIeMOil BhIpazKeHneM
D ={z¢cC:d+20e(2) + c|z|* < 0}. (4.28)

31ech b, ¢ u d — U3BeCTHBIE IOCTOsIHHBIE BeJInInHbL. [IpeaosoKuM rakke, 910 ) —
2 _

JIICK C IIEHTPOM B HadaJje KoopauHat u paguyca w < 1, 1e.d = —w*, b=0unc= 1.

3ajiauy pobaCTHOTO aHU30TPOINIHOIO yIIPABJIEHU € 38 laHHBIM PACIIOJIOXKEHIEM

KOHEUHBIX COOCTBEHHBIX 3HAYEHUIT MOYKHO C(DOPMYJIMPOBATH CJCIYIONIUM 00Pa30M.

Bagada 4.3. Jaa cucmemwn (4.1)-(4.2) v sadannoxr wuces a = 0 u -y > 0 mpebdy-

emeA HAtMu 3aK0N YNPasaeHus 6 gopme
u(k) = Fa(k), (4.29)
npu KOMOpoMm 3aMKEHYMAA CUCTIEMA

Ex(k+1) = (Aa + BauF)z(k) + Baww(k), (4.30)
z2(k) = Cax(k)+ Dayw(k) (4.31)

asasemces pobacmmo D -donycmumoti, a ee anu30MPONUIHOE KAYECmeo He NPecoc-
xodum ypoeens vy, m.e.

I Pall, <~
ons ecex A\, ydosaemeopsrowux nepasencmey AT A < 1.
[To anajioruu ¢ paccMOTPEHHBIME paHee 3aJadaMil, IPeXKJe 9eM PEeIInTh 3a1ady
CHHTE3a, HAlIeM YCIOBUS, IIPU KOTOPBIX PA30MKHYTas CUCTEMA, sIBJISIeTCs POOACTHO

®)-JI0IyCTUMOIH, a ee aHU30TPOINIiHAS HOPMa OrpaHutdeHa cBepxy 4ucjom . OTser

Ha 9TOT BOIIPOC Aa€T CJCAYIOILad TeOpEMa.
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Teopema 4.4. /s 3adannvix wucena 2 0,0 < w < 1 uy > 0 cucmema (4.1])—(4.2)

Aasasemces pobacmmuo D -donycmumoti, a ee aHU3OMPONULTHAA HOPMA YOOBAEMBOP A~

em nepaserncmsy || Pall, < v ¢ obobwernnvim cnexmpasvroim paduycom, He npesoc-

TOOAUUM W, €CAU CYWECTEYIOm makue wucia 1 > 2, &1 > 0, €9 > 0, e53 > 0 u

mampuywne Q € R™7 R e RT*(=1) g ¢ RIv=r)x(n=r) y ¢ R%9, [ € R"™*", L > 0,

HeR™ uX =XT € R, das komopux cnpacediusv. Hepasencmea

n— (e7 2 det(W))Y™ < A2, (4.32)
$+eN'N, M
R I} (4.33)
Mi[‘ _51[25
| Y+ s NI N M. |
BT, (4.34)
My —ealss
i =+ eaMasM NI ]
A R ) (4.35)
N3 —53]5
3decw ~ .
v —nl, ng BngT
$ — Dwd _[p 0 )
HB,, 0 —-H-HV'+L
—w’X 0 A
== + He GO |,
0 X —F
0 0
Np 0 0
M, = | Mp 0 1=
Ngd 0 0
0 HMY
lQ-e' TAL TBu IT-@'-1Q 0
ATTT A+ AT —© 1B, — AT CT
2= BngT BgdHT —nl, BngT ng ,
L—Q-3iQ" I'Ag By —Q-QF 0
0 Cy Dua 0 1,
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’M¢ TME 0 0 - -
0N 0 00
M4 1mmMed 0 0
0 0 N¥ 00
My=| 0 0 0 0 |, Ne= :
0N, 0 00
rM¢ TMEE 0 0
0 0 Np 00
0 0 Mg Mp - -

MA
M3 - N3 NAGU

0
B L 0 Il — 0 0 F—{QR]
00| 05| ’
R 0
a—| @ ,
RT 0 I, .

HokazarenbcTBO. lesa jokazaTenbcTBa CXOXKa C JIOKA3ATETHCTBOM TEOPEMBI
. Hepagenctso ([4.35)) mosydaercss aHAJOITIHBIM 0OPA30M, MyTeM IIOJACTAHOBKN
B HEPABEHCTBO HeoTpeIeIeHHbIX TapaMeTPOB CUCTEMBI, BbIJIeJIEHNS Heolpe-
JIeJIEHHOCTEN B OTJIeJIbHOE cjlaraeMoe 1 TpuMenenne jonoaerud 1o [ypy n semmbr
[Ierepcena. m

st perenunst 3a/1a4u CUHTE3a, HEOOXO/IMMO PacCMOTPETh 3aMKHYTYIO CHCTEMY,
apoficrsennyio k cucreme (4.30)—(4.31)). IIpu sToM crpaseyBa CleLyolas Teo-

peMma.

Teopema 4.5. /lasa 3adannor wucen a > 0, 0 < w < 1wy > 0 3adava [4.5

PASPEWAUMA, €CAU CYUECmsytom makue wucaa n > 2, &1 > 0, g9 > 0, €3 > 0 u
mampuuynt X = XT e R, Q e R, R e R™*(=7)  § ¢ R=m)x(n=n) § ¢ RP*P,
LeR™ L>0HeR™ uZ &R, daa xomopulxr cnpasedsusvl HEPABEHCMEW

n— (e72 det())V? < A2, (4.36)

$+e MM, N

<0, (4.37)
Nir _51[28
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A+eaMS My Ny

<0, (4.38)
Ny —&a155
=+ esMyMy N
ety N (4.39)
N3 —83]5
3decw _ .
(Mp)™ 0 0 ’ !
M, = b T , Np = (ND)T 0 )
(McH)T 00 .
0 (Ve
0 (mMHT o 00|
0 (ME)" 0 00
My=10 0 (M&)" 00},
0 (MgHh' 0 00
0 0 (M 00
ot oez(v)" T 0 0|
(N ez (Ng)" (NG 0 0
Ny = 0 0 0 0 0 |,
d\T ud) T d\T
rov)’ ez(vg)' Tt 0 o
0 0 0 (Ne)' (V)"
d
M3 = 4 5 N3 = NjGUv
—w?X 0 A By, -
== + He G+ Z- 101,
0 X —E 0
[0 I, D CH
$: ng —Iq 0 )
H'CT 0 —-H-HT'+L
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An A2Tl Arsr1 A4Tl 0
Aoy Mg Ag A A3,
A= 1 Az A —1l, Az AL |
An Ay Ap —(@+QT) 0
0 Ass Asg 0o -1

A= —35Q —5Q%, Ay = Al + B Zt Q7
Ay =C I Ay =L—-Q—3Q",
Ay =TIAY + AT + ®ZBY, + B,y Z™ 1 — 0,

A32 - CdHT7 A52 - Bgda A53 - ng

L 0 00 0 0
('-‘): ’H: ’®:
00 0 S 01,
0= [ 0]~ [ &,
R 0 0 I 0
G = Q 7U: )
R S 01,, 00

Koagpuyuernmo, 06pammoti c8A3U npu 3Mom MOHCHO SHLYUCAUMD N0 POPMYAE

Q —-1
F=27" Vo
_S—T RT Q_T S_T
JloKazaTebeTBO TEOPEMBI AHAJIOTUIHO JIOKA3ATEIBCTBY TEOPEMBI M 110~

9TOMY HE IIPUBOJUATCH.

ITpumep 4.3. Iapamempu, cucmemor umerom euod:

210 3 202 099 3 3 5.9
010 05 0.02 097 05 1 2.3
E = , A= , By= )
120 -1 1.04 1.95 -1 -1 1.15
-2 30 0 —1.94 289 0 0.5 4.05
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0.05 0.1
J —0.2 0 1000 0.03 0.07
Bw - ) = w —
0 0.33 0100 0.09 0.12
0 0
0.1 0.1
0.05 0.1
My = (Ny)*
0.05 0.1
0.1 0
Bdecy A € [—1, 1] — neonpedeaenmviti ckarsprvit napamemp.

Cucmema He Aaaemcs Hu NPpudunHot, wu yemotvusol. Moowcrno nposepums,
wmo ece npednososcenus A1-A5 svnosnenv. IIpu amom 0b60bwermnvill cnexmpaiy-
Hoti paduyc nomuraavrot cucmemol pasen p(E, A) = 1.054.

IIpednonootcum, wmo yposenv cpedneti anusomponuu pasen a = 0.2. Ileawvro
3a0a4U CUNME3A ABAAECMCA NOUCK PE2YAAMOPA, HaA KOMOPOM 00CMUGEMCA HAU-
MEHDULEE BO3MONCHOE 3HAYEHUE Y, NPU OMCYMCMEUY 02PAHUYEHUT HA PACTLON0IACE-
HUE KOHEUHDLT COOCTNEEHHDIT 3HAYEHUT 3aMKHYMOT CUCTEMYBL U NPU 02PAHUNEHUL
w = 0.6. I'pagpuru pacnososicenus KOHEUHBT cOOCMBEHHLT 3HAMEHUT 3aMKHYMOT
CUCMEMDL C 02PAHUMEHUEM HA 00AGCND DPACTOAOACEHUA KOHEUYHBLY COOCNEEHHHLT
gnaverull u 6e3 oepanuvenuti noxasanv, wa puc. [4.9 u puc. [{.0 coomeemcmeen-
HO.

Maxcumarvrowi 0600wertvll cnexkmpasvhvlll paduyc 0AL 3a.MKHYMOT CUCTNEMDBL
0€3 02paHUMEeHUA HG 00AGCMD PACTOAOHCEHUA KOHEYHBLT COOCTNBEHHBIT 3HAYEHUT
pasen puax(EY AL + BIF) = 0.9628, a anusomponutinas nopma 3amknymoti cu-
cmemol e npesocxodum yposens || Pacllq, < 2.5212.

Maxcumanrvroii 0600UweHHBLT CNEXMPANLHBIT PAOUYC OAA 3AMKEHYMOT CUCTIEMDL
C 02PAHUMEHUAMU HA 00AGCTD PACTLOAOACEHUS KOHEYHBLT COOCMBEHHBIL 3HAYEHUL
paser pmaX(Ed, AdA + BSF ) = 0.5978, a anuzomponutinas HOpma 3aMKHYMOT Cu-

cmemwt He npesocrodum yposens || Paclly, < 28.5739.
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Finite eigenvalues

Puc. 4.5. Konednble cobcTBeHHbIE 3HaYE€HNs 3aMKHYTON CUCTEMBI ¢ OrpaHndeHneM

Ha pacIIOJIoOzZKEeHNE ITOJIIOCOB.

Finite eigenvalues

Puc. 4.6. Koneunble cobcTBeHHbIE 3HAYEHNsT 3aMKHYTOI CUCTeMbl 6€3 orpannyeHnii

Ha pacIIOJIoOzZKeHNE IT0JIIOCOB.
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YucienHbIil TpUMep HATJISAJHO TTOKA3bIBAeT, UYTO J00aBJIeHNEe HOBBIX OIpaHUve-
HUI TIO3BOJIAET pelaTh 3a/ady podbacTHOTO PACIIOIOKEHNST KOHETHBIX COOCTBEHHBIX
3HAYEHN 3aMKHYTOI CUCTEMBI B KeJaeMoil 00J1acTH BHYTPHU €INHUIHOTO KpPyTra B
paMKax penieHus ONTUMU3AINOHHON 33/ a9l aHU30TPONUITHOIO POOACTHOIO YIIpaB-

JICHMI.

4.5. YactHbIl caydaii: 3agada pobacTHOro H., aHaan3a u

yIIpaBJIEHU S

PaccmoTrpum gacTHBIN ciaydail: 3ajaum podbacTHOro Ho, aHaIn3a 1 yIpaBJIeHUs
JIUIsT IeCKPUIITOPHBIX CUCTEM C HeOollpe/leJIeHHOCTSIMI. B JJaHHOM ciiydae paccMaTpi-

BaeTCd CucCTeMa Bu/a:

y(k) = Cax(k) 4+ Dayw(k) + Dayu(k). (4.41)

3nech, Kak u panee, (k) € R" — Bektop cocrosinus cucrembl, w(k) € RY — Bxos-
HOe BO3MYIIEHne (CyMMupyeMasi ¢ KBaJpaToM IocjenoBaresbHocTs), y(k) € RP
— Bbixoji cuctembl, u(k) € R™ — ynpasienne. Marpuna E BBIpOXKICHHA, T.C.
rank B =r <n. Ap = A+ MsAN4, Bayw = By+MEANE, Bay = By+MEANE,
Can = C + McANg, Day = Dy + MEANE, Day = D, + MPANF. Marpuna
A € R**® nenspecrnas, orpanudentas 1o nopme (AT A < )

Hizke Takske GymyT ucnosb3oBanbl obosnauenus: Ag = WAV, Byg = W B,,
By =WB,, C;=CV, Dyqg= Dy, Dyg= D,, M¥ =WM¥, N¥i = N¥
M4 =WMy, Ny = N4V, M& = Mg, N& = NoV, M4 = WME, Nid = N4,

B ormmame oT 3a1a1 aHM30TPONUIHOIO aHaIN3a U YIIPABICHUA, Hoo 38aU0 He
TpeGYIOT JOHOIHUTEIBHBIX panrosbix orpanudenuii tuma (4.3)—-([.4) u yenosus p <
q. Kpome Toro, matpuna Da, MOXKeT ObITh HEHYJIEBOI.

Bajiaua podacTHOro Ho, aHaM3a MOXKET ObITH C(OOPMYJINPOBAHA B CJIEIYIOIIEM

BUJIE.
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Bagaua 4.4. [Tycmv u(k) = 0. Badaua saxaowaemes 6 nposepke pobacmmoti do-
nycmumocmu cucmemvt (4.40)—(4.41)) daa ecex oeparuuernvir no nopme neonpede-

Aernocmets A u 8biNOAHEHUE YCAOBUA 02PAHUMEHHOCTNY H oo HOPMBL CBEPTY YUCAOM
v >0, m.e.
1Y [l2 < W],

ONA BCET CYMMUPYEMBIT C K6aIPamom 6Xxo0Hur nocaedosamenvrocmets W.
Bajiaua podacTHOrO He, yIpaB/IeHUsT UMeeT BHU/IL.

Sagada 4.5. Jaa 3adannozo nososcumenvroz2o wucaa y > 0 3adavwa cunmesa co-
CMOUM 6 NOUCKe PE2YAAMopa 6 Gopme cmamuueckoli 0opammnoti c6A3U MO COCMOA-
HUO

u(k) = Fx(k),

dasn komopozo samkrymasn cucmema (4.40)—(4.41) pobacmmuo yemotivuea, a Hoo

HOPMG 02PAHUMEHA CEEPTY YUCAOM 7Y, M. €.

e
wees IV

ona ecex I\ u3 3adanno20 MHoHCECEA.

<7

[TpuBenem Huzke QGHOPMYJIUPOBKH TEOPEM, pEeHIAoNNX 3aJadl  PodacTHOTO

H o aHam3a 1 cunTesa 0e3 J0Ka3aTeabCTB.

Teopema 4.6. (Yacmommas meopema) Cucmema (4.40)—(4.41) das u(k) = 0 as-

Afemcs pobacmmo donycmumoti, a ee Hog HOPMG 02PAHUYEHA CBEPLY NOAOHCUMEN -
nom wucaom Yy oaa ecex AN 1 AAT < I, ecau natidemes maxoe wucao € > 0,
u mampuyn Q@ € R R € R*=1) ¢ ¢ R=mxt=r) [ ¢ R™" L > 0, npu

KOmopuvlr 6vbtNOAHANOTNCA medymugue HepacerHcmea.

E‘I‘SNFNl M1

< 0. (4.42)
MlT —8[43
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3decw
Y11 I'Ad; T'Bug E:fl 0

ATTT Sy B,y ATTT T
Y= | Bt Bt =L, Byt Dy |
Y41 IF'd; TBu —Q—-QY 0
0 Ci  Dug 0 1,

1 1 1
2 = —éQ—iQT, 241 :L—Q—§QT> Yoo = [TA; + AgTT" — O,

Mg T™M% 0 0 - :
0N 0 00
nmMm¢ TTMed 0 0
0 0 Nt 00
My=1| 0 0 0 0 |.M= ;
0N 0 00
rMe T™MEd 0 0
00 NS 00
0 0 Mg My - -
L0 0 0
= M= ,F:{QR].
0 0 0 S

st pewennst 3azasn [4.5] nogcrasum 3axon ynpasienus u(k) = Fa(k) B ypas-
werust cucrembl  (4.40)—(4.41]). Torna samkuyTas cucrema OymeT BU:

Ex(k+1) = (Aa + BauF)z(k) + Baww(k), (4.43)
y(k) = (CA + DAuF)x(k) + DAww(k) (4.44)

Host cucremsr (4.43))—(4.44) cupaseBa Teopema.

Teopema 4.7. /laa 3adarnozo nososcumenvrozo wucaay > 0 3adavalf.d paspewu-
Ma, ecau watidymes maxue mampuyoe L € R™" L >0, Q € R™", R € RTX("*”),
S € R=nx(n=r) " 7 ¢ R™M 4y yucno € > 0, 044 KOMOPHIT CNpasedsussl cAedyouue

MAMPUTHDBIE HEPAGEHCTNEA.

A+eMTM N

<0, (4.45)
NT _5165
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ot ez (vt TV ozt 0 o]
m(Ng)" oz (Ng)' (NG oz (Ng)" 0 0
N = 0 0 0 0 0 0o |,
P ez TV ezovpT 0 o
0 0 0 0 (Nt (V)T
(0 ™ 0 00
0 (M) 0 00
P (M&)" 0 0 |
o 0 (M%" 00
0 (MgHh" 0 00
0o 0 (M5 00
A AL AR AL 0
A21 A22 Ar?,TQ A21 A5T2

A= | Ay1 Ay —2I, A3y AL
Ap Ay Ay —(Q+QT) 0
0 As  As 0o -,

2de

A =—1Q —3Q7, Aoy = AL + B Zt QY Ay = CI'T + D ZtQF,
An=L—-Q—3Q%, Ay =TIA] + AJIT + ®ZB), + B,y Z" T — 0O,
Azp = ClIT + Dy Z" ®%, Asy = BL,, As3 = DI .

L 0 00 0 0
@: 7H: 7®: )
00 0 S 0 I,

o[ o] .r=[a 5]

Koapduvyuenm ycunrenus moocrno onpedeaumsv no dopmyae

Q" 0 ~1

F=2z" Vv
_S—T RT Q_T S_T

(4.46)
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Joxkazaresnscra Teopem [4.0] u [4.7] anasornamsr jokazaresbersaM Teope [ 1] u

4.3] u mosToMy He IPHUBOJIUTCS.

Bameuanue 4.1. Veaosua meopemv, [4.7 nozeoastom  chopmyauposams -

ONMUMAALHYIO 3adavy ynpasierus 6 caedyrowet: dopme
natmu: miny wa mnoocecmese {L,Q, R, S, Z e} npu oepanuuenuu (4.45)).

Teopema JIaeT JIOCTATOYHBbIE YCJIOBUS JJIsI PEIIeHNs 3a1a91i PoOaCTHOIO H o
yIIPaBJIeHHs, K COXKAJIEHIIO, TAKOE pellleHne MOyKeT ObITh KoHcepBaTuBHBIM. O 1HAKO
B JACTHOM IOCTAHOBKE 3a/[a9i MOYKHO IOJIYUNTh MEHee KOHCEPBATHBHOE peIeHHe
3aJ1a49l CHHTE3a po0dacTHOIrO H peryigaropa. Pacecmorpum ee mojpodnee. [lomodnast
MOCTAHOBKA, 3aJIa9i paccMaTpuBasiach Takxke B paborax [170] u [286].

PaccmoTrpum cucremy:

Ex(k+1) = (A+ MsAN)z(k) + Byw(k) + (B, + MpANg)u(k), (4.47)
y(k) = Cux(k), (4.48)

rie (k) € R" — Bexrop cocrosnust, w(k) € RY — Bxognoe Bozmymienne, y(k) € RP
— yupasJsieMbii Beixo, u(k) € R™ — 3akon ynpasienns, A € R**® — nenspecrrast
orpannuennas 1o sopme marpuna AT A < I

[Ipsimoe mpumvenenwue jemm [lerepcena n jonosaenust mo Hlypy k (2.98) mis
pasoMkHyTOil cuctembr (4.47)—(4.48) mo3BOIAET MOTYIUTH CJIEIYIONINAN PE3YIIBTAT.

Teopema 4.8. (Hacmomnas meopema) Cucmema f ABAAEMCA POOGCTN-
Ho donycmumoti, a ee Haoo HOPMaA HE NPesocTrodum 3a0aHMH020 NOAOACUMENLHO20
wucaa vy, m.e. ||Palloo < 7, ecau cywecmeyrom makxot ckanap € > 0 u mampu-
un, Q € R, R e R™>*(n=1) G e RO=mx(n=1) ' [ ¢ R"™" L > 0 daa komopuz npu

docmamouro boavwom naneped zadarnom wucse o > 0 cnpasedauso

Y“+eNTN M

< 0. (4.49)
MT —8]23
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3decw

Y1 T'Ay I'Bya h 0
ATTT P 1B, AJTY  CF +aAJTICT
Y= | Brrt Bt —2I,  BITT aBT ICT ,
a1 I'Ag By —Q-Q7 0
0  Cy+aCyllA; aCyllBy, 0 ~1,

1 1 1
Y = —§Q—§QT, 21 :L_Q_ﬁQT, Yoo = [MAg + A IT" — O,

ryd 0
M4 0
0 N9 0O O
M = 0 0 , = ,
0 NY 00 O
4 0
0 aCyIMé
L0 00
= M= ,F:{Q R].
00 0 S

Ha ocnose TEOPEMBIL MO2KHO IIOJIY4YUTBL CJIeAYIOIIUE YCJIOBUA JJId CHHTE3a

pobacTHOTO H o, PETYIATOPA.

Teopema 4.9. /s 3adarrozo nosoosicumervrozo vucaa vy > 0 u docmamoyuro 604vo-

wo20 Haneped 3adanrozo wucaa o > 0 3adana curnmesa pobacmnozo Hs ynpas.ae-

nus das cucmemor (4.47)~(4.48) paspewuma, ecau cywecmeyrom makxue mMampuyvl
LeR™, L>0,QeR*, ReR*n7 gec RO 7 cR™M 4 yucao
e > 0 das Komopwux cnpasedsuso

A~

A+5]/\4\T]/\4\ N

- <0, (4.50)
NT —8]33
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QNG ez (N 0
m(Ng)' oz (Ng)' 0
N = 0 0 0 :
d\T ud) T
I (NY) OZ (Ny) 0

0 (MH" 000
M=10 (M)" 000/,

0 (MH" 000
An Ag o Ay Ay 0
A21 A22 AEQ A21 Ag?

Ap A3 A —(Q+QT) 0
0 A52 A53 0 —Iq

2de
A =—3Q —1Q", Ay = ALT + ByZT QT Ay = CI'T + Dy ZT Q7
Ap=L—Q—3QT, Ay =TIAT + AJIT + ®ZBY, + B, ZT @7 — 0O,
Ay = CJI' + DyZ' @Y, Asy = BY, + aBL JIIA] + aBl,®"ZB},, As; =
&BEdHCg.

L0 00 0 0

@: ,H: 7®: )
00 0 S 01,

o= (1 o] .v=[a 1]

Koapppuuyuenm ycurernus naxodumces no hopmy.ie

F=27T o O |y
S TRTQT 5T '

B ommmane ot Teopembl [4.7] mostydeHHbIe yCI0BUS 00€CIIETNBAIOT MEHEe KOHCEp-

BaTUBHYIO OICHKY Ha BEPXHIOIO I'DaHUIbI Hoo IIpn CHUHTE3€ 3aKOHa YIIpaBJICHUAI.
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KoHncepBaTusM MOKHO YMEHBIIUTb, BbIOUpas dncjio « > 0 10cTaTouHO OOJIBIIIIIM.

Dror dakr Gyger npousuiocTpruposan B npumepe [4.4

Sameuanue 4.2. Caedyem 3amemumb, 4mo NOAYUEHHLE BHULE YCAOBUA MAKIHCE

CNPasedNuBsl 0 cayvas, kozda D, # 0.

Huxe OyjiyT paccMOTpeHbI YMC/IeHHbIE ITPUMEPHI, OKa3bIBaoIe 3(PPEKTUB-
HOCTb TIPEJIJIO?KEHHBIX METOJI0B CUHTE3a Ha OCHOBE TeopeM u [4.9] Taxke MbI
IIPOBeJIEM CpaBHeHUe pa3pabOTaHHOTO MEeTO/a € JAPYTUMU Pe3yJbTaTaMu, MOJIyYeH-
ubivu B paborax [170, 286]. JonosHuresbHO HecieyeM 3aBUCHMOCTE OIEHKU BEPX-

Helt rpaHuibl Ho, HOPMBI 3aMKHYTONW CUCTEMBI JIJIS PA3JIMIHLIX 3HATYCHU (.

ITpumep 4.4. [Tycmv napamempov, Cucmemvt pasHL:

-1 0 O- -—0.25 0 O- -0-
E=1000| A= —0.5 0.5 21, Bu=10 |,
2 01 0.75 —1 —1.5 1
-
By=l01 0| C=[220|D,=]001 —05]
0.2 0.1

Mampuua Ax = A+ M4ANy, sdeco A € [—1; 1] u

T
My = [0.1 —0.1 0.05] , Ny = [0 0.1 0.1 }

Cucmema  AsAAEMCA NPUMUNHOUT, 1O ona neycmotvusa. Obobuwennvil cnex-
mpaavHolll paduyc Homunavhot cucmemor p(E, A) = 2.5.

Tax xax cucmema UMEEM HEONPEIEAEHHOCTNU MOALKO 6 MAMPUUE A, Mol MO-
oHcem npuMenums memodul, pazpabomarmvie 6 [170, [286] das pewenus 3adawu cun-
meaa pobacmrozo Hs peeyaamopa. Benomozamenvras mampuua, Heobxodumas

T
ONA NPUMEHEHUA IMUL MeM0dJ0os, eubpara 6 sude S = [ 0 e 0 } . Anzopumm

us [170] coobwaem, wmo sadaua seasemcs nepazpewumot. Memod us [28G] ne
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Mootcem 6vimb npumener 6 naxeme SeDubli, m.x. on umeem HeAUHeTUHIE 02PAHU-

YEHUA.

Munumusayus wucaa vy ¢ ucnoab3osanuem meopemos 4.1 daem *yr(iz)n = 1.9095 ¢

3AKOHOM YNpacAEHUA

Fy = [0.1999 1.0757 1.5013 | .

Obobwerrovlli cnexmpasorvitl paduyc cucmemvt AeHcum 6 Jduanasome
0.2339 < p(E, Ax + B, F1) < 0.3534.

Ananuz 3amKkHymMOT cucmemvt ¢ MUHUMU3AUUET Y HA OCHOBE YACTOMHOU
meopemor u3 [139] noxasweaem, wmo Heo HOPMG 3AMEHYMOT CUCTIEMbL HE NpPe-

socxodum y; < 1.8954.

