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D peaucjoBUe

Jns paspaboTKy CIOKHBIX 1 9P PEKTHBHBIX cHcTeM aBToMaTHIeckoro ynpasierus (CAY)
HeoOXOMMO 3HaHHe: a) TEOPUH yTpaBJeHns, ) KOHCTPYKTHBHOI ee 9acTH, cojeprKalieil Me-
TOJIBI HETIOCPEICTBEHHO TPUMEHNMbIE T TOCTPOEHUA aJITOPUTMOB YTIPaBJI€HN, B) TPOrPa-
MHOT'O OGECTIeUeHIs ITHX METO/I0B, 6€3 KOTOPOrO HEMBICIIMa, pa3paboTKa CIOKHBIX CHCTEM
yIpaBJIeHWs, HO czKaTble cpoKu pa3paborkm CAY He MO3BOIAIOT co3/aBaTh Takoe obecrie-
YeHwme.

Kuura nocssmena apym, Hanbojee HHTEHCHBHO PAa3BUBAIOIIMMCS, HAIPABICHUIAM TEO-
PHU YIIPABJICHU: TEOPUH ONTHMAJIBHOTO W aJalTHBHOTO YIIPABJICHU, HX KOHCTPYKTHBHBIM
pasjesaM u UX IpOrpaMMHOMY 0OECIeTeHHMIO.

Ona opuerTHpoBaHa Ha JBE TPYNIbI UnTaTeseil: paspaborankoB CAY u swi, camocto-
ATEIHHO W3YYAIOMUX ONTHMAIbHOE H aJalTHBHOE yIpaBJIeHHe Ha OCHOBE 3HAHWH ~KJracCH-
YecKoi” Teophuu aBTOMATHIECKOTO YIIPaBJICHHUS.

Kuura cocrout m3 JAByX 4dacreil , MOCBANIEHHBIX COOTBETCTBEHHO OMTHMAIbHBIM W aJjia-
OTUBHBIM CHCTEMaM, & TaK¥Ke pas3iesioB: JpakTtukyMm , lomosrrenns n /Jokasarenbcrsa.

Yactu MoryT antarhcs MOUTH He3aBUCHMbIO. OHU UMEIOT CXOTHYIO CTPYKTYPY U COTEp-
Kat 1o 5 TiaB. B magase Kaykioil w3 wacteil (nvtaBa - W mepBasd mMoJOBUHA TUTaBbl 6-if) BBO-
JATCA TOHATHSA, (POPMYJHUPYIOTCSA 3aJaul M MPUBOAATCH COEepKATEIbHBIE TPUMEDPbI ONTH-
MaJhHOTO W QJIANTHBHOTO YIIPABJEHW:A. 3aTeM, B IJiaBe 2-fi W BO BTOPOIl MOJIOBHHE TJIaBhI
6-if m3sTaratoTCsA OCHOBBI , Ha Da3e KOTOPBIX B MOCJTEAYIONIAX IJIaBaX CTPOATCH METOIBI Pac-
TeTa ONTHMAJbHBIX W JalTHBHBIX cucTeM.UHChIBA€TCA MPOTPAMMHOE oDecTiederHne STUX
METOI0B,cojiepKalneecss B JocTynHbIX cucreMax 'AMMA-29C uw MATJIAD.

N3znoxkenne KazKI0ro MeToIa CHHTE3a ONTHMAIBHBIX CHCTEM U METO/Ja TOCTPOECHHU S aJIr0-
pUTMa pabOThI QJATHBHOTO PETYIATOPA PE3IOMUPYETCA B BHUJE HEKOTOPOT'O YTBEDIKICHWS
s 6oee riryboOKOTO TOHUMAHWSA YTBEPKIEHWH MPUBOAATCH B UX JIOKA3aTETHCTBA. JOJee
CJIOXKHBIE W3 HUX cofepkarcs B pasjene Jlokazareabcrsa .

Benmomorarenbhbie ¢Beenus b0 MaTepuall JAjis Gosee yrryObJIeHHOro W3y YeHus colep-
Kares B pasjeste Jlononmenmnsi.

Dazgen DpaKTUKyM HallpaBJIeH Ha pPa3BUTHE HABBIKOB pPa3pabOTKHM aJrOPUTMOB OIITH-
MaJThHOTO W aIallTHBHOTO YIPABJIEHNA. ) PU STOM UCIOTb3yETCA MPOTPAMMHOE ODecTeTeH e
, Bxogsriee B cuctemy 'TAMMA-29C.

Dazpaborankn CAY mMeT BO3SMOXKHOCTD OBICTPO TEPEHTH K KOHCTPYKTUBHBIM pas3Jie-
JIaM TEOpHH, yKa3aHHBIM BO BBEJCHWAX K KayKJOMY W3 JBYX pa3/esoB KHUTH, W 3aTeM K
D pakTUKYMY.

DampaBieHHOCTh MepBoro u3gannsa (B 1989r.), Kak yae6HOrO MOCOOHA, COXpaHeHa W Mo~
STOMY KHHUTAa MOXKET CJIYKUTh OCHOBOH OJIHOMMEHHOI'O Kypca JICKIIHI.

Crwcok simrepaTyphl ,IIPUBEJIEHHBI B KHHUTE, COMEPIKUT JIUITh Ha3BaHWA paboT, B KO-
TOPBIX BIEPBBIE OBLITH MOJYUYEHBI U3JaracMble Pe3yIbTaThl, JJUOO pabOT, B KOTOPHIX STH pe-
3YJIbTAThl MOMYJHIN JTajibHelilee pasBUTHe, HO He BKIIOYEHbl B KHUTY, U PEKOMEHIYIOTCS

AJIAd N3YyHEHNA.



YHACTD 9E3BALd. O9TUNMAJIBBbIE CUCTEMBI

BBenenue

B IIMPOKOM 3HaYE€HUU CJIOBO 7 ONTHMaJIbHBIH O3HavdaeT HELI/IJIyLIIHI/Iﬁ B CMbICJI€ HEKOTO-

poro kpurepus 3b@PEKTUBHOCTH. JPH TAKOM TOJKOBAHUH Jf0Dasds HayIHO OOOCHOBAHHAA
cECcTeMa SIBJISETCS ONTUMAJIbHOMN, TaK KaK P BHIOOpE KaKOW-THOO CHCTEMBI MopasyMeBa-
eTcsA, YTO OHa B KAKOM-JTHOO OTHOIICHHH JIydIlle JIPYTUX cHcTeM. KpuTepuu, ¢ MOMOIIHIO
KOTOPBIX OCYIIECTBIAETCH BBIOOD (KPUTEPUH ONTHMATbHOCTH), MOLYT ObITH PAa3JTHITHBIMU.
DTUMH KPUTEPUAMU MOTYT ABIATHCA KaIeCTBO JUHAMUKH TIPOIECCOB YIIPABJIEHUA, HAJIE/K-
HOCTb CHCTEMbI, SHEPronoTpebIeHne, ee Bec W TabapuThl, CTOUMOCTH W T. TI., JTHOO COBOKYII-
HOCTb 3THX KPUTEPUEB ¢ HEKOTOPBIME BECOBBIMH KO3 (pHUIIHEHTAMHE.

Duke TepMHUH ~ONTUMAJBHBIN HCIOIB3yETCA B Y3KOM CMbBICTE, KOTJa CHCTEMA aBTO-
MaTHIECKOTO YIPABICHHA ONEHUBACTCS JIUIh KA9eCTBOM JHHAMUUECKUX MPOIECCOB U MPH
STOM KpUTEpHeM (Mepoii) 3TOro KadecTBa BBICTYIAeT Olpe e/ eHHbIii HHTerpas mepeMeHHbIX
cucrembl (pyraknnonan). Takoe onucanne KpuTeprs KadecTBa MO3BOIAET HCITOTb30BATD JJIH
HaXOXKJICHUs ONTHMAJIbHOIO YIIPABICHES XOPOIIO pa3paboTaHHblii B MaTeMaTHKe almapar
BapHUAIMOHHOTO MCUHCTICHMUS.

Bapwuammorbie 3aa9m, BOSHUKAIOIINAE TPH TOCTPOCHUH OMTHMAIBHBIX CHCTEM ITPOTPaMM-
HOTO YIPABJICHU W ONTHMAJBHBIX CHCTEM CTaOUJIN3AIlUU TPOTPAMMHOTO JIBUKEHUS, jeii-
CTBYIOIIMX 1O MPUHIUITY 0OpaTHON cBsA3M, GOPMYIUPYIOTC B MEPBOil TIaBe.

Bo Bropoii niiaBe nssaraeTca MaTeMaTHIECKad TEOPHA OMTHMAJIBHOTO YIIPABIEHUA (TTPUH-
mun Makcumyma JI. C. DoHTpArnHa ¥ MeTOJ JTUHAMUIECKOTO TPOTPAMMUPOBAHUA 3. Desl-
MaHa). DTa Teopusa ABIAeTCA DYHIAMEHTOM JJIA TOCTPOEHHA ONTHMANbHBIX crcTeM. OHa
JTOCTABJIAET OOITBITION 00beM HH(MOPMAIIHE O CTPYKTYPe ONTUMATBLHOTO yipaBienns. CBue-
TEJbCTBOM MOCJEHEr0 ABJIAIOTCH ONTHMAIbHBIE TI0 OBICTPOJAECHCTBIIO YIIPABJICHIA, PaccMa-
TpHUBaeMble B 3TOM IvTaBe. BMmecTe ¢ TeM MpaKTHUECKOe MPUMEHEHUe TeOPHH CTAJTKUBACTCS
C TPYJHOCTSAME BBIUHCIHTESHHOTO XapakTepa. Jleso B ToM, UTo MaTeMaTHdecKas TEOpHs
ONTHMAJIHHOIO YIPABJICHUSA TTO3BOJAECT CBECTH IMPOIECC MOCTPOCHUS ONTHMATHHOIO yIpa-
BJIEHWA K PeIleHnio KpaeBoil 3a1aqdu i aud GeperinaabHblX ypaBHeRnil (0ObIKHOBEHHBIX
6O B TACTHBIX TTPOM3BOJIHBIX ). MI3BeCTHBIE TPYAHOCTH THCIEHHOTO peIleHrs KpPaeBblX 3a-
Jlad TIPUBOJAT K TOMY, UTO TMOCTPOCHWE ONTHMAJIBHBIX YIIPABICHUH s KaxKJI0TO KJacca
00HEKTOB YIIPABJICHUSA ABIACTCA CAaMOCTOATEILHON TBOPUECKOH 3a1aueil, perrenne KOTopoii
Tpebyer ydeta crenudpuIecKux ocobeHHOCTeHl 0ObeKTa, ONblTa W HHTYHIUNA pa3paboTdnKa.

DT 06CcTOATETHCTBA TMOOYAMIN K OTBICKAHWIO KJIACCOB OOBEKTOB, I KOTOPBIX MPH
MOCTPOECHUN ONTHMAJbHOTO YIIpaBJeHHs KpaeBas 3ajada JErKo pelraercs duciaenno. Ta-
KHMH OObEeKTaMi YIIPAaBICHIA OKa3aluCh OObEKThI, OMMChIBaeMble JuHeHHbiMu aud dpepen-
[MHAJTbHBIMHU YPAaBHEHUAMEU. ITH pe3yabrarhl, morydennabie A. M. Jletospim u 3. Kaamarmom,
SBUJINCH OCHOBO HaIpaBJIeHUH CHHTE3a CHCTEM ONTHMAJIbHONW CTAOMIU3AIINN: aHATHTHIE-
CKOTO KOHCTPYHPOBAHWEM DETYJIATOPOB IPH H3MEPAEMOM BEKTOpe cocTosAHnA oobekTa( L() —

ONTHMU3ALNA B 3apyOesKHON JTUTepaType) W ONTHMATbHOTO YIIPABJIEHNA TIPH HETIOJHON WH-



dbopmarmn 06 srom BekTope( LG —onTrMusalys).DTH HalpaBIeHUA W3JI0KEHDl B TUTaBe 3
(pasmessr 3.1,3.2) w nase 4.

InaBa 5 (pasmenst 5.1 u 5.2) mocsamena Hoo —onTuMaabHOMY yTIPaBJIEHHIO,KOTOPOE
sABysAercsa paspuTueM LQ)G —onTUMA3AIN.

D paxtugeckoe npumenenne L) —, LOQG u Hoo —onTuMusanmii 3aTpyIHEHO CJI€TYOMTAME
0DOCTOATEIHCTBAMH.

1.Ilesu yrpaBieHns BecbMa PEJIKO MOYKHO ONMUCATH KBAJIPATHIHBIM (DYHKIIHOHATIOM, HC-
MOJIb3YEMBIM B 3TUX MeTomax. OOBITHO 3TO 3HATEHN s YCTAaHOBUBIIINXCS OMMOOK, TePEPETYIIH-
poBaHHWe W BpeM#A perynpoBaHnsa (HasblBaeMble jJajiee WHKEHEPHBIMHU MOKA3aTETAMI TOU-
HOCTH M KavecTBa)

2.0nTnMaThHBIE CHCTEMBI MOTYT OBITH HETPYOBIME.DTO O3HATAET, ITO MaJjble OTKJIOHE-
HUA TapaMeTPOB CHUCTEMBI OT PACIETHBIX 3HATEHHH MOTYT MPHUBOIUTH K HEYCTOWIWBOCTH
CHCTEMBI.

9To mpHuBeSO K JAJbHEHIIeMY Pa3sBUTHIO TEOPUU ONTUMAJIbHOTO YIPABJIEHUSA C TIEJTHIO
YCTAHOBJIEHUS CBA3WM KO DUIHMEHTOB KBaIPATHIHOTO (PYHKIIHOHATA ¢ WHKEHEPHBIMH IT0-
Ka3aTeJsAMU,BbIJeTeHNA KJIaCCOB OOBEKTOB, I KOTOPBIX MOTYT OBITH TMOCTPOEHBI T'PyOBIE
ONITUMAJTbHbIE CHCTEMBI U T.]I.

DTO KOHCTPYKTHBHOE HallpaBJEHWe W3JaraeTcsa B pasjenax 3.2, 3.3 u 5.2.



I'naBa 1 D OHATUA OINTUMAJIHLHOTO YIIpaBJiIcHNA
1.1 OmnrumanabHOe IporpaMMHOe yIIpaBJeHNe
DaccMOTpUM 0OBEKT yIPaBJIEHNS, IBUKEHNE KOTOPOTO ONMUCHIBAETCA YpPaBHEHIEM

x = ¢(x, u, t), (1.1.1)

riae X(t) —n- MepHBI BEKTOP MepeMEHHBIX COCTOAHNA 00beKTa, Uu(t) — m-MepHBIl BeKTOD
VIIpaBJICHWNA.

B passepuyroit ¢popme ypasrenne (1.1.1) umeer Bup

dxi/dtzg‘oi(xlv"'vxnv Uy r oy Um, t) (Z:L—n),

rae @&, Ty Uty oy Um, ) (1 = 1,n) — 3agannble dynrmmn. OnHE mpepmona-
raloTCA HEeIpEpBIBHBIME W HEOOXOJMMOe 9HCI0 pa3 AudpepeHupyeMbIMU [0 Ty, , Tp
Upy sy U, L.

B ypasuennn (1.1.1) ympasienus ABIAOTCA HEW3BECTHBIME (YHIMAME BpEMEHH, KOTO-
pble oNpelenAroTca NCXOAA U3 CASIYIONINX YCIOBUA.

1. 3agano HagabHOE

x(to) = x(¥ (1.1.2)

1 KOHe4YHOE

x(tq) = x® (1.1.3)

cocroaumsa oobekta (1.1.1), rme tg — Bpems Hadama, a ; — BpeM#A OKOHUaHWA (yHKIHOHN-
poBaHHsA 00bEKTA.

2. 9P PeKTUBHOCTD YIIpABIEHUA OIEHUBAECTCA € TIOMOIIHIO MHTETPasa

t1
J= /¢0(x, u, t)dt, (1.1.4)

to
rae @o(X, u, t) — 3ajaHHasg HempepbiBHaA (DYHKIMA CBOMX apryMeHToB. [lnsa onpenesen-
HOCTH JaJiee 6y,ILeM nmoJjsiaraTb, 49TO SCbeeKTI/IBHOCTb YIIpaBJIEHWA TEM BbIIIE, 9€M MEHbIIIE

3HaY€HUE 3TOT'O MHTETPpaJia.

3. 9& YIIpaBJIEHWA U ITEpEMEHHbIE COCTOAHNA HaKJIaJbIBAIOTCA OI'PaHUYC€HN A, BbIPazKaro-
muye orpaHUY€HHbIE PECYPCHI YVIIPpABJIEHNA N JOITYCTUMbIE IIPEIE/Ibl USMEHCHU A ITEPEMEHHDBIX

cocrodgHms. Yacro OI'paHUYE€HNA Ha YIIpaBJI€HNA MMEIOT BU

lue(t)] <ujp (=T, m), (1.1.5)

rae up (k=1,m) — 3aganHble TncIa.
Dpu m = 2 ToUKW BeKTOpa u = (U1 Uz), KOOPJMHATHl KOTOPOTO yIOBIETBOPAIOT STHM

HepaBeHCTBAM, 3aTIOJHAIOT 3aIITPUXOBAHHBIN TPAMOYTOTBHWK, TpUBeJeHnblil na puc. 1.1.1.
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s
(%4

-u,E uz Uz

Suc. 1.1.1

B obiem ciytae OymeM cIuTaTh, ITO B COOTBETCTBUU € KOHCTPYKITHEH 00beKTa W yCJIO-

BHAME €ro KCILIyaTallul 3a/aHo 3aMKHyToe MHoxKecTBo U/ B IIpocTpaHCTBE epeMEeHHbBIX
Uy, ", Uy W YIPABJIEHUA MOIYT NPUHUMATh B KazKJblii MOMEHT BpeMEHH JINIIh 3HaYeHU s
U3 TOr0 MHOXKECTBa. 3aMKHYTOCTh MHOXKecTBa [/ 03Hadaer, 4To ylnpaBJIeHHs MOTYT Haxo-
JUThCA He TOJTbKO BHYTPH, HO W Ha €ro rpanuie (Hampumep, uy(t) = uj ).

Jlasiee 6y 1eM Ha3bIBaTh ONMUMAALHUM NPOZPAMMHBM YNPpacieruem QyHKINT BpeMeHH
ug(t) = ul(t) (k =1, m), npuHEMaroIre 3HaUeHn A U3 MHOZKecTBa [/, TPU KOTOPBIX 0ObEKT
(1.1.1) mepesomnrca us cocrogunsa (1.1.2) B cocrosmme (1.1.3) u mpu sT0M QyHKIHOHAT
(1.1.4) npuHEMaeT HaWMeHbIlee 3HATEHHE.