Munumusayus eeaununve y ¢ ucnoavzosanuem meopemui [4.9 npu o = 1000

daem nam 'yr(fw)n = 1.1459 ¢ sakonom ynpasaenus

Fy = [—0.6661 2.0079 5.0982 | .

Obobwennvili cnexmpasvorvitl paduyc cucmemvt AeHcum 6 duanasone
0.4330 < p(E, A + B, Fy) < 0.4339.

Ananozuwnan ouenka eeprrell epanuuv, Heoo HOpMbL daem pesysvmam 7, <
1.1352.

B wacmmom cayvae, ecau neonpedesennocms npucymemaeyem mosvko 6 Mampu-
ue Aa, meopema NO3BOAAEM, NOAYUUMD MEHEE KOHCEPBAMUBHOE PEWEHUE 3000~
Y PobacmHo20 Heoo YNPasAEHUA C NOMOUDLIO NAPAMEMPA . H3meHeHue 8eAudUHbl
H oo HOPMBL 3AMEHYMOT, CUCTNEMDYL YVinin 6 3ABUCUMOCTU OM, BEAUNUNDL L NPEICTNAB-
aeno Ha puc. 4.7 U3z epadura 6udno, wmo yeesuuenue napamempa o npueodum «
MOHOTOHHOMY YMEHBULEHUIO TMOPO206020 3HAUEHUA H oo HOPMBL 3AMKEHYMOT CUCmE-

ML 00 HEKOTNOPO20 npede.ﬂbnow SHAYEHUA.
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21 ! ! ! ! :

19l ...................... ...................... ...................... .................... _

180 ...................... ...................... ..................... .................... _

i i
2000 2500 3000

Puc. 4.7. Onenka Hso HOPMBI IIPH PA3JIMIHBIX 3HAYCHUIX (V.

B crnemytomemM npumepe pacCMOTPUM TIPEUMYIIECTBO TEOPEMbI nepeji 1Ipo-
ejypoit cunTesa, npeioxkenuoit B pabore [107]. Bee mapamerpbr paccMoTpeHHOi

HUZKe cucreMbl Obu1n B3sThl u3 [107].

IIpumep 4.5. Iapamempov, cucmemovl umerom 6ud

8 3.2 16 0.6 0.24 0.36 0.12 0.06
E = 4 16 08|, A= 0.3 0.12 03|, Byu=1 0.12 01,
12 3.2 56 0.72 0.24 1.2 0.06 0.12
0.1 0.1
0.1 00 00
Bu= 101 02|, C= , D, = L Ae[-1; 1),
0 0.1 0 00
0 0.2
2de
r T T
My=M:=ME= |02 03 0.3] Mg = MY = [0.1 0.1] Ny = Ne =

T T
0.2 0.2 0.2 }, Np = [ 0.1 0.1 } , N = Nj) = { 0 0 } . Mampuyw, D,,, M},

u Npy AGAAIOMCA HYACEHIMU.
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amemum makdice, 4MO CUCTMEMA ABAAECMCA JONYCUMOT ONA BCEX 3HAYEHUL
A € [—1; 1], a seprnaa epanuya Hoo HOpMBL ObiAG SUMUCAEHA Ha ochose [159]
u pasna ¥ = 1.245. Ileav ynpasaenus 6 pabome [107] — cunmes peeyasmopa,
Komopouiti obecnevusaem pobacmmoe Hso KAUECMBO OAA 3AMKEHYMONT CUCTIEMDL, HE
npesocrodauee yeaesoe snavenue Yon; = 0.18. B pabome [107] marowce ynomura-
emca, 4mo memod, npedaooscennvits 6 [170[, npusodum x nepaspewumovim JIMH.

Pezyasmop, natidennuiti 6 pabome [107], umeem napamempo

—1.5807 —0.1634 —0.2967
—0.3101 —1.0900 —0.1515

1:

Pewenue 3adawu cunmesa ¢ ucnosvzosaruem meopemol [4.7 daem caedyrouwgui

3aKO0H YNpasAEHUA!

—4.2150  1.8499 0.8112
—2.8755 —4.8516 —10.43575

Fy =

Jlas moezo, wmobvl oueHumb, HAcCKOAbKO TOPOULO ObLAG PeuweHa 3ada4a Curmesa,
08 KaotcAo20 pe2yramopa 0vlaa NodCUUMaHa 6EPTHAA 2PaHUUA H oo HOPMDL.

Bepxnas epanuya Hoo HOPMBL OnA cucmemst, 3amMEHYymMoG pe2yssmopom Fi,
pasna 77 = 0.1975. Taxum obpazom, memodura uz [107] ne eapanmupyem oepa-
HUBEHHOCTNU H g HOPMDBE 3AMEHYMOT cucmemdvt. Haoo HOPMA cucmemsvl, 3aMKHYymMoT
peayaamopom Fy, oeparuyena ceepxry wucsom vo = 0.0402. Taxum obpasom, uesv

ynpasaerHuA OBIAG BBINONHENA.

Yucennble IpUMeEPb MOKA3bIBAIOT, YTO IPEIJI0KEHHAs METOINKa aHaJI3a 1
CUHTEe3a POOACTHBIX Hoo PEIYJISITOPOB 110 COCTOSIHUIO JIJIsl TUCKPETHBIX JECKPUIITOD-
HBIX CUCTEM C OI'PaAHUYEHHBIMU 10 HOPpMe ITapaMeTPUYECKIMU HEOTPeAeJIEHHOCTIMI
00J1a/18€T PsiJIOM CYIIECTBEHHBIX IIPEUMYIIECTB KaK B IIJIaHe YHCICHHON pean3aliii,
BBIYHC/IUTE/IbHOM 3(DPEKTUBHOCTH, TaK U B IIJIAHE YMEHbIIIEHENsT KOHCEPBATU3MA, T10-
JIYYEHHOT'O pelieHns. PeryisiTopsl, 1101y YeHHbIe Ha, OCHOBE IIPEJIJIOYKEHHBIX METOJIOB,

IIO3BOJIAIOT CYHIECTBEHHO ITIOBBICUTDH Ka49€CTBO I10JaBJICHUA CﬂyqaﬁHbIX BHEIIHUX BO3-
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MYIIEHUNl U MOT'YT OBITH PUMEHEHBI JIIsI CUCTEM, COJIEPKAIUX HEOIPe e IeHHOCTH

BO BCEX IIapaMe€Tpax B HpaBOﬁ JaCTN ypaBHEHNA CUCTEMDI.
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BriBoapl K riiaBe 4

HanHasi rjaBa IMOCBsIIIIEHa PEIIeHnIo 3aja49 podaCTHOIO aHaIu3a U CUHTE3a, POo-
6acTHOrO yIpaBJIeHUs JIIsd JUCKPETHBIX JIECKPUIITOPHBIX CHCTEM C OI'PAHUYEHHbI-
MU TI0 HOpME TapaMeTPUUEeCKUMU HEOINPeIeJIEHHOCTSIMU. DbIIn paccMOTPEHbI JiBe
pas3IMIHbIe 3a/1a491 [T0JIABICHIs BJMAHNAST BHEITHIX BO3MYIINEHUI ¢ UCIIOIb30BaHIEM
AHU30TPOIUNHOIO U Hoo KPUTEPUEB KAYCCTBA.

BbUH/I ITOJIYYIE€HBI KaK HEBBIITYKJIBIC YCJIOBUA C H€O6XOI[I/IMOCT£)IO IO CKa B3aMHO-
00paTHBIX MATPHIL, TAK ¥ BBIITYKJIbIE, KOTOPhIE JIETKO aJITOPUTMUBYIOTCS U PEAI3y-
I0TCsl B YNCJIEHHOM BuJie. B pe3y/ibrare YncjaeHHOrO0 MOJICTMPOBaHus ObLIa ITOKa3aHa,
3P PEKTUBHOCTD MOJYUYEHHBIX METOJIOB cunTe3a. st 3a/1ad4 pobacTHOrO aHU30TPO-
NUIHOrO aHajn3a U CHHTE3a TaKyKe PacCMaTpUBaeTCd 3ajada CHHTE3a pobacTHOIO
yIIPaBJIEHUST C PACIOJIOKEHNEM KOHEUHBIX IOJIFOCOB 3aMKHYTOI CHCTEMBI B KeJ1ae-
MOt 00J1aCTH BHYTPHU €JIMHUYHOTO Kpyra. Ha dncjieHHBIX IpuMepax MOKa3aHOo, dTo
IIpuMeHeHumne ,IL&HHOﬁ METOJNKN MOZKET AOIIOJTHUTECJILHO U3MEHATDH IIEPEXOAHBIE ITPO-
I[eCChl U FapaHTUPOBATDH 3 IaHHBIN 3allac yCTOWYUBOCTH B 3aMKHYTOMN CHCTEME.

Ciemyer Tak»Ke OTJI€JIbHO OTMETUTD 3aJlaull POOACTHOIO Hoo aHAIN3a U YIIPAB-
Jenus. Tak Kak JaHHble 33/[a9l peliajuch U paHee, ObLI ITPOBEJIEH CPaBHUTEILHBII
aHa/ M3 Ha YUCJIEHHBIX NpuMepax. CpaBHUTENBHBIH aHa M3 MoKa3aJ, 9To pa3pabo-
TaHHAs B HACTOAIIEH IJlaBe METOJIMKa CUHTE3a CYIIECTBEHHO YIIPOIAET BBbIUUC/IE-
HUST U MOXKET OBbITh HCIIOJIb30BaHa [I/isi OObEKTOB C IOJHOCTBIO HEOIPEIe/IeHHBIMI
napaMeTpamMu B npaBoil yactu. B ormyimame oT pazpaboTaHHLIX JIDYTUMEU aBTOPaAMU
METOJIOB, MPEJIJIOZKEHHAs] METOJIUKA, CUHTE3a H oo PEIYJISATOPA TPAKTUICCKH HE NMEET
OrpaHMYeHNT Ha NMPUMEHEHNe, U B OTJEIbHBIX CJIyUYasX MO3BOJISICT TOJyIaTh MeHee

KOHCEPBATUBHOE peIleHne B CMbICTIEe H o, HOPMbI 3aMKHYTON CHCTEMBI.
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I'maBa 5. AHmM30TpOonmuiiHbINI aHAJIN3 W CHUHTE3 PO-
OaCTHBIX AHM3O0TPONMITHBIX PETyJISITOPOB
11 OOBIKHOBEHHBIX CHICTEM C IIapaMeTpu-

YeCKNMMN Heollpeae/ICHHOCTAMU

Metojibl cuHTE3a, pa3zpaboTaHHbIE I OJHOCTBIO ONPEJICICeHHBIX CHCTEM, He
MOTJIM FapaHTHPOBATH 3a/JaHHBII [T0Ka3aTe/ b KadecTBa WK JazKe YCTONINBOCTD 3a-
MKHYTO#l CHCTEMBI B CJydae, eC/U IapaMeTpbl PeaibHOr0 00beKTa OTKJIOHSJINCH
0T TTapaMeTpoB Mojiesn. Kak ciiejicTBue, Ipu CUHTE3e CUCTEM YIIPaBJICHUS PodacT-
HOCTb IIproOpeJia OIPOMHYIO BayKHOCTh. DTO HMPUBEJIO K IIOSIBJIEHUIO HHKJIA PadoT,
IIOCBSIIIIEHHBIX CHHTE3y POOACTHBIX PEryJisiTOPOB JIJISI CHCTEM C IapaMeTPUIeCKIMU
HeonpegeaeHHocTaMu. Ocoboe BHUMAaHUE B JIUTEpaAType YIEIs/I0Ch PACCMOTPEHUIO
3a/1a4 I0/IaBJICHIST BHEIIHUX BO3MYIIEHU JIJIsT CHCTEM C HMOJIUTOINYECKUMI U OI'pa-
HUYEHHBIMU 110 HOpME Heollpejie/ieHHOCTsIMI. [lesibio yipaBiieHnsl B TaKUX 3ajad9ax
SIBJISIJIOCH oDecrieueHne podacTHON yCTONUMBOCTH 3aMKHYTONH CUCTEMbBI M KeJ1aeMO-
o KadecTBa IIPOIECCOB, IIPOTEKAIOIINX B CHCTEME, C YIeTOM JIeHCTBYIONINX Ha Hee
BHEIIHNX BO3MYIICHUI.

PaspaboTka 1 paspuTie Teopun podacTHOrO0 aHM30TPOINITHOIO YIIPABICHUS JIJIsT
napaMeTpUyuecKn HEOIPEJIe/IEHHBIX CUCTEM sIBJISICTCS BayKHOI M 3HaYUMOil 1pobJie-
moii. [enbro JaHHoI T/IaBhI sIBJISETCsT pa3paboTKa METOA0B aHaIN3a aHN30TPOIINIHO-
ro KadecTBa IapaMeTPUUIeCKN HeOlpeJIeJIeHHbIX JTUHEHHBIX OObIKHOBEHHBIX CHCTEM,
a TaKyKe MOCTPOEHUe JI/Isi HUX POOACTHBIX aHU30TPOINUITHBIX 3aKOHOB YIIPABJICHMS.

B kadectBe paccMaTpuBaeMbIX MMapaMeTPUIECKUX HeOIpeJIe/IeHHOCTENl BBICTYIIAIOT
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MOJINTONNYECKHE HEOIIPE/JIeJIEHHOCTU U OT'PAHUYEHHbIe 110 HOpMe HEOIIPe/IeJIEHHOCTH.
[IpuBeiennble MEeTO/IBI aHaIN3a U CUHTE3a pOOACTHOIO aHU30TPOIUNHHOTO yIIpaBJie-
Hust ¢cpopMyTMPOBAHBI B TEPMUHAX MATPUUHBIX HEPABEHCTB W JIETKO aJrOPUTMUI3Y-

I0TCAd B IIOMOIIBIO ITaKETOB BbIHYKHOﬁ OIITUMU3allN.

5.1. AHuU3O0TpONUiiHbIII aHAJN3 W CUHTE3 AHU3O0TPOITUITHOTO

yiipaBJjieHA JJid ITIOJINTOIINMYECKNX CUCTEM

OHEM U3 BaKHBIX MaTeMaTHUeCKUX OIMCAHMI TapaMeTpUIecKX HeollpeIe/1eH-
HOCTell B JIMHENHOI CTaIMOHAPHON CHUCTEMEe SBJIACTCA MOJUTONNYECKas Heollpe/e-
JIEHHOCTb. DTO TaKas HeOIPeJeJIEHHOCTb, IPH KOTOPOl MHOYKECTBO BCEX BO3MOXK-
HBIX IIapaMeTPOB CUCTEMbI HAXOJUTCH BHYTPU BBIIIYKJ/JIOTO MHOIOIDAHHUKA, & HOMU-
HaJIbHAsl CHCTEMa MPUHAJIEKUT IEHTPY STON0 MHOIOIPAHHUKA. 3a/adi aHAJIM3a 1
cunTesa ¢ Ho 1 Hoo KPUTEPUAMU CTAJM IMUPOKO M3YUaeMbIMU B TIOCJI€/IHEE BPEMSI.
Hanpuwmep, pemenne 3aaun Ho anaamsa /s MOJTUTONNIECKIX CHCTEM ITPUBEJIEHO B
[222]. st perennst 3aa4 H o aHamsa ObLIH Oy YeHbl PA3INIHBIE BEPCHU YaCTOT-
Hoit Teopembl [216]. Bee pesymbraTsl cdopMyIHpOBAHBI ¢ UCTIOB30BAHIEM JITHE-
HBIIl MATPUUYHBIX HepaBeHCTB. Ha ocHOBe 1MOJIyYeHHBIX METOIMK aHaJIM3a, ObLIN TaK-
JKe pelleHbl 3a/a491 CHHTe3a POOACTHBIX 3aKOHOB YIIPaBJICHU JJIsI TOJIUTONNIECKIX
cucrem. CraTudyeckne 3aKOHbI ylpaBjieHust ObLM MoJydeHbl B paborax [223), 108,
a 3aKOHBI YIIPaBJIeHUS B BUJIE JIMHAMUIECKON 0OpATHON CBS3M MPU HEIOJHOM U3-
MepeHHH BEeKTOpa COCTOsIHUs CcTpositcs B padborax [223, 108, 265, 289, 193, 239).
Eme ognnM 09eBUIHBIM ILIIOCOM IOJUTOIMNYECKIX CUCTEM ABJIAETCA TO, ITO YCJIO-
BIS yCTOINYNBOCTU B (hOpMeE JIMHEHHBIX MaTPUIHBIX HEPABEHCTB CIIPABE/I/INBbI TAKKE
U JIJId CJIydas, eCJii HeONPEJIeJEHHOCTD ABJISETCS HeCTAIlMOHAPHOI.

Uexons n3 BBINMIECKA3aHHOTO, PACCMOTPEHNE TOJUTOINMYECKNX CUCTEM C TOYKHU
3peHnsl aHU30TPOIUIHOIO IOJIX0/1a ABJsIETCs] BeCbMa IIePCIIeKTUBHBIM HallpaBJIeHN-
eM uccjejoBanus. Huke OyyT mpuBeIeHbl pe3y/IbTAThl PEIIeHs 3a/1ad aHu30TPO-

IUITHOIO aHaJM3a W CUHTe3a aHU30TPOIHMIHOIO peryadaropa B (hopMe CTaTHIeCKO
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00paTHOl CBABU 110 COCTOSIHUIO JIJIsI IIOJIHOCTBIO HEOIPEJIEIeHHBIX MOJIUTOINIECKIX
CHCTEM.
5.1.1. OO61mas mocTaHOBKa 33/Ia4/ aHAJIN3a U yIIPABJICHUS

PaccmoTpum JnHEHYIO crCcTeMy € peajid3aliieil B IPOCTPAHCTBE COCTOSHUNI B

BUJIE:

w(k+1) = A©)z(k) + Bu(©)u(k) + Bu(©)w(k), (5.1)
2(k) = CO)a(k) + Dy(©)u(k) + Du(@)w(k), (5.2)

rie x(k) € R" — Bektop cocrostus cucrembl, w(k) € R™ — Bremnrnee ciyuaiinoe
BO3MYTIEHIE ¢ orpaHmdenHoii cpesmeit anmsorpormeit A(W) < a (a > 0), u(k) € R
— BekTop yupasienus, z(k) € RP — ynpas/siemMblii BHIXOJI CHCTEMBL.

Matrpuner A(O), B,(0), B,(©), C(©), D,(©) onpesenstorest 13 BbIpazKeHMit
A(@) = Z 92141, Bw(@) = Z ez‘Bwia
i=1 i=1
i=1 i=1

C(0) =) 6,C;;, Dy(©) =Y 6Dy, (5.3)
i=1 1=1

rJe BEKTOp HeOlIpeJC/ICHHBIX IIapaMeTPOB © O6JI&,B;&€T cJjleyromumMun cBOiicTBaAMU

;=1 6,0, 6;eR, Vi=Tr. (5.4)
=1

Ompesiennm annzorpormitayo Hopmy cucremsl (. 1)—(5.2)) kak

[Fall, = sup :
“waon<a IW]p

B zajade ananmsza HEOOXOUMO pas3padOTaTh BLIYUCIUTETBHYIO METOTUKY IS
IIPOBEPKU POOACTHOMN YCTONINBOCTH 1 AHU30TPOINIHOIO KavuecTBa PA30MKHYTOMN CH-
crembl ((5.1))—(5.2)) a1 usBecTHOrO YPOBHS CpeHeit anuzoTponin ¢ > 0 1 3aaHHONO

gncya v > 0. T.e. 3a1auy anajamsa MOXKHO c(DOPMYTUPOBATE CJIEIYIONTIM 0OPa30M.
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Bagada 5.1. Jlaa ussecmmozo yposts cpedueti anudomponuu a = 0 6x0dno20 cay-
watinozo éoamyusenus w(k) u sadarnnozo wucaa vy > 0 npu yeaosuu, wmo u(k) = 0

NPOBEPUMD:
1. asasemcs au cucmema pobacmmo ycmotliuueol;

2. 8LINONHAEMNMCA AU ycaosue

IEally <~

ona 6cex 6o3mooichur O, ydosaemsoparowux ((5.3)—(5.4).

Bajilada cuHTE3a POOACTHOINO aHU3OTPOIHMITHOTO PErysIdgTopa 10 COCTOSTHUIO JIJIsT

JIECKPUTITOPHON CUCTEMBI MOYKET ObITH CPOPMYTMPOBAHA, CJIETYIOIIIM 00Pa30M.

Bama4da 5.2. Jlaa uszeecmnozo yposms cpedneti anuszomponuu a = 0 u sadanmo-
20 wucaa v > 0 mpebyemca natimu 3axon ynpasaerus 6 eude u(k) = Kux(k),
Komopwll pobacmmo cmaburuzupyem pazomxrymyro cucmemy (5.1)—(5.2) u 2apar-

mupyem 02paHUHYEHHOCTID G,HUSOmpOTlUﬁHO{Z HOPMDBL S(IM%HymO"L!Z CUCmemdsl, m.e.
cl
IEAN, <~

ons ecex 6oamooicnuir O, ydosaemsoparowux ((5.3)—(5.4)).

5.1.2. Penienue 3a/a41 aHU30TPONMUINHOTO aHAJIN3A MOJIUTONMUIECKIX CH-

creM

s pemennsd 3a/1aun aHU30TPONNITHOTO aHAJII3a MTOJIUTOIMNYECKIX CUCTEM, T10-
JIyIUM CHadvaJia YCJIOBHS, 3aBucdiine ot napamerpa. OHu copMy/InpoBaHbl B Clie-

JAYIOIeil Teopeme.

Teopema 5.1. Cucmema (5.1)-(5.2)) asasemea pobacmmuo yemotwueod, a ee anu-
30MPoONUTN0E Kauecmeo ne npesviuaem 3adannozo wucaa y > 0 daa ussecmmo-

20 Yposna cpedneti anudomponuu a = 0 u 6cex 803ModcHIT Heonpedesennocmed,

ydosaemeoparowux  (5.3)—(5.4), ecau cywecmeyrom maxue mampuyw, P(©) > 0,
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nesvipoorcdennan mampuya G(0), W(O) > 0 u wucao n(O) > %, das xomopvix

Cﬂp@66dﬂU6bL MAMPUHHBIE HEPABGEHCNEA.

(©) — (72 det (0))"™ < 42, (5.5)

3

G(©)B,(©) L(©O) * | <0, (5.6)
I D.,(0) 0 =1
- —P(0) * * * |
! T (5.7)

2e L(©) = —G(©) — GT (©) + P(©).

okazaTeabcTBO. YTOOBI MOJYYUTH YCJIOBUSA POOACTHON YCTONINBOCTH TOJITO-

mraeckoit cucrembr ((5.1)—(5.2), pacemoTpum mapaMerpudeckyio (byHKIHIO B Kade-

CTBe KaHuJaTa Ha pojib pyHKIuN JIgmyHoBa B Buje [108]:
V(k) = 2" (k)P(®)z(k), P(©)=) 6;P,>0. (5.8)
=1

Bes camxkenust obnrocTn mpeanonokuM takxke, 9to W = {w(k)}rez € L. Pazun-

na mexkry npuparenusamu V (k 4+ 1) u V (k) onpenensiercs mo dpopmyiie

V(k+1)=V(k)=2"(k+1D)P©O)x(k+1) — 2" (E)P(O)x(k).  (5.9)

180



PaccmorpumM Terepb BbIparkKeHue:

V(k+1) = V(k)+ 2" (k)z(k) — nw" (k)w(k) =
= {nogcrasum x(k + 1) = A(O)x(k) + B, (©)w(k)
n z(k) =C.(0)x(k) + D.,(©)w(k)} =

Taxum obpazoM, HEpaBEHCTBO
V(k4+1) = V(k)+ 2" (k)z(k) — nw™ (k)w(k) < 0 (5.11)

crpase o Jyist Beex x(k) u w(k), ecoin

T PO®) 0
+[c.e) D@ ] |c© Do) - <0. (5.12)
0 nl,
[Ipeobpazyem HepasercTso ((5.12) Kk Bu,Iy:
T
—P©) 0 A(©) B.(0)
0 —nl, C.(0) D..(0)
[ _p©) 0 || a©) B.O
X (©) (©) ©) <0, (5.13)
0 —1, C.(0) D.,(©)
{—Pl(@) 0
rjge Marpuna ABJIAETCA OTpULaTe/IbHO OHpeﬂeﬂeHHOﬁ. HpI/IMe—
0 I
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Hag K HepaBeHeTBy ([5.13)) gemmy o nomnosnenun 1o L nMeeM
)

- —P(0) * * * ]
0 —n1ly * *
<0. (5.14)
A©) By(©) —P7(O) =
I C.(0) D.,(0) 0 —Ip |

st Toro, 1Tobbl n36eKaTh obpalneHust MaTpuribl P(©), BBeeM HOBYIO HEBBIPOK-
nennyto Marpuiy G(O). YMHoxkast ciea u cripaba HepaBeHCTBO ([D.14)) Ha HeBBI-

POXKJICHHYIO MATPUILY

I0 0 0
07l 0 0
(5.15)
00 GO) 0
00 0 I
1 €€ TPaHCIIOHUPOBAaHHYIO COOTBG:FCTBGHHO, HOﬂyq-I/IM:
—P(0) * * *
0 —nlpy, * *
<0, (5.16)
G(0)A(©) G(O)B,(©) AO) *
C.(0) D..,(0) 0 -1,
rae
A©) = —-G(©)P ()G (O). (5.17)

cienyer, uro —G(O)P71(O)GT(O) < —G(©) — GT(0) + P(O). Beejem oboszna-
yenne L(O) = —G(©) — GT(O) + P(O) u samenum 610K (3,3) B JeBoil yacTn

HepasencTsa ((.16]), mosrydmm:

—P(0) * * *
0 —nly * *
< 0. (5.18)
G(O©)A(O) G(O)B,(©) LO) «*
I C.(0) D..,(0) 0 -1 |



Beinostrenne nepasencrsa ((5.18) mist siioboro k € Zy | J{0} s wenyseBoro BXo-
HOT'O CHTHAJIA TI03BOJISIET BBITOJHUTEL CyMMupoBanie Hepasencts ((5.11) ot & = 0 10
k = 00, TakuM 0Opa30oM MMeeM
o0 o0
V(o) = V(0) + ) 2T (k)z(k) —n > _w" (k)w(k) < 0. (5.19)
k=0 k=0

Hnst myneBbix Hadaapubix yeiaosuit (x(0) = 0) V(0) = 0, a npexnmosaras, 9To
V(00) > 0, mepasenctso ((5.19) mpeobpasyercs K Buy:

(e.¢]

ZH(k)z(k) <) w' (kw(k).

Takum odbpasom,

su >z 2 (k)2 (k)
WS Wt (kyw(k) <7 (5.20)

Brinostnenne HepaBeHCTBA rapaHTUpyeT yCTONYNBOCTL PA30MKHYTOU CHU-
crembl (5.1)—(5.2) u orpanuiuennocts ee Ho HOPMBL CBEPXY UUCIOM 7).

Ha BTOpOM 3Tame HeOOXOAMMO HAWTH YCJIOBUS, KOTOPbIE TapaHTUPYIOT OTPAHU-
YeHHOCTb aHU30TPOINITHON HOPMBI J1JId YPOBHSI CPeJHell aHU30TPOIINN BXOJHBIX BO3-
mymennit A(W) < a.