Dagercra (1.1.2),(1.1.3) masbBaloTcA kpaesvmu ycaosuamu. Yacto onn mveror Gosee
obmnit BUa: a) MOMeHTHl BpeMernn to u t1 B (1.1.2), (1.1.3) ;mmbo onnH u3 HUX He 3aJaHbl
(Torma rosopaT o zadave ¢ Hedurcuposarrvm epemerem; 6) sexrop x (mmm x(©)) e
3aJIaH (300040 o C60600HBIM NPAGHIM (UAU LEGIM) KOHUOM MPaekmopuu ¢ (PUKCHPOBAHHBIM
60 HepUKCHPOBaHHBIM BpeMereM o wiaw 1 ); B) B (1.1.2), (1.1.3) KoMIOHEHTBI T, ;1

(1 =1, m) BexkTOPOB x® u x(M me samambl, a gexKaT Ha THIEPIOBEPXHOCTAX

vio(x©, 1) = 0; vjy(xW, 1) =0 (j=T,s<n; i=1p<n)

(3ada4a ¢ NOJSUNCHBLMU KOHUAMU,).

Narerpan (1.1.4) Takke MoXKeT WMeTh Oostee CJIOKHYIO CTPYKTYPY:

t1
J= a1 [ polx, u, )dt +qun(x, ),
to

rje I/O(X(l), t1) — 3amanfrad GYHKIHUA, a ¢ W G2 — W3BECTHBIE THCIIA.
Kpowme Toro, Ha nepeMeHHble COCTOAHNA, KaK W Ha yIPaBJIEHUA, MOTYT HAKJIIbIBATbCHA

Or'paHUYE€EH A

x € X, (1.1.6)

rie X - 3aMKHYTO€ MHOZKECTBO B ITPOCTPAaHCTBE COCTOSHHNA Tiyewey Ty -
B pdaae CJIy4da€B Ha YIIPpaBJICHUA N IIEPEMEHHDBIE COCTOAHNA HAaKJ/IAAbIBAlOTCA UHTETPAJIb-

Hble OrpaHuYeHnd, HallpuMep, BrUIa

fui(t) dt < J5 (k=1,m) /1:1;2(t) dt < J> (i =1,n) (1.1.7)

to to
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DeTpyaHO PACIIUPUATH MOHATHE ONTHMAJIBHOTO TPOTPAMMHOTO YIIPABJIEHNUA B STHX OoJtee
O0IUX cIIydasx.
Dpumep 1.1.1. Cucrema ” gBurarejb-reHeparop”’. DacCMOTPUM CHJIOBYIO TacTb

SJIEKTPUIECKOTO IPHBOA THIA ~ ABUTaTeIb-Tereparop” (MpuBeJéHHyo Ha puc. 1.1.2).

SDuc. 1.1.2

SanuieM ypaBHEHWA, OMUCHIBAOIINE TIPOIECCHl B OTJIETbHBIX JTEMEHTAX MTPUBOIA
1. YpaBHeHWMe MOMEHTOB Ha BaJly JBUTATEH
2
A% =M,— M., (1.1.8)
rme A — MOMEHT WHEPIUHU AKOPA JIBUTATENS W IIPWBOINMOTO B IBHKEeHEE paboTero me-
xaamsMa (. M.), H-m - c*; ¢ — yroa nosopora Basma asurarens, pajg; M, — MoMeHT
JBUTATENIA, , onpejessemblii Bbipakernem M, = K1?I,; M. — moment Harpysku, H - M.

2 YpaBHeHUE AKOPHO Temn

E.—FE,=1,R,,

rae F,. — ssekTponBmKyias cuia rereparopa (B), cBasannas ¢ TokoMm Bo3OyKaenus [y
(A) xpuBoit HamarHmaMBauA Fyr = @p([1); F, — 3M€KTpoaBHKYIIad CH/Ia JBUTATENH, CB-
3aHHasd ¢ TOKOM BO30OyKaenus gapurarensd: [y (A) sasucumoctsio B, = C[ 2, B KOTOpOI
C' — K03 PUIMUEHT TPOTOPIHOHATHHOCTH.

90,ILCTELBJIHH 9THU 3aBUCUMOCTH B YpaBHEHUE HKOpHOIL/'I nernn, Mmooy ImmM

I = (¢e(11) = CT*) [ Ry (1.1.9)
3. ypaBHeHI/Ie Heneﬁ B036y)K,D;€HI/IH TeHepaTopa U ABUTraTE/Id UMEOT COOTBETCTBEHHO BU /T

dl dl
le—tl—l—[lRl :El, de—;—l—[sz :EQ, (1110)
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rae F;, I;, R [Om] L; [I'n] (¢ =1,2) — wmanpsaxenne, TOK, COMPOTHBIEHNE W WHIYKTHB-
HOCTP Ienu Bo30y:KJIeHNA TeHepaTopa W JBHTaTeNIs COOTBETCTBEHHO.

B saBucmmocTr oT HasHaweHHs pabodero MeXaHW3Ma, CBA3aHHOIO C BaJIOM JIBHTATEJIA,
BO3HMKAIOT Pa3/JUTHble PEKUMbBI YIPaBJIeHHA pabOUINM MeXaHU3MOM, KOTOPBIl JO/IZKEH:

a) 32 MUHHMAJIbHOE BPEMs Pa30IHATHCA JI0 3aaHHON CKOPOCTH JHOO0

6) coBepIINTH 3aJaHHyI0 PabOTY 3a MHHHMAJIBHOE BpeMsi, JH0O0

B) MEPEMECTUTHCS U3 OJHOIO MOJOKEHHA B JIPYroe 3a 3ajalHoe BPEeMsA TpU MHHAMAJb-
HBIX TOTEPAX B HENAX YIpaBJeHUA W AKOPHOMH IIEITH.

OcymiecTBienne KazK/Joro W3 9THX PEKHUMOB YIPaBJIEHHUA 3aTPYJHEHO HEJTbIM PAI0M
OrpaHUYEHUIl, K 9UCITYy KOTOPBIX OTHOCATCS CJIeLyTOIHe:

1. Deperpes siKopsi, onpejeaseMblii TOTEPAMI B AKOPHOM IeNn, KOTOpbhle MPOIOPINO-

HaJIbHbI KBaJIpaTy TOKa B 3TOil menu. Temmeparypa neperpesa mponopiuoHalbHa TUCTY

¢ ¢ 172
: () —cry]
Xt R, dt = dt
tZ\ tZ\ RH

n, ¢JIeJ0BaTEJIbHO, OI'PaHUYEHNE TEMIIEPATYPbL IEPETrPEBa ONMUChIBACTCA COOTHOIIEHNEM

/1 (el 11) = C 1] . A111)

R,

to
rae T — 3ajjanHOe 9mCI0, XapaKTepu3yollee JOMYyCTHMYIO TEMIIEPaTypy.
2. DanpskeHne, TPUKIAIbIBaeMOe K OOMOTKaMW BO3OYKIEHU A TeHepaTOpa 1 JIBUTATEIH,

OI'PaHUYE€HO HallpAZKEHNEM MCTOYHUKOB IMUTAHWA — E107 E20 :

|Ey (1) < Ero, | Ea(t)] < Fa. (1.1.12)

3. MakcumasrbHble 3HAUEHNA CKOPOCTEl U YCKOPEHWIT IBUKEHUA OIPDaHUIEHbl U3 YCIOBUiT
MPOTHOCTH pabodero MexaHW3Ma JHO0 KoMpopTa, eciri, HalpuMep, pabodInM MeXaHH3MOM

ABJIACTCA JH/ICbT C JITOJbMMH. 9TI/I OI'paHUYE€HNA UMEIOT BUJT

[l <ofs vl <93, (1.1.13)

rje 7 W ) — 3ajaHHbIE YHCTA.
Bpems ocytmecTBieHns Ha3BaHHBIX BbIIIE PEKUMOB yhpaBienus ~a  u 07 BCTyIaer
B paccMaTpPUBAEMOM cJydae Kak Mepa 3(PEeKTHBHOCTH yIpaBJIeHUA. ITY MepPY MOYKHO

OIIMCaTh C ITOMOIIIbIO MHTETPaJIaQ

t1
J= /1-dt. (1.1.14)
to

HeiicrBurensro, 3 (1.1.14) creqyer J =t —tq.
DavaJbHBIMU U KOHEYHBIMH COCTOAHHUAMH CHCTEMbI ~TeHepaTop-JIBHTraTenb’ ABIAIOTCH
HOJIOJKeHNe, YacToTa BpallleHIsA BaJla JBUTaTe/ld, TOK B 0OMOTKaX BO30yZKeHUsA TeHepaTopa

W JBUTATENd B HAYaJbHbLl (fo) W KOHETHBIH MOMEHTH ({; = mint) BpeMeHH.
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D(to) = o, ¥(te) = o, Li(to) = Lo, Io(to) = Lso; (1.1.15)

D(t) =1, () =1, L) =L, L(t) = L (1.1.16)

OnTHMaIbHBIM TTPOrPAMMHBIM YIIPABJICHIEM ABIAIOTCH 3aKOHBI H3MEHEHW T HAIIPAKEHI I
Ei(t), Es(t), ynosaersopsiomux orpanudernaM (1.1.12), mpu KoTophIX crcTeMa ”reRepaTop-
nsuraresb” mepexonut u3 cocroanus (1.1.15) B cocroanme (1.1.16) u mpw sToM HyHKITHOHAT
(1.1.14) npurnMaer HaWMeHbIllee 3HaTeHNe W BbIMoTHATOTCA orpannaenns (1.1.13), (1.1.13).

Hs pexknma 78”7, Korjga TpedyeTcs mepeMecTHTb pabounii MeXaHu3M U3 OJHOTO TTOJI0ZKe-
HUA B JPYroe 3a 3ajlaHioe Bpems {1 — tg NpH MUHUMAJTHHBIX MOTEPAX B TMEMAX YIIPABICHN S

1 AKOPHOH Ienn, MUHIMA3HPYEMbIil (DYHKITMOHAT UMeeT BU]

t1
J= /([ﬁ(t)]%ﬂ ()R, + (1) R,) dt
to

¥ BbIpazKaeT 3HEePTHUIO, BbLIEJAEMYIO B 3TUX HelAX.
s ymobeTBa mocaeytoInero W3JI0KEeHNs 3alulleM YPaBHEHN CHCTEMbl  TEeHepaTop -

JIBUTATeN b’ W OIpaHUYIeHns B cTaHZapTHOH dopme. B cBaAsm ¢ M BBegeM 0b603HATEHIA

b W I I £ £,

— =X, = =X, — = X3, T = T4y ——— = Uy, ——— =
77Z)H 77Z)H [1H [2H [1HRl IZHRQ

vae Yy, Yy, lin, lon - HOMHHAJIbHBIE 3HAUEHWA yTUIa TIOBOPOTA ABUTATENA (DPaJ), TaCTOTA

us, (1.1.17)

ero Bpamernsa (paj-c '), ToKoB B 06MOTKax Bo30OyzKaerns (A) (11 IPOCTOTHI TosTaraem,
9TO YMCIOBBIE 3HAUEHUA Py , W 1Py PABHDI).
C y1erom s1Hx 0b603Hadenwii 3amminem ypasrenns (1.1.8), (1.1.9), (1.1.10) B Gespasmep-

HO¥i (popme (mosaras manee M, =0 ):

$'1 = T3, J:’z = a1¢1p(x3)x4 + Clzl’gl’i; (1118)
1 1 1 1
N P 1.1.19
3 T1$3 + T1U1, Ty T2$4 + T2U27 ( )
rie

[(IQHIIHRI @F([lHl’g) 1(0122 Ll L2

= () = S, = L L .

= AR, = TR T R, TR TR,

Orpannaenns (1.1.11) ... (1.1.13) mpumyr BuI:

t1

/[91991r(51?3) + quazsy]” dt < J7, (1.1.20)

to

lur| <y,  |us| < wul, (1.1.21)
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2o < @5 Jarpin(ws) ey + agrarl] < 73, (1.1.22)

rae
— T — T 1 — — —F7F 2 — T T 4
: 77Z)H ? 77Z)H ElO ElO
I TR, Eio N Ey
’ ElO Pt IIHRI’ ? [2HR2

OnTUMaIbHBIM TPOTPAMMHBIM YIIPABIEHHEM B pacCMaTPUBAEMOM CIyTae OyayT (Hampu-

0 0 o
Mep, A pexkuMa ~a”) GyHKIun u(1 )(t) u u(2 )(t), TaKHe, 9T0 pabO9mii MEXaHU3M 32 MH-
HUMaJbHOe BpeMs TpHu BbimogHernn orpanmdennii (1.1.20) ... (1.1.22) mepemecturcs w3

cocrostaust ;(to) = x;0 (1 = 1,4) B cocrosnue, x;(t,) = ;1 (i =1,4), roe

T 0':1; —¢O'x _[10‘
10 — = 20 — & 30 — 57
¢H ¢H [1H
2 _
Iy %/)1‘
Ta0 = o = =3 X113 =231 =24 =0

Iy Uy

1.2 OnrtuMalsibHOe cTAaduJIU3UpYIOllee yIIpaBJjeHne
1.2.1 VYpaBHeHUA BO3MYIIEHHOTO ABUXKEHUSA

DycTh onTHMaIbHOE ITPOrpaMMHOE yIIpaBJIeHne HaiieHo. JTo o3HadaeT, ITO M3BECTHBI
byrkmun ui(t) = ud(t) (k = 1,m). Doxacrasass stu Gyukunn B ypashenus (1.1.1) u
pelas ypaBHeHHsA ¢ HadaabHbIMH ycaosuaMu (1.1.2) nomyunm dyrkmmn 27 (t) (i = 1,n),
KOTOpbIe OyJleM Ha3blBaTh ONMUMAALHUM NPOZPAMMHBM JSUHCEHUEM UAU ONTNUMAALHOT
npo2pamMmMHotl mpaexmopuet.

DeasibHoe (MCTHHHOE) NBUKEHNE CHCTEMBI BCErIa OTITHIAeTCsA OT MPOTPAMMHOIO TI0 CJie-
JYIOIINM TPUIMHAM: a) HETOUHAsA peasn3alinsd HadaabHbiX yeaoswii (1.1.2), 6) Hemonnas
wHPOPMAIHA O BHEITHUX BO3MYIIEHUAX, JEfCTBYIONINX Ha CHCTEMY, B) HETOTHAA peasn3a-
W ITPOTPAMMHOTO YIIpaBIeHNA W T. [I., TOSTOMY peabHOe JBUZKEHNEe OIUChIBAeTCsA (PYyHK-

TUAMUA:

zi(t) = x(t) + 0x;(t); wr(t) = up(t) 4+ dur(t); (1 =1,n; k=1,m), (1.2.1)

rae dx;(t) (i = 1,n) — orkoHeHus (Bosmytenns) GaKTHUECKOrO JBUKEHHs OT MPOTPaMM-
woro; duy(t) (k= 1,m) — OTKJIOHEHNs PeasbHOrO YIpaBJEHHs OT MpOrpaMMHOro. dmcia
Sz,(to) (i =1,n) — mocraTowHO MaJible, HO HEM3BECTHbBIE THC/IA, ABJIAIOIIMNECS CIIYdaiHbIME
TOTPEITHOCTAMHE [IPH pealn3alii 33 JaHHbIX HadaabHbiX yeaosuii (1.1.2). 06 sTux morperr-

HOCTAX OOBITHO M3BECTHO JINIIb, 9TO OHW YJOBJIETBOPAIOT HEPABEHCTBY
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Zéxf(to) <& (1.2.2)

TIe £ — W3BEeCTHOE THMCIO.

DeTpyIHO TOMYIHTh ypaBHeHHA (ypaBHEHWA BO3SMYIIEHHOTO JABUKEHNA ), OMICHIBAOIIHE
OTKJIOHEHNA (DaKTUIECKOTO JBUKEHUS OT MPOTPAMMHOTO JBUZKEHHHA, KOTOPOE Ha3bIBAETCSH
HEBO3MYULEHHDLM.

HeiicTBurensHo, TpuANMas Bo BEUManue, aro dyakuun (1.2.1) ynosaersopator (1.1.1),

1 BbIYHUTadA U3 ypaBHeHI/Iﬁ

() 4+ 0ai(t) = wilai(t) + 0ar(t), .. al(t) + dan(t), ui(t) + dur(t),. .., uw (1) + dun(t), 1]

TOZKJEeCTBa

() = @i(ai(t), .. an(t), ui(t),...,un(t), 1) (1 =1,n)

MOJTYIUM YPAGHEHUA 603MYUEHHO20 JBUIMCEHUA

07 (t) = dpi(0x, ..., 0xy, OUr, ..., 0Uy, 1) (1 =1,n), (1.2.3)
vae 0pi(81, ..., 0k, Sty ..., 0Um, 1) = @ilxi4+0xy,. . Fai+da,, ui+ouy,. .. ul +8uy,, t)—

b b b b
—pi(ay, . ak, ul,ul, ).

Ecmm dyakumn dp; (1 = 1,n) pasnoxurs B pan Teiinopa B OKpecTHOCTH TOUKY 7, ..., 25,

Uy, ..., u , 10 ypasuenus (1.2.3) npumyT BUI

Za” Jox; + szk Youy + 0; (81, ..., 0, Sur, ..., 0uy, 1), (1 =1,n), (1.2.4)

k=1
vae
b b
agoi . b agoi
a;(t) = P obu(l) =
J
CHMBOJI | O3HaYa€T, YTO YaCTHbIE TPOU3BOAHBIE BBIHUCIAIOTCA B TOYKE I; = J}Z , Uk = u};

(i=1,n; k=1,m); 0;(8xy,...,0,, dus,...,0u,, 1) (i =1,n) — byHnknuu, pasaoKenue
KOTOPHIX B paAj Tefiopa HauMHAETCS ¢ YIEHOB BTOPOTO MOPAIKa MaJOCTH.

Or6pacoiBas B (1.2.4) mennHeiiHble WIEHbL, TTOTYTHM YPABHEHWA MEPBOTO TTPHOINZKEH

Za” Jox; + Z bir(t)our (1 =1,n) (1.2.5)
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1.2.2 DoHATUe 00 ONTUMAJIBHOM CTAOUIN3UPYIOIIEM yIPaBJIeHUU

Dettenns ypasHenus (1.2.4) mpu HaTa bHBIX YCTOBHAX W3 MHOKeCTBa (1.2.2) onmuceiBatoT
OTKJIOHEHU A PeasIbHOIO JIBUKEHUA OT MPOTPAMMHOTO B KazK/iblit MOMeHT Bpemenu. s Ko-

JUYIeCTBEHHON XapaKTEPUCTUKH 3TUX OTKJIIOHEHNU YaCTO HCIIOJIBb3YIOT 3HAYCHNE MHTETPaJIa

J:/ S guda? | dt, (1.2.6)
fo =1

B KoTopoM ¢; (1 = 1,n) — nonoxurenpuble uncra. Warerpan (1.2.6) mpeacrasaser coboit
B3BEIIeHHYTO ¢ MOMOIIbIo Kodddurmentos ¢; (1 = 1,n) cymmy miomaeil, orpaHUIeHHbIX
KBapaTOM OTKJOHEHH{ MCTHHHOIO JBHKEHUs OT IIPOrPaMMHOIO IO KazKjoi NepeMeHHOl
cocrosinusa. OH xapakrepusyer ~paccrosaue”’ peaJbHOrO JBHKEHUA W IIPOrPAMMHOIO 1
ABJAETCA " Mepoit” OJIN30CTH STHX JBUKCHIH.

Ucnonbayem dug(t) (k=1,m) nna commxenns stux apuzxKenuit, rorga duy (k= 1,m)
Ha3BIBAIOTCA CTNAGUAUZUPYIOWUMU YnpasieHusmu. Takium obpasoM, pe3yIbTHPYIONIIe yIIpa-
Brenns uy(t) = ui(t) + dur(t) (k=1,m) cocToAT U3 NPOrPAMMHBIX U CTAOUIUZUPYIONIHX
yIpaBJjennii. Doacrapisas 510 Bbipazkenne B (1.1.5), mosyanm orpaHuvIeHnsa Ha CTAONIA3H-

pylolliee yrpaBJieHue:

—uy — up(t) < Sug(t) <ujp —ui(t) (1.2.7)

O6brano |ui(t)] > [dur(t)] (k=1,m). Jro obbAcCHAETCA TeM, UTO IPOrPaMMHOe yIIpa-
BJI€HWE 00eCIeTNBaeT OCHOBHOE (POrpaMMHOE) JBUKEHHE CHCTEMbI, a CTaOHIH3NpPYIOlee
yIIpaBJeHre JIAIb ~TapupyeT’ MaJble OTKJIOHEHH OT MPOTPAMMHOIO JIBUKEHHU, obecrie-
qUBafg, €Cau { — 00, YCTOHIHMBOCTH (OTCIONA TePMUH ~CTaOUIN3UpYIOlIee yiipaBenne” )
1 TpebyeMyIo TOUHOCTb OCYIIECTBJICHUs MPOrPAMMHOTO JABUKEHHsA. B CBA3W ¢ STHM 9acTo
BMecTOo orpanndenuil (1.2.7), ompenessronux AOMyCTHMbIH ~pacxon” cTabHIH3HPYTOIIEro
yIpaBAeHUA B KayKJIblfi MOMEHT BpeMeHW, HaKJaJblBAlOT Ha CTaOUJIN3UPYIONINE yIIpaBJie-

HUA WHTErpaTbHble OTpaHnIeHns (OrpaHuIeHna Ha ~dHEPruo”)

/(mz(t) dt < Jx, (k=T,m) (1.2.8)

s yaera orpannaennii (1.2.8) 6ygem Bmecto (1.2.6) paccMaTpuBaTh KpUTEPHH Katde-

CTBa CTEL6I/IJH/ISELHI/H/I

br o, m
J :/ > qidw] + Y ymdug | dt, (1.2.9)
fo =1 k=1
rae ancna Yee (k= 1,m) onpenenstorcsa snavennavu J5, (k= 1,m).

Crabumsupyioliiee yrpaBienne MpeHasHateHo NI MUHIMA3aun naTerpata (1.2.9).

Kpowme toro, ecitm t; — o0, To JJid CYIIECTBOBAHWSA STOTO WHTETpPaja CTAOMIN3HPYIOIee
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yIIpaBJIeHHe JOJKHO 0becleanBaTh aCUMITOTHIECKYIO YCTONIHBOCTD HYJI€BOTO PEIIEHN CH-
crembl (1.2.4).

Fcin oTblcKMBaTh cTabuIm3upylolnee yipaBieHne Kak ABHYIO (YHKIMIO BpeMeHu (1o
aHAJIOIMH € TIPOTPAMMHBIM YIIPABJICHHEM ), TO U1 KazKJI0r0 HaTadbHOIO yCIOBHS U3 MHOZKE-
cria (1.2.2) monyunm ynpasienus Suglt, dx1(lo), ..., 02,(lo)] (k=1,m), nns peanusannu
KOTOPBIX HEOOXOAMMO U3MEPSATH IIepeMeHHbIe COCTOAHIA B MOMEHT BpeMeHn { = 1, TaK KaK
uncra dx;(tg) (1 = 1,n) memssectuor. Kpowme Toro, dymxumu duy (¢, dx(to),. .., 0x,(to))
Oy/LyT pasauYHbIME st Kazkjoro Habopa dx;(tg) (i = 1,n) u3 muoxkecrsa (1.2.2).

B ¢BsA3M ¢ 3THM ecTecTBEHHO OTHICKUBATh CTAOMIM3HPYIOIIee yIIpaBJeHne He KaK ABHYTO

GyHKINIO BpeMeHHd, a KaK (PYHKINIO TePEMEHHDBIX COCTOAHIA

dup(t) = re[dxa(t),. .., dx, (1), 1] (k=1,m) (1.2.10)

Bamernm, 9TO BHUJ 5THX (DYHKIMI He 3aBUCHAT OT HadaJbHBIX YCJIOBHUII M3 MHOXKECTBa
(1.2.2). DoAcHUM 5TO 0GCTOATENHCTBO MOIPOOHEE.

Honycrum, uto Hafizeno ynpasienne dul = r{[dxy,...,0x,, t] (k = 1,m), npu xo-
topoMm (1.2.9) mpuHNMaeT HanMeHblllee 3HaUeHNe Ha IBUKeHUAX cucTeMbl (1.2.4), n mycTh
B Havasie [IBMKEHWHA ONTHMAJbHOI CHCTEMbBI peaqn30Bajich HadaJdbHble ycaosusa ) (to)
(i = 1,n). Doncrapass B (1.2.4) Su =} (k= 1,m), peunm 310 ypabHEHHe U, TOJICTa~
BJIA#A ero petierns B (1.2.9), BeraucmM 3Hadenne nATerpata. Doayaum qucio J (to, t1, 027 (to), ..., dx% (1))
OHo AB/IAETCSA HAMMEHBIIUM 13 BeeX 3Hauenwii maTerpasa (1.2.9) mpu dul # ) (k=1,m).
Homycrium Temepb, UTO B Hadasde JBUKeHWA cucTeMbl (1.2.4) peasnsoBainch HadaTbHBIE
veropus dxi*(tg) # 027 (te) (k= 1,n), torma npu du) = r? (k = 1,m) noayunm apy-
roe 3Haqenne (1.2.4), onmpenensgemoe Kax J (to, 1,00 (o), ..., 025 (1p)). Dro wmcyao onATH
JIOJIZKHO ObITh HaMMEHBIIINM 110 CpaBHEHUIO CO 3HaAYeHUAME MHTerpasa Ha TPAeKTOPHUAX CH-
crembl (1.2.4) mpu wy # Y (k= 1,m) u mavanpubix ycnosuax oz *(ty) (1 =1,n).

Tenepb MOXKHO ONpPeNEUTh MOHATHE ONTHMAJbHOIO CTaOMIM3HPYIONIETO YIpaBIeHN s
KakK (DYHKIMH TTepeMeHHBIX COCTOSHUA U BPEMEHH, MU KOTOPHIX Ha JIBUKEHUAX CHCTEMBI
(1.2.4), BO30OY K IeHHBIX TIPOM3BOTBHBIMHI Ha9TbHBIMI OTKJIOHEHHAMH 13 MHOKecTBa (1.2.2),
noKazaTesb KadecTsa, Hampumep (1.2.9), mpunnmaer HanMmenbinee 3aadenne. Eean B (1.2.9)
BEpXHUil Ipejest ¢; He orpaHUYeH, TO CTAOMIU3HUPYTOIee YIIpaBIeHne JOMKHO TaKiKe 00ec-
eYnBaTh aCHMITOTHYECKYIO YCTOHUUBOCTD CHCTEMBI.

BPUMEYAHUE 1.2.1. Crabunusupyolee ylpaBJeHle peaan3yeTcs PeryasTopoM, Ko-
TOPBIii ABJIAETCHA CJTOKHBIM JUHAMHYECKHM yCTPOHCTBOM, COCTOAIIAM OOBIYHO M3 TPEX KOM-
TOHEHT: W3MEPHUTETbHBIX OPTaHOB, YCTPOHCTBA PeaJU3alii alropuTMa YIpaBIeHns (Kop-
PEKTUPYIOMINX KOHTYPORB), HCTIOJTHAUTETHHBIX OPTAHOB.

B1ech u jajee nssecTHble and pepeHnnaibHble ypaBHEHN A, OMUCHIBAIOIIAE H3MEPUTETh-
Hble W WCIOJHUTENbHbIE OpraHbl, BK/IOUaloTca B ypasHenws (1.2.4) JIpyrumu croBamu,
ypasaernsa (1.2.4) — 310 ypaBHeHUA (PUINTECKOTO 0OBEKTa BMECTE ¢ M3MEPUTETbHBIMU U
HCTIOJTHUTEIbHBIMEI yeTpoiicTBamu peryssitopa. Torga da;(t) (k = 1,n) — BBIXOMbI, H3Me-
pUTENBHBIX ycTpoiicTs, a dug(t) (k= 1,m) — BXOABI HCIONHATETBHBIX OPTaHOB.

Ypasuenus (1.2.10) onmuchiBatoT yeTpoiicTBO peasn3allii aJrOPUTMOB yIIPaBIeHH .
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s yuporttenns TepMUHOJOTHE OyIeM MO-TIPEKHEMY HA3bIBATh YPAGHEHUAMU 06BEKMA
ypasrennsa (1.2.4) usBecTHOl (HeM3MeEHAEMOM) TaCTH CHCTEMBI, COCTOAINEH M3 00beKTa U
SJIEMEHTOB PETYJIATOPa, a ypaBHeHHAMH peryiaaropa - (1.2.10) — HasblBaTh HEH3BECTHYIO
(MosIesKATILY TO OTIPEIEJIEHITO ) TacTh CHCTEMBI, COCTOATILYTO JIHII U3 YCTPOICTBA peaTn3alii
AJITOPUTMa YITPaBJICHUA.

2 re-

Dpumep 1.2.1. OnTuMajgbHoe CTaOUIN3UPYIOIlee yIIPpaBJeHNe B CUCTEMEe
HepaTop - ABUTATEJIb’ . DYCTh B CHCTEMe ' TeHEPATOP - JBUTATENh  HallIEHO ONMTHMAJTbHOE
mporpaMMHoe yipasiaenne ui(t) u uj(t). DTu GyHKINE TOPOKIAIOT TTPOrPAMMHOE TBHZKe-
e z7(¢) (i = 1,4), KoTopoe HaXOAUTCHA TyTEM YHCIEHHOrO WHTETPUPOBAHUSA ypaBHEHMIT
(1.1.18), (1.1.19) ma 9BM, ncmosp3ys Kakoii-1mbo 13 METOIOB THCIEHHOTO HHTETPHPOBAHN A
(mampmmep, Metog Dynre - Kyrra). Dpu srom B(1.1.18), (1.1.19) wy = ui(t), uz = uj(t).

DeasbHbIE 3HATEHNA HATAJIbHBIX 3HATEHWH TOJTOKEHNA BaJia JIBUTATEN s, €r0 CKOPOCTH,
TOKOB B OOMOTKaX BO3OYKIEHUS OTIHIAIOTCA OT PACIETHBIX W3-3a MOTPEITHOCTEH TPH ~ BbI-
cTaBKe” yTJla WIH CKOPOCTH JIBUTATENs B HATaJbHBI MOMEHT BPEMEHM. DO3TOMY peasbHOe
JBVZKEHNE OyIeT OTINYIaThCAd OT PACIETHOTO (MPOTPAMMHOIO). Jepexois K ypaBHEHHAM
BO3MYIIEHHOTO JIBUZKEHUHA, OTMETHM, 9TO TI0 MTOCTPOEHUI0 HEBO3IMYIIEHHOE JBUKEHUE Y10~
BJIETBOPSET yPaBHEHWAM:

sk ok, ok ) % * k2,
2] = a%; &y = aypi(a3) Ty + aairy’

. 1 1 . I, I,
Ty = —Tas+ 77U Ty = — T4+

T2 EUQ.

Tak Kak BOSMYIIEHHOe IBHXKeHHe yaoBiaersopseT ypasuenuam (1.1.18), (1.1.19), To

]+ 0ty = x) + dxy;
&5+ 0dy = arpre(s + dus)(a] + day) + az(@l + dag) (] + da4);
o % . % 1 *
&5+ 0ds = ——(a% 4 da3) + —(ui + duq);

) ) 1 1
i+ 0ty = —T(J}Z + daq) + T(ug + duy).

2 2
YuurbiBas YpaBHEHNA HEBOSMYIIIEHHOTI'O JBUZKEHN A, TTOJIYYUM

0&] = day;

iy = ar [ore(as + dws) (2] + dws) — pre(@3)a] + a2 {(1'3 + dg) (] + Sa4)” — 1'31'12} ;

1 1 1 1
03 = ——0 —buy; 0x4 = ——0 —duy; 1.2.11
3 T, r3 + T Uuy; 0x4 T T4+ T U2; ( )
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B kauecTBe mokasarend OTKIOHEHUA pPeaJibHOTO ABUZKEHUA OT PacCHETHOI'O IIPpUMEM WH-

Terpadi

t1
J = / (qn(sx% —|— q225$§ —|— ’)/115u% —|— 7225u§) dt, (1212)
to

B KOTOPOM 11, (22, Vi1, Y22 — 3aJaHHbIE IOJOKHATEThHBIE THCIA.
OnTuManabHOe cTabUIM3MpyIoliee yipasienne duy (dxy, dxa, dxy, 1) (k= 1,2)
JOJIZKHO MUHUMH3HPOBATH TOT (PYHKIMOHA Ha ABrzKernax cucreMbl (1.2.11) npu mnawass-

HBIX YCJIIOBUAX

4

> bai(te) < € (1.2.13)

=1
e € ONpejlesIAeTCs MOTPEITHOCTAME pealn3alii HadalbHbIX cocTodaui 0x;(ty) (1 = 1,4).
@I/ISI/IquKaH peain3annd CTa6I/IJII/I3I/IpyIOIHI/IX praBﬂeHHﬁ OCyIeCTBJIAETCA C TOMOIIbIO
JIOTIOJIHUTEILHBIX 0OMOTOK BO30YZK/I€HHUs, MOKa3aHHBIX Ha puc. 1.1.2 mMyHKTHpOM.
BO MHOTHUX CJIYyH9adX KOHTPOJIb OTKJIOHEHUH UCTUHHOTO ABUZKEHNA OT ITPOTPaMMHOT'O OCY-
mWeCTBJIAEeTCA HE IO IIEPEMEHHBIM COCTOAHMA, & MO IMEPEMEHHBIM, Ha3bIBA€EMbIM pecyaupye-
MbIMU (ynpaG./LﬂeM'bLMU) nepemMerHHvlMU. OHI/I CBA3aHbl C OTKJIOHEHUAMM IIO Ka,)K,D;OIL/'I nepe-

MEHHOM COCTOAHMWA COOTHOIIEHHEM

(92' = Znijl']‘ (Z = 1,m) (1214)
7=1

rae 0; (i =1,m) — peryampyemble nepeMerble. KpuTepwii, ¢ MOMOIIBIO KOTOPOTO OIEHH-

BalOTCAd 3TN OTKJIOHEHWA, UMEET BUJL
11 m m
J =/ > al607 + 3" dul | dt. (1.2.15)
to =1 k=1

1.2.3 OcobeHHOCTU ONTUMAJbHBIX CUCTEM MPOTPAMMHOIO YIIPABJIEHUA U CTa-

ounusaiuu

DaccmoTpuM Oosiee TOAPOOHO CBA3H M pa3jiddie TPOrPAMMHOTO W CTaOWIN3UPYIOIIETO
yrupasJyiennii. B cBA3W ¢ 5TUM paccMOTpUM OOIIYIO CTPYKTYPHYIO CXEMY pPEATH3alny STUX
yrpasiennii (puc. 1.2.1), Ha KOTOPOHl OOBEKT YIMpaBJeHNHA ONMUCHIBACTCA YPABHEHHAMH
(1.1.1), a perynsaTop peanmsyer crabunusupyfotnue yiupasiaenns (1.2.10). O6bexT BMecTe
C 3aJIATINKAMU TPOTPAMMHOTO YIIPABJIEHUA W JBUKEHNA 0Opa3yeT CHCTEMY TTPOTPAMMHOTO
YIIPaBJIEHN:, a OObEKT BMECTE € PEryJIATOPOM-CHCTEMY CTAOMIIM3AINH TTPOTPAMMHOTO JTBH-
KermnA. Ja puc. 1.3.1 He MOKa3aHbl UCTIOTHUTEIbHBIE I U3MEPUTEThHBIE YCTPOHCTBA, KOTO-

PbI€ B COOTBETCTBUUN C IIpUMEYaHNEM 1.2.1 BryIrouensl B MOJI€EJIb o0DBbeKTa.
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o x(e) %)

dadamuuk  p———2mQ»  hyexm Sadamuun
npoepammuoes f-— —— npoeparmmoeo
;ﬂﬂgﬂﬂ&‘/ﬂﬂ yrpadnesus )§ : %uxeex;”
75 () s I )
B, 2) | |
\
Pezynamap  pee—-
dum(t) Bx, ()
Quc. 1.2.1

Dazautne crocoda GyHKIMOHUPOBAHWUSA CHCTEMBI TPOTPAMMHOTO YIIPABJIEHNA W CHCTEMbI
CTaOMIIN3AIINNA COCTOUT B CJIEYIOTIEM.

1. Jlns mepBoii u3 3TWX cucTeM HadaidbHble ycrosusa (1.1.2) wsBecTHbI 10 Hadama mMpo-
eKTUPOBaHUA, a JJIA BTOPOW HadasbHble YCJIOBUHA HEW3BECTHBI, W3BECTHO JIWIIh, 9TO OHU
HaXOMATCH B MpejieaX, yCTaHaBInBaeMblX HepasercTsoM (1.2.2).

2. B mepBoMm citytae yrpaBieHusa ABIAOTCA ABHBIMEU (PYHKIINAME BPEMEHH, & BO BTOPOM
— QYHKIMAME H3MePAEMBIX [IePEMEHHBIX COCTOAHNUA (a B 00IIeM cIyvae W BpeMenn). Takum
obpa3oM, B TIEpBOM CJIydae YIIpaBJE€HHE OCYIMECTBIAETCSA MO PA3OMKHYTOMY IHKIY, & BO
BTOPOM-TIO TIPWHIIUITY OOPaTHOH CBA3H.

3. DPdexTuBHOCTD PAbOTHI CHCTEMBI TTPOIPAMMHOTO YIIPABJIEHUS ONEHUBAETCH OMpee-
nenubiM wHTerpasoM (1.1.4), B koTopom GyHKIHA ©o(X,u,t) onpegenserca PpU3HITECKOH
MpUPOIoit 0ObEKTa YIIPABICHUS.