Takune ycjoBus MOTYT OBITH OIpejeIeHbl 13 AaHU30TPOIMITHON 9acTOTHOI Teope-

mbl [182],8 ciepyroeii hopme
1
- 5111 det((1 — q¢(©)y*)2(0)) > a, (5.21)

riie ¢(©) € [0, min(y 2, ||Fall32)), a X(O) onpenensiercst u3 penienus ajredpante-

ckoro ypashenns Pukkaru (R(©) > 0)

R(©) =AY (©)R(O)A(O) + q(©)CT (©)C.(0) + LT (0)71(0)L(0), (5.22)
L(©)=%(0)(B, (0)R(B)A(8) +¢(0)D;,(0)C.(8)), (5.23)
2(0) = (I — B,, (©)R(0)B,(©) — q¢(8)D.,(0)D..,(8)) . (5.24)

Biejiem zameny nepemennnix P(Q) = n(©)R(0) un(©) = ¢~ 1(0). Torga us cy-
mectBoBanust pertennst P(O) nepasernctsa (.18]) ciemayer cymecTBoBanme pereHust
P(©) ypasuenus (6-22)—(5-24)), mpuuem P(©) < P(O).
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SamMeTnM TakykKe, 9TO B 3ajlade aHaJM3a Mbl TpeOyeM CTPOryI0 Or'paHuYeH-
HOCTb aHM30TPOINUITHON HOPMBI CUCTEMBI —, [IO3TOMY HECTPOroe HepaBeH-
ctBo ((5.21]) neobxommmvo 3amernTh crporum (oapobuee eM. B [32]). Ucnonb3yst cBoii-
cTBa JorapudmMa U ¢ yIeToM pacCMOTPEHHOIo 3aMedanusi, HepaBeHcTBo ([5.21)) 3a-

IUIIETCS B BUJIE:
— det (2(0)) " < —(1 = g(©)y2)e2/™. (5.25)
[Tocnearee HEPpaBEHCTBO SKBUBAJIEHTHO CJIEIYIONIEMY
n(©)— (e det(n(©) 1, — B, (8) P(0) B, (0) — D.,,(©) D= (©))) /™ < +*. (5.26)
BBojs HOBYIO IIepeMeHHYI0
U(O) <n(0)In — B, (©)P(0)B4(8) — D,,(0)D..(0),

e ¥(0) = ¥(0)T > 0 [32], nepasencrro ((5.26) BbInOIHEHO, €ciU ClIPpaBe/IUBbI

JIBa CJICJIYIOIINX HEPABEHCTBA

n(©) — (e72¢ det(T(O)))V/™ < ~2, (5.27)
¥(0) < n(©)L, — B, (0)P(0)B,(0) — D,,(0)D..,(8). (5.28)
[Tepenumem ((5.28) kax
. . —P©) 0 B, (0)
W(©)—n(©),— | BI(©) DI (©) | 0 o | | ey | < 2

[Tpumensis temmy o gonosinenun [lypa x (5.29), monygaem

V(O) —n(O)ln B,(©) D.,(0)
B.,(©) -P71©®) 0 <0. (5.30)
D.,(0) 0 —1,

Yuuoxkum HepaBeHcTBo ((5.31]) ceBa u cripaBa Ha Matpuiyy | () G(©) 0 | uee
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rpancnonnposannyio. C yaerom ((5.17)) mosryanm

U(O)—-nO)I, * *
G(O©)B,(©) AB) * | <0. (5.31)
D.,(0) 0 -1,

Bamensts 6710k (2,2) na marpuiy L(0©), mosydaeM OKOHYIATEIbHOE HEPABEHCTBO. M

YcIoBusT TEOPEMBI OJIYIEHbI Ha OCHOBE IMPHMEHEHHS MapaMeTPHIeCKIX
dbyuknnit JIsmnynosa ¢ 0OM0JHATEIBHBIM OPAHNYEHNEM Ha MHOKECTBO PACCMAaTPH-
BAEMBIX CHTHAJIOB. DTO JIOMOJHUTEIBHOE OIPAHNYEHNE 33[aeT MHOXKECTBO CJIydaii-
HBIX CTAIMOHAPHBIX CHUTHAJIOB C OMPAHUYEHHOI CHEeKTPabHON MIOTHOCTHIO, HA3bl-
BaeMOii cpeJiHell aHM30TPOIEll curHaia. DT YCJIOBHsT MOTYT OBITH HCIIOIH30BAHDI
JUIS CETOYHOTO METOJIa AHAJIN3a, TTOJUTONNIECKIX CHCTeM. AJITOPUTM MOYKET ObIThH
IIPEJICTABIICH B CJIC/YIOIEM BIJIE

Astropntm 5.1.

IITar 1. 3ajaem ypoBenb cpejneit anumzorpornuu ¢ > 0 u mar cetku h. 3ajiaem
MHOKECTBO €, JiesKalee BHYTPH ejnHnmunoro kyba us R™™! u cocrosmee us
MHOKECTBa TOUEK — y3JI0B ceTKi. PukcupyeM napamerp O, Haznadas mepBbie
(r — 1) KOMIIOHEHT — KOODJMHATAMU TOYKH N3 MHOYXKeCTBa {2, & TMOCJIEHIO0

BRIYKCIsIEM 110 opmyiie O, = 1 — 25;11 0; = 1.
IMlar 2. 3ajgaem k= 1.

IITar 3. [Iloka k < N, Boibupaem 3jieMeHT MHOXKecTBa ()i, duxkcupyem mat-
punpl cucremsl A = Y104, By = > 0:Byi, Cr = >.._10.Cy,
Dy, = ZZ:l 0; D
ITar 4. Jlna dukcupoBanabix suadennii Ay, By, Cy, D) pemaercs onTuMu3aiii-
OHHas 3aJIa9a:
7,% = min ~°

Ha MHOXKECTBE IepeMeHHbIX {7, v, P, U, G}, yIOBJIETBOPSIONINX HEpaBEH-
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ITlar 5. Ecau cucrema MaTpuYHBIX HEPABEHCTB HepaspelnMa Ha mare 4, To cu-
CTeMa CHCTeMa dABJIsleTCsl HeyCTONYNBOI K JaHHbIX 3HAYCHUAX IIapaMeTPOB,
a aJI'OPUTM OCTaHABJIUBACTCS. Eesm pelnenne HaiiJIeHO, TO BLIYHIC/ISICTCS 3Ha-
aqerne v, = max{vyr, Vk-1}, Ecim k < N, 1o k = k + 1, Bo3Bpammaemcs Ha,

[Mar 4. Ecaun k = N, To nepexoaum Ha [Ilar 6.

IIIar 6. DBepxussa rpanniia aHn30TPONNIHON HOPMBI OIIPEJIE/IAETCA KaK Y.

PaccMOTpUM BBIMHCIUTEIBHBIN TPUMED, MOKA3BIBAIONINI, KAK padboTaeT mpeIio-

KeHHDIIT aJITOPUTM.

ITpumep 5.1. Ilycmv cucmema 3adaemcs 6 ude:

0.9 —0.7 1 1
Al = ) A2 =
0.5 —0.3 —-0.5 —0.7
0.5 —0.5
Bwl - 9 Bw2 — I
0 2

CZl:CZ?: [1 0}7 DzwlzDszZO-

Coznacno areopummy 5.1., muootcecmso 2 moorcho 3adamo 6 caedyrowem sude
Oy =1—01, 0 < 60; < 1. Bubepem wae cemxu xax h = 0.01, a yposnu cpednet
anuzomponuy 3adadum wepes a1 = 0, as = 0.5, ag = 100. Cayuat a; = 0 coomeem-
cmeyem 3adaye OUENKY 8epTHel 2paruub, He Hopmol, caywat az = 100 b6ausok x
sadave oueHku eeprHet: epaHuydl Hao HopMmol. Peayisvmam sviuucienus aHu3ompo-
NUAHOT HOPMDBL 8 Y3AAL CEMKU OAA PASAUMHLT 3HaveHnutd © daa cayvas as = 0.5
npouamocmpuposan na Puc. [5.1]. Jleexo eudemv, wmo nauborvwee 3navenue Hop-
Mo, docmuzaemces 6 mowke 0 = 0.62, 0y = 0.38. Takum 06pazom, 6EPTHAL 2PAMUUA
aHU30MPONUTIHOT HOPMBL Ons cayuas ay = 0.5 pasna || F||, ~ 7.0013.

Ananozuuro, npumenss areopumm 5.1. daa cayuaes a1 = 0 u az = 100, umeem
coomsememsenno ||F|, = ||F|l2 = 2.2619, |F|,,0 = 8.6421 = ||F||x. [padux
3HAUEHUT, AHUOMPONUTHOT HOPMBL 68 Y3AGT ceMKU OAA cayuaes a1 = 0 u az = 100

noxazanv, na Puc. [2.2.
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£l =08

] 0.1 02 03 04 05 o 0¥ 08 08 1

Puc. 5.1. Besmunna aHm30TPONNNIHON HOPMBI B y3JaX CETKHU TP Pa3INnIHbIX

3HaueHnsAx © npu as = 0.5.

122 =0

e
]

1]+ e =100
m

Puc. 5.2. Besmunna aHI30TPONNNIHON HOPMBI B y3JaX CETKU TP Pa3INnIHbIX

snadernsx O npu a; = 0 (Bepxuuit pucyHok) u ag = 100 (HMKHUI PICYHOK).
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YeJjioBus TEOpeMbI copMyJIMPOBaHbI B KOMIIAKTHOM BHJE M 3aBUCAT SIBHO
or mapamerpa ©. K coxkajieHuio, Takasi napaMeTpuieckasi 3aBUCUMOCTb MOYKET Cy-
IIECTBEHHBIM 00pa30M YCJIOKHUTH METOJNKY aHaJl3a MCXOTHOI CUCTEMBbl U JIe/IaeT
HEBO3MOKHBIM pPelleHne 3aJaul CUHTe3a. KpoMe TOoro, J0CTaTOYHO KPYIHBIN Iar
CETKM He TIO3BOJIUT C YJIOBJIETBOPUTEJLHOI TOYHOCTHIO OIEHUTH BEPXHIOK T'DAHUILY
AHM30TPONNITHON HOPMBI. [loaTOMY TipuBejienHas HUKe TeopeMa IPeJICTaBIIsAeT CO-
00l He3aBHCAIIE OT HEOIPEJICJICHHBIX MapaMeTPOB JIOCTATOYHBIC YCJIOBUS OICHKN

aHMBOTpOHHﬁHOﬁ HOPMBI HOJINTOIINYECKON CUCTEMBI.

Teopema 5.2. Cucmema — ABNAAENCA POOACMHO Ycmoluueot, a ee aHU30-
MPoONUTHaAAL HOPMA CMPOo20 MeHbWE “wucaa ¥ > 0 daa uzsecmmoz2o yposs cpedret
aruzomponuy a = 0 u 8Cex B03MOHCHLLT HeonpedeserHnocmertl, YoosAEMBOPAULUL
f, ecau cyuwecmesyrom maxue mampuuv, ®; > 0, W > 0, neswpoorcdenmvie
mampuipe Gy U wucso 1 > y2, npu KOmMopuix cnpaseosucsl CALOYIOULUE MATIPUYIHDLE

HeEpaseHCMEBA!

n— (2 det T)"" < 42, (5.32)

v —nl, * *
By —d, x <0, (5.33)

-G -Gl +®;, « x  x
0 —nl, * *
<0, (5.34)
AZGZ sz _(I)z *
C;G; D, 0 -1,
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-G -Gl +®;  « x %
0 —nl,, * *
K +
AjGi Bwj _(I)i *
el Duj 0 —I,
—Gj -G +%;  « *x %
0 —nl, * *
+ <0, (5.35)
A,’Gj Bwi —(I)j *
CZ'G]' D, 0 —]p

edet,j=1,r1<7.

HokaszaresmbcrBo. Pacemorpum uwepasencrsa (5.14) u (5.31)), nosydenusie mpu

Jl0Ka3aTebeTBe HpebuLyelt reopemsl. [Ipeanonozkum, uro ®(0) = Y7, 6,0, =

P71(©), a raxxe zabuxcupyem napamerp n u . Torja nepasencrsa (5.14]) u (5.31))

[HepeInmyTCd B CJIeAyIomeM BUIAEC:

w1, BI(©) DLO)
B,(©) -®©) 0 |<0 (5.36)
D,© 0 I
u _ -
o 1(0) * *
T (5.37)

TTocieiHee HepaBeHCTBO cojepskuT MaTpuiy @1(0). Irobbl nz3baBuThCA OT Hee,

YMHOKEIM HepaseHCTBO ((5.37)) csieBa n cripaBa Ha MATPUILY

GT(©) 0 0 0
I, 0 0
I, 0

3

0
0 0
0 0 0 I,

189



I ee TPaHCIIOHUPOBAHHYIO, COOTBETCTBEHHO. B pesy/ibrare moaydaem:

— A(©) * * * |
0 —n 1Ly * *
<0. (5.38)
AO)G(O) B,(O) —®(0) «*
I C(©)G(©) D,(©) 0 —1, |

e A(©) = —GT(0)d71(0)G(0).

Bamerum, ato P(O) > 0, M0ITOMY U3 BBIIOJHEHUST HEPABEHCTBA,
—(G(0) = 2(8)) 1 (0)(G(8) — ©(6)) <0

crenyer, uto —G (©)P7HO)G(O) < —G(0) -G (0)+®(O). U3 nocieanero cie-

ayert, 9o HepaBeHcTBO (5.38|) crpaBeyInBO, ec/ii crpaBeinBo HepaseHcTso ((5.37)).

HpI/IHI/IMaS{ BO BHUMaHHWE BblpazKE€HN A JJIA HapaMETPHUICCKUX HGOHpeﬂeﬂeHHOCTGﬁ

(5.3)-(5.4) u BBenennoe npeanonoxenne P(O) = S°1_ 6;®;, nepasencrsa (5.38) u

(5.36]) SKBUBAJICHTHBI CJIEYIOIIIM:

. v —nl, «* *
> 0| By —® x |<0, (5.39)
= Dwi 0 —I,

[ -G, — G;f + &, * * ]
- 0 —nl,, * *
> 6 X +
i=1 A,G; Byi —®; *
i CiG; Dy 0 —In |

N ZT: ET: 0.0, 0 —nl, * * N

i=1 i<j AjGi Bwj —®,; *
| CJGz ij 0 _Im ]
G, -GT+d; o« &k
0 -nl, * *
+ 7 < 0. (5.40)
AiGj Bwi —(I)j *
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Crejtyer 3aMeTuTh, 4T0 HepaBeHCTBO ((5.40)) MOKHO MOy 9nTh, HCIOJIB3YsI CBOTICTBO
T
(5.4) u yunresas, uro (> 6;)> = 1. OueBujiHO, YTO U3 BBHINOJHEHNA HEPABEHCTE

i=1

(5.33)—(5.35) aBromarndeckn caemyer BuimosHenne nepasercts ((5.39) u (5.40). Yro

3aBeplIaeT A0Ka3aTeJIbCTBO.

5.1.3. CwmHTe3 pobaCTHOTrO aHU3O0TPOIIUITHOTO YIIPABJIEHUS IO COCTOSHUIO

AJId IIOJINTOIINYECKNX CUCTEM

Hepagencrsa ((5.27), (5.31)) u (5.38)) onpenesnsior napameTputeckie yCJaoOBHs JIJTst

IIPOBEPKU OIPAHNICHHOCTH aHU30TPOINIHON HOPMBI PA3OMKHYTOI ITOJIUTOINYICCKONI
cucremsr ((5.1)-(5.2)). Ha ocHoBe /aHHBIX HEPABEHCTB MOZKHO OJIYIUTD YCIOBUST IS

CUHTEe3a POOACTHOIO 3aKOHA yIIPaBJIEHUS.

Teopema 5.3. Cucmema (5.1)—(5-2) pobacmmuo cmabususupyema saxonom ynpas-
Aenus 6 eude cmamuyeckoti obpamnot ceazu no cocmosnuro u(k) = Kz(k), a
ee AHU3OMPONUTHAAL HOPMA CMPO20 02PaHUYEHE “uciom ¥ > 0 das uzeecmmozo
yposhsa cpednet a = 0 800020 803MYULEHUA OAA BCEX BO3MONCHVIL Heonpede-
aennocmed, onpedeasemoir svipasicenumu (5.3)—-([0.4) ecau cywecmeyrom marue
mampuuype P(O) > 0, U > 0, L(O), G(O) u wucao n > 2, daa Komopvix cnpasced-

AUBBL HEPABEHCTNEBA

n— (e " det \If)l/m <9, (5.41)
_ v —nl, * * ]
Bu(@) —®(0) % | <0, (5.42)
D,©) 0 I,
 _GO)-GT(0)+D(O) N
! B ) (5.43)

A(©)G(O) + B,(O)L(O) B,(0) —®(0) =«
| C(0)G(0) + Du(O)L(O) Du(®) 0 —1I |

Hpu IMOM 3aAKOH YNpPasAEHUA onpede,/memc.ﬂ 6UPAIHCEHUEM




Jloka3aTeJIbCcTBO. 3aMKHYTasl CHCTEMa, 38/IaeTCsI BhIPAsKEeHUSIMU

2(k+1) = (A(©) + Bu(0)K(0))z(k) + By(©)w(k), (5.44)
2(k) = (C(O)+ Du(O)K(0))x(k) + Du(®)w(k). (5.45)

Ucnonbsys obosnadenue K(O) = L(0)G1(O) nepasencrsa (5.41)—(5.43)) 1o-

aydaatorcs Hanpsimyto u3 (5.27)), (5.31) u (5.38]) cooTBeTcTBEHHO TTOCIE MTOICTAHOBKE

B HUX IIapaMeETpPOB BaMKHYTOfI cucreMbl.

YesioBud TEOPEMBI TaK>Ke ABJIAIOTCA ITapaMETPpUYCCKUMU. Sl ycJjaoBud
HEIIPpUMEHMMBI IIDU pe€aJiu3ali 9MUCJICHHBIX IIPOHEAyp CHHTE3a pO6ELCTHOFO yiipaB-
JICHUA. O,ZLHaKO Ha MX OCHOBE MO2KHO IIOJIYYUTDL HE€llapaMETpUYECKHE YCJIOBUA [JIf

CUHTEe3a pobACTHOIO0 AHM30TPOINITHOIO yIpaB/eHus. PaccMoTpuM ciey oy Teo-

peMmy.

Teopema 5.4. Cucmema (5.1)~(5.2) pobacmmo emabususupyema saronom ynpas-
AeHUuA 6 sude cmamuyeckoli obpamnot ceazu no cocmosnuto u(k) = Kz(k), a
ee AHUBOMPONUTHAA HOPMA CTNPO20 02PAHUNMEHA “uciom Y > 0 daa ussecmmozo
yposhsa cpedneti aruzomponuu a = 0 6001020 B03MYWEHUA ONA BCET BO3MONCHBIL
neonpedeaennocmet, onpedeasemvir svpascenuamu (5.3)~(p.4) ecau cywecmsyrom
maxue mampuyp, ®; > 0, U >0, L, G u wucro n > v, das Komopuix cnpacedauec

HEPABGEHCTBO

n— (e~ det \If)l/m <9 (5.46)

B —d, x < 0, (547)
Dy 0 -1,

<0, (5.48)




1= 1,r. IIpu smom 3axon YynpasieHus onpeieisemcs 6oiPaAHceHUCM:

K= LG

r

Hoxkazareanctso. Ilycts G(©) = G, L(©) = L, ®(0©) = > 6§;0;. C yuerom
—1

2
soipazkennii ((5.3)—(5.4) n BBegeHHbIX TIpemookenuii, HepasencTna (5.42) u ((5.43))

MOZKHO IIepelicaTb B BU/JE:

>0 | By % « |<0 (5.49)
=1

G-G +d, « x %
- 0 —nl, * %

> 6, _ _ <0 (5.50)

i—1 AG+ BuL By, —®; *

C;G+Dy;L Dy 0 —I,

coorsercTBerHo. OTKy/Ia ye/I0BUs CyliecTBoBanus pobacTHoro peryssropa (5.52)-
(5.54])) cireyroT HAIIPSIMYTO. B

[Toryuennble YCa0BUSI MOIYT OBIThH HCIIOJIB30BAHBL JIJIsi CHHTE3a POOACTHOIO aHI-
30TPOIUITHOrO PEryJisiTopa ¢ PacloIoKeHIeM II0JI0COB 3aMKHYTO! CHCTEMbI B 3a-
JIAHHOM 00J1acTi BHYTPH €MHIIHOrO Kpyra. st 9Toro BocmnosibayeMest ciienyroreii

JIEMMOIA.

Jlemma 5.1. [211)] Pasomxnyman cucmema (5.1) pobacmmo yemotuusa, a ee no-
A0CA HATOOAMCA SHYMPU QUCKA, HE BLITOOAULE20 30 NPEIEAb, OUHUYHO20 KpPY2a,
¢ uenmpom 6 mouke (xe;0) u paduycom «, ecau das wexomopots mampuyn, R(O)

cnpaeed/mso HEPABGEHCTM GO
a 2(A©) — 2.1)T R(O)(A(O) — a.I) — R(O) < 0. (5.51)

Ucnonbays reopemy 5.4 u siemmy [5. 1], MozkHO copMyTHPOBATE CJIEIYIONIYIO TEO-
pemy.
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Teopema 5.5. Cucmema f PoOOACMHO CMADUAUSUPYEME 3GKOHOM YNPQG-
AeHUA 6 6ude cmamuyeckoli 0bpamnot ceasu no cocmosnuto u(k) = Kx(k), ee
AHU3OMPONUTHAA HOPMA He npesocrodum 3adarnozo wucsa v > 0 daa uzeecm-
H020 YposHA cpedneli anuzomponuy a = 0 6001020 803MYWEHUA, G BCE NOAIOCHL
3aMKHYMOT cucmemyt aestcam enympu ducka ¢ yenmpom (x5 0) u paduycom «,
AEACAULUM BHYMPU QUHUYHO20 KPY2ad HA KOMNAECKCHOU NAOCKOCU, OAA 6CET 603~
movichoir neonpedeaenmocmedi, onpedeasemoir supadrcenusamu (5.3)—(5.4), ecau cy-
weemsyrom maxue mampuyst ®; > 0, R; > 0, ¥ > 0, L, G u wucao n > 2, npu
KOMOPHLT CNPABEINUBHL HEPAGEHCTMEA

1/m

n— (e det ¥)"" < ~7, (5.52)

By —® * | <0, (5.53)

0 —nl, * *
. . <0, (5.54)
A,G+ B, L B b, *
C.G+DyuL D, 0 —I,
—OJ2RZ' Azé - a:c@ + Bmf
<0, (5.55)

* —E—ET—‘FRi

v = 1,7r. Ilpu smom 3axon Ynpasierus MorHcHo waliimu no dopmyae

HoxkaszaresnbcrBo. Hepasencrsa ((5.52)—(5.54)) mosrydenst npu JoKa3aTeibcTBe Teo-
pemst 5.4] Hoxaxem reneps, uro nepasencrso (5.57) 3amaer xkesnaeMyo obactb

PacCIoOJIOZKEHU A 1TIOJIIOCOB SaMKHyTOﬁ CUCTEMBDBI. HpI/IMeHI/IM JIEMMY O JOIIOJIHEHUM 110

Hlypy k mepasenctsy ((5.51)), momyamm
—a?R(©) A(©) -z + B,(O)K
o"R(6) A®) -~z (©) < 0. (5.56)
* —~R7YO)

194



PaccMoTpuM HEBBIPOXKJICHHYIO MATPUUIHYIO IepeMeHHyio (. YMHOXKHUM cJjieBa 1

0 I 0
crpaBa HepaBeHCTBO (5.57)) Ha o | m , COOTBETCTBEHHO, MOJIYYUM

0 G

—a?R(©) A(O)G — 2.G + B,(0)KG

N " <0. (5.57)
X G R YO)G

Biok (2,2) B JeBoii wactu uepapeHcTBa ((5.57]) MOXKHO 3aMEHHTH BbIpasKEHHEM

(—GT — G + R(©)). Beeaem marpuny L = KG u npeanonoxum, uto R(O) =

,
> 0;R; ¢ R; > 0. Torma nocsemtee nepaenctso ¢ yuerom ((5.4]) MoxKHO 3ammcarh B
=1

(;OpMe
! —CM2RZ' AZG — q:c@ + Bmz

> 6, L <0. (5.58)
i=1 * _G — G + RZ

Hepagencrso ((5.58)) crpasemipo, econ crpasemsel ((5.55)) s Beex ¢ = 1, 7. D1o
3aBepliaeT JI0Ka3aTe/bCTBO. W

Teopembi [5.2], 5.4 u 5.5 onperesisiior HenapamerpuyecKne yCJI0BHs J1JIst aHI30TPO-

NUIHOrO aHaIN3a U CUHTE3a pOoOACTHOrO aHM30TPONHUITHOIO yIpaB/IeHUA, KOTOPHIE
SIBJIATOTCS BBITYKJIBIMI W BHIYUCTUTETHHO PEATN3YEMBIMU. DTU YCJIOBUS TO3BOIAIOT
Takke chOPMYJIUPOBATH ONTUMU3AIMOHHBIC 33J1a91 OIEHKN aHU30TPOIUITHON HOP-
MBI IIOJIUTOIINYECKOM CUCTEMDBI, & TaKzK€ CUHTC3a 7y—OIITUMAJIbHOI'O PEryJIATOPa Kak
3a/1a49y BBIIYKJIONH ONTHMU3AINN.

Hampumep, oreHKa aHU30TPONMITHON HOPMBbI MOJTUTOIIMYECKON CUCTEMbI MOXKET
OBITH peleHa CieYIomnM o6pasoM. Bpefgem mepemennyio & = 42 U paccMOTPHM

3aJ1a9y BBITYKJI0M OMTUMU3AIIN
& =miné

Ha MHOZKECTBE IIE€PEMEHHDLIX

{777 57 (I)ia \Ila Gz}7

yrosserBopstronux HepasercTBaM ((5.32)—(5.35)). Ecm pernenue cyrectsyer, To aHu-

30TPONUNHYI0 HOPMY TOJUTOMUIECKOIN CUCTEMBI MOXKHO OIEHUTD Kak v* /2 y/&,.
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[Ipobiiema cuHTE3a Y—ONTHMAIBLHOTO PETYJISTOPa (DOPMYINPYETCS aHAJIOTTYHBIM

oOpazoM.

IIpumep 5.2. Paccmompum cucmemy ¢ peasudayueti 6 npocmparcmeae cocmoanull:

1.2 —0.7 1 1
Al = ) AQ =
0.5 —0.3 —0.5 —=0.7
—0.5
Bwl - Bw2 - )
1
1 1
Bul - ) Bu2 - )
1 0

Cir=0C=11 0}, Dy = Dyo = 0.