B cucreme crabmnmsanyu kpurepnii (mokasaress) Kadectsa (1.2.9) ee dhyHKIIMOHNPOBa-
HUS TacTO He CBA3aH ¢ (PU3MIECKOH TPUPOIOH 00beKTa YIIPABJIEHN s, a ero KoM MuimenTo
¢: (1 = 1,n) onpenensiorcs MCXOsA W3 WHZKEHEPHBIX TpeGoBaHUil (BpeMeHH MepexolHOro
nporecca OT UCTUHHOTO JIBUYKEHWA K ITPOrPAMMHOMY, MepeperyJIMpOBaHNA TTPU TOM JIBU-
JKEHN A, YCTAHOBUBIEHCH OIMOKI B OCYIIECTBIEHUH TTPOTPAMMHOTO JIBHZKeHnA U T. 11.). OJ-
HaKo B TEOPUH ONTHMAJBHOTO yTIpaBJeHns mostaraor Kpurepnii (1.2.9), anamornaro (1.1.2),
3aJJaHHBIM, OCTABJIAA BOIPOCHl BbIOOpa e€ro Kos(hPpuineHToB (a B 00IMIEM Cydae W CTPYK-
TYPBI) 3 MpeesaMil STOH TEOPHH.

4. Jpu mocTpoernn crabuusnpyfotnero ynpasierns (1.2.10) 06bITHO HCTOTB3YIOT ypas-
HeHWs TepBoro npubamkerns (1.2.5). DT1o obbAcHAETCA TeM, 9TO CTabIIH3HPYTOLee YIpa-
BJI€HWE TIpeTHa3HAUEHO [T YMEHbIIeHNA OTKIOHeHnA dx; (1 = 1,n), a Ipw MaJblX 3Ha-
JeHWAX ITUX OTKJIOHeHWH ypasHenwus (1.2.4) m (1.2.5) nmetor Gsim3Kue pelrenns, Tak Kak
byurkuuu o; (i = 1,n) 3aBucaT or KBagpaToB, Ky6OB U T. J. STHX OTKJOHEHHil, H MOITOMY
ST (PYHKIIUH MOZKHO OIYCTHTh.

Jlwneiinblit xapakTep ypaBHEHWI TEPBOTO TPUOINKEHIS CYIIECTBEHHO YIIPOIIAeT MPOoTe-
JYPBI TIOCTpoeHn A cTabminsnpyfomx yupasiennii (1.2.10). UcnonpsoBanue ke ypaBHeHHit
MEPBOTO TTPUOJTMKEHN TPU MOCTPOEHUHN TTPOTPAMMHOIO YIIPABJIEHU, KaK TPABUIIO, HEIO-

IIYyCTUMO.
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1.3 Da3BuTuHe NOHATHUI ONTUMAJbLHOIO yIpPaBJIeHUA
1.3.1 Crabunusupyrolilee ynpaBjeHUe IIPU BHEIIHUX BO3MYHIIEHUAX

9pI/IqI/IHOﬁ BOSMYUIEHHOTO ABUXKEHUA YaCTO ABJIACTCA HEITOJTHOTA 3HaHWI O BHENIHHX
BOS,I];GIL/'ICTBI/IHX Ha 00BEKT YIIpaBJIEHWA B €0 TPOTrPpaMMHOM JIBUZKEHNN.

Ypasuenus (1.1.1) npu ydere BHEITHUX BO3MYIIEHU WMETOT BHJI

x=@(x, u, f, 1) (1.3.1)

rae f(t) — p-MepHBI BEKTOD BHEITHUX BO3IEHCTBHIL.

DygeM moiararTh, 9To 3TH (BYHKIUH WMEOT JBe COCTaBJAMOe: H3BecTHYIO — [7(1)
(1 = 1,p) m memssectryto — 6 f;(¢) (i=1,u).

DoBTOpsAa W3JI0KeHHOE B 1.2, MOMyIUM ypaBHEHWUA BO3ZMYIIEHHOTO JIBUKEHUA C YIETOM
BHENTHUX BO3eiCTBHIA.

B nmepBom mpubnnkennn 3TH ypaBHEHNA UMEIOT BT

i = Y ag(D6;+ 3 bilt)dur + 3 ()6, (i = T, (132

k=1 p=1
rie

L O — S
¢zp(t): aqu (Zzlvnv levﬂ)

B saBucmvoct ot obbema mHbopMannn o GyHKIEAX O f7 (1) MOKHO pasaudauTh TpPH
CITydast:

a) moHad wHopMalna (3To 0o3HaUAeT, 9TO (PYHKINH W3BECTHBI 3apaHee; TOTIa, B TacT-
HOCTH, OHI MOTYT GBIThb BKMIOUEHBL B coctas fi(1) (i = 1,u) 1ubo OHE TOYHO H3MEPAIOTCH
B IIpollecce JBUZKEHN 00beKTa);

6) 6fi(t) (i =1,p) — coayuaiiHblii mpomecc ¢ H3BECTHBIME CTATHCTHYECKUME XapaKTepH-
CTUKAMU;

B) oTCyTcTByeT Kakad-mmubo madopmanus o Gyrxuuax 0 f;(t) (i = 1,u), ogHaxko u3-
BECTHO, UTO OHI OTpaHITeHbl HeKOTOPBIME H3BecTHbIME aucaamm & f(|§fi(t)| < 8f;, i =1, 1) .

B zaBucumocTn ot obbema mHpOpMaNUE O BHEITHUX BO3JEHCTBUAX MOYKHO pas3/IHIUTh
CJIeIYIOIIHe THIIBI ONTHMAIBHBIX CHCTEM: &) PABHOMEPHO-ONTHMAJbHbBIE; 0) CTATHCTHIECKH
ONTHMaJbHBIE; B) MHHIMAKCHO-ONTHMabHbIE [1.4].

Crabumsupyloliee ylpaBJeHHe JJsi CHCTEM MEPBOrO THIA HaXOAUTCH W3 YCJIOBHA MU-
HuMyMa yraknnorasa (1.2.9) wa permennax cucremst (1.3.2). B cucremax BToporo tmma
KasKJI0il peasu3alluy BHEITHEro BO3/JefCTBUSA COOTBETCTBYET NPU W3BECTHBIX YIIPaBJIEHUAX
(1.2.10) cBoe 3Havenne nHTerpata (1.2.9), w mosTOMY B KadecTse Mepbl 3 HEKTHBHOCTH CTa-

6HJIH31/IpyIOHlI/IX prELBJIGHI/Iﬁ HUCITOJIB3YETCA MaTEMATUYECKOE OZKHNJaHUE 3TOI'O MHTErpaJIa

t1

=1 k=1

to
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QusnyuecKuii CMBICJ BEJIMIUHBL J; COCTOUT B TOM, UTO CIydaiiible BO3AeicTBUA BO30Y-
KJAIOT cTydafiHoe aBuzkenne 1o opamaatam §z,(t) (1 = 1,n). Ecaw BeraucanTh 3HaUeHHE
waTerpasta (1.2.9) nra Kazkpoil peanwsaluy CJIyUIaiiHOrO JIBUKEHWA W 3aTEM ONpPeNeSUTh
7 cpenneapudmeTnaeckoe”, TO TMOIYIUM 3HadeHwe Jy. Ympasienue, npu KoTopoMm Ji J10-
CTUTAET MEHUMYMa, ABJIACTCA ONTHMAJIBHBIM B CPEJHEM, W MOITOMY CHCTEMa CTaDMIH3allnN
Ha3BIBACTCH CMAMUCTIULECKU ONMUMAABHO.

Dpu orcyTcTBrn WHAMOPMAIIHK O BHEITHUX BO3ACHCTBUAX HCIOIb3YETCA UTPOBOIM MOIXOI
K OIpEJeSICHAIO ONTHMATHHOIO YIpaBJeHnusa. B cooTBETCTBHH ¢ 9TUM moaxogaM (hyHKIHH
§f;(t) (1 =1,p) cumrarorcsa ”ynpabreHuAMn’ W ONPENeTAIOTCA W3 YCIOBHA MaKCHMA3AIHH
naTerpana (1.2.9), a ynpasaerns duy(t) (k= 1,m) — 3 ycJaoBusA ero MUHIMHA3AINHA. JTH
yIIpaBAeHUs 00eCIeTHBAIOT HAUIYYITHN pe3yabTaT IpHU HaAuXY/IIeM BHEITHEM BO3/IeHCTBIN
[MEHEMYM MaKCHMaJIbHOTO 3HaueHns GyHkunonasa (1.2.9)], n moITOMY CHCTEMBI € TaKAM

YIIpaBJI€EHUEM Ha3blBaOTCA MUHUMAKCHO-ONMUMAADHBIMU.

1.3.2 OO6umit Bug ypaBHeHuii cTabuansupyroinero ynpaBJjeHud

B obmem ciaywae cTaOMIM3UpPYIONIe YIPABIEHNA ONUCHIBAIOTCA HE aJredpamdecKimMu

ypasaeruamu (1.2.10), a aud pepertnanbHbIMu ypaBHEHUAMA BUIA

Xp = pp(Xp, 0X, 1), (1.3.4)

du = rp(xp, 0%, 1), (1.3.5)

rae Xp(t) — n,-MepHbLi BEKTOP MEPEMEHHBIX COCTOAHUA yCTPOHCTBaA yIpaBieHns (pe-
DyJIATOPA), @u(Xp, 0X, 1), rp(Xp, 0X, {) — ny— W M-MepHBIE BEKTOPHI COOTBETCTBEHHO.

B psage caydaes He Bce mepeMeHHbIE COCTOSHUA OObeKTa yIIPaBIeHUS JOCTYITHBI HEo-
CpeICTBEHHOMY H3MEPEHHIO.

D ycTh U3MePAIOTCH HEKOTOPble TlepeMenuble y1(t),. .., y, (1), cBA3aHHBIE C TTEPEMEHHBIME

00beKTa COOTHOIICHUAMHA

y = w(dx, 1), (1.3.6)

rie y(t) — r—MepHbIi BEKTOP H3MeEPAEMBIX TepEMEHHBIX; W(dX, {) — 32 anHbIil r—MepHBIi

BEKTOD. B sTom CJlIy4da€ ypaBHEHUA PETYJIATOPOB NMEIOT BUJ
X‘Il‘ = (Pp(Xp7 Y, t)v (137)

5u = rP(va Yy, t)v (138)

Hanee 6ynem omyckarh cuMBoa § B coorHomenuax (1.2.2) ... (1.2.5)), (1.2.9), (1.2.10),
OTHOCAIIAXCA K CHCTeMaM CTabWIu3alyh. Ecim Temepb ais OGIIHOCTH W3JIOMKEHHS 3aMe-
HATH DyHKIWO moj wHTerpasoM (1.2.9) dbyukumeii g, To MoJenn 00beKTa YIIpaBIeHnA 1

MOJIeNTN Teslell YIpaBieHns (KpUTepHH KadecTBa YIIPABIeHW:A) B CHCTEMax ITPOTPaAMMHOTO
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YIPaBJIEHUS W CTaOMIM3ANUU OYIyT COBIAIaTh. JTO €CTECTBEHHO, TaK KaK ¢ MaTeMaTHte-
CKOIl TOYKHN 3peHmns HeCyleCTBEHHO MPOUCXOZKIeHNEe ITUX Mojesel.
Ucnonpsys Marpudanyio (popMmy, 3alullieM TaKxKe, oTOpachiBasi CAMBOJ 0, YpaBHEHWS

(1.3.2) nepsoro npubsnxkenus u ypastenne (1.2.14) qyrs peryaupyeMbix mepeMeHHbIX:

% = A(t)(xp) + B(t)u + U(D)f, 6 = N(t)x, (1.3.9)

rae A(t), B(t), V(t), N(t) — MaTpuIpl, 1€ MEHTaMI KOTOPHIX ABIAIOTCA H3BECTHBIE (DYHK-
WK BpEMEHH. DTH MaTPUILBI KMEIOT pasMepbl 1 X1 , n X m , N X [l , T X 1 COOTBETCTBEHHO.
Csaspb (1.3.6) mepeMeHHBIX COCTOAHWA OObEKTAa € W3MEPAEMbBIMU MEPEMEHHBIMHU TACTO

MOZKET OBITDH JIMHEaApU30BaHa W TOrJa OHa € YYETOM ITOMEX U3MEPEHNA MTPUHUMAET BUJT

y = D(t)x + x(1), (1.3.10)

rae x () — r-mepHbBIl BeKTOp ToMex m3Mepenus; (1) — 3amaHHads MaTpHlla PasMepOB
nxr.
YerpoiicTBo yrpaBiieHus (peryaaTop) TacTo omuchiBaeTcA He ypabHermamu (1.3.7) ...

(1.3.8), a nuHEHHBIMI ypaBHEHUAME BUIA

% = A,(t)xp + B,(t)y, (1.3.11)

u=D,(t)x+ F,(t)y, (1.3.12)

rae Ay(t), By(t), Dy(t), F,(t) — MaTpuipl pasMepoB n, X N,, N, X Ty, M X Ny, M X T
COOTBETCTBEHHO.
Yacto perymarop cogep:kut yrnpasisomyio YBM. B atom ciydae on onmcbhiBaercs pas-

HOCTHBIMHU YPaBHECHUAMM:

xp[(k + 1)T] = &, (kT)xp(kT) + B,(kT)y(KT) (k=0, 1, 2,...), (1.3.13)
u(kT) = D, (kT)xp(kT) + F,(kT)y(KT) (k=0, 1, 2,...), (1.3.14)
u(t) =u(kT) kT <t < (k+1)T (k=0,1,2,...), (1.3.15)

rae T —wnTepBan quckpernoctn peryaaropa; O, (kT), R,(kT), D,(kT), F,(kT), (k=0,1,
2. ..

(1.3.13) ... (1.3.15) mocTaTowTHO W3MEPEHNA BEKTOPa Y JHIIb B JUCKPETHBIE MOMEHTHI Bpe-

) — MaTpHIIBl THCENT COOTBETCTBYTOIIMX PA3MEPOB. DOCKOIbKY [T PAGOTHI PETYIATODA
vern O, T, 2T, 3T w1 1., To ecTeCTBEHHO TIPHU OIIPEIEIEHUH TapAMETPOB JTHCKPETHOTO
peryJsTopa MCHoab30BaTh TUCKpeTHYIO Mogenh oobekta (1.3.9), (1.3.10). Taxas momessb

npu f(t) = x(t) = 0 umeer BUA

x[(k + )T] = ®(KT)x(kT) + RKTYa(kT); 0(kT) = N(ET)x(kT); (1.3.16)
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y(kT) = D(ET)x(KT) (k=0, 1, 2,...); (1.3.17)

Marputst ®(ET) w R(KT'), Herpyaro mocTponTsh Ha ocHoBe MaTputi A(t), w B(t), ecin

BOCTIOTh30BaThcs popmyaoit Kormrm

¢
x(t) = H(t,to)x(to) + / H(t,7)B(T)u(r) dr, (1.3.18)
to

rae H(t,tg) — Hopmuposarnas Gyrdamenmasvras mampuua. DTa MaTpula (pasMepos
n X 1) COCTaBJIE€HA W3 1 — MEPHBIX BEKTOPOB (IEPBBIH BEKTOP - 5TO PEIIeHHE OJHOPOIHOIO
ypasHeHnsa X = A(f)xp mpu HadambHBIX yeaosuax i(tg) = 1, xa(tg) = ... = x,(to);
BTOPOIl BEKTOp SB/IAETCA pelleHHeM OJHOPOJHOIO ypaBHEHMs IPH HadaJbHBIX YCJIOBHAX

x1(to) =0, a2(to) =1, as(to) = ... =x,(to) =0, uw ).
Dpoussenernne H(t,7)B(T) —5T0 MMIyIbCHAA MEepeXoiHad MaTpHIla 00beKTa. e MoKHO
OJIY YU Th SKCIEPUMEHTATBHO, MPUKJIaAbIBasd (B MOMEHT T ) K BXOJaM 00bEKTa § ~MMITYJIbCI.

Donaras B (1.3.18) t = (k+ 1)T, to = kT wn npurnumas Bo sanmanne (1.3.15), momyanm

(k+41)t
X{(k -+ )T] = H(k + DT, KTI(T) + | [ HI(s 4+ DT, 71B()dr| u(kT), (13.19)
kT
n cjlejoBaTe/IbHO
(k+1)T
S(kT) = H{(k+ )T, KT RT) = [ H[(k+ T, 7]B(r)dr (k=0.1.2....)
. (1.3.20)
B AUCKPETHOM CJIyYdae KpI/ITGpI/If/’I KadeCcTBa UMeeT BH L
J = 3" X(RT)QUTX(KT) + w[(k — 1) T]ul(k — 1)T, (13.21)

k=1
rae Q(KT) (k=1,N) — 3amanuble TOTOKUTETHHO-ONPEIETEHHbIE MATPHUIBI THCET.
B cranmonapHoMm ciydae, Korja mmapaMeTrpbl 0ObeKTa He W3MEHSAIOTCSH BO BPEMEHH, ero

ypasaerns (1.3.9) sammcbiBatorcs Kak

x = Ax + Bu+ Vf, 6 = Nx, (1.3.22)

rne A, B, ¥, N - 3aganfable MaTpHUIbl IHCE.
Juckperrasn Mojieh 00beKTa, OMUChIBaeMoTo ypashernavu (1.3.22), nmeer (npu f = 0)

BUT

xX[(k + 1)T] = ox(kT) + Ru(kT); 6(k) = Nx(k), (1.3.23)

re
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1 1
<I>:eAT:E+AT+E(AT)QJr---—I-E(AT)“r---—I-; (1.3.24)

—1
R = ET+%AT2+---+¥—I---- B. (1.3.25)
Cootromenns (1.3.23) ... (1.3.25) HeTpy/IHO JOKa3aTh, €CJIU TPUHATH BO BHUMAHMNE, ITO
B CTaIlMOHapHOM CJIydae MOXKHO yKa3aTh ABHbBII BHJ HOPMHPOBaHHON (yHIaMeHTaIbHOI
marpunpt H(t, 1) = eAlt=t)
Ecnn nsmepsemble nepeMeHHBIE U YIPaBJIeHHA ABIAIOTCA CKAJIAPHBIMEA (PYyHKIIAMEI BPE-
mMeru (r = m = 1), To obbekr (1.3.9), (1.3.10) HaspiBaeTcsa odnomeprvim obsermom. c-

KJIOo49asd BEKTOP COCTOAHMA X U3 ypaBHeHI/Iﬁ

x = Ax+ bu, y = dx, (1.3.26)

MOJIYIUM ypaBHEHHEe OJHOMEPHOTO 00beKTa B popMe ~BXOI-BHIXO

y ™ 4 d, iy b b diy 4 doy = ™ -+ Ryt A+ kou. (1.3.27)

DerpysHo HaiiTh cBA3b KO3 burmentos ypasaennii ¢ (1.3.26) u (1.3.27)
HeiicTBurensHo, mpeobpasys cucremy (1.3.26) mo Jlammacy, moxyanm mpu HYJEBbIX Ha-

qanbHbx yeropuax x(s) = (Es — A)7'bu(s). Orcioma mmeen BbIpazkerne
_ d(Es — A)b

=d(Es—A)"' =

yio) = dl5s — ) huls) = L= A

rie (E; A) — mpucoenMHEHAA MAaTPHIIA: (E; A)(Es— A)= FEdet(Fs— A).