Cucmema asasemea neycmotivusoti daa nexomopux snaverut 01 u 6y. Hanpu-
mep, npu 6y = 0.66 u 0y = 0.34 cnexkmpanrvrod paduyc mampuyv, A(O) pasen
p(0.66A4; + 0.344;) = 1.1195. Pesyavmamoi 6b4UCAUMENLHOIT IKCIEPUMEHMOB
npouastocmpuposarv. 6 mabauye [5.1. Uz mabauy 6udno, 4mo pesysvomam oueHky
AHU3OMPONUTINOT HOPMBL NOAUMONUYECKOT CUCTNEMYL C UCTLONDIOEAHUEM TEOPEMbL

0UEHb OAU3OK K PE3YALMAMY C UCTLOAB306aHUEM Meopembt 5. 1]

Tabmuia 5.1. PesynbraTsl MojietupoBaHus B IpuMepe (5.2

CpeHsist aHU30TPOIIUS G 0 0.1 5
—0.9841 —1.0125 —0.9995
Baxon yupasienus K '
—0.0914 —0.1039 —0.0821
min -y Ha OCHOBE TeopeMbl [5.4 1.1741 1.5549 2.0812
min 7y ¢ UCIOJIb30BaHUEM TeopeMbl [5.1 1.1522 1.5181 2.0623
min-y ¢ UCIOJIb30BAHUEM TEOPEMBI 5.2 1.1524 1.5364 2.0623
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Puc. 5.3. IHINM-kouseptep ¢ LCL ¢bunbTpoM, MOAKIIOYEHHBI K CETH.

IIpumep 5.3. Paccmompum odwogasnviti LLHUM-xonsepmep ¢ LCL duromponm,
nodKAOUENHBIT K cemu 6 movke o0uie20 nodkatouenus, onucarnud 6 [199]. Oymk-
yuonanvran crema ITAM-konseepmepa noxasana na puc. [5.5

HHunamuxy LCL dursvmpa 6 npocmpancmee cocmosHutll ModHCHO 3GNUCAGMY C

NOMOWBIO JuPPePenyuasvH020 YPasHEHUA

i(t) = Alz(t) + Blu(t) + Blua(t), (5.59)
y(t) = Cla(t). (5.60)

T
Bdecv sexmop cocmosnua x(t) = { ic(t) ve(t) ig4(t) } , ic(t) — mox xoneepmepa,
ve(t) — manpasicenue wonderncamopa, ig(t) — mox cemu, v(t) — ynpasasrowee na-
NpARCEHUE, NPUAOHCEHHOE K Konsepmepy, Vg(t) — 603Mywarousee Hanpatcenue 6

cemu. Ilapamempn, cucmemovt pasrvi:

O—Lic 0 L% 0
Al=11 o —2|.Bl=|0]|.Bl=] 0 |.
1 1

|0z 0] | 0] | I,

¢'=100 1| Ly=Ly+1Lgp
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3decv Ly onpedensem undykmuenocms cemu, KOmopas 3apanee mowHo He us-

min max]
g2 > g2

Henpepwisnasn cucmema ((5.59)—(5.60)) duckpemusyemes xax

8ECMNG U HATOOUMCA 6HYMPU UHMEPSara Ly € |

h
At = eAh Bl = /eAf(h_T>BIdT, c? =, (5.61)
0

ede h — wae duckpemusdayuu, * 0003HAUGEM UV UAU W 6 3ABUCUMOCTIU OM MO20,
KAKYO U3 MaAmpuy B! nePesodam 6 JUCKpPemHoe 8PEMA.

Heavio pabomuvr LITUM-xonsepmepa ssasemcs nodoepicanue nocmosHHot am-
nAuMYdv, Moka 6 cemu Ha Gyndamenmanrvrotl wacmome. [las mozo, umobwv, ycma-
HOBUBULAACA 0WUOKA Ha GYHIGMEHRMANLHOT wacmome OblaG HYAeB80T, 6 Cucmemy
YNpasaenus 6600UMCHA NPONOPUUOHANDHO-DEZOHAHCHBLT PELYAAMOP, MATNEMATIUNE-

cKas modeav Komopozo onpedessemcs 6 sude:

Tpr(k + 1) = Ry (k) + T (ires (k) — y(k)), (5.62)
a c

2de R = , T = . Hapamempor a u b — smo Koapdpuyuernmovt nosu-
10 0

HOMQ

P(z) = (z = ") (z — e7")

¢ pyndamernmanrvroti wacmomot w = 2760 pad/c. [lapamemp ¢ — cmamuyeckud
Koapuruenm ycusenus, Komopuiti 06ecnevusaem cKopocmb CAEHCEHUA 30 3a0a10-
WUM CULHANOM.

Taxorce, npednoaazaemcs, 4mo Uu@dpPo6ots CcuHaAALHBLL NPOUECCOP UMEEM 30-
na3odvieanue Ha 00uH waz AL Mo20, YMobbl BHIMUCAUMD 3GKOH Ynpasierus. Tax
Kak napamemp Lgo narodumcsa 6 nexomopom unmepeane u ne 3a0ar MovHO, Mo
mampuys A, Bff} u Bf}l codeporcam napamempuueckue neonpedeacrrnocmu. Heonpe-
deaennocmu 6 mampuyar A%, BE u B mosicro npedcmasumo 6 dopme noaumo-
nuveckur neonpedesernocmets ¢ 08YMA BEPUUHAMU, KOMOPIE COOMBEMCMBYIOM,

MUHUMAALHOT U MAKCUMAALHOT HeonpedeseHHoti UHIYKMueHoCmYU CEmMuU L™ u
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Liys™ coomeememeerino. Orxonuamenvro Quckpemmas Modesd 00seKma YnPasACHUA

umeem 6uo:

E(k+1) = A(O)(k) + Bu(O)u(k) + Bu(©)va(k) + By (O)iyes(k), (5.63)

z(k) = C(©)L(k), (5.64)
2de ~ ) ) )
AY©) BY(O) 032 031
A(O) = | 0543 0 O1x2 | » Bu(©) = 1 :
—TOd 02><1 R 02><1
Bg(@) 03><1
Bw(@) - 1 ) BT(G)) - 0 )
02><1 T

Hapamempo, IHUM-xonsepmepa ¢ LCL ¢urvmpom darv, 6 mabauue (5.2,

Tabmra 5.2. [TapameTpbl KOHBEpTEpA

[Tapamerp Oboznauenne Bennunna
NuyKTuBHOCTH KOHBEPTEPA L. 1 mI'm
HyKTUBHOCTE CeTn Lg 0.5 mI'u
Konpnencarop LCL duibTpa C 25 ud
Makc. THIyKTUBHOCTL CETH Lis™ 1 ml'm
MuH. UHIyKTUBHOCTD CETH Lgn;n 0 mI'n

Hapamempo, duckpemnotl modesu u napamempor QUCKPEMUIAUUL B3AMDL U3

[199]. Yacmoma duckpemusavyuu pasna 1/h = 20040 [uy. Bepuwunv pacuupen-
nozo obsexma ynpasaenus (5.63)—(5.64) noaywenwv no gopmyaam ((5.61)).

Buwibepem napamempu, cunmesa 6 sude:

a=0.97 2.=0, a=0.15, > =2
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Tabnuna 5.3. [TapaMeTpsl peryasaToposB.

K, Koo
-8.167832462106873 | —21.253614131004781
-0.153320908641332 ~1.367197285768867
~0.055270743398175 4.299398465242554
—0.386887757426538 —-0.919720110850177

62.03761381981758 | 104.362021782437180
—60.86622734348816 | —-103.446201774798110

u natidem napamempor GHU3OMPONUTHO20 PE2YAAMOPG. SHAUEHUE Y, NOAYUEHHOE 6
PE3YALMAME NPOBEPKU PA3PEULUMOCTIU 3adavu curmeda, pasho v = 1.4142. Anu-
gomponutinut peeyasmop K, npusodumes 6 mabauue [5.5. Bmecme ¢ anuszompo-
nUGHBLM pe2yaamopom npuseden Hao, peeyaamop Ko, noayuennoii 6 [199] (napa-
mempor cunmesa oviau o = 0.49, x. = 0.5, p = 100).

Honocor 3amxnymot cucmemvt 048 PASAUYHLLT 3HAYERUT UHOYKMUBHOCU Ce-
mu Lgy npusedenv, na puc. . H3 pucynra 6udHno, 4mo 6Ce NOAOCHL AeAHCAM 6
3adannotl obaacmu.

Yacmommwie xapakmepucmuky, om 3a0a0uwe20 6030elcmeus iyer(t) x 6vixody
ig(t) Ona pasawunvir snavenud undykmuenocmu cemu Lgy usobpastcennv. na puc.
. Ha yseaunennom epagure (cm puc. 6UJHO, YMO AHU3OMPONUTHYILT peay-
AAMOP 00ECTEYUBAEM, AYHULEE KAYECTNEO CAEAHCEHUSA 3AMKHYMOT CUCTNEMDL 6 PATIOHE
dyndamenmanvroti wacmomo, w = 60 I'm.

s mozo, wmobvl NpouAMOCTPUPOBAMD KAYECTNEO CAECHCEHUA 6 3AMKHYMOT

cucmeme, HEONPEIENEHHOCTb UHIYKMUBHOCTU cemu ObLAa npedcmasiena 6 phopme
Lyp(k) = ©1(k) L™ + (1 — O1(k)) L™, a saxon usmenenus napamempa O (k)

usobpasicen na puc. [5.§.
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Puc. 5.4. Tlomochl 3aMKHYTO# cuCTEMBI JIJId PA3JINYHBIX 3HAUYEHUI WHYKTUBHOCTH

cetn Lgo.

AYUX n PYX NnepeaaTOYHOR COYHKUMM OTYCTABKN iref K BbIXOAY ig
20 ' ; LA A A ; A A

A(ab)

@ (rad/sec)

Puc. 5.5. HacToTHble XapaKTEPUCTUKU OT lpef K Gy JI/Id CUCTEM, 3aMKHYTbIX
PasHBIMU PEryJgToOpaMn PpK Pas/IuuHbIX 3HaYeHudaX Lgo: K, — romybas jamunud,

K, — KpacHag unus.
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AUX 1 OYUX nepenaToYHOW hYHKLWK OTYCTaBKK iref K BbIXOAY ig

A (dB)

¢ (deg)

| | | |
52 54 56 58 60 62 64 66 68
w (rad/sec)

Puc. 5.6. HacToTnble XapaKTEpUCTHKHU OT Iyt K 14 JJIsl CUCTEM, 3AMKHYTBIX
PasHBIMU PEryJgTopaMu Py Pas/JuuHbIX 3HaYeHudaX Lgo: K, — rosybas jmunud,

K — xpacuast JiuHust (yBeJIUICHO).

AYUX 1 OYX nepeaaToqHOR hyHKUMW OT BO3MYLLEHWA v, K BbIXOAY ig
0 . il e . e T :

@ (rad/sec)

Puc. 5.7. HacToTnble XapaKTEpUCTUKHU OT Ug K 14 JIJISI CHCTEM, 3aMKHYTBIX
PasHBIMU PEryJgTopaMu PpH Pas/JuuHbIX 3HaYeHudaxX Lgo: K, — roybas jaunud,

K, — KpacHag JuHus.
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04

t, sec

Puc. 5.8. Usmenenne napamerpa O1(k).

Amnaumyda 3adarowezo moka iref(t) onpedeasemes kak:

10 A, ecau 0 <t <0.1;
20 A, ecau 0.1 <t <0.2.

ref —

Bxodnoe sozamywerue 2enepupyemcs u3d 06€a020 wWyma ¢ HYAEEbM CPEOHUM U
eduruvnoti ducnepcueti GopmMupYIoOWUM GUALBMPOM € PEAAUAGUUET 6 NPOCTPAH-

cmee cocmoAarull

x(k+1) = 0.195x(k) + n(k),
vi(k) = x(k)+0.36n(k).

Cpednasn  anuzomponus  eoamywerus vg(k) odaa dannoeo gurvmpa pasha

K(Vd) = 0.151. Pearusavyus 6o3myuienus noxasana Ha puc. |5.9.

Pesyavmamo, modeauposanus npusedenv, na puc. [5.10. Ha yseaunennvix epa-
durar, nNoKA3GHMLIT HaA PUC. MOJHCHO BUJEMDB, MO 0ba pez2yrsmopa obecne-
YUBANOM HYAEBYIO CMAMUMECKYIO 0WUOKY 68 ycmanosusuemcs pescume. Odnaxo
Ovicmpodeticmeue aHu30MpPoOnuline20 Peeysamopa CYWECMEERHO BbiuLe N0 CPABHE-

HU0 ¢ Hoo pe2YAAMOPOM.

203



v

Puc. 5.9. Peanmsanus Bosmymiatoniero Hampsizkenus vg(t).

20_ T T

——3agaowmi ToK Iref(t)

15L ... . Ig(t) € @HU3OTPONUIAHBIM PEryNATOROM

e Ig(t) ¢ H_ perynaropom

t, sec 0.1

Puc. 5.10. MozesnpoBatye 3aMKHYTO CHCTEMBI 110 3a1I0IIEMY TOKY iy f(1).
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10 RS S— S—

—— 3agalowmi ToxK Iref(t)

- Ig(t) € aHUM3OTPONUAHBIM PEryNATOPOM

o Ig(t) ¢ H_ perynatopom

I I | I I I
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

Puc. 5.11. MozesmpoBatye 3aMKHYTOI CUCTEMBI IO 33J1I0IIEMY TOKY iy f (1)

(yBesimaeHo).

Ha puc. NOKA3AHO0 YNPABAAIOWEE HANDPAACEHUE OAA KAAHCI020 U3 PE2YAAMO-
PO6.

Taxum 0b6pasom, anU3OMPONUTHBLT PERYAAMOP NOZBOAAEM, NMOAYUUMD AYUUIEE
Ka4ecmeo CAeHCEHUA 34 3a0a10UUuM 6030elicmauem npu MEHLUWUL 3HAYEHUAT KOIP-
duruernmos peayaamopa 6 uenu 0bpammoti ceasu. Kpome moezo, amniumyda ynpaes-
AAI0UE20 6030€UCMBUA 8 YCMAHOBUBULEMCA PEACUME NPU 6030EUCTNEUY CAYUATHBLT

803MYULeHUl Hudtce, Yem Y Hoo pe2Yyaamopa.
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20_' .............................................. ' ............................................ ]

——H_ ynpaBneHue
151 _AHHSOTPOHHI?IHOB YNPABNEHUE | oo .

B .............................................. .......
SO0 | .............................................. | ............................................
0 0.05 t, sec 0.1

Puc. 5.12. CpaBHeHune 3aKOHOB yIIPABJICHUSI.
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5.2. AHHU3O0TpONUiiHBIII aHaJN3 W CUHTE3 AHM30TPOHNUIHBIX
PEryjadaToOpOB JIJid CUCTEM C OrPAHUYEHHBIMHU 110 HOpMeE

HeollpeaeJIEHHOCTAMMU

Sajiaun aHajn3a CUHTE3a CUCTEM C OI'PAHMYEHHBIMU 10 HOPME IapameTpuye-
CKUMH HEOIPEJACJTCHHOCTSIMI B XOPOIIO M3BECTHBIX Ho U Hoo TEOPUAX PEIIAIUCH
pPa3sHBIMU 3apyOeKHbIMI yueHbIMU. PereHne 3aia4 cyOONITHMAJIBHOIO YIIPABICHUST
110 COCTOSTHUIO JIJIST JTUCKPETHBIX CUCTEM C OIPAHUYEHHBIMHU 110 HOpMe Heollpejie/IeH-
HOCTSIMI TipuBejieHo B paborax |90, (174, [I85]. Bamaun yrnpas/eHus Mo BBIXOLY ObLIN
pererbl B [283]. Bazada cunTe3a poOACTHBIX CHCTEM C OIPAHUYEHHBIMU 110 HOPME
napamMeTpuyecKUMU HeOlIPeIeIeHHOCTSIMU U aHU30TPOIINMHBIM KPUTEPUEM KadecTBa
ObL1a Biiepsbie periena B [27, [I81]. B manubix paborax napameTpbl peryJsitopa orpe-
JIeJIsLJINCh U3 PelleHus CBA3aHHbIX MerK]1y c000#l HeJMHEMHbIX MaTPUYHbIX ypaBHe-
HU, 4TO NPUBOAUJIO K 3HAYUTEJbHBIM CJIOXKHOCTAM IIPU YUCJIEHHON peasuzaluu
paspaboTraHHOl MeToauKM. JlaHHBIN HeJOCTATOK ObLI IPEOJ]OJIEH C IpPUMEHEHUEM
MaTPUIHBIX HEPABEHCTB. YCJIOBUS CUHTE3a CTATUYECKUX U JUHAMUYIECKUX PEeryJisd-
TOPOB Ha OCHOBE METOJIOB BBIITYKJIONH ONTUMHU3AINN ObLIN ¢CPOPMYIUPOBAHBI B pabo-
tax [32, 273|. Pemenue opnoit u3 3aja4 pobacTHOro aHU30TPOIMIHONO YIIPABJIEHUST
JIIST TTapaMeTpUuiecKu Heollpee/IeHHO TUCKPEeTHO cucTeMbl Ha OCHOBE MATPUUHBIX
HEPaBEHCTB U C UCIIOJIL30BAHNEM METOJIOB BBIITYKJION ONTUMMU3AIUN MOYKHO HallTH B
pabore [272]. Pabora [272] mocssimiena cunTesy cybONTHMAIBHOTO AHI30TPOIHITHO-
I'0 PeryJiiTopa 10 COCTOSTHUIO JIJIsi CHCTEM C JIPOOHO-TMHEITHBIMU ITapaMeTPUIeCKIMU
Heolpe/Jie/IeHHOCTAMU. MOYKHO TOKa3aTh, YTO B OIPEJIE/IEHHBIX CIydasdX apameT-
puyecKne HeOllpe/Ie/IEHHOCTH O0beKTa YIIpaBJIeHUs MOXKHO ITPEJICTABUTh KaK B BU-
Jle IpOOHO-JTMHENHDBIX, TaK U B BUJIe OI'PAHNYEHHBIX IO HOPMe Heolpee/IeHHOCTE],
PACCMOTPEHHBIX B HacToseM pasjese. OJIHaKO JaHHbIe KJIACChl HE TOXKIECTBEH-
Hbl. TakuMm oOpa3oM, IIOCTAHOBKA U pelleHne 3aJad aHU30TPOINIHOIO aHAJIM3a U

CUHTE3a aHU30TPOIUNHBIX PETYJISATOPOB JIJISI CUCTEM C OIPAHUYEHHBIMHU 10 HOpME
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HeoIpeaeJICHHOCTAMU ITIO3BOJINT PaCIIUPUTL KJIacCC O6'beKTOB, HJIZ KOTOPBIX MOXKHO

IIPUMEHUTD aHI/IBOTpOHI/IﬁHyIO TEOPHUIO.

5.2.1. AuuzorponmuiiHblii aHAJIN3 CHUCTEM C OTPAHUYEHHBIMHU II0 HOPMeE

IIapaMeTpuYeCKUMM HeOoIIpeaeJIEeHHOCTAMMN

PaccmoTpnm 1mocTaHoBKY 3aJiadn aHU30TPONUHHOIO aHajn3a CHUCTEM C Orpa-
HIUYIEHHBIMI 110 HOpMe IIapaMeTpUYecKuMu HeompejeaeHHocTaMmu. CucreMa B IIPO-

CTPpaHCTBE COCTOAHUI 3allChIBACTCs B BUJEC:

z(k+1) = (A4+ MaAN)z(k) 4+ (B + MpANp)w(k), (5.65)
y(k) = (C+ McANeg)x(k) + (D + MpANp)w(k), (5.66)

riae x(k) € R" — Bektop cocrostnus cucrembl, w(k) € R™ — ciaydaiinoe BHelHee
BO3MYyIIEHHe ¢ orpanmdentoil cpeneii ammsorpormeii A(W) < a > 0, y(k) € R?
— u3MepseMblil Boxox cucreMbl, A € R**® menmspecTHast MATpUIA ¢ OrPAHUYICHHON
ciekTpasbaoil Hopmoit, T.e. ATA < Iy na cucrembr  (5.65)-(5.66) Beenem s
yaobcrBa obozaadennst Ay = A+MyANy, Bn = B+MgANg, Ca = C+McANge,
Dan =D+ MpANp

Ormeparop cucTeMbl — OyeM onpeJIesiaTh CJIeIyIONnUM o0pas3oM: F :
W — Y. Auusorponuiinas sopma cucremst ((5.65)—(5.66) onpeuensiercst coornome-
HHEeM

Y|P
I Fall, = sup .
w: Aw)<a [[W|lp

Bagada 5.3. 3adaua pobacmmnozo anuzomponuiinoeo anaausa 0 Cucmem ¢ 02pa-
HUYEHHOLMU 10 HOPME HEONPEICACHHOCTNAMU 3AKAMOUAEMCA 6 NPOGePKe Pobacmmot
yemotivusocmu cucmemnv,  ((5.65)—(5.66|) u ozpanuvennocmu ceepry ee anusompo-

NUUHOT HOPMBL

[Eally <~

ONA U3BECNH020 YPOBHA CPEOHET AHUIOMPONUL CAYHATH020 8LX00H020 BO3MYULEHUA

a 2 0 u 3adannozo wucaa v > 0 npu 6Cexr 603MONCHBITL SHAYEHUAT H@OﬂpedeﬂeHHY)Ll‘
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Napamempos.

Huxke mpuBeiem perienne 3a/1a91 aHU30TPOIIITHOTO aHAIIT3a HA OCHOBE TEOPEMBI

2.4 Chopmyrupyem cieyorniyo Teopemy.

Teopema 5.6. /lasa 3adannvx deticmeumenvhoir wuces a = 0 u v > 0 cucme-
M f pobacmmo ycmoliuuea, a ee aHU3OMPONUHAAL HOPMG 02PAHUNLEH
ceepry napamempom v, m.e. ||Fall, <, ecau cywecmeyrom marue wucaa n > 72,
g1 > 0, &5 > 0, a makorce n X n-mampuya ® = T > 0, n x n-mampuuya
=17 >0: ®I = I,, m x m-mampuya ¥ = ¥T > 0 u n x n-mampuya

Y, das xomopoulx cnpasediussl CAeyrouue HEPABEHCMBA.!

n— (720 det(W))Y™ < 42, (5.67)
E+ MM NE
S R} (5.68)
Ny —e1das
Q4+ e9oNS N M.
S B} (5.69)
My —&olys
3decw
W —nl, BT DT 0 0
— N 00
== B -II 0 |, Mi=|Mp 0 | ,Ni= )
Np 0 0
D0 0 My
-1 1 T r 1 y
—§Y—§Y YA YB ¢ -Y _EY 0
ATYT —o 0 ATYT CT
0= BTYT 0 —nl, BTy" Dt |,
1
CID—Y—§YT YA YB -y YT 0
] 0 C D 0 -1, |
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YMy YMp O 0 B 7
0 Ny O 00

0 0 0 0
0O 0 Ng 00

My = 0 0 0 0 |,Ny=

0 Ne 0 0O

YMy YMg 0 0
0O 0 Np 00
0 0 M. M ! |

JokazarejabcTBO. /[l joKa3aTebcTBa TEOPEMbI OJCTaBUM IapaMeTpPhl CHCTE-
bl ((5.65)—(5.66), conepraiue HeotpeeneHHocTH, B yeaosus Teopemsl 2.4, Hepa-
BeHCTBO ([2.91)) He MO3BOJISIET OTJAENTH HEONPEJICJEHHOCTh OT M3BECTHBIX MATPHIIL.

[TosTomy BBeneM nepemennyio U = UT > 0, koTopas yIoBIeTBOpsET HEPABEHCTBY
U < nl,, — BA®Ba — DA Da. (5.70)

Torga ¢ yaerom ((5.70]), mepasencrso (2.91)) sxBuBasienTHo HepaseHcTBY ((5.67)).
Ucnionbsys ponosaenne o lypy, nepaserctso ((5.70) MoxkeT ObITH Tpeodbpaso-
BAHO K BUJLY
—o 1 0 Ba

-, — | BY DY | N R R
1, || pa

nJim

v—nl, B! DI
Bn —®1 0 |<O. (5.71)
Da 0 —I,

Hepagencrso ((5.71]) mozkro 3ammucars B Buje:

v —nl, BT DT 0 0
Np 0 0
By —®1! 0 | +He Mg 0 | A <0. (5.72)
Np 0 0
D 0 I, 0 Mp

[Ipumenss nocsegosaresbno jgemmy Ilerepcena u jgemmy o jonojnennn Hlypa

¢ yueroMm toro, uro &1 = II, noyuaem (5.68)).
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Hepagencrso ([2.92)) mist cucremsr ((5.65)—(5.66|) mpumer dbopmy

1 1 1 7
—§Y — §YT YA YB &T —YyT — §Y 0
ATYT -d 0 ATYT Cct
BTYyT 0 —nly, BTyT DT | +
1
<I>—Y—§YT YA YB -y -Yy? 0
I 0 C D 0 ~1, |
( YMy YMp 0 0O - 1)
0 Ny O 0O
0 0 0 0
0 0 Np 00
+ He 0 0 0o 0 |A < 0. (5.73)
0O Ne 0 0O
YMy YMp O 0
0O 0 Np 0O
\| 0 0 Me Mp| ' Y

Ucnonbsys semmy Ilerepcena [1.3] nepasencrso

(5.73)) MoxkeT OBITH TPE0OPaz30-

Baro K Buiy ((5.69). Boipaxkernue ((5.67]) cosnagaer ¢ Beipaxenuem (2.91) u3 Teope-

bt 2.4] Takum o6paszon, ||Fall, < 7, 4To 1 3aBepiiaet 10Ka3aTeabCTEO. M

Samedanue 5.1. Ycaosus meopemol ACAANOMCA HEEBINYKADMU, MAK KAK 00-

HUM U3 YCAOBUTL ABAACNCA CYUWECTNBOBAHUE B3AUMHO0OPAMHLT Mampul,. /aa pe-

weHus 3a0ayu CZHUSOTTL]?OTLUIZHOZO AHAAU3A 0OBIKHOBEHHOT CUCTNEMDYL C 0epaHU“eH-

HbIMU VO HOPME HGOnp€a€ﬂ€HHOCmﬂJ\/LU MOHCHO BOCTIONB30BAINBCA CYUWECTNEYIOUWU-

MU AA20PUTNMMULECKUMU MEMOIAMU NOUCKA 63&UMH006pCLmH?)LCU Mampuy.

Ve10BUsI TEOPEMBI I03BOJISIIOT OLEHUTH BEPXHIO TPAHUILY aHU30TPOIUITHOIM

nopmbl cucreMbl  (5.65)—(5.66]). [Tns sroro Beesem obosnavenne & = v% Torjua 3a-

Jlada OIleHKM BepXHeil rpaHuIlbl aHU30TPOINITHON HOPMBI HeoIIpeeJIeHHOI CUCTeMbl

MOZKET OBITh 3alliCcaHa Kak
& =miné

Ha MHO2KeCTBE IIepEMEHHDbIX

{777 57 (I)a \IJ) H7 Y7 €1, 82}7
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VJIOBJIETBOPsTIONTIM yesioBusiv Teopembl 5.6 Tlocsie Toro, kak Oymer Haiijeno MumHu-

MaJIbHOe 3HadeHue &,, BEPXHsid IPAHUIA aHU30TPONUIiHON HOPMbI cucreMbl Fa(2)

Oolpeae/IdeTCsd BblpazKEHHNEM

IEAll, = V&

Boinykiibie yesioBust anusorponuiinoro anaimsa cucreMbl ((5.65)—(5.66) MoxkHO

MOJIYIUTh, UCT0JB3yst jJemmy 1.5 Crpasemsa cietytommas TeopeMa.