C roif CTOPOHBI, TepelaTOYIHas HKIAA 00bekTa B dpopMe " BXON-BbIXOI
2

u(s), (1.3.28)

s 4o ks + ko E(s)
W(S) S(n) _I_ dn—ls(n_l) —I— e _I_ dlS _I_ dO d(S) ( 3 9)

1 TaKAM 0Opa3oM

d(s) = det(Es — A), k(s) = d(Es — A)b. (1.3.30)

I'maBa 2 MeToabl Teopun ONTUMAJIBLHOTO yIIPABJIEHUSA

Baaun moCcTpoeHnA OMTHMATHHOTO MTPOTPAMMHOTO W CTAOMIM3UPYIONIEro yIpaBIeHuil,
paccMoTpeHHble B Ipelblayliled riase, o MaTeMaTUuIeCKOMY COJepKaHuio ABJIAIOTCA 3a/a-
YaMU BapMaIllMOHHOTO MCYUcTeHnA. MeTojbl BapMalmOHHOrO MCYNCIEHNA YCIOBHO MOXKHO
pa3IeTuTh Ha KJIaccuIecKue u coppeMentble. K KiraccniecKUM MeTomaM OTHOCATCA METOJIBI,
OCHOBAHHbIE Ha ypaBHEHUAX Dittepa, Jlarpamxka, Axodbu, Beitepirpacca, a K coBpeMeHHBIM-
MPUHITAT MaKCUMyMa D OHTPATHHA M METO/T THHAMUTIECKOTO TTPOTPAMMHUPOBAHIS DeJLIMaHa.

COBpeMeHHbIe METObI, pa3pa60TaHHbIe B ITOoCJIEAHUE NECATUIIETNA, CBOUM BO3HUKHOBEHNEM
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00sA3aHbl 3aJa7aM ONTHMATBHOTO ylipaBieHnd. WX mocTromHcTBaMu (M0 CpaBHEHHTO ¢ KJIac-
CUIECKIMI) ABIAIOTCA BO3MOKHOCTH yUeTa OIpaHWYIeHHl Ha yIpaBlIeHWe W MepeMeHHble
cocTosiHmsA, Hotee MUPOKWH Kiacc PYHKINI YIIPaBJIeHN A, TPUCIIOCOOJIEHHOCTD A MCITOJb-
30BaHUA BBIUNCIUTENbHON TexHuku u T. 1. Jua ynobersa B Jlomosnenun 1 mpusegerst
3JIEMEHTBl KJACCHIECKOTO BAPUAIIMOHHOTO UCYUCTEHUA.

B §2.1 npuBommTcsa pemrenne 3ajadn 00 ONTHMAJbHOM TIPOTPAMMHOM YIIPABIEHUH Ha
OCHOBE MPHUHINIA MAaKCHUMyMa. OKa3aHO, UTO MPWHIUIT MaKCHMyMa CBOJIUT 3TY 3a7ady K
KpaeBoil 3ajia1e jiiisg OOBIKHOBEHHBIX T hepennmaabubix ypasuenuii. ObcyxaoTcs Tpy -
HOCTH ee THCJIEHHOTO pettenns. B §2.2 mwsmaraercs perienne 3agadu 00 ONMTHMAJTBHOM CTadM-
JIM3UPYIOIIEM YIIPABJIEHUNM Ha OCHOBE MeTOJa NMHAMWYECKOro mporpamMuposannsa. Meros
CBOJNT 3ajady 00 ONTHMAaJIbHOM CTAOWIM3WPYIONIeM YIIpaBJIEHWN K KpaeBOi 3ajade i
ypaBHEHUA B YaCTHBIX TTPOU3BOJIHBIX. Y Ka3bIBAIOTCA TPYIHOCTH YUCIEHHOTO pPEIlleHns Kpa-
€BOil 3aJjaur. YCTaHABIMBAETCA CBA3b NMPUHIUIA MaKCUMyMa U MeTOJa JIMHAMUYIECKOrO

IPOrpaMMUPOBAHUA.

2.1 D puHIUO MaKCUMyMa

Da3BUTHE CHCTEM YIIpPABJIEHUHA, yKecTodeHne TpeOoBaHUi K WX TOTHOCTH MPH OTPaHU-
TeHHBIX rabapuTax u pecypcax npusesio B 40-50-x rogax K HCHOIB30BAHUIO BaPUAITHOHHOTO
HUCIUCIEHNS IS TOCTPOEHN A ONITUMAJIbHBIX CHCTEM yIIpaBieHnda. BHaTase ncmoab30BaInch
MEeTObl KJIACCHIECKOTO BapUAIIMOHHOTO WCTUCJIEHN, OJHAKO BCKOPE CTAJIO fCHO, 9TO JIJIdA
TOCTPOEHW CHCTEM HOBOW TeXHUKW (B TaCTHOCTH, CHCTeM 3amycKa paker [2.19]), cucrem,
ONITHUMAJTBHBIX 110 OBICTPOIEHCTBUIO, U T. 1., HEOOXOIMMO JTaJThHEIIIee pa3sBUTHE BapHAIIHOH-
HOTO UCTHUCJIEHNS U CO3TaHNA MaTEMaTHIECKOH TEOPHUN ONTHUMATBHOTO yipabierusa. Jlemo B
TOM, ITO H3-3a OTpaHWIEHNi Ha ylpaBieHus (HaIpUMep, OTPaHUTIEHHBIM KOJHIECTBOM TO-
TUTHBA PaKEeThl, HAJTHIHEM [YIIOPOB(, PYJIell YIIPABJIeHNA W T. 1.) ONTHMAaJbHbIE YIIPaBIeHUHA
OKa3aJIMCh KYCOTHO-HEMPEPBIBHBIMI (PYHKIIUAME ¢ TOIKAMH Pa3pbIiBa MEPBOTO POMA, THCJIO
KOTOPBIX HEM3BECTHO. JTO MPOTHBOPETIIIO TIPETOTOKEHIIO KITACCHIECKOTO BAPHAITHOHHOTO
HNCIUCTEHNA O HEMPEPBIBHOCTH SKCTpeMaJeil.

DTarromM B pasBUTHH TEOPUH ONTUMAJIbHOTO YIIPABJIEHU B HAIllell cTpaHe ABMJIACH 0OITasd
MOCTAHOBKA MPOOIEMBI 006 OTITHMATHHOM YIIPaBJIEHWH, MpeioKenHas B 1954 1. corpyaHu-
koM MucTuTyTa asromarnku u tegeMexamnkn AD CCCD mpod. A. A. Qespabaymom Ha co-
BMECTHOM CeMWHape WHZKEHEPOB M MAaTEMATHKOB, pyKoBogumoM akajl. JI. C. DonTparunbim.
B 1956-1960 rr. JI. C. D 0HTpATHHBIM U €r0 yUeHuKaMu OblTa paspaboTaHa MaTeMaTHIecKad
TEOpHA ONTUMAJbHBIX TIPOIECCOB, TOJBITOKEHHAA B UX BCEMUPHO W3BECTHONW MOHOTpadun
[2.7]. OcHOBHBIM pPe3yJIbTATOM STON TEOPUH sBJSAETCA ~NPUHIUI MaKCUMyMa', yKa3blBa-
FOINH HeOOXOIMMBbIe YCIOBUS ONTHMAJbHOCTH JJIA MIHPOKOTO KpyTa 3a/ad ONTHMAaJIbHOTO

IPOrPAMMHOIO yIIPaBJIeHNA.

2.1.1 3apgavya 06 oNTUMAJIHLHOM IPOTPAMMHOM YyNpPaBJIeHUU

DycTh 0OBEKT yIPaBJIEHUS ONMUCHIBAETCH YpaBHEHHEM
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X = p(x, u). (2.1.1)

Yupasrerus ui(t), ..., un,(t) Tpu KaXKgoM ¢ OPUHUMAIOT 3HATEHNA U3 HEKOTOPOTO 3a-
MKHyTOrO MHOXKecTBa /. B KadecTBe Takoro MHOXKeCTBa, TacTo jajiee Oy1eM MMETb B BUIY

MHOZKECTBO, OIIMChIBAEMOE HEPpABEHCTBAMM

lue(t)] <uj (k=T,m). (2.1.2)

DazoseM donycmumvimu ynpasaeruamute ug(t) (k= 1,m), KoTopble ABIAIOTCH KyCOTHO-
HEMPEPBIBHBIMI (DYHKIINAME U IPUHUMAIOT 3HATeHnsA n3 MHOKecTBa U.

Cpen JOTYCTHMBIX YIIPABIeHHH, TepeBOAAIINX 00beKT (2.1.1) u3 3amaHHOrO COCTOAHMA

x(to) = x© (2.1.3)

B Apyro€ 3a1aHHo€ COCTOAHUE

x(t;) = x, (2.1.4)

TpebyeTrcs HallTh Takoe, I8 KOTOPOTO (DyHKITHOHAJ

t1
J:/%@Hnﬁ (2.1.5)
to

IpUHEMAET HauMeHbIIee 3HaUeHHe.

Bnech, B oruume or §1.1 dyuxuun o u @; (i = 1,n) we apHO 3aBucAT OT . DocuenHee
(cTammoHapHOCTh 00beKTa) He CHUZKAET OOIIHOCTH PacCMOTDEHH#A, TaK KaK B TPOTHBHOM
clIydae, BBOJIA HOBYIO TIEPEMEHHYIO Ip41 = t W jJomonnas cucremy (2.1.1) ypasHeHmem
Tpp1 = 1, moyunM cucTeMy, paBas 9acTh KOTOPOH He 3aBUCHT SBHO OT 1.

Beesem Benomorarenbabie epementbie ¥;(¢) (i = 0,n), KoTopble ABAAIOTCA pellleHneM

cienytorieit cucrembl aud bepeHImaIbHbIX ypaBHEHHH

. 0w,
== 22 vo=—1 (i=Tn); (2.1.6)

Depementbie 1;(¢) (i = 0,n) 9acTO HA3BIBAIOT 6CNOMOZATNEALHVMU NEPEMEHHBLMU, &
ypasHerus (2.1.6) Qs WX ompeneeHns Ha3bIBAIOT CONPANCEHHOU CUCTNEMOT.

Barmmmrem Teneps ypasterus (2.1.1), (2.1.6), B Goree KommaxTHOH dopme. g storo
BBeeM B paccMorpenune ynkumio H mepemenubix x1(t),...,x,(t), ®o(t),...,¢¥.(t) m
ur(t), ... um(t).

H(X7 'l,b, 77Z)07 ll) — Zn:¢z@z(xa ll), (217)

HCIONB3Y A KoTopyto mpeactasum (2.1.1), (2.1.6), kax

_oH

= 90 (1=0,n); (2.1.8)

T
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_% (i = 0m): (2.1.9)

Ecmm orpannaenns (2.1.2) Ha ynpaBieHre OTCYTCTBYIOT, TO Ha OCHOBE KJIACCHTECKOTO

Ji=

BapUalliOHHOT'O MCHMCJIEHNA MOZKHO 3allncCaTb H606XO,ILI/IMO€ YCJIOBHE 3KCTPEMYMa

OH _
8uk_

0 (i=0,m). (2.1.10)

2.1.2 D puHIIUOD MaKCUMyMa

Yuarem Teneps orpanutenus (2.1.2) Ha ympasienne. Fcam B mpoliecce onTHMaTbHOTO
yvopasaenus dyukunn ug(t) (k = 0,m) we gocturator rpanun muOKecTBa (2.1.2) (uTO
osHawaer |up(t)] < ui (k = 0,m), To ana Hux BBOMHsAOTCA cooTHomerne (2.1.10).
OsiHaKo YacTo ONTHMAaJIbHOE YIpaBieHUe MpUHUMAET MpaHUYHbIC 3HAUYCHUA uj JuO0 —uj
(k =0, m), Gonee Toro, onTHMaIbHOE YIIpaBJIeHHE MOKET CKAYKOM IIEPEXOIUTH C OTHOI Ipa-
HUIBI Ha ApyTylo. Takme ympaBieHns yKe ABIAIOTCA KyCOUHO-HEIIPEPBIBHBIME (bYHKIILAMA
BpeMeHH.

Dpu momaJaHUU ONTHMAJbHOIO yIpaBlIeHHs Ha TpaHUIy MHOxkKecTBa {/ coOTHOIIEHWE
(2.1.10), mapymatorca. OnTuMalbHble yIPaBIeHUA YIOBIETBOPAIOT B TOM CJIydae MPUH-
iy MakcumyMa J1. C. DoHTpATrHHA, YCTAaHOBJIEHHOTO 1 JIOKa3aHHOTO B (hOpMe IpHBeIeHHOI
HIZKE TEOPEMBbI.

Depexojis K 9TOM Teopeme, cjielaeM HEKOTOpbIe TTosicHeHns. BoshbmeM npousBosibHOE J10-
nycTuMoe yipasiaerne u(t) u npu madanbupx yeaosuax x(O, xo(ly) = 0 maiizem pernenue
cucrembl (2.1.1): x1(t1), ..., 2,(1).

DojcraBiAf 3T0 pellleHne u ynpasienne u(t) B (2.1.6), ompemennm, moka Tpu He-
KOTOPBIX TPOU3BOIBHBIX HadadbHBIX ycroBuax w(lg,) pemenwe (2.1.6): 1(1),...,¢¥,(1).
Dpu PUKCHPOBAHHBIX (MOCTOAHHBIX) 3HAUEHWAX BEKTOPOB X 1 @ dyHkmma H craHo-

BuTcs yaknmeir Bekropa u € . Makcumym 3710t GyHKIHE MO0 U U 0003HATUM Tepes
M(X7 ’(:bv ¢0):
M(x, b, o) = max H(x, 9, to, u). (2.1.11)
ue

Makcuvym (HambosbIliee 3HaUeHNe) HempepblBHON dyukmmn H (X, ¥, g, u) Moxer

AOCTUTATHCA KaK B TOYKaX JIOKaJIbHOI'O MaKCHUMyMa 3TON beHKHI/H/I, B KOTOPbBIX

oH r 9°H

=0 (k=T ———dudu; < 0 2.1.12
S =0 (k=Tom) " Guo e < O (2.1.12)

Tak W Ha rpannmax uf m —uj (k=1,m), muoxkecrBa U.
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Teopema (mpuriun makcnmyma JI. C. Dorrparuna [?]). Hyemo u(t), to < t < ¢4

— TaKoe JIOMYCTHMOe YIIpaBJeHne, IT0 COOTBETCTRYoIMe eMy permerns (1) (1 = 0,n)
ypasaenus (2.1.8), ucxondinme B MOMeHT o 3 cocroanus (2.1.3), mpoxXomaT B MOMEHT
ppemenn ¢; depes Touky (V) xo(ty). Jlna onTHMaIbHOCTH yHpaBaeHuA (IpH KOTOPOM
To(t1) MpUHUMaeT HaNMeHbIIIee 3HaUEHNe ) HeOOXOINMO CYIIECTBOBAHIE TAKIX HEHYJIEBBIX
HempepbIBABIX BYHKIH Vo(t), ¥1(1), ..., ¥n(t), yaoBaerBopsatomnx ypasenuam (2.1.9),
Tro mpu JroboMm t (tg < ¢ < ty) bysxmma H(x(t), ¥(t), Yo(t), u) nepementoro u € U

JocThraeT Ipu u = u(t) MakcuMyMa

H(x(1), (1), (1), u(t)) = M(x(t), ¥(1), +(1)) (2.1.13)

IIpu 3TOM B KOHEYHBIII MOMEHT BpEMEHN tl BBIIIOJTHAIOTCA COOTHOIINCHMUA

wo(ty) < 0; M(x(t1), ¥(t1), ¥(t1)) =0 (2.1.14)
Ecmm x(t), ¥(t), n u(t) ymosnersopstor (2.1.8), (2.1.9) u (2.1.13), To dynrunm to(t)

u M(x(t), ¥(t), () nepemeHroro t ABIATOTCA MOCTOAHHBIME H TIOITOMY TIPOBEPKY

coorHoternnit (2.1.14) MOKHO TPOBOINTH He OOA3ATENHHO B MOMEHT BpEMEHW 11, & B

ar060# MoMmerT t (tg <t < ty).

JloKa3aTeTbCTBO TEOPEMBI ABJIHAETCA JIOCTATOYHO CJOXKHBIM, U TO3TOMY B pasiese Jloka-
3aTebCTBO | TIPWBEIEH JIMIITh BBIBOJ] OCHOBHOTO cooTHoIeHn# (2.1.13) Teopembl s cydas
CBODOJTHOTO TTPABOTO KOHTIA (:1;(1) He 3ajaH) W GUKCHPOBAHHOTO 17.

Cootrorenns (2.1.13) u (2.1.14) MozkHO 3ammcarh B bosiee mpocToil Gopme:

max H(x, 1, g, u) =0 (2.1.15)

uel

TakwuM 00pa3oM, TEHTPATHHBIM B TeopeMe fABJIAeTcA ycuosre Makcnmyma (2.1.15). Ono
O3HAYAET, 9TO eCd Uy (1), ..., Un(t) — onTuMasbHble ypasiernsd, a ©1(1),...,x,(t) — onru-
MaJIbHble TPAeKTOPHH, TO HEIIPEMEHHO HafilyTcs Takas mocTosHHads g < 0 m Takme perre-
oA Pp(t), ..., 0.(t) cucremsr (2.1.9), uro dbyurmma H(xi(t),...,x.(t), Uty...,Um, o,
P1(t), ..., (t) MEepeMeHHBIX Uy, ..., Uy, TPH BeeX t € [to, t1] Oyaer mocTuraTh MaKCH-
MyMa Ha [/ WMEHHO TpH ONTHMAJBHBIX yIpaBieHuAX ui(t),...,u,(1). Dosromy 51y Teo-
peMy, JalolLyo HeoOXOJIUMOoe YCIOBHe ONTHMaJbHOCTH B 3ajadaX ONTHMAaJbHOIO yIpaBJe-
HUSA, TIPUHATO Ha3bIBATh NPUHUUNOM Makcumyma. OTMETHM, 9TO BO BHYTPEHHHX TOYKaX
MHOKecTBa U 71 ONTHMAIBHOTO yTpaBJeHusA BbIIOMHAIOTCA yeaosua (2.1.10), koropbie

ABsATOTCA HeOOXOmUMbIME s (2.1.15).

2.1.3 TpyagHOoCTH NPAKTNIECKOTO MPUMEHEHNA MPUHIUIIA MAKCUMYMa

Kax ke mpakTiaeckn Bocmosb3oBaThea ycaosueM (2.1.15), Begp dyukmmm @1 (1), ..., x,(t),
P1(t), ..., (1) m mocToAHHasA g, BXOIAIINE B ITO yCJIOBHE, HEW3BECTHBI! 3/€Ch TOCTY-

mafoT CJIenyouM obpasoM: paccmarpubad dyakmmuio H(x, u, ¥, 1) Kak GyHKIHIO M
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MEePEMERHBIX U1, ..., U, € U W cuWrad mepeMenHble X, 1), tbg) TapaMeTpaMu, PEIIafoT

3a/laqy MakcuMusanun GyHkmnn H u HaxogdaT QyHKIHIO

= U(X, ’(:bv 77Z)0) S U7 (2116)

Ha KOTOPOH JOCTHTaeTCss HambosbIiliee 3Hadenne pyHKIuu H.
B page cryaaes dyuxmma (2.1.16) Moxer ObITh 3amncaHa B ABHOM BHJe. Dalpumep,

ecan mpasble gacTu (2.1.1) uMeror cTpyKTYpy

ei(x, u) = oM (x) + 3 P () (1 = Ton),
k=1

a TOJIBIHTErpasibHOE BblpazkeHwe dpyHKImoHama (2.1.5)

Yo(x, u) = pox + Y _ por(x)uy

=1

MHOKeCTBO ommchiBaerca U nHepasencTsamu (2.1.2), To

H(x, 9, o, u) = Zn:da( Yy Z (Z;/) )l ) uy, (2.1.17)

=0

u sTa GyHKIus gocruraer [2.8] maubosbliero snaderus va {/ B TOUKe ¢ KOOpAHHATAME

up, ecn Z¢ )R (x) > 0;
U =

- *7 ecin Z¢ S‘sz 07

NJIn

u(t) = uj sign (Z;/} c,om x(1 )) (k=1,m). (2.1.18)

Dopmyia (2.1.18) maer Gospiioit 06beM HHMOPMAIHK O CTPYKTYPE ONTHMAIBHOTO yTIpa-
Braennsa: k-a (k = 1,m) KoopJmHaTa ONTHMAJIBHOIO yTIPABIEHUA ABJIAETCA CTYIEHIATON
(KyCOUHO-TIOCTOAHHO} ) (DYHKIIMEH cO 3SHATEHNAMA Uf W —Uj, , TP ITOM MOMEHTBHI TTEPEKITIO-

HEHNA ONIpEACTIAIOTCA YCIIOBUEM

Zn:@/a Bl (x(1)) = 0. (2.1.19)

Urak, momycrum, aro dyukmua (2.1.16) mssectHa. Daccmorpum cucremy 2n audde-

PeHINAJIbHDBIX ypaBHeHI/H/I

&= @i(X, u, (X, P, o)) (1 =1,n); (2.1.20)
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7=0

Obr1riee petrerne crucremsr (2.1.20), (2.1.21) 3aBHCAT OT TPOU3BOIBHBIX MOCTOAHHBIX, KO-
TOpble OTPeNeNAoTCA W3 KpaeBbix ycaosuil (2.1.3), (2.1.4). Bajata wHTerpupoBaHuA ypas-
Herwit (2.1.20), (2.1.21) mpu Kpaesbix yeaosuax (2.1.3), (2.1.4) HasbiBaeTcsa kpaesoll sadaveri
(IBYXTOUETHOI KpaeBoii 3amaqeil).

Takum 06pazom, TPUHIIATT MaKCHMYyMa TTO3BOJIAET CBECTH PEIEHNe 3a/1aTh 00 OTTHMAJTh-
HOM TIPOTPAMMHOM YIIPABJIEHNN K PEITeHN0 KPaeBoil 3a1avn.

TpysHOCTD ee pellleHn s COCTONT B TOM, ITO HHTeTpHpoBanue ypasHenwii (2.1.20), (2.1.21)
B "TIpAMOM BpeMeHH He IPEeJICTABJIAETCS BO3MOYKHBIM, TaK KaK HEM3BECTHBI HavdaJIbHbIE
veaosus ;(tg) (i = I,n). OguH W3 BOSMOMKHBIX ITOJXOJIOB K DEINeHHto KPaeBoH 3ajadun
3aK/IfOIaeTCA B CIeIyIomeM. 3aJaBadch TPOU3BOIbHBIM BEKTOPOM ) (tg) = ©) 1 urTerpn-
py# (2.1.20), (2.1.21) npu u3BeCTHBIX HadaabHBIX ycaoBuax X(lo, ) ¥ Haiinem dynKmn
x(t), ©(t) wnpu ¢t =1, mpoBepuM BbimoHeHHe pasercTBa (2.1.4). Ecim oHo Hapymmaercs,
3a/aeMcs IPYTUM BEKTOpoM (1) = W) u, umrerpupys (2.1.20), (2.1.21) mpw HaTATBHBIX
yeroBuax X(to), Y nosyunm npu ¢ = t, BekTOp x(t1).

Eciu on He coBmaiaer ¢ 3aJaHHBIM, TTPOJOIKAEM TIPOIECC JIO TEX MOp, TIOKa He HailaeTcsa
Takoii BeKTop ¥(tp), aro yeiaosua (2.1.4) GyayT BBIIOIHATHCA € MPUEMIEMONH TOTHOCTHIO.
DpH STOM TOAXO0/le WCIOMb3YIOTCA TpajueHTHble MeTOIbl, Korga (i) onpeienserca n3
yeaosnsa MuHEMyMa " paccroanua’ X(t;) or sasannoro sekropa x(.

B Borunciurensroit MaTemaTnke paspaboTaH psji METOMOB MPHOIHKEHHOTO TUCIEHHOTO
peleHnst KpaeBbIX 3ajad: MeTOJ CTPeThObI, METOJ TPOTOHKH, PHAJ WTEPAIHOHHBIX MeTO-
nos [2.10], [2.11]. Bo MHOTHX cIy9asx He TpeaCTaBIA€TCH BOSMOKHBIM HANTH U3 YCJIOBHA
(2.1.15) aswbrit Bug (2.1.18) onrumasnbroro ynpasienusa. Torga ypasrenus (2.1.1), comps-
KernHad cucrema (77) u ycropna Makcuvyma (2.1.15) obpasytor kpaesyio sadauy npuruyuna
MEAKCUMYMA. ITa 3a]atda UMeeT PAJ crelnpUIeCKIX 0COOEHHOCTEN, 3aTPYIHAIONINX TPUMe-
HEHHE CTAHJIAPTHBIX IUCIEHHBIX METOIOB pPeIleHns KpaeBbixX 3adatd. K amciy takumx ocober-
HOCTell oTHOCATCA paspbibbl ByHKIMH uk(t) (k= 1,m), yI0BI€TBOPAIOMINX YCIOBHIO MaK-
cumyMa (2.1.15), UX HeeMHCTBEHHOCTD, HENTMHEHHBIH XapakTep 3asucuMocTh (2.1.16) maxke
B JIMHEHHBIX crucTeMax. KpomMe TOTO, 0CODEHHOCTBIO KPAEBbIX 3a/atd, CBA3AHHBIX C TIPIHIIH-
MOM MaKCHMyMa Jazke B CJIydadx, KOTJa yaaeTcs Haiimm ABHBIH Bua yrpasiaennii (2.1.16),
ABJIAETCA UX TIOXad CXOJMMOCTH, BbI3BaHHAA HeyCTOHInBOCThIO crucTeMmbl (2.1.20), (2.1.21).
DA IPUEMOB PellleHrsA KPAaeBbIX 3a/ad IPUHIIHIA MaKCHMYyMa H3J0KeH, Hampumep, B [2.12],
[2.13]. OTmernm B 3aK/IOYEHHE, YTO, HECMOTPS Ha PA3JUYHbIE METOJbI YHCJIEHHOIO pellle-
HUA KpaeBO#l 3aJiady MPUHIIAITA MaKCHMYyMa, TPOIECC peleHns KayKIOoH ONTHMHU3AlnNd Ha
OCHOBE 3TOTO MPUHIINTIA ABJIAETCH CAMOCTOATETbHON TBOPIECKOil 3a1ateil, perraeMoii B pam-
KaxX TOH TacTHON OTpaciu JMHAMHUKH, K KOTOPO#H OTHOCUTCH OOBEKT YIIPABIEHUH, C YIETOM
ero cremmpnIecKux 0COOEHHOCTEH, NCITOIb3YEMbIX [T YIIYIIIeHN T CXOANMOCTH TUCIEHHOTO

pemrennd KpaeBoﬁ 3aJaqdM.
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2.2 OntumajbHble N0 ObICTPO/IENICTBUIO CUCTEMbBI yIPaBJIEHUA

DosbliieHre 6LICTPOAEHCTBHIA IPH 3aJaHHBIX PECYPCAX-3TO MOBBIIIEHUE IPOU3BOIUTE b
HOCTH IIPOLECCOB M MAIIINH, U IO3TOMY OINTUMAaJbHbIE O ObICTPOEHCTBIIO 1 OIN3KIE K HUM
CHCTEMBL CTaJIH IePBOOUEPEIHBIM OObEKTOM HCCIeIOBAHUA CIEIUATNCTAMU 110 aBTOMATHKE.
B 1935 r. 8 CCCD 6bL1 moayuen narent [2.27] Ha cucreMy mnepeMerieHus BaJKOB IIPO-
KaTHOI'O CTaHa, B KOTOPOH IpUMEHAIACh KBaJpaTuiHas oOpaTHas CBA3b, obeclednBalonias
MaKcHMaJIbHOEe OblcTposeiicTBre. AHATOIMYHBIR IPUHINAI OBLI IPUMEHEH HECKOJIBKO MO32Ke
B aBTOMATHYECKOM IOTEHIHoMeTpe, BblryckaemoMm onnoit u3 ¢pupm CIIA. Sarem nosasu-
JMCh TeopeTndeckue paborbl. B 1953 1. 6b10 BBemerno [2.28] obilee moHATHE ONTHMAJb-
HOTO TIpollecca B N -MePHOM MPOCTPAHCTBE COCTOAHNH (N -MepHOM ($Ha30BOM TIPOCTPAHCTBE )
U JJOKa3aHa TeopeMa 00 n-mHTepBasaX HePeKIIoUeHIs ONTUMAIBHOIO 10 ObICTPOICHCTBUIO
nporecca. DepBasd MyOIUKAIMA M0 TPUHIHITY MakcuMyMa [2-29] TakKe cofeprKaia (BblCKa-
3aHHbBIT B (popMe THIOTE3Dl) MPUHIIUI, BEAYIIHH K PElreHnio obIeil 3agadi 06 onTHMal b-
HOM II0 OBICTPOAEHCTBHIO IIPOrpaMMHOM yIIpasjeHun. B mociegyroliue rojbl IOABUIOCH
GouIbIIIoe YUCI0 paboT, OCHOBAHHBIX Ha IIPUHIHUIE MAKCUMyMa, B KOTOPBIX IPUBOAATCH pas-
JIMYHBIE CIOCOOBI MOCTPOCHUS ONTHUMATIBHOIO 110 OBICTPOAEHCTBUIO CHCTEM IPOIPAMMHOIO

YIIPpaBJIEHNA, a TaKzKE€ CUHTE3Y TaKUX CUCTEM.

2.2.1 D pUHOUI MAKCUMYMAa JIJIfl ONTUMAJbHbBIX 10 OBICTPOAEIICTBUIO CUCTEM

Bagaqa onpegejeHnd OIITUMaJIbHOI'O I10 6bICTpO,D;GIL/'ICTBI/HO IporpaMMHOIO yIIpaBJI€HUA

COCTOWT B HaXOYKJIEHUHU yrpanieHnil u € U, npm KOTOPHIX 00bEKT

X = @(x, u) (2.2.1)
nepeEBOANTCA N3 COCTOAHMA

x(to) = x© (2.2.2)
B COCTOAHUEC

x(t) = xW (2.2.3)

(X(O), xW) u ty - samamsr, a t; - HEH3BECTHO), TIPH ITOM (DYHKITHOHAT

t1
J = /dt — 1 —t (2.2.4)
to

IpUHUMaeT HarnMeHblllee 3HadeHue.
Omnupasicb Ha Teopemy 2.1.2 MpuWHIWITA MaKCHMyMa, BbIBEJIEM HEOOXOIMMBbIE YCJIOBUA
ONITUMAJBHOCTH IO OBICTPOEHCTBHIO.

U3 (2.2.4) crenyer, 910 ¢o(X, u) = 1, u nosromy
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H(Xv ’(:bv ¢07 u) =@ + inig«Qo(X, u).

Beonsa ¢pymkmnmo

H(x, ¢, u) = iWo(X, u), (2.2.5)

samuiieM (2.2.1) 0 conpAKeHHYIO CHCTEMY B BHJIE

. oH, . ‘

;= 901 (1=1,n); (2.2.6)
- ot .
O = — oz, (1=1,n) (2.2.7)

Dpu puUKCHpoBaHHBIX X W ¥ i craHoBuTca dyHKIEedr u. ObosnaTmm

Ml(Xv ’(:b) = maX(Xv ’(:bv u)‘

welU
OueBumno, aTO

M(Xv Qb) = Ml(Xv ’l,b) — ¢o.

Takwm obpasom, Heobxogmmoe yciosue (2.1.15) mad onTHMAIBHOCTH 1O OBICTPO/IEH-

CTBUIO ITPUHUMAET BUJT

max Hl(X, ’(,b, U) = qbo (qbo S 0) (228)

uwel
dpumep. OnTuMasibHOe ynpaBjeHUe B cucTeMe ’TeHepaTop-ABUrarejb’ . Jac-
CMOTPHUM 3aJady 00 ONTUMAJbHOM MO OBICTPOAEHCTBUIO MPOTPAMMHOM YIIPABIEHUU B CH-
creMe "TeHeEpaToOp - ABUTATEID .
D penebperasg JTUHAMUIECKUME TPOIECCAMy B OOMOTKAaX BO30YZKJI€HWA IBUTATEH W Te-

HepaTopa, 3amuineM ypasrerus (1.1.18), (1.1.19) npu Ty =T, = 0 B BHIE

. _ 2
T = 29, T2 = arpr(ur)uz + azxaus. (2.2.9)

Tpebyercs sammcaTh KpaeBylo 3ajJady NpHHIMIA MaKCHAMyMa JJIA ompeaeneHns (pyHK-
it uq(t), wue(t) (ymomrersopsionnx HepasencTBam |ui(t)| < uf, |ug(t)| < uj, mpu KoTO-
PBIX BaJl IBUTATENIs TOBOPAaYMBaETCA U3 3aJaHHOTO MOJOKEHUA T, T20, B APYToe 3aJaHHOe

ITOJIOZKEHUE T11, T21 3a HAUMEHbIIIEE BpEMA.

Oyuknua H; uMeeT B paccMaTpuBaeMOM cJIydae BH/I

Hy = ¢1(1)xy + do(t)(arpr(ur Jus + azpau3), (2.2.10)

B Heli BCIoMoraTesibHble mepeMerHble (1) 1 13(1) yI0BIETBOPAIOT ypaBHEHNAM

OH,
81'2

b = =0; ¢y =— = —¢1 + aydul. (2.2.11)

B 8:1;1

34



Ypasaenus (2.2.9) ... (2.2.11) obpasytor KpaeByo 3ajady MPUHIATA MAKCHMyMa JJId

OIITUMaJIbHOI'O 110 6bICTpO,D;GIL/'ICTBI/HO YIIpaBJIEHNA.

2.2.2 JluHeliHble 00'bEKTHI

DaccMOTPUM BarKHbBIH I TPAKTUKH TaCTHBIN cIydail 3aJatn 06 ONTHMaIbHOM OBICTPO-

JeficTBrm, Korja ypasaenns (2.2.1) obbekTa JTUHEHHB H HMEIOT BHI

x = Ax + Bu. (2.2.12)

B stom ciyuae dynkima

=1

H1 = qul(t) Z W57 5 + Z bzkuk . (2213)
7=1 k=1

Conpszkentas cucrema (2.2.7) 3aMMchlBaeTCA TaK:

O anr D bk .
hilt) = =3 — = & =—ayo; (i =Tn) (2.2.14)
7 =1

7=1

,ZLJIH JMHEHHBIX 00beKTOB IIPUHIOUII MaKCUMyMa ABJIA€TCA HE TOJIBKO H606XO,ILI/IMBIM, HO
1 JOCTaTOYHBIM YCJIOBHUEM ONTHUMAJBHOCTH IIO 6bICTpO,D;eIL/'ICTBI/HO. B coorBercTBUE C (228)
OJ1A OIITHUMAJIbHOCTH YIIPpaBJIEHM A H606XO,ILI/IMO 1 JOCTaTOYHO, 9ITOOBI beHKH;I/IH (2213) npu-
HUMaJla HanOoJIblllee 3HaYCHIE Ipu OrpaHUIYCHHOM U. DTa beHKH;I/IH AOCTUTa€T MaKCUMYyMa,

eCJIn

m n m n

k=1 Li= luk (2)[ S k=1

1=

Opu m =1 u orpanwdennn |u(t)| < u* 370 ycioBue mpuMeT BH

o(t)u(t) = |u£ﬁ§u* o1(t)u, (2.2.16)

n
rae o4(t) = g bidi(t).
=1
9 e06XOAMMBIM YCIOBHEM SKCTpEMYyMa BCAKOM TJlaIKoil pyHKINH, 3a,JaHHO B OTKPBITOI
00JTacT M3MEHEHHUA ee apTyMeHTa, ABIAETCS PAaBEHCTBO HYJIIO e IPOU3BoaHoM. Hcmm dpyHK-
nus 3aJaHa B 3aMKHYTOIl 00JIaCTH, TO ee SKCTPEMYM MOZKET JTOCTHTAThCA KaK BHYTPH, TaK M
Ha rpaHHIe 3Toil obnactu. B paccmarpmBaemom ciyuae dpyaxnus Hyy = oju — nuHeliHas
OTHOCHTEJBHO U, €€ IIPOM3BOJHasA He 3aBHCUT OT U, W IO3TOMY €CJIM Ha U He HaJ0KEeHO
orpaHHYeHNe, TO HE CYIIEeCTBYeT TOYKH U, B KOTOpoil pyHKImA [y, JocThraer skcTpemyMa.