Teopema 5.7. /Jlasa 3adanrwx deticmeumenvhoir wuces a = 0 u vy > 0 cucme-

ma (5.65)~(5.66) pobacmmo ycmotivusa, a ee aHU3OMPONUNAA HOPMG 0ZPDAHUYEHA

ceepry napamempom v, m.e. |[Fall, < 7, ecau cywecmeyrom maxue wucaa n > 2,

g1 > 0, g9 > 0, a makorce n X n-mampuya ¥ = YT > 0, m X m-mampuya

U =0T >0, dan xomopux cnpasedausv ciedyrouue HEPaGEHCMEa.

3decw

(1]

D — (e det(W)Y" < 72,

_E—i—é My ME  NT |
R Lol <o
N —e1ds
-Q—i—&? MoMY NI
SR )
Ny —eolys
BT DT 0 0
Ng 0 0
-Y 0 M= | Mg 0 , IN1 =
Np 00
0 I, 0 Mp
Y 0 YyAT yCT
0 —nl, BT DT
Q= ,
AY B -Y 0
oY D 0 -1
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0 0 0 0 NsgY 0 00

0 0 0 0 NeY 0 00
My = Ny = (5.78)

MA 0 MB 0 0 NB 00

0 Me 0 Mp 0O Np 00
HoxaszarenscrBo. 3amumem jyist cucreMbl  (5.65)—(5.66) yeiosust semmbr [1.5]

Torna nepasenctso ((1.53|) 3anurnercs B Buje:

Y=t 0o A% C%
0 -nl, BY D}
Arn Ba =Y 0
Cn  Da 0 -1,

< 0. (5.79)

BBesieM JIOIOHNTEIBHYIO HeBLIPOXKICHHYIO MaTPHUHYIO IepeMmennyio G € R™" g
yMHOKIM HepaBeHcTBo ((5.79)) crpasa u ciesa na marputy diag(Y, I, I, I,), momy-

1M

Y 0 YA} YC}

0 -nl, BY D}
ANY Ba Y 0
CAY Da 0 I,

<0. (5.80)

YuuThIBasi BBEJICHHBIC paHee 0003HaUYEHUSsI, [TOCJIe/HEE HEPaBEHCTBO MOYKHO I1PE/I-

CTaBUTDL B BUAE BbIPazKCHUA

Q+ M>ANy <0,

riae marpuiiel 2, My u N onpenensiores Beipazkernamu (5.77) u (5.78]) coorser-

CTBEHHO. HpI/IMeHHH K IIocJIeJHEMY HEPABEHCTBY JIEMMY HeTepceHa 1 JOIIOJIHEHMEe I10

[Iypy, nonyuaem ((5.76). Hepasercrso (5.75]) mosydaercst ¢ HOMOIIBIO TPUBEICHNUS

nepasercTsa (|1.52)) k Buy

=+ M;AN; <0

1 aHaJOTMIHOrO npuMeHeHns jJeMMbl [letepcena n mononnenns o [lypy. m
Ornenky aHM30TPONUITHON HOPMBI MOXKHO TakKe CPOPMYINPOBATH KaK 33 ady

BBIITYKJION ONTUMU3AINN, aHAJOTUIHYIO PACCMOTPEHHOIT BBIIIIE.
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Tabsmuia 5.4. Orenka aHU30TPOIUIHON HOPMBI

Vposens cpesueit anmsorporun A (W) 0 0.1 0.5 1.5 10
Onetika | Fa||, (reopena [5.6 0.9597 | 1.1196 | 1.2786 | 1.4129 | 1.4790
Onenka || Fal, (Teopema (5.7 0.9598 | 1.1195 | 1.2785 | 1.4128 | 1.4790

Tounas Bepxusist rpanuia || Fal|, 0.7620 | 0.9382 | 1.1177 | 1.2661 | 1.3378
Hopma nomunasbnoit cucremst || F||, | 0.6457 | 0.7859 | 0.9258 | 1.0423 | 1.0988
Tounas nukmuas rpamuna | Fall, 0.5500 | 0.6661 | 0.7779 | 0.8712 | 0.9170

[IpuBesem uncjieHHbIN TpUMED.

IIpumep 5.4. Paccmompum cucmemy, 6 Komopotl 6Ce Napamempovl ABAANMCA

HeonpedeseHHvLMU.
—0.25 0 0 0 0
A= —-0.5 0.5 21, B=]10 0 [
0.13 —0.18 —0.66 0.2 0.1

C:[1 2 o}, D:[O.l —0.05},

Heonpedeaennocmu evipasicaromes uepes caedyrowue Mampuibl:
T
My = {0.25 —0.7 0.15 } , Na= {O 0.15 0.21 } 5

T
MB=[0 0 0.2] ,NB:[0.1 0.3],
M¢c = Mp = 0.2, Nc:[0.05 0.2 0], ND:[O.OQ 0.08}.

Badadum mounocms GulNUCAENUA 63aUMNI006pamIbir mampuy, € = 1077, Pesy.ab-
MaAMbl BLIYUCACHUA AHUSOMPONUTHOT HOPMBL OAA PA3AUNHBLT YPOBHET CPeOHEl A~
gomponuu npedcmasaenv. 6 mabauue[5.4. B paccmompennom npumepe sudHo, 4mo
PA3HUUG MeHCAY GEPTHET, U HUNCHET 2PAHUUGMU GHUSOMPONUTIHOT HOPMDL ACAA-
emcsa cyuwecmeernnoti. IIpedecmasaernvidl arzopumm daem 8eprHI0t0 OUEHKY AHU3O0-

MpPonutinoti HOPMbL ¢ JOCTNAMOYHO BBLCOKOT, MOYHOCTBIO.
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5.2.2. IlocraHOoBKa 3aJa4m CHUHTE3a POOACTHBIX PEryJIaiTOPOB

[lepeiiiemM K mocTaHOBKE 3a1a9ll CHHTE3a POOACTHBIX aHU30TPOIUMHBIX PeryJis-
TOpoB. bynem paccMaTpuBaTh JUCKPETHBIE CUCTEMBI, 38/ JaHHbIE B TPOCTPAHCTBE CO-

CTOAHUIT B BUJIE:

w(k+1) = A%z(k) 4+ Bow(k) + Buu(k), (5.81)
y(k) = Crz(k)+ Dow(k), (5.82)
Ak = C2a(k) + D3uw(k) + Doyuh), (589

rie (k) € R" — Bekrop cocrosnus, u(k) € R™ — ynpasnenne, w(k) € R™ —
cirydaiiHas cTaluoHapHAas [OC/Ie0BATEIbHOCT ¢ OPPDAHUYEHHBIM YPOBHEM CpeJIHel
armmsorporn A (W) < a, y(k) € R? — usmepstembrit Buxos, z(k) € RP — ympas-
JisteMblii Beixom, A® = A + MAANA, B2 = B, + MBANB, C2 = C. + McANg,
C’A Cy+McyANcy, D, = Dyw+Mp,ANp,, D5 = D.,+MpANp. Marpurpl
A, By, B, C, Dy, C,, Dzw, D, My, Ny, Mp, NB, MC, N¢, Mp, Np, Mcy, Ncy,
Mp, u Np, — HOCTOsIHHBIC, HUMEIOIINE COOTBETCTBYIOIINE pa3MepHOCTH. Marpura

A € R**% — HensBecTHas1, OrpaHHYeHHAsI 110 CIeKTpasibHoil HopMme T(A) < 1, Te.

AT A < I

Bameuanue 5.2. B cayuae ecau 6 ypasnernusr (5.81)—(5.82) swnoanernv pasen-
cmea My = Mg, Ngo = No, Ng = Np, Mo = Mp, mo dannas cucmema moxrcem
Ovims 3anucana weped dpobro-aunetinoe neonpedeaenmnocmu  [272]. B npomushom
CAYUAE NOAYHUMD IKBUBANECHMMHOE NPEICMABACHUE Yepe3 IPOOHO-AUHETHbIE HEONPE-

DENENHOCTNU HEBOZMONCHO.
CdopmyupyeM jBe 3a/1a4n yIpaBjeHns, KOTOpble OYy/IyT pelleHbl jlajee.

Bagada 5.4. (3ajaua cuHTE3a CTATHYECKOIO PEryJIsTopa M0 COCTOAHN) /s 3a-
dannvix crasapnoir seaunun a = 0 u vy > 0 mpebyemea natdimu ynpasaerue no
COCMOAHUI0 6 Bude

u(k) = Fa(k),  FeR™™ (5.84)
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xomopoe cmabususupyem cucmemy  (5.81)—(5.83) u eapanmupyem ozpanuven-

HOCTY AHU3OMPONUTHOT HOPMbL 3AMERYMOT CUCTREMDL YUCAOM Y, m.e. || F, flf I, <~

ONA BCET BOBMONCHBIT 3HaAYeHUT A\ U3 3a0aHH020 MHOIHCECNEA.

Baga4da 5.5. (3aja1a CHHTE3a CTATHYECKOTO PErYJISITOpa MO BbIXOLy) /Jaa 3adam-
HOT cRaaaproir seaunur a = 0 u vy > 0 mpebyemca nalimu 3ak0n Yynpasierus 6

sude cmamuyeckotli 0opammoti C8A3U NO GbLLOJY
u(k) = Ky(k), K e R"™>P1, (5.85)

xomopuiti cmabuausupyem cucmemy  (5.81)—(5.83) u eapanmupyem ozpanuven-

HOCTL AHU3OMPONUTHOT HOPMbL 3aMENYMOT cucmemb wuciom v, m.e. || FIH, < v

ONA BCET BOBMONCHBIT 3HAUEeHUT A\ U3 3a0aHH020 MHOICECNEA.

5.2.3. CuHTEe3 pobACTHOro AHN3OTPOIMITHOTO PEryJjisiTopa M0 COCTOSHUIO

st pemennsa 3aga4n [5.4] ¢ ncnonbsoanueM TeopeMsl [5.6] Oyiem mnosararn, 4To

D., = 0 u p; < m. Torma cucrema (5.81)—(5.83)), 3amkuyTast ynpasieruem ((5.84)),

olpeneJIdeTcsd BblpazKeHUAMM:

2(k+1) = (A% + B,F) x(k) + Biw(k), (5.86)
2(k) = C%x(k) + D2 w(k). (5.87)

st perienns 3a/1avun CMHTE3a 3aIUIEM JTBONCTBEHHYIO CUCTEMY JIJIs CHCTEMbI

(5-86)—(5-87). Ona nmeer Bux:
P(k+1) = (A2 + B,F) 2/(k) + (C*)" w'(k), (5.88)
Jk) = (BN (k) + (D) w'(k). (5.89)

zZw

[ToscTaBuM MaTpHIBl IBOfICTBEHHOI cncTeMbl B HepaBeHcTBO (2.92) m3 Teope-

MBI [2.4] 1 BbIHECeM B OT/e/IbHOE cjiaraeMoe KOMOMHAIINIO ¢ A:
Q2+ He (M;AN;) < 0, (5.90)
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rue

O Qg i 4 0
x —® 0 AYT+BAT B,
Q=1 x x —nl, AL D.o | (5.91)
* ok * Y —Y7T 0
* % * * -1,
Q= —%Y— %YT, Qo =YA" + ABF Qu=YC! Qu=o-Y"T — %Y,
_0 0 0 O 0 | _NAYTOONBYT O_
My 0 0 Mp O NeYT 0 0 NeYT 0
M, = 0 Mc 0 0 Mp|,N= 0 00 0 0 (5.92)
0O 0 0 O 0 0 00 0 Np
0O 0 0 O 0 0 00 0 Np

31ech ncnonbsyerca obosznadenne AT = FYT | orkyna caenyer, uto F = ATY T,
Corsacuo siemme (1.3 jy1st BBITOTHEHNs HepaBeHCTBa (5.90)) Tpebyercs cyiiecTBOBa-

Hue Takoro £1 > 0, 4TOOBI BBINOJIHSIIOCH HEPABEHCTBO

1
Q+e MM + 8—N1T N, < 0. (5.93)
1

Hepagenctso ([2.91f) 13 Teopembl ,HJIH HekoTopoit W € R™ ™ MoxKHO 3aIcaTh
B BHjie cuCTeMbI [32]
0 — (e det(¥))V" < 2,
nl,, — BY®B — DD > ¥,
BarnuiieM aHaIor st cucreMsl (5.88)—(5.89). B srom ciyuae Besem MaTpuiry

U e RPXPL 1 rosryanm

(5.94)

0= (e det (V)7 < o2,

5.95
M — O30 (C2) D3, (D3)" > v o

[Tocennee wepasencTso cucteMbl (5.95)) MOKHO Hepernucarh B Bu/ie

77[291 o 2 CZA (_q)*l)_l (CzA)T - DzAw(_])il (DzAw)T > 07
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~1
rie (—@_1) < 0. ABaxkapl mpuMeHuB jiemMy o gononHennn [lypa k mociegaemy

HepaBeHCTBY 1 00603HaunB 11 = &~ mosyunm, uTo

v — 77]1?1 CA DzAw

z

x -1 0 |<o. (5.96)

* L

Terepb MozKHO chopMmynnpoBarh Teopemy [5.8] aonLyio 1ocTaTouHble Yea0BUs
JUIA OCTPOEHUST POHACTHOrO CyOONTUMAILHOTO AHU30TPOIUIHOIO PEryJsiTOpa, 110

COCTOAHMUIO.

Teopema 5.8. /Jlas zadanmoir 3navenud a > 0 u v > 0 3adaua PaA3PEUUMA,
ecau cywecmeyrom ckaaapo,n > 2, g1 > 0 u ey > 0, (n x n)-mampuya ® = T >
0, (n x n)-mampuya II = IIT > 0, (p; X p1)-mampuya ¥ > 0, (n X n)-mampuya

Y u (n X mq)-mampuya A maxue, wmo 6unosnens, nepasercmea

i Q4+ MM NT ]
PR, (5.97)
Ny —&1155
n— (720 det(W))Y/Pr < 42, (5.98)
[ +eoMyM} N |
SR ) (5.99)
Ny —&a1a;
npuMem ) ]
oI = I, (5.100)

Mampuya € 3adaemcsa svipascenuem (5.91)), mampuyor My u Ny onpedeasromes us

supasicerus (5.92), a

\I/_n[pl Cz Dzw MC MD
0 Ne O
O = * —II 0 , My = 0 0 , Ny =
0 0 Np
* * -1, 0 0

BCLKOH yanLSJLeHUﬂ MOHCETN 5?)Lmb HCM’Z@@H u3 coomHoweruA
F=ATY T,

218



st 1oKazaTe/ibCTBa TeopeMbl |5.8| IPeJICTaBUM CJlaraeMoe E—llNlT N, B dopme

(=NT) (—e11)™" Ny. Ouesunno, uro (—eil) < 0. Hcnons3ys gonossenue o Ty-
py st vepasencrsa (5.93), nosyuaem nepasencrso (5.97). Hepasencrso (5.99) mo-
Jgydaercsa n3 HepaBercTBa ((5.96|) myTeM BbIIeIeHNs caraeMbix, cojepzkammux A, u
npumMenennst jemmbr |1.3] (temmbr [lerepcena).

Eciin Heolpejie/IeHHoCTh cojlepkutest Tosibko B Marpuie A% cnerembr ([5.81)-

(5.83)), To HepasencTBo ((5.102)) cBOUTCST K BHLY

v —nl, +C.®C! D,,
DT, — I

< 0.

B 1aHHOM ciiydae yc/ioBhsl TEOPEMBI |D.8| JIJIst CHHTEe3a pobaCTHOI'O PEryJidTopa 110
COCTOSTHUIO SIBJISTIOTCST BBITTYKJIBIMH.

Ecyin napamerpuyeckue HeOpeaeIeHHOCTH IIPeJICTaBIeHbl He TOJIbKO B MATPHILE
A, 10 yCI10BHst TEOPeMBI |. 8| SIBIISIOTCS HEBBITYK/IBIMI I TPEOYIOT OMCKA B3ANMHO-
oOpaTHbIX MaTpuil. JIjist Toro 4Todb n30eKaTh IHOUCKA B3aUMHOOOPATHBIX MaTPHILHI,
IPEIJIOXKIM CJICIYIONII BBIXOI. BBejieM HEeBBIPOXKJICHHYIO HEU3BECTHYIO MATPUILY

G € R™"™ u paccMOTpPUM MaTpPHILY

Iy

1

0 0
0 G 0
0 0 I,

Vunozum nepasenctso (5.96) ciesa u cnpasa na W n W7 coorsercTBento u 1o-

JIYIUM, 9TO

v — 77[]01 CzAGT DzAw

* —~GIIGT 0 < 0. (5.101)
* * -1,
[Ipunumas Bo BHmManue, uto II = &' u & > 0, mosydaeMm crpaBeInBoe

HEpPaBEHCTBO

~(G-2)27(G-2)' <0,
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OTKY/lIa CJIeJIyeT, YTO

~GIIGT < -G -GT + .

Brimosmum zameny oipaskennst (—GIGT) na poipamxenne (—G — GT + @) B
nHepaserctse (5.101)). Tloayanm HOBBIE yC/IOBHUSI CHHTE3a POOACTHOIO AHU3OTPOIHIi-
HOT'O pery/isitopa B bopMme 00paTHOl CBsI3U 110 COCTOSIHUIO, KOTOPbIE MOXKHO cop-

MyJIMpoBaTh B TeopeMe 5.9

Teopema 5.9. /Jlas zadanmovix 3navenud a > 0 u v > 0 3adaua pa3peutuma,
ecau cywecmeyrom ckaaapo.n > 2, €1 > 0 u ey > 0, (n x n)-mampuya ® = T >

0, neswvipootcdernan (n X n)-mampuya G, (p1 X p1)-mampuya ¥V, (n X n)-mampuya

Y u (n x my)-mampuua A maxue, umo swvnoanenovr nepasencmea (5.97) u ((5.98),

napamempos 2, My u Ny komopwix onpedeasromen evpasceruamu (5.91) u (5.92))

coomeemcmecHHo, a MmakraHce C’I”LpCZSBd/LUGO HEPABGEHCTNGBO

=+ EQMQMQT NQT

<0, (5.102)
Ny —eals
2de
U —nl, C.GT D..
== * -G-GT+o 0 |,
* * _[m
Mo Mp
0 NCGT 0
My=]1 0 0 |, Ny=
0 0 Np
0 0

O6e Teopembl [5.8 n 5.9 mator moctaTodHble yCI0BUS CYIIECTBOBAHUSA CTATHIECKOI
00OpaTHOI CBsI3K 110 COCTOSIHMUIO, Pelarolieil 3a/1ady ciuHTe3a pobacTHOrO0 aHU30TPO-
NUHHOIO PEryJISITOpa JJIsl CUCTEM ¢ OTPAHMYEHHBIMHU 10 HOPME IapaMeTPHIeCKUME

HeonpeieseHroctamu. B ommane ot reopemb .8 reopema [5.9 He Tpebyer moucka
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B3AUMHOOOPATHBIX MaTpull. [Ipy 9TOM YKMCI0 HEM3BECTHBLIX MEPEMEHHBIX YBEJIMIN-
n(n—1)
BaeTCs Ha ——5—.
PaccMorpenHbie BbIIle TEOPEMBI IOy YEHbI B IIPEIOI0KEHII O TOM, 9T0 [, =
0, a TakzKe 9T0 p; < M. HeeMoTpst Ha TO, 9TO Oy YeHHbBIE BBIIIE PE3Y/ILTATHI II03BO-
JISTFOT CHHTE3NPOBaTh MeHee KOHCEPBATHBHBIE PETYJISITOPDI, YKa3aHHbIE IIPEIIT0/I0Ke-
HUS CYIECTBEHHO OIPaHMYNBAIOT 00JIACTH MPUMEHEHUsI JJAHHBIX YCJIOBUN CHHTE3A.
Huzke paccMoTpuM perierne 3a1a49n C UCIOJIb30BaHNEM TeopeMbl [5.7], KoTopbie

00X0JIAT orpanndenus: Ha [),, n oTHOIIeHHE pasMepHocTeil p; u m. CrpasejnBa

cjIeayromas TeopeMa.

Teopema 5.10. /Jlaa 3adarnvix 3navenutd a = 0 u vy > 0 3adava Pa3peutuma,
ecau cyweemeyrom wucaan > v2, €1 > 0 u ey > 0, (n X n)-mampuuya Y =Y >0,

(mxm)-mampuya ¥ u (my Xn)-mampuya A maxue, 4mo 6vnosneHv, HEPABEHCTNEA

n— (e 2 det(0))Y™ < 42, (5.103)
| E4+ea MM NY |
S )} (5.104)
Ny —e1las
| Q4+ eoMoyMF  NT |
S ) (5.105)
Ny —&glys
3decw
v —pl, BT DT, 0 0
- Nz 00
E= B, =Y 0 |, Mi=| Mg 0 |,Ni1= :
Np 0 0
D.. 0 -—I, 0 Mp
Y * * ok
0 —nl, * %
Q= , (5.106)

A Y+B,A B, -Y «x
¢.Y+D,AN D, 0 -—I
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0 0 0 0 NygyY 0 00
0 0 0 0 NeY 0 00
My = , Ny = . (5.107)
MA 0 MB 0 0 NB 00
0 Mc 0 Mp 0 Np 00

Hpu IaMom 3aK0H YynpasAeHUuA MOHCHO Hatimu 6 eude:

F =AY

Joka3zaTesbCcTBO. YuuThIBasi, 910 [,,, MOXKET OBITh HEHYJIEBOIi, BbIpayKEHUs JIJIs

S&MKHYTOﬁ CUCTEMDBI IIPDUMYT BUIIL:

2(k+1) = (A% + B,F) z(k) + Biw(k), (5.108)
2(k) = (C2+ D.,F)x(k) + D5w(k). (5.109)

Teopema Jrerko jgoKa3bIBaeTCA MPAMOI MOJACTAHOBKON MaTpPHUIl 3aMKHYTON CHCTEMBI

(5.108)—(5.109) B ycioBusi Teopemb 5.7 ¢ yuerom obosnauerust A = FY. m

5.2.4. CwuHTE3 CTaTHYIEeCKOro pobACTHOTO PETYJadATOpPa MO BBIXOIY

Cucrema (5.81)), (5.83)), samkmyTas ynpasiennem ((5.85]), nmeer mpejcraBieHne

B IIPOCTPAHCTBE COCTOSHUIA:

z(k+1) = (A*+ B,KCy) 2(k) + (Bg + B,KD.,) w(k),  (5.110)
2(k) = (C2+ D.,KC}) z(k) + (D2, + Do K Do) w(k).  (5.111)

Pemenne 3ajaun [5.5 naercsa B Teopeme [5.11]

Teopema 5.11. /laa 3adarmvir snavenud a = 0 u vy > 0 3adava pa3peutuma,
ecau cywecmeyrom ckaaapo,n > 2, g1 > 0 u ey > 0, (n x n)-mampuya ® = T >
0, (n x n)-mampuya I1 = IIT > 0, (m x m)-mampuua ¥, (n X n)-mampuya Y u

(mq X p)-mampuya K makue, 4mo 6unosnenv, caedyiousue HEPABEHCMBA:

Q+€1M1Mir NlT
N —e116s

< 0, (5.112)
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n— (e7 2 det (V)Y < 42, (5.113)
O+ 62]\42]\45F Ng

<0, (5.114)
Ny —eal3g
npuvem
DI = I,. (5.115)
3decw ~ -
- * * *
0 —nl, * *
Q= 1 ,
A+ B,KC, By+B,KD,, -1 =«
C.+ D.KC, D.y+D.KDyy 0 ~—I,
N, 0 0 0]
[0 0 0 0 0 0 ] Ney, 0 00
0 0 0 0 0 0 N¢ 0O 0 0
Ml = 3 Nl - )
My BuKMcy 0 Msp BUKMDy 0 0 Ng 0 0
0 D..KMg, Mc 0 D.,KMp, Mp | 0 Np, 00
0 Np 00|
v —nl, * *
U= | By,+B,KD,, -1 * |,
D.w+ D.KDyy 0 —I,
0 0 0 N 00
My, =1 Mg B.,KMp, 0 , Ny = Np, 0 0
0 DzuKMDy Mp Np 0 0

JlocTaTounble yCI0BUS JIIA HOCTPOCHUs] CTATHYECKOIO PeryJisiTopa 110 BBIXOJLY
IIOJIyYAIOTCS HAIPSIMYIO, €C/IH 3alicaTh yeaobus JgeMMbl [1.5] g cucrembr ((5.110])—
(5.111)). Bee mpeobpazoBanust MATPUYHBIX HEPABEHCTB aHAJIOTUIHBI TPE0OPaA30BAH-

sIM U3 T10JIpa3iesa 1 He TPeOYIOT TOBTOPEHUSI.

3ameuanue 5.3. Pezyasamop, docmasaaouwuti MUHUMYM GHU3OMPONUTHOT HOD-
Me,  ModtceEm  Oumb  natden ¢ UCNOAL30BAHUEM CACOYOULET  ONMUMU3AUUOH-

noti  npouedypvi: matimu & = min&, 2de & = A%, na mnoocecmese
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{n, & @, 11, ¥, Y, K, 1, g2}, ydosaemesoparowee ((5.112)—(5.114) u ®I1 = I,,. Ecau

MUHUMAABHOE 3HaY%eHUE s HATOEHO0, Mo20a AHUZOMPONUTIHAA HOPMG 3GMEHYMOU

cucmemuvl Moxcem Ovimov npU6/LU9fC€HHO 6blHYUCNEHA.

1750, ~ V.. (5.116)

Ananoeuvmwie onmumMuUu3aUUOHHDLE np0ue@ypm MO2YTm OBIMB UCTLONB3OBAHDL npu Ha-

TooHcIenuu pe2yaamopos na ocnose meopem [5.8 u[5.9

st aucienHoit peaJnsanm METOINKN CHHTe3a POOACTHBIX PETYISITOPOB U3 TEO-
pembl |5.11], Tpedyronux moncka B3anMHOOOPATHBIX MaTPHUIL, ¢ UCIIOJIb30BAHUEM I1a-
keToB Yalmip u SeDuMi, moxkHO ucroib3oBaTh ajaroputm 4.1, paspaboTaHHblil Ha,

OCHOBe pe3y.ibraros u3 [2], onucanusiii panee B riase [

IIpumep 5.5. Paccmompum cucmemy:

—0.25 0 0 0 0 0
A= —0.5 0.5 2|, Bu=|0]|,Bus=1| 0 0 |,
—-0.75 —1.00 —1.5 1 0.2 0.1

22 0 0 0.03 0.01

y = ) yw —

010 0 0.05

Heonpedeaennocmu 6 cucmeme 3adanvr weped koaphunuernmot:
T
My = [0.25 —0.5 0.75} , Ny = [O 0.5 1},

T
MB:[O 0 0.2} ,NBZ[O.l 0.3]7
Me = Mp =0.2, NC:[O.OS 0.2 0], ND:[O.OQ 0.08}7

T
MCy:MDy:[O 0} 7NCy:[O 0 0}; NDy:[O 0}
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Tabnuna 5.5. Pe3ysbTaThl YMCIEHHBIX 9KCIEPUMEHTOB

CpegHsist aHU30TPOIINUS G 0.1 0.5 1 3 100
| Futll, ma ocrose Teopembr 5.8 | 1.0535 | 1.5464 | 1.8435 | 2.1973 | 2.2472
| Fuall, ma ocrose Teopembr [5.9) | 1.0489 | 1.5379 | 1.8435 | 2.1978 | 2.2494
| il ma ocrose Teopembr [5.10[ | 1.2382 | 1.6648 | 1.9192 | 2.2079 | 2.2494
| Fuill, 1 ocrose Teopembr [5.11|| 3.3980 | 5.0720 | 5.8894 | 6.6922 | 6.7993

Homunanrvras cucmema asaaemcs neycmotliuusol. Jaa noucka 63aummnoodbpam-
HOLT MAMPUY, OviA 6u0pat aszopumm, npedaostcennond 6 [2]. Tounocms noucka 63a-
uMHO06paMMLIT Mampuy, pacna € = 1077

Ipu pewenuu 3adavu cunmesa OvLAG MUHUMUSUPOBAHA GHU3OMPONUTHAA HOD-
MG 3GMEHYMOT cucmemol 0aa 3adarno2o yposHs cpednet anudomponuu a. Ilocae
mo2o Kax peusenue 0via0 Hatideno, nposoduscs aHaIU3 3aMKEHYMOT cucmemovl. Tax
KaK HEONPEIEeNeHHOCNY 6 JGHHOM NPUMEPE ABAAEMCA CKAAAPHOT BEAUUNHOT, MO
ObLA UCTLOADBI0BAH MEMOO OUEHKU AHUZOMPONUTHOT HopMb u3 [32] na cemke ¢ wa-
eom h = 0,01 na ompesrxe A € [0; 1]. Hauboavwee 3nauerue HOPMbL NPUHUMGAOCH
6 Kavwecmee Hauxryoulezo cAyas. Pe3ysvmamot Yuciennvlr IKCNEPUMeHmMos ceede-
HbL 6 MadAULY.

Kax 6udno u3 noayvennvix pe3ysomamos, ynpasierue 6 sude cmamuveckol
00pammot c6A3U MO COCMOAHUIO daem Hausywwutl peayisvmam. Ipu smom anuso-
MPONUGHAA HOPMA 3AMEHYMOT CUCTNEMDBL C PELYAATOPOM, NOAYUEHHDIM U3 YCA06UT]
meopembol daem npaxmuMecky maxoti JHce Pe3ysbmam, Kk U ¢ UCNOAb306AHU-
em meopemnt[5.9, a eviuuciumenvrvie 3ampamot npu UCNoAb306aHUL meopemut [5.9

3HAYUMEADBHO MEHDUILE.

ITpumep 5.6. Paccmompum menepsv modeav AUHETH020 OCUUAAAMOPG ~ MANEMA-

muyeckoz2o masmuuxa. Modeav mamemamuueckozo maamHura 6 npocmparHcmee
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COCTNOAHUT umeem GU,d'
i(t) = A%z(t) + Buu(t) + Byw(t),

y(t) = =),
2(t) = C.x(t) + D.yw(t),

2de w =5, £ = 0.5,

A 0 1 0 0 10
AB = + A ,
—w? -2 0.12 0.2 01
10 1 0 2 0 0.5 0.1
Bu: ) w — ) z — ) 2w —
0 01 01 0 0.5

Hexoonas nenpepvisnas modeav 6waa duckpemusosana ¢ wazom h = 1073 c.
Ommemum, 4¥mo UCTOOHAA CUCTNEMA ABAAEMCA YCMOUYUBO, 00HAKO ee Neperoo-
HOLT MPOUECC ABAACNCA CUALHO KOACOAMEALHOIM U CcAab0 3amyzaroujum. Brodnoe

GO3MYUEHUE ABAAECINCA CJLZ/%CL’&HO@ ZCLyCCOSC?CO’Ij nocAe008aMEALHOCTNBIO € YPoBHEM

cpedreti anu30mpPonUL K(w) = 0.7. Hcnoavsys meopemy |5.0, ouenum eeprioro

2PANUYY AHU3OMPONUTHOT HOPMbL Pas3oMknymot cucmemvt npu a = 0.7. B peayao-
mame aGHAAUSA ObIAO NOAYHERO, UMO AHUSOMPONUTHAA HOPMA PA3OMERYMOT CUCTE-
Mol ¢ Heonpedeaennocmamu e npecocrodum wucaa |2, < 12.2957, 6 mo epema,
K% AHUBOMPONUTHAA HOPMA HOMUHAALHOT cucmemol PasHa || From |, =~ 4.2475.
Ipumenss meopemy [5.8 u murnumusupys v, noaywum 3HaUEHUA DE2YAAMOPA 6

dopme 06pamHoll C8A3U € NAPAMEMPAMU.
F = [ —110.4176 541.4826 } -
A anuzomponutinas HOPMa 3aMKEHYMOT CUCTIEMbL He NPEGOCTOJUM,

I 57, < 0.5632.

Munumusayus napamempa vy ¢ UCNOALIOBAHUEM YCAOBUTL MEOPEMDBL daem

pe2YAAMOP 6 hopme cmamuyeckots 0opammotl C6A3U NO COCMOAHUIO, PABHBIT

K = —1.7369,
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Moise realization with Afw)=0.7

Puc. 5.13. Peasmzanust BxojHOrO ciryvaiinoro Bo3myitnerust w(k).

a GHUSOmPOTLU?jHCLﬂ HOPpMQ SCLM%HymOQj IMUM Pe2YAATMOPOM CUCTNEMDBL HE NPEBOC-

zodum

I FOYT), < 0.8645.

Ha puc. [5.15 npedcmasaena peasusayus 6rodHo20 CAY4ain020 603MYWEHUSA C

YPoSHEM CPEOHEL aGHU30OMPONUL K(w) = 0.7. Ha puc. |5.14| u puc. |5.15 npedcmas-

aena dunamura dsusicenua pazosur xoopdunam x1(k) u xo(k) mamemamuyeckoezo
masmuura us nososcenus r(0) = [ 2 1 } OAA PA3OMENYMOT CUCTNEMDL U CUCTE-

M, 3amrHymot peyaamopamu F u K coomeemcmeenio.
Ha puc. U puc. npedcmasieta OUHAMUKG Ynpasaisemu 6uxodos z1 (k)

u z9(k) coomeememeento 0as pazomkHymMot U 3aMKHYMOT CUCTIEM.
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Trangient response of x, ()

25 ! T T T T ! T T T
: : : : : : open-loop
— — —state-feedback |
— — -output-feedback

_2 1 | 1 1 1 1 1 1 1
0 1 2 3 4 a 53 7 8 9 10
tirne, s

Puc. 5.14. Tpaekropust nBuzkenusi Koopausatsl (k).

Transient response of 1, ()

8 ; ! ; ! ! ; ' ' '
i : : : : : open-loop
— — —state-feedback |4
o | = — - output-feedback
= R S
! :
-10 | | 1 I | | 1 | I
0 1 2 3 4 5 5 7 8 9 10
time,s

Puc. 5.15. Tpaekropust JBrzKeHnsT KOOpANHATH To(k).
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Trangient response of the controlled output z, (1)
5 ! ; ! ! ! ! ; ' '
: open-loop
4k T ......... ......... ........ ........ Loo| —— — state-feedback

Puc. 5.16. Tpaekropus nBuzKeHust yrpasjsieMoro Bbixoja 21 (k).

Transient response of the controlled output ()
' : : apen-loap
=3 S . R ......... ......... ........ ........ woo| —— —state-feedback
: : : : o | = — - output-feedback

Puc. 5.17. Tpaekropust JBUZKeHIs YIPABJISIEMOro BbIxoja 2o (k).
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BriBoabl K ry1aBe 5

B nannoii ryiaBe ObLIN pacCMOTpPEHBI W peIieHbl 3aJadil poOaCTHOIO aHM30-
TPONUIHOTO aHaIn3a U CUHTe3a JIJIT OOBIKHOBEHHDLIX CUCTEM C ITapaMeTpUIecKIMN
HeoTpeIeIeHHOCTAME. B KavdecTBe mapaMeTprudecKnX HeolpeeeHHOCTell paccMaT-
PUBAJIACH MOJIUTOIIMYECKUE U OTPAHUYEHHBIEC 110 HOPME HEONPEJIC/ICHHOCTH.

B ciiydae moauTONMYecKNX Heolpejie/IEHHOCTENl Ha OCHOBE IapaMeTpUYecKnX
dyukmuit JIgamyHoBa ObLIN MOJTYYEHBI JOCTATOUHbIE YCJIOBUS JIJIsi IPOBEPKH YCTO-
YUBOCTU U OIEHKHU aHM30TPONUIHON HOPMBI Pa30MKHYTOI cuctembl. Ha ocHoBe 1mo-
JIYIEeHHBIX YCJI0BUI OBLIM pa3zpaboTaHbl METOJUKN OIEHKH CBEPXY aHM30TPONUIHON
HOPMBI CUCTEMBI C HEOIIPEJIEJIEHHOCTHIO, a TaKxKe pellleHa 3ajada CuHTe3a podbacT-
HBIX QHU30TPONUIHBIX PEryJIATOPOB IIPU IMOJHOM HU3MEPEHUU BEKTOPA COCTOAHUS.
YenoBus cpopMyINpPOBaHbl B (pOPME BBIMTYKJIBIX MATPUIHLIX HEPABEHCTB, KOJINUe-
CTBO KOTOPDLIX 3aBUCHT OT YNCAA BEPIIUH MOJUTOINA. TakxKe OBLIN PACCMOTPEHBI
JIOTIOJIHUTEJIbHbIE OI'paHUYEeHUs], HaJlaraeMble Ha JIMHAMUKY 3aMKHYTOIl CUCTEMbI B
BIJI€ PACIIOJIOZKEHNS TTOJTIOCOB 3aMKHYTOI CUCTEMBI B 33JaHHOI 00JIACTU BHYTPH €11~
Huyunoro kpyra. Ilosydennbie ycaoBust ObLIM TPUMEHEHbI [TPU CUHTE3€ YIIPaBJICHU
st HIMM-kouBeprepa. CpaBHUTEIBHBIN aHAIN3 ¢ AHAJOTMYHBIMUA PE3yJIbTaTaMu,
MOJTY9eHHBIMU B PAMKaxX Ho, TEOPUN YIIPaBJIEHUS MOKA3a1, YTO aHN30TPOTUITHBIIT
peryasaTop obJiagaeT CymecTBEHHBIM TPENMYIIECTBOM, T.K. TO3BOJIAET MTOBBICUTH Ka-
YECTBO YIIPaBJIEHUS 3a CUET MEHBIINX KOI(MDPUIIMEHTOB yCUIEHNS.

BTophIM BaKHBIM KJIACCOM CHCTEM, PACCMOTPEHHBIM B JIAHHOI TUlaBe, siBJISETCS
KJIACC CUCTEM C OIPAHUYEHHBIMU 110 HOPME [MapaMeTPUUYECKUMU HEOIPEIeJIEHHOCTSI-
Mu. JI71g TaHubIX cucTeM OBLIN pelnlenbl 3a/1a9n aHN30TPOIIITHOTNO aHaIn3a u CHHTe-
38 POOACTHBIX AHI30TPOIHUITHBIX PETYIATOPOB B (DOPME CTATHIECKOI 00PATHOMN CBA3M
IO COCTOSTHUIO W TI0 BBIXOJHOI TlepeMeHHoil. Tak »Ke, KaK W B cJIydae ¢ MOJUTONnIe-
CKUMHI CHUCTEMaMU, JIJIA CUCTEM C OUPAHMYCHHBIMU 110 HOPME HEOIPEJCJICHHOCTAMI

IIOJIYU€EHBbI YCJIOBUS B (DOpME MATPUUHBIX HEPABEHCTB.
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I'maBa 6. lIpumMmeHeHuUe aHU3O0TPONUITHOTIO ITOAXOIA
B 3aJavaxX CHHTE3a OTKAa30yCTOMYMBBIX

cucremM

PasBuTne cucrem ympaB/ieHIS B COBPEMEHHOM MHUPE MOCTEIEHHO MAET K YCJIOZK-
HEHUIO caMUX OO'bEKTOB YIIPABJICHUS, & TaKzKe PEryJsiTopoB, (GOPMUPYIOMINX YIIPaB-
JIIONINE TI0C/Ie/IoBaTe/IbHOCTU. B mocseinne jgecatuieTns ocoOyio MOIyJIAPHOCTh
puobpesIn cXeMbl yIIpaB/ieHns MHOTOMEPHBIMU O0HEKTAMU, BKJIIOUAIONNE METO/IbI
poOACTHOTO, MHTEJIEKTYAJIbHOIO U aJJAIITUBHOTO yIpaB/ienusd. Takme moixo/bl 00y-
CJIOBJIEHBI ONTUMU3aIel 1 6e30MacHOCTHIO TAKUX CUCTEM, KaK CAMOJIETHI, XUMU-
Jeckue 1 sijiepHble peakTopbl. OgHAKO B Ipolecce PYHKIIMOHMPOBAHISA TaKUX CHU-
CTeM MOI'YT BOBHUKATb HEIIPEIBUIEHHbIE COOBITHSI, KOTOPbIE MOT'YT IIPUBECTH K I10TE-
pU IIPOM3BOINTEILHOCTH WJIM yCTOYnBOCTH. B KadecTBe pUMEPOB TaKUX COOBITHUIL
MOKHO Ha3BaTb OTKa3, BbIXOJ| U3 CTPOs WJIU ITOBPEXKJIEHNE CUCTEMbI, KOTOPbIE KaK
[IPABUJIO HE MOJIPa3yMeBAIOTC B [IPOIEcce CHHTe3a 3aKoHa yipas/ienus [87]. TTorepst
yIpaBJ/ieHnusd B MPOIecce PadOThl CUCTEMBI — 9TO OJUH U3 MOTUBHUPYIOMUX (HAKTO-
POB IIPU pa3padbOTKe OTKA30yCTONUNBLIX cucteM. IIpwm ympasienun jetaTenbHbIMI
alllrapaTaMi U3BECTHBI CJIeIyIONINe XapaKTepHble IIPUMePhbl COXPaHEeHHs PabOTOCIIO-

COOHOCTH CHCTEMBI IIPU OTKa3aX HEKOTOPBIX €€ JacTeii:

e Peiic 232 B Cy-Curn, mrar Aitosa, CIIIA B 1989 rojay. ¥V camosiera oTkasza

XBOCTOBOII JiBUrarejib B pesyJbrare mnorepu rujpocucrembt [96, [150].

e B pesysabrare NpoTeuKN JABUTATEN MPOU30IIe/l cOoil y TPy30BOIO CaAMOJIETa

kommannu Kasmura Ditp B lerpoiite, CIIA B 2004 roxy [87].
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e ['pyzosoit camosier komnanu DHL B Hosi6pe 2003 roja B Barmaie 6b11 1101011

pakeToii u morepsisi rugpocucremy [96)].

Bo Bcex paccMOTPEHHBIX BBINIE CAyYadAX MUJIOTAM B PYUHOM PEKUME YJ1aI0Ch
YCIIEITHO TIOCAUTh CAMOJIETbl. DTO TOBOPUT O TOM, YTO CHCTEMa HE MOTepsiia Obl
YCTOWYNBOCTL MPU OTKA3aX PACCMOTPEHHBIX BBIIIE COCTABIAIONNX. Pa3zpaboTka Me-
TOJIOB yIPAaBJIEHUS 00BEKTAMHI C YIeTOM BO3MOXKHBIX OTKA30B €€ KOMIIOHEHT B JIU-
TepaType HOCUT Ha3BaHUe OTKA30yCTONYNBOE yIIpaBjeHue. B HacTosIee BpeMst pas-
paboTKa METOMK CUHTE3a YCTOMYNBBIX K OTKA3aM CUCTEM aBTOMaTUYECKOTO yIIpaB-
JIeHus npuodbpesta J0CTaTOUHYIO TOYISIPHOCTD.

[Tos cboeM monMMaeTcs HepaspeleHHoe OTKJIOHeHe KaK MIUHIMYM OJTHO# Xapak-
TEPUCTUKHU WU TTApDAMETPA CHCTEMbI OT PA3PEIIeHHOr0 / I0MyCTHMOr0,/ CTaH IaPTHOTO
snauenns [245]. [Tpumepamu takux c60eB sIBJISTIOTCsT OJIOKNPOBKA HCIOJHUTETHHOTO
MeXaHI3Ma, ToTepsi CUTHAJIA OT JaTdrKa (JIH00 HepaBUIbHO PAbOTAOIIII TATINK ),
OTKJTIOUEHNE KOMIIOHEHTa CHUCTEMbBI. TakuM 00pa3zoM, MOXKHO BBIJETUTL TPU OCHOB-
HBIX THITa COOEB B CUCTEME YIIPaBJICHHUSA, KOTOPHIE MOTYT CYIIECTBEHHO YXY/IIUTH
KAa4ecTBO PabOThI 3aMKHYTOIl CHCTEMBI, & TaKyKe IPUBECTU K ee paspytienuto [144].

mu gaBiigrored:

1. cOou B MCIOJHUTEILHBIX 3JIEMEHTaX, KOTOPbIE IPEIATCTBYIOT (DOPMUPOBAHUIO

IIPABUJILHOI'O YIIPABJIAIONIEr0 BO3/IeICTBU;

2. cbon B JaTUMKaAX, KOTOPbIE BJEKYT 3a CO0OIi IOsiBJIeHIE I'PYObIX OIIMOOK 13-

MEpEeHUd;

3. cobon B 0OBEKTE yYipaBJI€eHN A, HU3MEHAIOININE BXOI-BbIXOJIHLIEC COOTHOIICHUA

MeEXK/Yy CUI'HaJlaMW WJIKN JUHaMHUKY CUCTEMbI B IIEJIOM.

HeobxopumocTh pa3paboToK MeTOJIOB OTKA30YyHCTOYMBOIO YIIPABJICHUA U Ca-
MOJIMArHOCTUKK OOYCJIOBJIEHA, ITOBBIIIEHUEM CJIOYKHOCTH Pean3alliil TeXHUIEeCKUX
YCTPOMCTB, a TaKyKe OTCYTCTBHEM BO3MOXKHOCTHU OIEPATHBHO YCTPAHUTL HEHCIIPAB-

HOCTDb (HAIpUMep, B KOCMITUECKOi TexHnke). B obiiem ciydae, pazpaboTKy 0TKa30-
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YCTOMUMBOIO yIIPABJIECHUS MOXKHO Pa30UTh Ha HECKOJIbKO CTaJIMil: aHAJIM3 KauecTBa,
pabOThI CHCTEMbI U CUHTE3 yIIPABJICHU, CAMOINAIHOCTIKA, PEKOH(MUTYpaIis CUCTe-
MBI C YIETOM BBISIBJIEHHON HEUCITPABHOCTH.

ITox caMoauarHoCTUKON IMOHUMAETCs CUCTEMa, CPEJICTB, CIIOCOOHASI OIPEJIEINTh
1 UJIeHTUPUIMPOBATh HEMCIIPABHOCTU CUCTEMbBI YIIPABJICHUSI U BO3MOXKHBIE ITPUYNL-
Hbl X BO3HUKHOBEeHWH. /[/1g peajm3aium MeTO/I0B CaMONarHOCTUKN UCIOJIb3YIOT
KOHIIEIIIIO M30bITOYHOCTH, KOTOpas MOYKET BKJIIOYATh B cebsi allllapaTHYIO0 U30bI-
TOYHOCTH U /W aHATUTHYecKre MeTob! [127].

B cBsi3u ¢ pa3BUTHEM COBPEMEHHOI T€OpUM aBTOMATHYECKOIO YIIPABJICHUS aHa-
JINTUYIECKNEe MeTOJIbl JUATHOCTUKH JINHAMIYECKIX CHCTEeM IPUOOpEIH IIHPOKYIO 10-
IyJITPHOCTD W CTAJI OCHOBHBIM HAITPaBIEHIEM B paMKaX pelleHus 3a1a9 JHarHOCTH-
K1 cO0OEB 1 CHUHTE3a OTKA30YCTONUNBBIX YCTPOICTB yIIpaB/JIeHUs JIJIsi JTUHAMUICCKUIX
cucreM. B obmem ciaydae 3ajady JUArHOCTHKU MOXKHO pa3JIe/INTh Ha TPHU BaKHbIE

I1013a,/1a41:

1. JerexkTuposanue cb6osi. CocTouT B onpejiesieHnn coost B (pyHKIMOHAIBLHO €11~
HUIE CUCTEMBI, TPUBOJIAIIETO K HeXKeIaTe/THLHOMY MW HeTpUeM/IEMOMY TTOBe-

JIEHUIO BCeil CUCTEMBI.

2. Nzonsiiust ¢coosi. CocTOUT B JIOKAJUBAINN MM KJIACCU(DUKAINE PASTITIHBIX

cOOEB.

3. Nnentudukanus cbosi. CocTouT B ompejie/IeHNN THITA, MACIITada U TPUINHBI

cOo4.

[Ipn ana/mmTHYECKOI AUArHOCTUKE (POPMUPYETCsl TaK Ha3bIBa€Mblil OCTATOTHBII
CUT'HAJI, KOTOPBIi IIpeJICTaB/IsieT CO00M PA3HUILY MEYK/Iy U3MEePSeMbIMH IIepeMeHHbI-
MU peaIbHOTo IIPoIiecca 1 ero MoJieIbHol oreHKu. [Tocsie nponsBouTes anaans gam-
HOT'O OCTATOYHOI'O CUTHAJIA ¢ IPUHATHEM COOTBETCTBYIOMNX periennii. B cpaBaeHnn
¢ anmnaparTHoil N30bITOYHOCTBIO, METO/IbI AHAJIUTUIECKON JUATHOCTUKHI 00Jiee SKOHO-

MMWYCECKHM BBII'OAHbBIE, HO boJIee CI0KHDIE B peasin3aln n3-3a IIyMOB BHeENIHEel cpelabl,
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Hen30€KHBIX YIIPOIIEHNH MPU MOCTPOCHUN MaTeMaTHIeCKOl MOJIe/n, HeTPUBUA b
HOCTH JIMTHAMUYECKUX ITPOIECCOB, MMPOTEKAIONINX B CUCTEME, NN YIIPABJISIONIINX UMU
YCTPOHCTB.

[Ipu nocTpoennn HaJeKHOIT 1 0€30TKA3HON CUCTEeMbl aBTOMATUYIECKOIO YIIPaB-
JIeHHsI, 0TKAa30yCTONINBOE yrpaBjeHns (B aHII0sA3bIaHOIT TuTeparype “fault-tolerant
control (FTC)”) TecHo cBsi3aHO ¢ JUArHOCTHKON OTKa30B. l'oBopsi Gosiee obmmmm
SI3BIKOM, OTKA30yCTONYINBOE yIIpaBJeHNe — 9TO CJIEAYIONUI MIar moc/Ie YCIelHoi
JINArHOCTUKN €OO0si, IEJIbI0 KOTOPOTO SBJISIETCA PEKOH(UTYPAIUS YIIPABJISIONIETO
YCTPONCTBA JI/IsT TOTO, YTOOBI TapaHTUPOBATH HAJIC?KHOCTH CHCTEMbI aBTOMaTHYECKO-
ro ynpajeaus. OTKa30yCcTONINBOE yIIpaB/JIeHne MOXKHO Pa3/Ie/nTh Ha JiBe OO/IbIIIe
KATeroprin: MacCUBHOE U aKTUBHOE OTKA30yCcTOHUnBoe yipasienue [37].

Cieyer OTMETUTh, YTO Hjes pa3padOTKN aHAJIUTHIECKIX METO/I0B JUAIHOCTHKH
1 CUHTE3a OTKA30YCTOMYMBBLIX CHCTEM pa3BHUBaJIach IHapaJsljie/IbHO, KaK Ha 3allajle,
tak 1 B CCCP. O iHOBpeMeHHO ¢ TEPMUHOM “OTKA30yCTONINBOCTL B OTE€YECTBEHHOI
JIUTEPATYPE UCTIOTH30BAIOCH MOHSITHE XKUBYydecTu cucrembl. B pabore [19] 6bi10 ja-
HO CJIeJIyIONIee Olpeie/IeHIe: X KUBYIECTh — 9TO CIIOCOOHOCTH CUCTEMbBI K COXPAHEHUIO
HEKOTOPBIX OIPEIeIAMNX (PYHKINI ¢ BO3SMOYKHOI ITOJIHOM MJIM YACTUYIHON IoTe-
peit apyrux QyHKIH, XapaKTepu3yolnX pabOTOCIIOCOOHOE COCTOSTHUE CHCTEMBI.
[TogpobHee o coOTHOIIEHNE MEXKIY KUBYUYECThIO M OTKA30YCTONINBOCTHIO MOYKHO
ocMoTperh B 0030pe |21 u ceplikax B HEM.

HauboJsiee momy/sipHbIM METOJIOM JIMAIHOCTUKU COOEB SIBJISIETCsI IIOCTPOEHIE Ha-
osroaresieit orkazon [295]. OHako, JaHHBIE METO/IBI HE YUUTHIBAIOT BJIMSHUE BHEIII-
HUX Bo3MyIreHuii. [1pu Ham4anm Ha BX0Jie CHUCTEMbI BO3MYINAIOINIEIO BO3ACHCTBUS 1
IIYMOB H3MEPEHUsI Ha €€ BbIXO/e 3a/a4a OIeHKN PYHKIIH cOO0sI 3HAUNTEIHLHO YCI0K-
HsieTcsi. B ciydae Korna BnsiHAe BO3MYIIEHUI HEJIb3sT OTJACINTh OT (PYHKIIH cOOsI,
HEOOXO/IMMO pa3padaThiBATh METO/Ibl, KOTOpPble OyJIyT MaKCUMAaJIbHO UyBCTBUTEIb-
HBI K OTKa3aM U MUHUMAJBHO 9yBCTBUTENbHBI K Bo3mytnerusiM [111]. B mocnentee
BpEMsI IIUPOKO U3YUAEMBIMU METOJaMU JIMAlHOCTUKN B JIMHEHHBIX CHCTeMaXxX IIPU

HaJINUMI BO3MYIIEHUI siBJIsieTcsd H oo 0Jx01. MuHIMMI3alusa 1yBCTBUTEILHOCTH TI'e-

234



HEpaTopa OCTaTKa K BHENIHEMY BO3MYIIEHUIO B TepMHUHAX Ho, HOPMBI pacCMaTpU-
sasuch B [109, 110, 192, 135]. Ouako, jaHHbIE METOJbI HE YUUTHIBAIOT CTOXACTH-
YeCKYI0 COCTABJIAIONIYIO B BO3MYIeHNN. VcripaBUTh 9TOT HETOCTATOK MOXKHO, TTPU-
MEHUB aHU30TPONUNHBIN MOAXO0M] K IOCTPOEHUIO JNArHOCTUIECKUX HaOJII0IaTeIell.
B nanHOIl riaBe OYJIyT paccMOTPEHBI M PEIIeHbl JBe 3aa9ll TeXHUIEeCKOl JUarHo-
ctuku. [Tepas 3a/1a1a ocHoBana Ha TPUMEHEHNN aliapaTa JJeCKPUIITOPHBIX CUCTEM
1 TI03BOJISIET TTOCTPOUTH HabJIfo/IaTe/ b OTKa3a JATYNKOB CUCTEMbI C aHU30TPOINIi-
HBIM KpUTepueM KadecTBa. BTopas 3ajiada 3aK/II09aeTcsd B MOCTPOEHUHN JTUATrHOCTH-
YecKOro HabJroiaTes s KakK JiId ciydas OTKa30B JIATYMKOB, TaK U UCIOJTHUTETHHBIX
s7eMeHTOB. [Ipu 3TroM BMecTO H oo pUIBTPA OBLT IPUMEHEH AHU30TPOIMITHBIN JTia-
raocrudeckuit huibTp. IIpuMenenne aHM30TPONNITHOINO PUIHTPA B HEKOTOPBIX CJIY-
Jagx I03BOJISIeT B CpPeJIHEM YJIYUIINTh KAadeCTBO JIMAIHOCTUKHU U TOHU3UTH I1OPOT

YYBCTBUTCJIbBHOCTHU K OTKa3y.