*, u*] usMenenus me-

Ecau dyukuus H; paccmaTpuBaeTcss B 3aMKHYTOM HHTepBale |[—u
peMeHHOH w%, TO B 3TOM WHTepBaJie OHa JOCTHTAaeT MaKCUMyMa M MUHUMYMa Ha I'PaHulax

mwaTepBata (puc. 3.1.1).
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CrparmmBaercs, KaKOBO Ke JIOZKHO ObITb u, 9100l dbyHKIMA H; mgocTturaza MakCH-

myma?! Kax ciemyer us puc. 2.2.1, u omupemessercs BbIpaskeHHEM

A Hs AHy

-u* Ly ‘U _u-n' Uty

9y ot

L6>0! ony_
u 6?} 2u =6,<0

Suc. 2.2.1
..o
u=u"sigh —— = u" sign oy.
ou

9TO BbIpazKEHNE CIIPpABEAJINBO AJId KazKA0T'0O MOMEHTAa BPEMEHN, U ITO3TOMY OIITUMAaJIbHOE

YIIpaBJIEHUE MMeEET BUJT

u(t) = u* Sigﬂibi1¢i(t). (2.2.17)

Bossparmasics k obimemy ciydaio (m > 1), 3aMedaeM, 9TO KayKJafd COCTABJIAFONIALA
ur(t), ..., un(t) BeKTOpa u W3IMEHAETCA HE3ABUCHMO OT OCTAJbHBIX COCTABJIAIOIINX, TO-

sTomy (2.2.15) BBITONHAETCH, eCTn

Takwum 06pazoM, Ui THHEHHBIX 00bEKTOB MPUHIIAIT MAaKCHMyMa JaeT ABHBII Brj (2.2.18)
ONITHMAaJIbHOTO YIIPABIEHN, a KpaeBas 3aj1ada COCTONT B OTIpeleseHnt BeKTopa ¥ (o), TpH

KOTOPOM pemeHnd CuCTEMbBI

x = Ax + Bu; (2.2.19)

e = ujsign By (k=1,m) (2.2.20)
(B[’k] — k-7olil cTosben Marputsl B);

P =—Ay (2.2.21)
VJIOBJIETBOPATOT KpaeBbiM yeaosuaMm (2.2.2), (2.2.3).

BamMeTnM, 9T0 KOPHU XapaKTePHCTHIECKOTO ypaBHeHnds oobekTa (2.2.12) 1 conpsaKenHOi
cucreMpl (2.2.14) paBHbL O MOJIYJIIO, OJHAKO MPOTHBOMONOKHBI 110 3HaKy. JleficrBurenbho,
XapaKTepUCTHIeCKnil TonHoM obbekTa nMeet By det(Fs — A), a conpszkennoii cucrembr
umeer sug det(FEs + A’), w ecam, nanpumep, oObeKT aCUMITOTHIECKH YCTOHYUB, TO CO-

IpdazKE€HHad CUCTEMa HeyCTOﬁqHBa. 9TO IIPUBOAUT K TPYAHOCTAM IIpW YNCJIIEHHOM pEIIEHNN
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KpaeBoil 3agaun. B cBs3n ¢ 3TuM ObLIM paspaboTaHbl ClenHaNbHble METOIbI (M3I0KEHHbIE,
HampuMep, B [2.30]) permenns KpaeBbix 3agad Ay cucremsl (2.2.12) ... (2.2.15).
TpynHocTn perienns KpaeBoii 3agaqu mia cucrembl (2.2.12) ... (2.2.15), K KoTOpoii cBo-
IUTCA 3a7a9a 06 ONTHMaJbHOM IIPOIPAMMHOM YIpaBJIeHHH IIPH MCIIOIb30BaHAN TPUHIIAIA,
MaKCHMYyMa, IPUBEJIH K pa3paboTke HOBOro MeToja [2.6], mpemioxkentoro 9.9 . Kpacosckum.
DTOT METOJ| CBOAUT 3ajady 00 ONTHMaJbHOM IPOrPAMMHOM YIIpaBJeHUH B JUHEHHBIX CH-
creMax K TakK Ha3bIBaeMOil npobaeme MOMEHMO6, H3ydaeMoil B (DYHKIMOHAJIBHOM aHaJIH3e.

Dpumep. DycTh 0OBEKT YIIPABJIEHNA ONMUCHIBAETCA YPaBHEHIEM

¥ 4dyi + diy + doy = bu. (2.2.22)

Tpebyercsa onpenennTs (GYHKINIO yIpaBieHusa (), yIOBIETBOPAIONLYIO HEPABEHCTRY

lu(t)| <1, KoTopoe TMEPEBOIUT STOT OOBEKT U3 COCTOAHUA

y(0) = yi0; 9(0) = yao; H(0) = yao (2.2.23)

B HYJIEBOE TTOJIOZKEHNE

y(t1) =9(t) = §(t) =0 (2.2.24)

3a MUHUMaJIbHOE BpEMA.

Beons obosuauenus x; =y, v =y, 3 =Y, b= bsy, 3amnineM ypaBHenne oObeKTa B

dopme

$'1 = T9; J:’z = I3; j/’g = —dgl’g — dll'z — dol’l + bglu. (2225)

PyHKITA

H1 = qbll'z —|— qbzl'g —|— qbg(—dgl’g - dll'z - dol’l —|— 631U), (2226)

a compsKeHHad cucreMa (2.2.14) numeer B

b1 = dods; by = —d1 + didhs; b3 = —by + dais. (2.2.27)

N3 (2.2.26) 3akmovaeM, 9T0 HCKOMOE ONTHMAJbHOE yTIpaBJIeHre HMeeT B

Dasperrias MOCJIEIHIO CUCTEMY TpPeX ypaBHEHWH OTHOCHTETHHO 3, TOIydIuM audde-

PEHINAJIBHOE YpaBHEHNE

— by Hdyds — dyds + dods = 0 (2.2.29)

Nt onpefenenns GyHKIuA Ps(t) .
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2.2.3 Teopema 06 n-uHTepBaax

N3 (2.2.18) crenyer, 910 KakKjad W3 KOMIIOHEHT ONTHMAJIbHOTO YIIPABJIEHUA TTPEICTa-
BJIET CODOI KYCOTHO-TTOCTOAHHYTO (DYHKITHIO, TOTKAMHU Pa3pblBa KOTOPOIl ABIAIOTCA TOIKH

obpallieHus B HYJIb (PYHKIHA

O'k(t) = Zj;bqubz(t) (k = L—m)

Da puc. 2.2.2 mpuseser rpaduk, H3MEHEHNA BO BpEMEHN OJHON W3 STHX PYHKIAI.

Ut}

« N

Uk

n
Blt )=Z='bi,(%ft}

t ty 13 1y

to

—-j1¥
Uk "

Duc. 2.2.2
Kazxkayto TouKy paspbiBa ONTHMaIbHOTO yIIpaBaeHns Oy1eM Ha3blBaTh TOUKOH MepeKIo-
uenus. YHcI0 TepekToUeHIH Kaxaoro us yrnpasienuit uy(t) (K = 1,m) onpenensercs
uncaom Hyseit dbyrkmun o(t) (k= 1,m) u moxer 6bTh ouenb Gompmmm. CyrecTsyer,
OJTHAKO, OJMH BazKHBIH CIydaii, KoTJa YUCI0 MEepeKII0YeHnr STHX yIIpaBJIeHui JOmyCcKaeT

TOYHYIO OLICHKY. 9TOT Cﬂyqaﬁ COCTaBJIAET COOEPZKAHNE TEOPEMbI 00 n -MHTEPpBaJlax.

Teopema. (06 n-unTepBasiax) Fcim KOpHH XapaKTepUCTHUECKOIO yPaBHEHUA 00b-
exTa (2.2.12) neficTBUTETBHBI, TO THCJIO MEPERTIOUERNI KaK/J0T0 U3 yIpaBaennii uy (1),

.+, Uy (1) He mpeBbITaer n — 1.

Dpu JoKa3aTeSbCTBE TEOPEMbBI OTPDAHWINMCSH JJIA IIPOCTOTHI CiaydaeM n = 3, m = 1.
Kpowme Toro, 6ymem mosarath, 9T0 00bEKT YIPaBIeHH:A ONUCbIBaeTcsa cucTeMoil (2.2.25),
IIPH 5TOM KOPHE ypaBHeHHs s° + dys® + dys+ dy = 0 obbexta (2.2.25) monmapHO pasIHIHEL.
OHako TPUBOANMOE HUKE JIOKA3aTETbCTBO TOJHOCTHIO MOBTOPAETCS JIJIA OOIIEro CIydasi,
OIHUCAHHOTO TEOPEMOI.

Obosmaamm qepes —Ay, —Ay, —A3 — KOPHH XapaKTePUCTUIECKOTO YpaBHEHNA O0bEKTa.
Torma oueBWIHO, UTO KOPHHU XapaKTEPHUCTHIECKOTO MOJWHOMa ypaBHeHus (2.2.29) paBHBI
A1, Az, As, H, caeoBaTenbHo, GYHKINA 5(t), ABIAIOMIAACA PEIIEHHEM STOTO YpaBHEHN,

nmMeeT BH

ng(t) = kleMt + kze/\2t + k3€/\3t, (2230)

e ki, ko, ks — HOCTOAHHDBIE HHTETPHPOBAHMSA.
DOCKOTBKY Tncso KopHel (HyJseil) dbyHKImn ts(t) ompemenser Iucao MepeKTIoTeHnn
ONTUMAJTHFHOTO YIPaBJICHUA, TO TeopeMa Oyjer JoKazaHa, eCJH CIPaBeJInBO CJeIyolee

yTBepIKIeHIe.
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YrBepkaenue FEcau A, A3, A3, — monmapHO pa3iantvHble AefCTBATENbHBIE THUCIA, TO

dbyurmma (2.2.30) He MoxKeT WMeTh Gostee IBYX IeliCTBATENbHBIX KOPHENL.

Mt — () pe

HokasareqbcTBo. Dpu n = | yTBepKiueHne clpaBeinBo (ypaBHeHWe €
MMeeT JefCTBUTENbHBIX KOPHE(T). D PennonoKnM, IT0 YTBEPKIEHNe JOKA3aHO JIIA CIyTasd,
Koryia B (2.2.30) mMeeTcs JIMIID JBa CTaraeMblX, U JOKasKeM ee JIJIf TPeX CJaraeMbiX.

Homycrum nporusroe, aro dyakmua (2.2.30) wMeer He MeHee Tpex JeHCTBUTENbHBIX

—Ast
Y

KOpHell. YMHOXKUB ee Ha e MOy IuM (PYHKITHIO

KOTOpasd TaKyKe MMeeT He MeHee TpeX JIeficTBUTeNbHBIX KopHeil. 13 MmaTemaTnieckoro ana-
an3a (TeopeMa Do) CIAeLyeT, 9TO MeXKIY ABYM#A JeHCTBUTENbHBIMI KOPHAMA (DYHKIHN
JIEXKUT TO Kpalikeil Mepe ofwH KopeHb ee mpowsBogHoil. (Jre1oBaTesibHO, TTPONU3BOIHALA
dbyukmm (2.2.31) uMeeT He MeHee IBYX JeHCTBUTENbHBIX KopHeil. C ApyToil CTOPOHbI, ITa

IITPOU3BOJHAA OIIPENETTACTCA BbIPpazKEHNEM

k(A — Ag)ehim2a)t o pe(amdalt ) Aoy, (2.2.32)

B KOTOPOH 4mciaa Ay — A3 B Ay — A3 TOMapHO pas3jIMdHbI, W, CJIE€JI0BATETHHO, OHA WMEEeT
He GoJtee OJIHOTO JIeHCTBUTENBHOTO KOPH#A (BBIIIIE TOJArastoch, 9TO yTBEPKIEHNE JTOKa3aHO
i caydas, Korga (2.2.30) comep:KuT MeHee Tpex cJaraeMbix ). O oIydeHHoe TPOTHBOPETHe

AOKa3blBa€T YTBEPZKICHUE U TEOPEMY.

2.3 MeTon nuHAMNYECKOTO NPOTrPaMMUPOBAHUA

B naTupecaTsix rogax HapALy ¢ 3ajadaMu ONTUMAJbHOIO YITPABJIEHNA B TEXHUKE BO3HU-
KJIH 331271 00 ONTHMAIhHOM YIIPABIEHUHN B SKOHOMUKE, YIIPaBJEHNN BOfCKaMK 1 T.J1. (3a-
Jadu o0 YIpaBIeHHH 3aacaMil, PECYPCaMi, COCTaBJIeHNe PACTIHCAHIIT, OPTaHN3AINA ThLIA).
Onn me gomyckaan 3(HEGEKTUBHOTO TNCIEHHOTO PEIIEHNA Ha OCHOBE CYIIECTBYIOIIIMX METO-
JTOB. DTO TPUBJIEKIO BHUMaHWE MAaTEMATHKOB K STHM 3ajadaM. ) PHU ITOM O0HAPYKHUIOCH,
ITO MPOIECC PEIeHNs MHOTHX U3 HIX MOYKET OBITh IIPEICTaBIeH KaK HEKOTOPBIH MHOTOILIA-
HOBBII TIPOITeCC TPUHATHSA PEIlennii. DTa KOHIENNA oIy nia Ha3BaHue memoda dunamu-
YECKO20 NPOZPAMMUPOSARUA, UTO O3HaYaeT NIPUHATHE PelleHrnit BO BpeMeHH.

OcHoBy MeToma JWHAMHWTECKOTO TPOTPAMMHPOBAHUA, Pa3pabOTAHHOTO aMepPHKAHCKITM
MaTeMaTHKOM 3. DesimanoM [2.20], coCTaBIseT npuHuun onmumaibHoOCmu, UCIONb3Y s KO-
TOPBIH BRIBOAAT (PYHKIINOHAIBHOE YpABHEHUE METOIA. JEIEHIe STOTO yPABHEHIA TTPUBOIUT

K CHHTE3Y ONITUMaJIbHOI'O YIIpaBJICHWA.

2.3.1 D puHIUO ONTUMAJbHOCTHU

DaccMoTpUM 3a/1aTy 00 ONTHMATHFHOM CTAOMJIM3UPYIONIEM YIIPABIeHUH. DYCTh JaH 00b-

eKT yIpaBJeHnd, ONUCbIBaeMblil ypaBHEHUAMUI

39



x = @p(x, u, t). (2.3.1)

Tpedbyercs HaliTh 3aKOH yIpaBIeHIA

u=r(x, t), (2.3.2)

9T00bI Ha JBMKeHHAX crucreMbl (2.3.1), (2.3.2), Bo30YKIE€HHBIX MPOU3BOIBHBIMI HATAb-

HbIMU OTKJIOHEHUAMN, MUHUMHU3UPOBAJICA beHKHI/IOHELJI

t1
J= /¢0(x, u, 1) dt. (2.3.3)

to

Dpu 3TOM Ha yupasiaenus (2.3.2) Hamoxenbl orpanudennsa u € U. Jlna onpenenernnoctn

qacTO 6y,IL€M moJjyiaraThb, 9TO

—up < ug(t) < ug, (2.3.4)

rae u; (k=1,m) — 3agannble Tncra.

OTmernm, 4TO 3Ta 3ajada ABIAETCA BapUAlMOHHOH 3ajadeil co CBOOOJHBIM ITpaBbIM
KOHIIOM M (PUKCHPOBAHHBIM 1.

JII TIpOCTOTHI U3JI0JKEHWS ITPUHIIAIIA ONTHMAJIbHOCTH OTPAaHMYMMCH TaCTHBIM CIYIaeM
5TOi 3aga1n, Korga n = 2, a m = 1. B srom caygae ypasuenns (2.3.1) n (2.3.2) mpumyT

B
21 = pi(x1, T2, u, t); Ty = @a(T1, T2, u, t); (2.3.5)
u=r(xy, v, 1), (2.3.6)
a dyukmmonasn (2.3.3) 3anumIeTcs, ecam OmyCTUTD JIIA TPOCTOThL { B (g, Kak
t1
J = /c,oo(xl, Tq, u) dt. (2.3.7)
to
Depexois K NPUHIAILY ONTHMAJLHOCTH, JOIYCTHM, 9TO ONTHMa/IbHoe yipasiaerue (2.3.2)
Haiieno. DTOMY YIPaBICHHIO COOTBETCTBYET ONTHMaJbHasds Tpackropus w1(t), x2(t), Ko-

TOPYIO MOKHO BBIUHCIUTD, HOACTaBIAA B ypaHenus (2.3.1) dpyukimio (2.3.2) u uHTErpUpy A

(2.3.1) npu HeKOTOpOM HadaabHOM ycaoBun 1(lg), x2(fp). DTa TpaekTOpUA MpUBEIEHA HA
puc. 2.3.1.
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Xz

Suc. 2.3.1.
OTmernM KaKyo-1mbo TOUKy ' Ha ONTHMAaJbHON TPaeKTOPHH U Ha30BEM yYacTOK Me-
way Touxoit (0 = {x(lg), xa(lo)} mroukoit @’ = {x(1'), xo(1")} nepsbim (TpaexTopus 1),
a yqacTok Mexay toukamu &’ = {x1(t'), x5(t')} m 2 = {z1(t1), x2(t2)} HazoBeM BTOPHIM

YVIaCTKOM TPaeKTOpuH (TpaeKTopus 2).

BPUHIUN ONTUMAJTBHOCTHU: HE3aBUCHMO OT TOTO, KAaKUM MyTeM cucteMa (2.3.5) mo-
crurniaa B MoMeHT Bpemernn 1’ touxm {x1(t'), x2(')}, ee onTUMaTBHBIM MOCTEIYIOMIINM

JIBU2KEHUEM OYJIeT TpaeKTopus 2.

Hpyrumu ciioBaMu, BTOPOH yIaCcTOK ONTUMAJbHOU TPAEKTOPUHU ABJIAETCH ONTUMAJBHOM
TpaeKTopHeii. DTo O3HAYAET, UTO €CAM CHCTeMa, Hadap apikenne n3 toukn (0), okasa-
Jlach B MOMEHT BpeMenn 1’ B Touke 2/, To oNTHMaJIbHOE JBUKEHHE U3 ITOH TOUKH OyJeT
COBIIAJATh C TpaeKTopueit 2.

!

O6OCHOBELHI/I€ IIpuHONUIIA ITOYTH OY€EBUIAHO. ﬂeﬁCTBHTeHbHO, IIyCTh IBUZKEHUE N3 TOYKU T

IPOJIOIZKAETCS He 110 TPAeKTOPHH 2, a 1o TpaeKTopruu 2’ W MpHU 3TOM JIBHKeHUH (pyHKIIMOHA

t1
J = /c,oo(xl, Tq, u) dt.
t/

MpUHUMaeT MeHbIllee 3HavdeHne, deM Ha TpaekTopuu 2. Torma sHaderme GyHKIMOHATIA
(2.3.7) na Tpaekrtopun 1 — 2’ GymeT MeHBIINM, TeM Ha TpaekKTopun | — 2. D10 MpoTH-

BOPEYUT IIPEAITOJIOZKEHNTO 00 ONTHMaJIbHOCTH .