6.1. ,Z[eTeKTI/IpOBaHI/Ie OTKa30B JAaTYNKOB C MNCIIOJIb30BaHMNEM

aHHSOTpOHHﬁHOFO Kpurepmda Ka1decTrBa

[lycTh simneitnas JquckpeTHas cucTeMa 3ajlaHa B (hopMe:

z(k+1) = Ax(k)+ Byw(k) + Byu(k), (6.1)
y(k) = Cu(k)+ Dpf(k), (6.2)

e z(k) € R™ — pexrop cocrostnust, w(k) € R! — ciyuaiinoe BxojiHoe BozMyleHne,
u(k) € R™ — yupasyenue, y(k) € RP — usmepsiembrii Boixoj, f(k) € RP — dyHk-
nus oTkaza. Marpunst A, By, B,, C, Dy ABIAI0TCS IOCTOAHHBIM JeHCTBUTE/IbHBIM
COOTBETCTBYIOMINX pa3MepHocTell, a Marpurna D npejiosaraeTcs HeBbIPOZKIEHHOI.

Jlis1 pertennst 3a1a4n oneHkn GyHKImn oTKasa npeobpasyem cucremy (6.1))—(6.2)

K ILeCKpI/IHTOpHOfI cucreMe co clelyromuMn rmapaMeTrpaMn:

Ez(k + 1) = AT(k) + Byw(k) + Buu(k) + FF(k), (6.3)
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_ IB|l - ol _
Bo=| " F= ,C:[CI].

st cucreMbl 1'1) HAOJTIOIaTe/ b BEKTOPA, COCTOSTHUST MOYKET ObITH TTOCTPO-

€H B cJleJlyIolleM BU/Ie:
Kz(k+1) = Fz(k)+ Byu(k), (6.5)
(k) = z(k)+ Ly(k), (6.6)

gl

Z(k) — BexTop onenkn cocrosimus nexosmoit cucremsr (6.3)-(6.4). Samernm Taxxe,
aro z(k) = T(k) — Ly(k) € R"™. Besem omuGKy OLCHUBAHUSA B CJICAYIONEM BILIE
e(k) = z(k) — T(k).

O6o3naunm depes Tp,(z) nepemarounyio dyHKIuUO or Bo3MmymieHust w(k) K
omuOKe oreHnBanms oTkaza e(k). Torma 3ajgady JUArHOCTHKE OTKA30B M3MEPHUTEb-
HBIX YCTPOICTB ¢ AHU30TPONUITHBIM KPUTEPUEM KadecTBa MOYKHO CHOPMYTHPOBATH

B CJIEIYIOIIEM BUJIE.

Bamaua 6.1. Jaa cucmemor  (6.1)—(6.2), yposna cpednet anusomponuu a > 0
62001020 soamyuenus w(k) u deticmeumenvrozo wucaa y > 0 mpebyemcs Hatmu

maxue mampuywn, K, F, L ¢ yeavio ouenku dynxyuu omxasa f(k), dra xomopwix

CTLpCZSB&/L’LLSO HEPABGEHCTNGO

ITewlls < -

st Toro, 9ToObI HAHTH YC/IOBUS aCUMIITOTUYECKONH CXOJUMOCTH K HYJIIO OIeH-
KI (PYHKIIUU OTKa3a, PaCCMOTPUM CHUCTEMY TI0 OIMUOKe IMPW OTCYTCTBUU BHEITHUX

Bo3MmyIeHuit. Torga nuHaMuKa OMIMOKN OLEHUBAHUS MOXKeT ObITh IIPejcTaB/IeHa B
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BUJIE

e(k+ 1) = Se(k), (6.7)
rje
A+QRIC R
S=K'F= 9 < : (6.8)
—CA— (R'"+CQR")C —R'—CQR™
A 0 I+QC

F= K = QC @ (6.9)

—C I RC R

a ), R — neussecrubie marpuripl, det (R) # 0.
[To ananormu ¢ [135], yeroitunBocts cucrembl  ([6.7) MOKHO MPOBEPUTH, PAC-

cMaTpuBast Kanujara Ha dyuknmio Jlanynosa B suge V (k) = el (k) Pe(k) e

Py Py
P1T2 Poo

U UCHOJIb3Ys TCOPEMY.

Teopema 6.1. [135] /las cucmemw (6.3)—(6.4]) 3adawa nocmpoenus nabmodamens
6 gopme (6.5)—(6.6)), dan xomopozo owubka oyenusarnua (6.7) acumnmomuuecku
CMPEMUMCA K NYAI0, PASPEUUMA, €CAU CYWECTNEYIOM makue mampuuyss Py > 0,

Py >0, Pio, Z1, Zs, G1, Ga, 044 K0mopuix cnpasediuso 6binoOAHEHUE HEPABEHCMEA,

~G, - Gt + Py
*
*

*

3decy € =
0

Gy — Py
—Gy— G + Py
*

*

'
I’y
— P

*

'
Iy
— Py

_P22

) I'i =GiA+ Z,C — eGoCA — 5220,

< 0. (6.10)

F12 = Z1 — EZQ, Fgl = —GQCA — ZQC, F22 = —ZQ.
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Kpome moeo,

R=(Gy'%—CG' %)™, Q = GT' ZiR.

Crenyiomasi TeopeMa MO3BOJISET ONEHNTH (DYHKITUIO OTKA3a, JJATYNKOB U MTPOBe-

PUTH KPUTEPUil OPPAHNIEHHOCTH AHU30TPONNIiHON HOpMBI jij1st crcTeMbl ((6.3))—(6.4).

Teopema 6.2. /[asa 3adannoix wuces a = 0 u v > 0 3adava PA3PEULUMA, ECAU
cywecmsyrom maxue mampuuyv, P > 0, G1, Go, ¥ > 0, Q), nesvipotciennvie mMam-

puyst R u H u wucao n > 72, 04a komopuix cnpacedaussi cAeOyiouue Hepasencmea:

—P+1 0 sta
0 —nl .G <0, (6.11)
Gt's G&'r, -G-G'+P

n— (e72 det(0))! < 42, (6.12)
v — 1, T H

<0, (6.13)
H'T, —H—-HT+P

B, G Gy

2de T, = . GT = . Mampuua S onpedessemcs evipastce-
—CB, 0 Gs

HUEM , uE =

,Z[OKaBa.Te.TIbCTBO .

I[peanonoxkum, 9to B ypasuennax cucrembl (6.1)-(6.2) B, # 0 (wm B, #
0 B ypasHeHusx cucremsl ((6.3)—(6.4])), Torga cucrema, 3ammcannass OTHOCHTEIHHO

OIIMOKY OLIEHMBAHUS IIPUMET B

e(k+1) = Se(k)+ Tyw(k), (6.14)

y(k) = e(k), (6.15)
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_ B,
rie T, = K 'B, = , Y(k) — BBIXOJ CHCTEMBI.
—CB,

Cuesryer 3ameTuTh, 9to cucreMa ((6.14)) siBisieTcst acMMITOTHIECKH YCTOWINBOI,
a ee pellleHne CTPEMUTCST K HYJTI0 B OTCYTCTBUE BHEINTHEro Bosmyiierus w(k).
Bes cumxenust obmuoctn nosoxkum, aro e(0) = 0, a w(k) — cymmupyemoe c¢

KBa/[paToM BHeIlTHee Bo3MmyTtrenue. [IpeactaBum ciemyionuit (yHKIMOHAT:

N-1
J(N) =) (e" (K)e(k) —nuw* (k)w(k)) =
k=0
= - \(eT (k)e(k) — nw™ (k)w(k) + AV(k:))J—V(N). (6.16)
F=0 T ()Ou (k)
B Boipazkenun ((6.16))
AV(k) =z (k+1)P©)x(k + 1) — 2" (k)P(O)x(k). (6.17)

3nech e(k 4 1) onpenensiercs u3 Boipazkerusi ((6.14]),

STPS—P+1 ST PT,

* TrPT, —nl
(k)
(k) =
g w(k)

Yro6Bl BbINOIHANCA KpuTepuii orpannyennoct Hopmbl |le(k)]|? < nljw(k)|?,
Marpuia © J10/1KHA ObITh OTPUIATETHLHO OIPeJIe/IeHHOT.

Orcroa ciaejyer, 9To

—P+1 0 ST _
0 A (P { S T, } < 0. (6.18)
-

w

[Tpumensist temmy o ponosnenun 1o [lypy k wepasencrsy ((6.18)), mosyuaem

-P+1 0 ST
0 -—nl TT | <o0. (6.19)
s T, —P1
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I 0 0

YMHOXkKas cjieBa 1 cipaBa Bbipazkenue ((6.19) wa marpuiy | 0 I 0 1 ee TpaHC-

00 GT
MOHNPOBAHHYIO COOTBETCTBEHHO, NMEEM - -
—P+I 0 sTaG
0 —nl TrG < 0. (6.20)
G's G'rt, -GTrPYi@
Hepagencrso ((6.20)) BbImosnsieTcs, ecn
—P+I 0 sta
0 —nl TrG < 0. (6.21)
G'S G'T, —-G-G"+P

Brinosinenune wepaserctsa (6.21)) rapanTupyer, ato © < 0, oTKya cjaemyer, 9To
J(N) < 0 gist smoboro nonozkurebroro uncia N. Ciejgosarensno, [T, |2 < 7.
Haiiem Terepnb ycaoBus, KOTOpble OrpaHNYNBAIOT aHM30TPOIUNHYIO HOPMY Iie-

pesnarouHoit pyHkuum 1, ew(z) Ha MHOXKECTBE CUTHAJIOB C OTPAHUYCHHOI CcpejHei
anmsorporeii a > 0. [lpuvennm k cucreme  (6.14)—(6.15) anusorpormitayio 1a-

croruyio Teopemy [182] ¢ yuerom Toro, uTo
A=S B=T, C=1 D=0

[IpoBojist paccyzKaeHsi, aHAJOIUIHbIE JOKA3ATEIbCTBY TeopeMbl 5. 1] mosry i,

aro || 1.y, < 7, ecin cupaBeuBel HepasencTsa (6.21)) n
n— (e**det(nl, — T, PTw))l/l <72 (6.22)

Beejiem Hosyto nepemennyto W < nl; — TF PT,, ¥ = ¥T > 0 [32]. Takum

obpazoM, HepaBeHCTBO ((6.22)) MOXKHO IepernucaTb B BU/JIE Maphl HEPABEHCTB
n— (e 2 det (W) < A2, (6.23)
U < gl — T PT,, (6.24)
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[Tepenumenm ([6.24) xkax
T -1\~1
v—nl,—T, (—P ) T, < 0. (6.25)
[Tpumensst monosaenne o Hlypy k nepasercty ([6.25)), nmeem

U —77]1 T{E

<0. (6.26)
T, —P!

[Tocneanee vepasencts ((6.26]) MoxkHO TpeodbpazoBaTh K hopme

U — ], T H

<0, (6.27)
H'T, —H—-HT+P

rie H — HeBbIpOXKIeHHAs MaTPHILA.

Taxum obpazoM, Teopema JJoKa3aHa. M

Teopewma [6.2] 1aeT JocTaToOUHbIE YCJIOBUS LIS TOMCKa, HAOJIOAATE ST OTKA30B 13-
MEPUTEJILHBIX 3JIEMEHTOB € 3a/JaHHBIM YPOBHEM IIOJABJIEHIS CJIyIailHbIX BHEITHIX
Bo3mymeHnit. HepasercTBo OTBEYAET 3a aCHMIITOTUYIECKYIO YCTONINBOCTE B

cpeJiHeM OIMMOKM OIEHUBAHUs U TapaHTUPYET OTPAHUYEHHOCTH Hoo HOPMBI TIEpeia-

tounoil dyukimn ornenuBares. Hepasencrsa ((6.12)) u (6.13) ompenessitor orpa-

HUYCHHA Ha KJlaCC CHUI'HaJIOB, Ha KOTOPOM MIIETCHA IIOKa3aTE/Ib KadeCTBa CUCTEMDI.

Jlannblit Kj1ace 3a/aeTcsd YPOBHEM CpejiHell aHN30TPOINHN BXOJIHBIX CJIYUalHbBIX TO-

cnegosarensrocteit W kax A(W) < a (a > 0). Teopema [6.2] cosepxuT obparienue

MaTpuIlkl R B BeIpayKeHUN JJIsd [IepeMeHHoi S' 1 He MOKeT ObITh peajin30BaHa, C 110~
MOTIHIO YNCJIEHHBIX METO0B. Vcronb3ys 3aMeny rmepeMennblX aHaJIOrnuYHO TeopeMe
MOXKHO ¢HOPMYJIMPOBATHL CJIEYIONINE BBIIYKJIble YCJIOBUSI JIJIsI IIOUCKa, OlleHIBa~

TeJIA (bYHKLLI/II/I OTKa3a U3SMEPUTEJILHBIX 9JIEMEHTOB.

Teopema 6.3. /[aa 3adanno2o yposna cpedneti anuzomponut 6x00H020 CAYaiH020
sosmywenus a = 0 u nosostcumenvrozo wucaa vy > 0 3adaua PA3PEULUME, ECAU

cywecmeyrom makxue mampuyse P > 0, Gy, G, H, U > 0, Z1, Zy u wucao n > >
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ONA KOMOPLIX CNPABEOAUBHL HEPABEHCTNEA,

—-P+1 0 d
0 —nl TrG <0, (6.28)
ot G'T, -G-GT +P

n— (e 20 det (W)Y < A2, (6.29)
v —nl; TgH
< 0, (6.30)
H'T, —H—-H"+P
w Gy G I
ede T, = G = ! ? , €= ! ;
-CB, 0 Gy 0
d—STq— Y11 P12 ’
P21 P22

Y11 = GlA + ZlC — 8GQCA — SZQC, Y19 = Zl — EZQ, Qo1 = —ZQC — GQCA,
P22 = —Zo.

Benomozamenvrvie mampuun, (Q u R onpedeasstomes us coommowerutl
R=(Gy'Z,—CG'Z) ", Q=G Z\R
- 2 2 = 1 1 ’ — Y1 14%.
Mampuuyoe Habarodamens SuUUCAANOMES NO POPMYAAM

A0 I+QC 0
F = K = A B

—-C -1 RC R I

Boaee mozo, pynrkuus omrada damyuuros moocem dvims Hatidena 6 sude:

fey={0 D" |5). (6.31)
Teopema JIOKa3bIBAETCSl HEIOCPE/ICTBEHHOIT 3aMeHOIl IepeMEHHbBIX B TeopeMe

(W)

Ha ocnose pacCMOTPEHHOI'O ME€TOJa MO2KHO IIPpEAJIO?KUTDL CXEMY peaJin3alun OT-

KA30yCTONINBOrO yrpasjieHns (MaCKHPOBaHIe OTKa3a), KOTOpas PeAT3yercs Clie-

aytorrum obpazom. Ornerka dyHKIwn otkasza f(k) MoKeT ObITh MOJIyIeHa ¢ UCIOb-

~

soBanueM soipakenns (6.31)). Torga, Boraunras ciaaraemoe Dy f(k) u3 usmepsiemoro
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BBIXO/Ia, I10JIydaeM

-~

= Cx(k) + Dy(f(k) — f(k)) =
= Ca(k)+ |0 1 |e(t). (632)

3aMeHUM TekyIne n3Mepenns y(t) Ha CKOMIEHCHPOBAHHBIE M3MepeHus Y, (k).

Torna Boixos cucrembl (6.1)-(6.2) Gyaer onpegeasaTbest BhpazKkeHneM
y(k) = Cx(k) + [ 0 I ] e(t).

Ecnu B cucreMe He MPOUCXOIUT OTKa3a, TO OMMNOKA OIEHUBAHUs paBHA HYJIIO U
cucreMa paboTaeT B 0OOBITHOM pexKnMe. B crydae BOSHUKHOBEHUST OTKA30B JIATINKOB
MaTeMaTHIecKoe oxkujganue ommbku e(k) acHMITOTHYECKH CTPEMUTCS K HYJIO B
pe3yJibTaTe NMPUMEHEHNsT MaCKUPYIONIE MpOoe Ly phl.

PaccMmoTpuM dnc/ieHHbIN TpUMep, AeMOHCTPUPYIONINT pabOTOCIIOCOOHOCTD TTPE/I-

JIO2KEHHOI'O METO/1a.

ITpumep 6.1. Paccmompum wucaennondi npumep us pabomos [135]. Pearusauus cu-

CMMEMDL 6 NPOCMPAHCINGE cocmoanutl umeem 6uo:

—-0.71 —-0.07 —0.2 —0.05

1 0.05
2 0 0 0 0 0
A= ) Bu = ; Bw = )
0 0.5 0 0 0 0
0 0 0.5 0 0 0
0011 025 0
0001 0 1.3

IIpednonootcum, wmo na cucmemy deticmseyem cAyualinoe 803MyuLeHue, cpeo-
nuti yposens aruzomponuu komopoeo pasern A(W) = 0.2. Ilocie murnumusayuu

HYBCMBUIMEADHOCTNU 7Y NAPaAMET Pl Habarodamens PacHDL
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~071 —0.07 —02 —0.05 0 0
> 0 0 0 0 0
o R
0 0 05 0 0 0
0 0 -2 -1 -1 0
0o 0 0 -5 0 -1
(10 —07102  -81123  —0351 —1.5514 |
0 1 1633076 —142.6823  81.6538 —44.8672
Ko |00 TENY 262569 1183169 761772 |
0 0 —240.1408 2571224 —120.0704  75.2386
0 0 10208191 —1026.4162  510.4096 —307.3652
0 0 —2124.7361  1554.1946 —1062.3680 523.3125
i i |
o000 10
looo0o0o01

DynKUUA 0MKA3A CEHCOPO8 NPEINOAAZAECTNCA 6 CACOYOULEM BUIE:

fi(k) =0,

( 0, 0< k<200,

fo(k) = < 1, 200 < k < 500,

| 1 0.55in(0.05k), k > 500.

Jlas modesuposarua  3adarowum  cuenasom Ovia  evibparn cuenan u(k) =

T

sin(0.01k). Hauaavrwve yeaosus na obsexme pasros x(0) = [ 1111 } .
Pesyavmamu, wucrennozo Moodeauposarus npueedenv. Ha, Puc. ul[0.3 Kax
MO2ICHO 6udems u3 puc. (6.4, npedaoocennoiii memod nozeoasem docmamouno moy-

HO onpedeasms GynKuu omrasa damyukos.

Kak Bugno m3 nmpumepa, MpeaaoKeHHbII TOIX0/] MTO3BOJIAET JOCTATOTHO XOPOIIIO

BOCCTAaHAB/IMBATH (PYHKIINIO OTKa3a M3MEPUTEJbHBIX yCTPOiicTB. UTOOBI BOCIIOJIb-
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Ak ........... .......... - wli) ||
: )

200 400 GO0 ao0 1000 0 200 400 GO0 a0 1000
time, k time, k

IE IURORORIRIPORIPO DUPPRONS m3l:Ic) ] sk .......... .......... —m.;(k) i
=== k) : : S i ALY
1.5 i i : i -1 . i i :
0 200 400 GO0 ao0 1000 0 200 400 GO0 a0 1000
time, k time, k

Puc. 6.1. Onenka cocTosgHusT CUCTEMBI.

8 i | i ! i | i
0 100 200 300 400 500 600 700 200 900 1000
tirme, k

Puc. 6.2. Onenka 0TKa30B JTaTIYNKOB.
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3 I | 1 | ] i | | |
0 100 200 300 400 500 ] 00 a0a 800 1000
time, k

Puc. 6.3. I3amepsieMblil BBIXOJ CUCTEMBI.

30BaThCs JAHHOI METOJIMKON IIPU CUHTE3€ OTKA30yCTOMUMBLIX CUCTEM, HEOOXOIIMO
BBIIIOJTHUTD CJICJIYIONIYIO ITOC/IeJ0BATE/IbHOCTD JAeiICTBUIL.

Autropurm 6.1.

IITar 1. Paccmorpum 06beKT B BuJIE:

zy(k+1) = Apz,(k) + Byu(k) + Byyw(k), (6.33)
yp(k) = Cpzp(k) + Dy f(k), (6.34)

rie z,(k) € R) — cocrosnne oobekTa yupas/enns, w(k) € R™ — ciyuaiinoe
BHEIIIHee IayCcCOBCKOe BO3MYIIEHIE ¢ OPPDAHUYEHHBIM YPOBHEM CpeJIHEel aHn30-
rporan A(W) = a > 0, u(k) € R? — curnan ynpasienus, y,(k) € RP —
u3MepsieMblit BbixoJ, f(k) € RP — BeKTOp 0TKa3a JATINKOB.

st cucremsr ((6.33)—(6.34]) curTesupyercst peryssiTop 1Mo BBIXOLY ¢ HEOOXOIH-

MBIM KPUTEPUEM KAaueCcTBa B BUJIE:
z(k+1) = Ax.(k)+ Bucyp(k), (6.35)
u(k) = Cexc(k), (6.36)
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rie z.(k) € R} — cocrostnue peryssitopa.

IMTar 2. C nomoIpio HpoLeayphl, ONUCAHHOI B TeopeMe [6.3] cTpouTcs: HabJIo-

JdaTeJIb OTKa30B JIJId SaMKHYTOﬁ CUCTEMBbI C MaTpullaMA

A, B,C. B, By,
A= g " , By = 3 , By = 3 7CZ[CP O}
B.C, A, 0 0

Tar 3. B ciayuae, ecin | f(k) |> «, niae o — BEKTOp, KOMIOHEHTBI KOTOPOTO
3aJIAI0T [IOPOT IYBCTBUTEJIBHOCTH K HAJTUIIIO COOs B CUCTEME, TO TIPUMEHSIeTCs]

3aKOH YIPaBJICHUs TT0 MaCKupoBaHHOMY Bbixoy ((6.32)). B mporusHom ciytae,

yIIpaB/IeHIe UIIeTCsI ¢ IIOMOIBI0 BhipazkeHusi ((6.30]).

P&CCMOTpI/IM CHUHTE3 OTKaSOyCTOﬁLII/IBOﬁ CUCTEMBI C UCIIOJIb30BaHUEM aJI'OPUTMa

6.1. Ha npumepe.

ITpumep 6.2. I[Tycmv cucmema 3adaemcs cACIYOUUMU NAPMEMPAMU:

1 0.001 0 0.002
Ap: 7Bup: anp: 702{1 O}
0.001 0.994 0.01 0

Cucmema AeAAEMCA HEYCMOTNUEAA, CnekmparbHbil paduyc mampuyo, A, pacen
p(A4,) = 1.0002.
Jasa cucmemvt 04 CUHME3UPOBAH, CMAOUAUSUPYOWUTL PE2YAAMOP NO BBLLOJY

nepe020 NopAdKa, NAPaMempdv, KOmMopo2o PasHbsL.
A.=05, B.=-1, C.=1.

Cucmema, 3aMKHYMAA OAHHBIM PE2YAATNOPOM, ACAACMCA YCMOtUMUuEot, a cnek-
mpaavro paduyc mampuyse A pasen p(A) = 0.997.

Dynxuus co0a ONPEICNACTNCA GOPAHCEHUEM:

(

0, 0< k<500,
f(k) =2 5, 500 < k < 3000,
sin(0.05k), 3000 < k < T.

\
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IIpednonooicum, wmo na cucmemy deticmseyem cAyualinoe 803MyuLenue, cpeo-

nuti yposens aruzomponuy xkomopozo pasen A(W) = 0.15. Iocae murnumusayuu

wyecmeumeasvrocmu vy nNoAY4vaem

~F = 1.3158,
1 0001 0 0 09413 0 0  —0.0587
o | 0001 0994 001 0| 06277 1 0 0.6277
_1 0 05 0] —21.4098 0 1 —21.4098 |
_1 0 0 —1 _164.7147 0 0 —164.7147

-
L= [O 00 1} :

IIpednosazaem makotce, wmo wa cucmemy deticmsyem 3zadarowee so3deticmeue
6 eude r(k) = 1, a HavasvHVlE YCAOBUA HA 00BEKME YNPABAECHUA NPEONOAA2AIOMCA
pasrvmu 2,(0) = [0 1)1, ITopoe wyscmeumeavnocmu % c6osam pasen o = 2.

Ha puc. NoOKA3aHG PYHKUUA CO0A U €e OUEHKA C NOMOWBIO HaAOA0IAMEN.
Ha puc. NOKA3AHDL HCENAEMDITE BVITOD CUCMEMDBL 68 OMCYMCMEBUL cbos, 6bT00
cucmemv, 63 KOppexyulu npu HaIuNuL cOos damuuka U NPu UCNOAb308AHUL ME-
moda mackuposanus coos (6.32). Us epaduros sudno, wmo npedaosrcenmvid memod
NO3BOAAE. YAYUULUMD NPOUZGOUMENLHOCNG 3AMKHYMOT CUCTEMDL U NOGHLCUMD

mo1YHoCcmMmds ce pa50mbb npu HaAUYUU wPUMUHECKUT 0Mkra306 damuuros.

6.2. MeToabl JIeTEKTUPOBAaHUSI OTKA30B MCIIOJHUTEJIbHBIX U
N3MEPUTEJbHBIX YCTPONCTB HA OCHOBE aHU3OTPOIIUNITHOMN
dbuapTpanun
PaCCMOTpI/IM cucremMy, JnHaMHnKa KOTOpOfI 3aJlaHa B IIPOCTPaHCTBE COCTOSHUIT B
dopme
x(k+1)
y(k)

Ax(k) + Byu(k) + Byw(k) + F f(k),
Cz(k) + Dyw(k) + H f(k)

(6.37)
(6.38)
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249

] I
!
: i
. ,‘ .............................................. " ....................... ____yf(k) co choep Bex KOPPEKLMK
i )
‘-‘ : ,‘ yf(k) co cBoem K Koppekurer
Al \ ........................................ T . _ i
B B )
: \\ f
: o
. P el N
o S S \'K_,MF—' ...................... e e e —
5 | |
0 1000 2000 3000 4000 5000 G000 7000 8000
time, k



rie x(k) € R" — Bekrop cocrosinust, w(k) € R — ciryqaiiHoe BHEITHEe rayCcCOBCKOE
BO3MYIIEHHE ¢ OFPAHMUeHHBIM ypoBHeM cpejneii anmsorporuun A(W) = a > 0,
u(k) € RY — curman ynpasienns, y(k) € RP — usmepsembrii Boixog, f(k) € R?
— BekTOp orkKaza. Marpunwet A, B,, B,, F, C, D,, H gaBisioTcst MOCTOSTHHBIMU
MaTPUIAMUI COOTBETCTBYIOIINX pasMepHocTeil. Bes morepu obIIHOCTH Ho1araeM, 4To
u(k) = 0. Bamernm Taxxke, uaro f(k) = [ £k fl(k) }T — 00ODIIEHHOE OTINCAHITE
cboeB paraukos fs(k) u npuBogos f,(k).

s pemenust nupobieMbl JUATHOCTUKK OyJeM HCKATh OICHUBATE/IL OTKA30B B

BUJIE CJIEIYIONIEro (puabTpa:

vp(k+1) = Agzs(k) + Bry(k), (6.39)
f(k) = Cyag(k)+ Dry(k) (6.40)

-~

rue zf(k) € R" — cocrosinue duibrpa, a soixox cucrembl f(k) € R® sapisercs
OILIEHKOI (DyHKIIMKM OTKa3a.

Onpeneny ommoky onenusanus e(k) = f(k) — f(k) n 0606meHHbli BeKTOD
BO3MYIIeHNsT d = { wT(k) fT(k) }T.

C ucnoyib30BaHNEM BBEJIEHHBIX BBIIIe 0003HAUEHUIT, TIPEJICTaB/ICHAE B IPOCTPaH-

CTBE COCTOsIHMII OMMOKM OleHNBaHUs OYJIeT UMETh BHJI:

~

z(k+1) = Ax(k)+ Bid(k) + Bof (k), (6.41)
e(k) = Dud(k)+ Diaf(k), (6.42)
y(k) = Cua(k)+ Dyd(k) + Dy f(k), (6.43)

rje

Blz[Bw F] By =0,
D11:|:0 _Is:|? D12:]Sa
D21=[Dw H}, Doy = 0.

Taxum obpazoM, 3aga4a OleHKN (PYHKIUN OTKa3a B TePMIHAX aHU30TPOIUIHOI

HOPMBI MOYKHO C(DOPMYJINPOBATH CJIEAYIONIIM 00Pa30M.
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Bamaua 6.2. Jaa cucmemor (6.41)—(6.43) u ob6ob6wennozo eexmopa 6o3myusenus
T
d(k) = {wT(k;) fT(k;) } C KOHEYHOU MOWHOCTMHOU HOPMOT U 02PAHUYEHHDIM

yposnem cpedneti anusomponuu A(D) < a (a > 0) natimu dunamuveckuti guivmp

6 opme ((6.39)—(6.40), xomopwviti 2aparmupyem 6vinosHenue HEPAGEHCMEA

€
Tall, = _sup 1= <, (6.44)
sy I,

oA nexomopozo naneped 3adarnoz2o wucaa y > 0.

[IpencraBuM  pacHIUpeHHBII  BEKTOp  COCTOSHHA B BHJE TT(k:) =
T T
x (k) (k)

Torpa 3aMKHyTasi cucremMa OyJleT UMeTh CJIEIYIONIYI0 pean3aliiio B IIPOCTPaH-

CTBE COCTOAHUMN

A 0 By

Z(k+1) = (k) + d(k), (6.45)
BfC Ay ByDy

e(k) = [ D;C cf]z(k)+(Dn+DfDm)d(k). (6.46)

HapaMeprl aHH3OTpOHHﬁHOFO oneHuBaTe/Id OTKa30B MO2KHO BBIYUCJ/INTL C UC-

IIOJIb30BaHUEM HpI/IBeILeHHOﬁ HUZKE TEOPEMBDI.

Teopema 6.4. Jlaa 3adannvir wucea v > 0 u a = 0 anuzomponutinoti ouenusa-

meab omka3os ¢ peasudayuet 6 npocmpancmee cocmosnuts ((6.39)—(6.40) ¢ ypos-

Hem nodasaenus eHewHuxr sosmywernut, pashvim ||Tyll, < v, cywecmsyem, ecau

CNPABedAUBHL CACIYIOULUE MAMPULHLE HEPABEHCMEA,

n— (e " det \If)l/S <7 (6.47)
U —nl. * * *
B -Y) * *

: ! <0, (6.48)

XllBl‘i‘éfDZl —In —XH *
Du+DiDyy 0 0 —I
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>0 (6.49)
In Xll
u
—Y11 * * * * *
—1I, —X11 * * * *
0 0 —n 1 (s * * *
m+s) <0 (6.50)
AYil A Bl —Yh * *
A\f X11A+ EfC X118+ B\ngl -1, —X;1 *
af ﬁfC Dy + ﬁfDQl 0 0 —1

oas Hexomopuxr mampuunvix nepemernnvir ¥ > 0, X171 > 0, Y11 > 0, Ef, Ef, @f,
ﬁf u wucaa n > y2.
IIpu smom, napamempu, oyerusamens (6.39)—(6.40) swuucasromesn no dopmy-

AAM

Dy = Dy, (6.51)
Cy = (Cr—DiCYn)Yy, ', (6.52)
By = X;,'By, (6.53)
Ar = X' (A — X11AY1y — X12BCY1)Y,5 | (6.54)
2de nesviposcdertvie mampuuv, X1 U Yo onpedesaromcs u3 8upadicenua
Yo Xy =1, — Y11 X1, (6.55)

JokazaresabcTBO. /JloKkazaTeabcTBO TeopeMbl OCHOBAHO Ha JUHeapu3yIomeil 3a-

MeHe MepeMeHHbIX, Mpe/cTaBientoil B [244]. PaccmorpuM creytonine 0b03HaTEH ST

X1 X Y Y,
Y 11 X2 vy - n Vi (6.56)
X5 X Yiy Yo

Torpa w3 ypasaenust ((1.54]) MOXKHO TTOJTYIUTD
}/il In
X = . (6.57)
Vi 0
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Bocroib3yemcst 0603HaYeHUSIME

~ In X11 ~ lel ]n
X = LY = . (6.58)
0 X Y, 0

Tornma npsiMoe BbIIUCIEHNE JTaeT CJIeAYIONe PaBeHCTRA
XY=X, YX=Y,

}/11 In
I, Xu

PTXP—RT—XTYR 77X

BrejieM cie iy toniyto 3aMeny mepeMeHHbIX

Ay = X1AYy + X19BOYry + X12A:Y), (6.59)
By = Xp3By, (6.60)
C; = D;CYi + CyYy, (6.61)
D; = Dy. (6.62)

[Ipumenum anu3oTpoIHitHy10 YacToTHY0 Teopemy (1.5 k cucreme ((6.45)—(6.46)). Yuau-
ThIBas BBejIeHHBIE paHee obosuaderus (6.58)—(6.62), momyaaem

AY1 A - A 0 | ~
~ N =X Y,
Af X11A+ BfC BfC Af

BlA _ 5T By
X11B1 + BfD21 Bf'D21

(G Do | =] e o |V
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[Togcrapiss stu Boipaxkenns B ((6.48) u ((6.50)), mosydaem

\Ij_n]m+s * *
X™B -X'vYX « | <0 (6.63)
D 0 —1
—YTXY * * *
0 —n s * *
e <0, (6.64)
XTAY X'B —X'YX «
cy D 0 —1,
e
A 0 By
A: 9 B: 9
BiC Ay By Dy

C = {DfC C’f}, D = D11+ DyDo;.

YMHOKasI clipaBa 1 cjieBa Bbipazkerue ((6.63]) Ha HEBBIPOXKICHHYIO MATPHILY

Lnis 0 0
0 X T 0
0o 0 I

1 ee TPaHCIIOHNPOBAHNE COOTBETCTBEHHO, TTOJTydaeM Bbipazkenue (|1.52)) 11 cucrembl
(6.45])—(6.46]).

Awnajiornano, yMHOXKAsI CJieBa U ciipaBa HepaBeHCTBO ((6.64)) Ha HEBBIPOKIEHHYIO

MaTPUILY
(P70 0 0|
0 Ipms O 0
0 0 X T o
0o 0 0 I

" €€ TPaHCIIOHNPOBaHHYIO COOTBETCTBECHHO Ja€T HaM BbIPpazKE€HNE " JJIA CUCTEMDBI

(6.45)—(6.46]). Orcroma ciemyer, uto cucrema ((6.45)—(6.46) siBasieTcst yeroianBoii, a
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ee aHU30TpOlNiiHasl HOpMa OrpaHUYeHa CBEPXY IOJIOXKUTE/IbHBIM YucjioMm ¥ > 0 Jis
3ajjanHoro yucia a = 0.

Sameuanmne 6.1. Qaxmopusayus (6.55) moorcem bvimv noayuena ¢ ucnosv3osa-

HUEM CUHYAAPHOT 0eKOMNOZUUUL KK
I, =YXy =USV', Y5 =U%, X;3=V.

PaccMoTpuM YUCTICHHBIH IPUMED JIJIA TOr0, YTOOBI T0Ka3aTh PAOOTOCIIOCOOHOCTE

1 3P PEKTUBHOCTD IIPEICTABIEHHOIO MEeTOo/Ia.

IIpumep 6.3. I[Iycmv napamempv. cucmemvt pasHi:

1 0.01 0.0001 0
A = Y B’LU = Y F = Y
—0.005 0.994 0.001 0.001

C:[g 1}, D, = 0.001, H=2.

C,/Ly%cmiHoe 6HEUWHEE 603Mng46HU€ npec?no,/meaemc;z p(ZSHbLJ\/L
—0.5(t—10)2
w(t) = e 0107 g (t),

2det = 1073k, a wy(t) yenmpuposarmoe cayuatinoe 603myweHue ¢ YyposHem cpedret
aHU3OMPONUL K(wg) = 0.0015. Pearusaryus 6x00H020 803MYyuLHUA NPEICABAEHA
Ha puc. [0.0.

Pacemompum mpu ouenusarowur omrado. pusompa. Ilepsvii dusomp — Ho
OUEHUBAMENAD, KOMOPVIT MOdACEM DBIMD NOAYUEH C UCTLONDIOBAHUEM MEOPEMDL
npu a = 0. Bmopoti ouenusamensv — aHu3omponutinuli 0UEHUSAMeNd OAL YpPO6-
HA cpedneti anudomponuu 6xodnozo soamywenus a = 0.0015. Haxoney, mpemudi
oueHu8amesb — amo Hs Puromp.

Ipusedennvie Husce Napamemps, OUEHUBAMENET U NOKA3AMEAY KAYECNEA Gbi-
YUCNEHDL 8 PESYNOMAME MUHUMUSAUUL BEAUNUHDL 7.

Hy ouenusamenv — vo = 4.27-107° ¢ napamempamu
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i 2 4 B g 10 12 14 16 18 20

Puc. 6.6. Peanmzamus BHennero BO3MYIIEHUS.

0.0084 01208 |, | ~0.1037
0 09950 |7 0.0008 |

Ct = [0.0022 —0.0870}, D7} = 0.5000.

Anuzomponutinodi oyenusamend — v, = 2.39 - 107* ¢ napamempamu

0.9993 0.0822 B —0.4164

00993 |7 | 0.0023

C% =1 0.0006 —0.0540}, Df = 0.4999.

Hoo OUEHUBAMEND — Voo = 0.0988 ¢ napamempamu

0.9975 0.0030 - —0.3707

"l oootr 09957 |7 | o101 |

Cy = [ 0.0011 0.0002 ] , D7 =0.5026.
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F(#)

2 4 B g 10 12 14 16 18 20

Puc. 6.7. ®yHKIUs 0TKa3a U €e OIEHKU ¢ IOMOIIbIO pa3HbIX (DUJILTPOB.

DynryuAs omrasa umeem 6uod:

0, 0<t<3,t=103k,

fa(t) = _
0.4 —0.2sint, t>3,t =103k,

Ouenku pynryuu omxasda oas Ho, arusomponuiinozo u He ouenusamened
npedcmasaenv 1a puc. [6.7. Owubku ouenusarnus nokasarv, ha puc. [0.8

Hucaennvlli npumep nokadvi8aem, 4mo 0Af4 CMAUUOHAPHO20 CAGDOKOPPEAUDPO-
B8GHH020 CAYUATHO20 603MYULEHUA Ho OUEHUBAMEAL NOKA3BIBAEM, AYUULYIO TOY-
nocmo (uepnas aunua wa ywacmre 0 < t < 8). Jemepmunuposantoe 603myuenue
AYHUE 8CE20 NOVABAAEMCA € NOMOWDLI0 Hoo OUEHUBAMEAA (CM. CUNION AUHUNO HA
yuacmre 10 < t < 12). Anuzomponutinoiti nodrod nossoasem Hatlmu KOMNPOMUCC
meotcdy Ho u Hoo oueHusamessmu nymem 6vibopa coomsemcmeyou,ee0 3HaeHus

a.
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03 i i i I i i i i I
1]

f, sec

Puc. 6.8. Omubka ornennBanus pyHKINI OTKa3a.
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BriBoabl K ri1aBe 6

B nanmHoii ryiaBe Obl1a paccMOTpeHa 3a/1ada JUArHOCTUKN OTKA30B U3MEPUTE b
HBIX ¥ UCIIOJHUTEIBHBIX 3JIEMEHTOB CHCTEMbI, HAXOISIIENCsI 0] BO3AeiCTBIEM CJIy-
YJaliHBbIX BHEIIHUX Bo3MylneHuii. IIpesmomaraercs:, 9T0 MoeIb CHCTEMbl U3BECTHA,
TOYHO, a 3aJiada JMArHOCTUKH COCTOUT B KaK MOXKHO 00Jiee TOYHOI OIeHKEe (PyHK-
I OTKa3a HCIIOJHUTEJIbHBIX MIN H3MEPUTEILHBIX 9JEMEHTOB B cucreme. B 3a1a-
qe€ OoIeHrMBaHUsA OTKa3a USMEPUTEJIbHBIX 3JICMEHTOB I[I/I&FHOCTI/I‘IGCKI/IP'I Ha6JHOﬂ;aTeﬂb
ObLII TIOCTPOEH C UCIOJIL30BAHUEM TEOPUHU JEeCKPUITOPHLIX cucTeM. B mammHoM ciry-
gae (QYHKIUS OTKa3a paccMaTrpuBaiach KakK (PUKTHBHOE COCTOSHIE PACIINPEHHOI
aJIredPO-Pa3sHOCTHON CUCTEMBI.

Tax:ke B riaBe OblLiIa IPeJIOYKeHA METONKa CIHHTEe3a 0TKA30yCTONYINBOIl crucTe-
MBI IIpH HaJanguu cooeB naTankoB. [Tokazano, 4To paccMoTpeHHasT METOINKA, [T03BO-
JsteT 3 MEKTUBHO PelaTh 3a4adl CHHTE3a 0TKA30yCTONYNBLIX crcTeM. dncaeHHoe
MO/IeJIMPOBaHUE IO ITBEP/INJIO, YTO IIPUMEHEHNE aHU30TPOINITHON Teopun B 3ajjadax
TEXHUYECKOI TMArHOCTUKN ¥ CHHTE3a OTKA30yCTOMUNBLIX CHCTEM MOZKET YJIyUIINTh

KaueCTBO BOCCTAHOBJICHUSI (DYHKIIUN OTKa3a.
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SaKJII0OUeHne

B jwmccepranumonnoii pabore B pamMkKax pelleHus (pyHIaMeHTaJbHON MpOoOIeMbI
TEOPUN W MPAKTUKNA aBTOMATUYECKOTO yIpaB/eHUsd — TOHVKEHUS BJIMAHUS BHEIII-
HUX BO3MYIIIEHWH, IeICTBYIOMNX Ha JTUHEWHbIE TNHaMUYeCKIe CUCTEMBI — ObLIN Pas3-
paboTaHbl U MPEJI0YKEHBl HOBbIE PEryJIsPHbIE METO/IbI aHAIN3a U CUHTE3a B KJIacce
JIMCKPETHDBIX JINHEHHBIX JIECKPUTITOPHBIX CHCTEM, & TaKKe OOBIKHOBEHHBIX JTUCKPET-
HBIX CHCTEM C TTapaMeTPUIeCKIMU Heolpe/ie/ieHHOCTsAMI. PazpaboTanbl aJropuTMbl
aHaJ/IM3a M CUHTE3a POOACTHLIX CUCTEM aBTOMATUYECKOTr0 YIIPABIEHNS C UCTI0/IH30Ba~
HUEM allliapaToB 0OOOIIEHHBIX aJredpandecKnxX ypaBHeHnii PUKKaTu, a TakykKe MaT-
PUYHBIX HEPABEHCTB U METOJIOB BBITYKJIOH onTuMu3amnyu. Kpome Toro, mocrasieHbl
U pelleHbl 33/a91 JUArHOCTUKN OTKA30B UCIIOJHUTEbHBIX 1 U3MEPUTETbHBIX dJIe-
MEHTOB B JTUCKPETHBIX CUCTEMAX C ITPUMeHeHNeM aHn30TPONNNIHON TeOpun U TeOpUn
JIECKPUITOPHBIX CUCTEM.

DBoutn mostyvdeHsl caeayioniue pe3yabTaThl.

1. Metobl aHU30TPONMITHOTO aHaIN3a U aJITOPUTMbI BHIYUCIEHIS aHT30TPOINI-
HOIT HOPMBI JIECKPUTITOPHON CUCTEMBI C UCIOJIH30BAHNEM TeXHUKN PUKkaTtn n
METOJIOB BBIITYKJI0I ONTUMHU3AINN. B paMKax Teopun aHn30TPONNIHOTO yIIPaB-
JICHUSI JUCKPETHBIMI JTCCKPUIITOPHBIMI CUCTEMaMU pellleHa 3a/1a9a aHn30TPo-
[UITHOTO aHaJIN3a JAUCKPETHBIX JTCCKPUIITOPHLIX CUCTEM C TOYHO U3BECTHLIMU
napaMerpamu. PaszpaboTaHo HECKOJBKO MOXOA0B K BBIYUCIECHUIO aHU30TPO-
[IUITHOIT HOPMBI JIMCKPETHOI JICCKPUIITOPHOU CUCTEMbI: IIEePBbIil 110/1X0J] OCHO-
BaH Ha allfapare SKBUBAJIECHTHBIX MPeo0pa30BaHmil, BTOPOIl OIX0/] TPUMEHAET

METO/IbI pelieHnsi 0000IEeHHbIX aaredpandecKux ypaBpHeHuit Pukkaru, rperunii
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METOJI UCIIOJIb3yeT allllapaT MaTPUYHLIX HEPABEHCTB W BLIIYKJION ONTUMU3a-
run. HanGosbImmM mpenMyInecTBOM Cpeu TpeX MeTOJI0B 00JI1a/IaeT MOCIe] -
HUMl, TaK KaK II03BOJISIET PeaJI30BaTh BBIYUCIUTE/ILHO M (MEKTUBHBIE IPOIIEe-
AYPbI OIEHKN aHN30TPONNITHON HOPMBI JTUCKPETHON AeCKPUITOPHON CUCTEMDbI

C OJHOBPEMEHHOI IIPOBEPKOil ee Ha MOIYCTUMOCTD.

MeTosibl cHTE3a ONTUMAJIBHOIO aHU30TPOINITHOIO YITPABJICHUS MPU TTOJTHOM
1 HETOJTHOM M3MEPEHUN BEKTOPa COCTOsIHUS Ha OCHOBE OOOOINEHHBIX U OOBIK-
HOBEHHBIX ajiredpanydecknx ypasHenuit Pukkaru. Meton cunresa cybonTu-
MaJIbHOT'O aHU30TPONMUNHOTO PETYIATOPa IIPHU MOJTHOM U3MEPEHUN BEKTOPa CO-
CTOSIHUS JIJIsI JIECKPUIITOPHBIX CUCTEM C PACIOJIOKEHNEeM KOHEUHBIX IMOJIOCOB
3aMKHYTOI CHCTeMBbl B 3ajJaHnoil odsactu. Ha ocnoBe moydeHHBIX METONK
aHa/m3a JeCKPUIITOPHBIX CHCTEM pPa3pabOTaHbl PETyIApHbIe METOILI CUHTE3a,
ONITUMAJIBHBIX U CyOONITUMAJIBHBIX AHI30TPOIUITHBIX PETYISITOPOB JIJIs T10/1aB-
JICHUST BJIUSTHUST CJIYIaiHBIX BHEITHUX BO3MYIIEHUIT. BbIu pereHbl 3a1a4u orl-
TUMAJILHOTO aHU30TPOIUITHOTO YIIPpABJIEHN TIPU ITOJTHOM U HETIOJTHOM U3Mepe-
HUU BEKTOPA COCTOSIHUSA, & TaKyKe 3a/Ia4l CyOOIITUMAJIHLHOIO aHI30TPOIHITHOTO
yIpaBJ/IeHUs TP TOJTHOM U3MEPEHNN BEKTOPA COCTOSIHUS. BBIIO MoKa3aHo, I4To
perrrenne 3a/iad aHn30TPOINNHHOTO CUHTE3a, I JIECKPUITOPHBIX CHCTEM C O/
HOIT CTOPOHBI 00001aeT u3BecTHLIC Ho U Hoo 381891, & C JIPYTOil CTOPOHBI —
3aJIa91 aHU30TPOIUITHOTO CUHTE3a JIJIsi OOBIKHOBEHHBIX JIUCKPETHBIX CUCTEM.
MeTo/ibl Ha OCHOBE BBITYKJIONH ONTUMUBAIIH JIETKO aJTOPUTMUBYIOTCH, SIBJIS-
I0TCSl BLIYUCIUTENTHHO 3(PDEKTUBHBIMEI 1 MTO3BOJIAIOT HAJATATh JTOMOJTHUTE b
HbIe OI'PAHNYEHUS Ha 3aMKHYTYIO CHUCTEMY B BHJIe OBICTPOJICHCTBUS U 3aIaca
YCTOMYINBOCTH, pacrojaras KOHEIHbIe MMOJTIOCHI 3aMKHYTOI CHCTEMBI B 3a/1aH-

HOI 00JIACTH BHYTPH €IMHUIHOTO KpPyTa.

MeToibl pOOACTHOTO aHU3OTPOIUIHOTO aHAIN3a U aJrOPUTM OIEHKHN BepXHei
IPaHUIbl AHU30TPONUITHON HOPMBbI JECKPUIITOPHOII CUCTEMbI C OrpaHUYEeHHbI-

MU II0 HOpME ITapaMeTPUIE€CKIMU HEOIIPEACJICHHOCTAMMU. [TocTaBjieHbl n penie-
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HBI 38/1a91 POOACTHOTO AHU30TPOIMITHOrO aHaIn3a /I JJUCKPETHBIX JECKPUII-
TOPHBIX CUCTEM C OIPAHUYEHHBIMU 110 HOPME MapaMeTPUYECKUMU Heollpe/ie-
nennoctamu. [lomydensr peryagpHble METOIbI JIJIA ONEHKN BepXHel IPaHuIlbI
QHU30TPONUITHON HOPMbI CUCTEMBI C HEOIPEJIEJIEHHOCTAMU U IIPOBEPKU €€ Ha

POOACTHYIO JOIYCTUMOCTb.

4. Meroabl cuHTe3a POOACTHOIO aHU3OTPOIMITHOIO YIIPABIEHUS JECKPUIITOPHOIT
CHUCTEeMOIT ¢ OrpaHMYeHHbIMU 110 HOpMe IlapaMeTpUYeCKUMU HeOollpejesIeHHO-
CTSIMH IIPHU IIOJIHOM M3MEPEHUM BeKTOopa cocTosHus. Ha ocHoOBe IosrydeHHBIX
METOJIOB aHaJ/in3a ObLIN IPEeJIJIOYKEHbI aJrOPUTMbI I METO/Ibl CUHTe3a podacT-
HbIX aHU30TPOINUITHBIX PETYASITOPOB 10 COCTOSTHUIO, B TOM YHCJIE U C OI'PaHUYe-
HUEM Ha 00JIaCcTh PACIOJIOXKEHNs] KOHEUHBIX IOJI0COB 3aMKHYTO cucTeMbl. B
paMKax H .o TEOPUN yIpaBJeHUsI ObLIN 1TOJIyYeHbl BEIYUCINTETHEHO 3(PPHEKTUB-
HbIE 1 HEKOHCEPBATUBHbBIE METOJIbI OLIEHKH H o, KaueCcTBa, 1 CUHTE3a POOACTHOI'O
H oo yIIPaBIEHUA I ITapaMeTPUUecKn HeOlPeJdeIeHHBIX cucreM. ducaeHHoe
MOJICJIMPOBAHNE MOKA3aJI0 IMPEUMYIIECTBA 10 CPABHEHUIO C CYIIECTBYIOIMIUMU

MeTodaMU H, aHAIN3a U CUHTE3A.

5. Permennl 3ajjaun pobacTHOrO aHU30TPOIUMHOIO aHAJM3a M CHHTE3a podacT-
HBIX aHU30TPONUNHBIX PETrYIsITOPOB /I OOBIKHOBEHHBIX JIMCKPETHBIX Tapa-
MeTPUUECKH HeoIpeJe/IeHHBIX JIMHEHbIX cucreM. B KadecTBe mapamerpuye-
CKUX HeollpejleJJleHHOCTell paccMaTpuBa/IMCh HOJUTOIMYECKEe U OrpaHUYeH-
HbIE 110 HOPME IapaMeTPUYecKre HeoIlpeIeJIeHHOCTH. Db pellenbl 3a1a4un
OIIEHKH BepXHell IpaHUIbl aHU30TPOIINIHOIO KauecTBa, JJIsl IOJ00HBIX CUCTEM,
a Tak»Ke 3aJia4i CHHTe3a pobACTHOIO YIIPABJIEHUs IIPU IIOJHOM U HEIOJHOM
U3MepeHnn BekTopa cocrostHusi. CpaBHUTEIbHBIIN aHaIN3 U YUCJICHHOE MOJIe-
JINpOBaHUE TIOKA3aJI0 MMPENMYIIECTBO Pa3paboTaHHbIX METO/I0OB 110 CPaBHEHUIO

¢ kyaccndeckuMu Ho 1 Hoo TOIXOIAMI K CUHTE3Y POOACTHBIX CUCTEM.

6. MGTO,ZL ANarHOCTUKM OTKa30B MCIIOJIHUTCJIbHBIX W M3MEPUTEJIbHBIX 3JIEMEH-
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TOB CHUCTEMBI C HCIIOJIL30BAHUEM AHU30TPOIUITHOIO (DYHKIIMOHAJA KadecTBa,
1 aJrOpPUTM CHUHTE3a OTKA30yCTOMYMBBLIX CHUCTEM. PelleHbl 3aJaul TeXHIYe-
CKOIl JIMArHOCTUKU OTKA30B UCIOJIHUTEJbHBIX U U3MEPUTECJIbHBIX YCTPOICTB,
a TaKxKe CHHTEe3a OTKA30yCTOMYMBBLIX cucTeM. B 3aade oleHUBaHUA OTKa3a,
N3MEPUTEIHLHBIX 3JIEMEHTOB JIMArHOCTUUIECKNT HaOJII0gaTe b ObLI IIOCTPOEH C
UCII0JIb30BAHIEM TEOPUH JIECKPUIITOPHBIX cucTeM. B janHOM citydae pyHKIMs
0TKa3a paccMaTpuBajiach KakK (pUKTHUBHOE COCTOSIHUE PACIINPEHHON ajredpo-
pas3HoCTHOII cucTeMbl. [IpejioxkeHa MeToIMKa CHHTE3a, OTKA30yCTONINBOI CH-
CTEeMbI IIPU HaJIUIUU cOOEB JATYMKOB. UMCJIEHHOE MOJE/JIMPOBAHUE IIOITBEP-
JAWJI0, YTO IIpUMEeHeHNe aHn30TPOIUNHON Teopun B 3a/a9ax TeXHUIECKON u-
ArHOCTUKN W CUHTE3a OTKA30yCTOMYMUBLIX CUCTEM MOXKET YIAYYIINTL Ka4yeCTBO

BOCCTaHOBJICHU A CbYHKHI/H/I OTKa3a.
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