2.3.2 PyHKHUOHAJbHOE YpaBHEeHUE

9€CMOTpH Ha ITO4YTH O“IGBI/I,I];HI)IIL/'I7 SBpI/ICTI/IquKI/Iﬁ XapaKTep MpuHOUIIa OIITUMAaJIbHOCTHA,
OH HMeeT CBOMM dJjleJCTBHUEM JaJICKO He OYe€BHIHOE beHKHI/IOHELJIbHOG YpaBHEHHE. 96pe—
X0oJd K €ro BbIBOAY, BBEIEM 0bo3HATCHUA JJIA 3Ha4YeHUNA beHKHI/IOHELJIEL Ha OIITUMaJIbHbIX

TPaeKTOPUAX:

t1

olaalto). walto), )= min [ coler(0), wa(t). u(n)] di

t1

vz (t'), z2(t'), '] = min /c,oo[xl(t), xo(t), u(t)] dt;

u(®)|<u
I
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Dpencrasum (nosaras ' =ty + 7; T — JOCTATOTHO Masoe 9nciao) GyHKunorax (2.3.7)

B (hopme

to+7 t1
[ eolea(t), sty wt] dit [ golaa(t), walt), u(t)] de.
to to+T

Jlonmycrnm, 9To onTHMaabHOE yIpaBJIeHHe Ha BTOPOM y4acTKe M3BECTHO. 3HadeHHe, KO-
Topoe TpuHAMaeT (PYHKINOHA ONTHMU3AIUK TPH IBUKEHAHN 110 STOMY YYacTKY, OIIpe e -
ercs BbipakenneM v[ry(t'), x2(t')]. Da ocHoBe MpHHIIUTA ONTHMATHHOCTH MOYKHO 3alHCaTh

yHKIIMOHATHHOE ypaBHEHIE

lu(to)|<u*

totr
viri(to), x2(to), to] = min { / wolr1(t), w2(t), u(t)] dt +vjxi(to+ 7), x2(to + 7), to + T]} )

to

YUauThIBas MaJIOCTh 7, IMOJIYyHIUM

vixi(to), x2(to), to] = |u(lgl)i|12u* {po[z1(to), x2(to), ulto)]T + v[zi(to+ 7), 2(to +7), to+ 7]}
B (2.3.8)

MunumMusupy st Boipazkenue B bUrypHBIX CKOOKax 1Mo u(tg), MosyduM onTHMaIbHOE yIpa-
BJIeHMe Ha mepBoM ydacTke. OQHAKO B 9TOM BbIpazkeHnu (bYHKIMA v Hem3BecTHa. B cBsA3n
¢ 9TUM Tpeobpasyem (2.3.8).

Ucnionbsysa paziioxkenne B pan Teitopa, momyanm

Ly

ot |,_ "

zi(to+7) = xi(to)+ T4o01(7) = x;(to)+tei[x1(to), xa(to), ulty), to]r+ou(r) (1 =1,2).

viri(to + 7), x2(to + 7), to+ 7] = v{z1(to) + @1[r1(to), x2(to), ulto), to]T + 01:,(7), x2(to)+

+palzi(to), x2(to), u(to), to]T + 012(7), to + 7} = v]z1(to), x2(to), to]+

ov

—I'a t=to 991[$1(t0)7 xQ(tO)v u(to)v tO]T—I_
1 $1=$1E§0;

za=z5(to

Jv Jv
Fo—| = pafrilto), wallo), ulto), to]T+ =~ | =t T+ o03(7),
al’z z1=27 (tg) Ot | 21==1 (1)
@y=23(tg) @y=23(tg)
rae lim 93(7) — 0.
T—0 T
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DojcraBiAg ST Bbipaykerusd B (2.3.8), mosmyTum

vlz1(to), za(to), to] = (gl)llgu {wolzi(to), x2(to), ulto)lT + v[zi(to), xa2(to), to]+

2 ov
+Z:8:1:¢

=1

t=tg T+ 03(7’) .
z1=27(tg)
zp=x3(tg)

0
s 0 0 ), 7+

Cokparmas v[xi(to), x2(fo), to] B 00eNX TacTAX paBEHCTBA W MOJETUB PE3YJIbTAT HA T,

IIOJIYYMM IpUA T — OO

ov
ot

x1 =21 (to) [u(to)|<u*
za=z3(tg)

= tO = min {990[51?1(t0)7 z(to), u(to)]+

Y

YauTeiBasd, 9TO TOTYT€HHbIH Pe3yIbTaT CIpaBeTuB A 00X x1(tg), x2(to), to, omy-

=to wilr1(to), x2(to), ulto), to]}.

@1 == (tg)

€y
@y =5 (tg)

crum utgekc '0” u 3amuimem

B dvlx(t), xa(t), t]

ot
(2.3.9)
2 Ovlzi(t), wo(t), 1]
(i) S {990[1'1( ), x2(1), u] +; Dz, pilzi(t), xo(t), u, 1]
B obmem cayuae, korma n > 2, m > 1, 5To ypaBHEHHE HMEET B
ovlxy, ...,z 1 )
— [21 T ] :uhug{l}gne[]{@o[ajl,...,xn, ULy ooy U]+
(2.3.10)

Ve, .y, €
‘|‘Z ! ]S‘Qi[wla"-vxnv Ul,---7um]}-

dx;

Ecau nsBecTHO, 9TO ONTHMAThHBIE YIIPABIEHUA HAXOIATCA BHYTPU MHOXKecTBa [/, jinbo
ecTi OpPAHWTIEHN A MOJOOHOTO pojia BOODIE OTCYTCTBYIOT, TO ypasHerue (2.3.10) MOXKHO

IpeacTaBUTh KaK COBOKYITHOCTbD ypaBHeHI/Iﬁ B 9aCTHBIX ITPOMU3BOAHDBIX!

0
_6_7; = Qo[T1y ey Ty Upye e ey Uy ‘|‘;a—::99i[$17---7$n7 ULy ooy U,y L (2.3.11)
OPo[T1y oy Ty Uty e ey U] 200 Opilar, . Ty, Uty ey Uy, L
il =0(k=1
(2.3.12)
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Taxkum obpasom, miis pelieHud 3aJa7 00 ONTUMAJIbHON CTAOMIN3allnT HEOOXOIUMO pe-

UIUTH, TP KPAEBBIX YCIOBUAX

olei(ty),. . zaty), ] = 0, (2.3.13)

crieninuIecKoe ypaBHEHNe B JaCTHBIX TPon3BoAHbIX (2.3.10) smbo cucremy w3 m—+1 ypas-
HeHW B 9acTHBIX mpon3Bodabx (2.3.11), (2.3.12). B pesyibrare petienuns sTux ypaBHeHHIT
IOJTy MM HCKOMbIE ONTHMAaJbHbIE YIpaBIeHus uj = U(T1,...,T,,t), te (k = I,m), u
dbyuRIIIO V(T1,. .., T, 1), KOTOpPadg TpH X; = T, = 1o ABIAETCA HaHMEHBIITNM 3HaTe-

H1eM beHKHI/IOHELJIEL OIITUMM3alll11

t1
U(l’lo, L2205+ - - ,l’no,to) = /gﬁo(l’l, R I 0 R um) dt, (2314)
to

ecJIM BBIIONTHATOTCA Kpaebble ycaosus (2.3.13). JleficTBurenpro, mycTh onTHMAJIbHbBIE YIIPa-
BJIEHUA ompejiesienbl. lTorma, BIOJb ONTUMAIbHBIX TPAEKTOPUI W yIpaBJIeHWi, YypaBHEHWE

(2.3.10) mpumet BHI

Ov(xy, ... x5, 1) "L 0v(x1, ..., Ty, t)
— zgoo(xl...xnul...um)—l—z Gi( X1y ey Ty Uty e oy U,y 1)
at 2 2 2 2 2 221 axZ 2 2 2 2 2 2
nin
ov(xy,...,x,,t ov(xy,...,x,,t
( 1781‘7 : )—I_Z ( 1761;»7 : )S‘Qi(xlv"'vxnv Uty oo vy Um, t) = _S‘Qo(xl?'"7xn7u17"'7um)'
=1 ?
(2.3.15)
Ou4eBuaHO, 9TO 3TO ypaBHEHHE MOKHO 3allicaTh B OoJiee KOMIAKTHOH (opme
dv(zy,...,Tn,t
( hdt? - ): —0( X1y ey Ty Uty e ey Uy ). (2.3.16)
WnTerpupys ero B nmpegenax or tg A0 ti, 3aKJIO9aeM, 9TO
t1
oler(ty), s an(t) ta] = —/c,oo(:zjl,...,xn,ul,...,um) dt. (2.3.17)
to

YaureiBadg kpaesble yenosus (2.3.13), moxyunm (2.3.14).

Dpu ¢ — 00 Ha ONTHMaJbHbBIE YIpaBIeHHsA HaKJaJblBAaeTCsA JOMOJHATENIbHOE TpeboBa-
HUE acCHMITOTHYecKol ycrofiumBoctu. FEcam dymrmmm ¢ > 0 u vlzry,...,x,] amsa Beex
T1y..., Xy, TO cicTeMa (2.3.1), (2.3.2) acuMOTOTHIECKH yCTOHIHBA.

HeiictBurensHo, ypasrenne (2.3.15) aABadgercsa ypasaernem sroporo Meroga A. M. Jla-
IIYHOBa ¥ [IO3TOMY 1A aCHMITOTHYECKOH YCTONYNBOCTH ONTHUMAJIbHON CHCTEMBI JOCTATOTHO
MOJOZKUTEJNBHO - onpeenaennoil dbyukuun v(xy, ..., T, ), NOJHAL TPOU3BOIHAA KOTOPOI B

ety puddepennnanbubix ypasaennii (2.3.1) orpuiiaTesbHO-ONpe TeTeHHA.
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Takwum 06pazoM, ecotn o X1, ..., Tp, Uty .. Up) > 0 1 ) — 00, TOo GyHKIHA V(X1,. .., Ty,
ULy .oy Uy, t) B YpaBHEHHAX METOIA JHHAMHIECKOTO TTPOTPAMMUPOBAHNA OKa3bIBAETCHA
dyukmneit JIamyHoBa, ModTOMY STOT METOJ MHOTTa HA3bIBAIOT Mmemodom Jlanynosa - Hea-
AMAHA.  3aMeTHM TaKKe, 9TO I aCUMIOTOTHIECKH YCTOHIUBOM ONTHMAJbHON CHCTEMBI
Kpaepoe ycaosre (2.3.13) BhIIONHAETCA aBTOMATHIECKH.

OrmvernM B 3aKiI0Y€HIe, 9TO ecn GYHKIHOHAT onTuMusanin (2.3.3) uMeer Gosee 06-

i BUO

J= /cpo(xl,...,xn,ul,...,um, 1) dt+ vo[zi(Ly), - walty), L], (2.3.18)
To KpaeBoe yciosue (2.3.13) samucpiBaercsa Kak
v[z(ty), ... xalty), ] = vo[zi(ty), ... zalty), ). (2.3.19)

2.3.3 YwucieHHoe pellleHWe 3ada49u yHOpaBJeHUA

Homycrum, 910 yaasoch HallTh B ABHOM (opMe yrpaBieHue, TP KOTOPOM BbIparKeHne

B GUTYPHBIX CKOOKax, Bxojdiee B (2.3.10), qoctruraer MUHEMYMa:

u=u(x, t, v,), (2.3.20)
dv dv
rje V, — BEKTOP ¢ KOMIIOHEHTAMH ——, ..., —.
8:1;1 8:1;n

DoacraBiAa 310 Bbipazkenue B (2.3.10), momyanMm HewHeHOE ypaBHEHHe B TaCTHBIX

IIPOU3BOJHBIX TTEPBOT'O IMMOPAIKaA

ov

—E_QQO(X u(x, t, vy) +Za wi(x, u(x, t, v,),t). (2.3.21)

YucerHoe pelierne TOr0 ypaBHEHWA MpH KpaeBbixX yciaoBuax (2.3.19) mpencrasiser
coboit Gostee TpyIHYIO 3alady, YeM pellleHre KpaeBoil 3aJadd IPUHIUIA MaKCHMYyMa, TakK
KaK TaM pedb IILIa 0 KpeBoil 3aJade JyIsi OOBIKHOBEHHBIX MupepeHnnaapbHbIX ypaBHEHNMII,
a 371eCh O KpaeBoii 3aja4e I ypaBHEHWIT B 9aCTHBIX MPOU3BOJHBIX. DTO yBeJIUIeHUe TPY/I-
HOCTell YMCIeHHOTO pEellleHns eCTECTBEHHO, TaK KaK Ha OCHOBE METOMa JMHAMIYECKOTO IIPO-
IrpaMMUPOBaHMA pelaeTcs Gosee CIoKHaA 3aJa9a CHHTe3a YIIpaBIeHil, TOr1a KaK ITPHHIIAIL
MaKCHMYyMa JIOCTaB/IsgeT yIpaBieHns Kak (pyHKIuW BpeMenu. KcraTn, 3T (pyHKIUH ITOTY-
qaroTcA U MpAMEeHeHIeM MeTo 1 THHaMAIeCKOTO ITPOrpaMMAPOBaHN K 3aa9e 00 OMTHMa Ib-
HOM TIPOrPaMMHOM YIIDaBJIEHHH, eCiu B ynpasaenus ug = ri(zi(t),...,x,(t), 1) (k =1, m)
nojicTaBuTh BMecto x;(t) (i = 1,n) onTHMasTbHBIE TPaeKTOPHH.

s petenns ypasaenns (2.3.21) mpumensioT nsectrble MeToast [2.10], [2.11] permenms
VPaBHEHUH B YaCTHBIX POU3BOJHBIX (pPA3HOCTHBIE METOJbI, METOJ| XapaKTePUCTHK, METOJ
IPAMBIX U T.IL.), OJHAKO MMEETCH CHEeHUATbHBI METOJ MPUOJMIKEHHOTO THCJIEHHOTO pellie-

HUSA 9TOTO YpaBHEHH:A. I)TOT METOJ COCTOUT B 3aMeHe I QepeHna bHblX ypaBHEHHH
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(2.3.1) cucremoit mud pepernmansbHO-pa3HOCTHBIX ypaBHeHHi, a wHTerpasa (2.3.3) - cyMm-
MOIl U B MCIIOJIB30BAHUM T HaXOXKJIEHNUA ONTUMAJIBHOTO JIMCKPETHOTIO YIIPABJIEHUA B TAKON
cucTeMe Ha OCHOBe (PYHKIIMOHAJIBHOTO YpPAaBHEHUHA A JUCKPETHBIX cucTeM. (CobCTBEHHO,
HCTOPUIECKH TaKoe (PYHKIMOHAJIbHOE ypaBHEHWME W OBLIO BIEPBBIE TOJTYIEHO TIPH CHHTESE
OTITUMAJIBHOT'O YITPaBJIEHUA UMEHHO JUCKPETHBIX CHCTEM.

DosipobHOE W3JI0KEeHNEe MeTo/a JUHAMUTIECKOTO TPOrPaMMUPOBAHUA [T JIHCKPETHBIX
cucreM nipusejieno B Jlononnenun 2.

Dpumep DaccMOTPUM OOBEKT YIIPABIEHUH, BOSMYIIEHHOE JBUKEHHE KOTOPOTO OIHCHI-

Ba€TCd B IEPBOM HpI/I6JH/DK€HI/H/I YpaBHEHNAMUI

fl = T9, j/’g = —I + u. (2322)

Tpebyercs Hajitn ynpasierne u = r(xy, X2, t), Takoe, 9T00bI (HYHKITOHA

t1
J = /(qnx? +u?) dt + arxi(th) + ana;(t), (2.3.23)
to
(F,ILG d11, G711, Qg — 3aJJaHHbIEC r{I/ICJI.EL) IIpUHUMAaJI HaMMEHbIIIEE 3HAYECHNE TIPU JBUZKEHNAX

O6’b€KTEL7 B036y)I(,IL€HHbIX IITPOU3BOJIBHBIMNA HaYa/JbHBIMU OTKJIOHEHUAMMU. 9& HNCKOMOE yIIpa-

BJIEHNE HAJIOZKEHO O'paHNYCHUE

u(t)] < 1. (2.3.24)

gepeXO,D;f{ K HCCJIeJOBaHMIO 3TON 3alavdi, 3allnllIeM beHKHI/IOHELJIbHOG YpaBHEHNE METOa

ANHAMWYECKOTO IIPOTrpaMMUPOBaHMA:

dv(xy, 2, t) . [ O0v(xy, g, 1) N dv(xy, xq, 1)

D2s (—x1+u)+ qu:z;f + 2 (2.3.25)

1 Kpa€Bble yCJIOBUA

v[zi(tr), z2(t), t1] = azx®(t;) + agxi(ty). (2.3.26)

Boeiparkenne B GpurypHbIX CKOOKaX .JOCTHTAET MHUHUMYMa, KOTIa

1 Ov(ay, a2, t) 1 dv(xy, a2, t) <1
2 81'2 » e 2 81'2 ’
u=1 1, e _LOVEL T ) (2.3.27)
28 81'2
1 t
-1, ecJIn —5—1)(:1;51527 ) < 1.

9TO COOTHOIIIEHNE BMECTE C YPpaBHEHUEM

Ov(zy, xg, t)  Ov(zy, 29, t)x dv(xy, 2, t)
- = 2
81'2

at 8:1;1

1 KpaeBbIM ycaosreM (2.3.26) obpasyer KpaeByto 3a7ady MeTola THHAMIIECKOTO MTPOrpaM-

(—x14+u)+ Q11$% + u?

MWUPpOBaHWA.
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2.3.4 CBA3b ¢ IPUHIUIIOM MaKCUMyMa

s yeranosienus csasu [2.21] MeTosa AMHAMIYECKOrO TIPOIPAMMUPOBAHES € TIPHHIIH-
OM MaKCHMyMa 3aruiiieM GyHKINoHaIbHOe ypashenue (2.3.10) B HecKoTbKo WHOM opMme.

B cBsizm ¢ MM BBeZeM HOBYIO mepeMeHHYIO T,11 = t. OueBugHO, 9TO

dxn+1
dt

C ytTeToM 5TOro COOTHOIIIEHN, & TAKKE OIEBHIHOTO PABEHCTBA mtin{oz(t)} = meX{—Oé(t)}

= Pt (1, ooy Tty ULy oo vy Uy ) = L (2.3.28)

samuiieM (2.3.10) B Bue

n+1 a

v
max {— ; a—xi% — c,oo} = 0. (2.3.29)

uelU

D PUHIMIT MaKCHMyMa JIJId 33Ja9i 0 MAUHIMYMe dyHKImoHata (2.3.3) Ha casax (2.3.1)

noctaByiger (pu g = —1) yciosue

max {% Vi — } =0, (2.3.30)

uelU

B KOTOPOM t),,11(1) ABIAETCA pellleHneM ypaBHEHUA

. n+1 a ;
Vg1 =— 3 a:f s (2.3.31)
=1 n+1

CpasamBas (2.3.29) u (2.3.30), HETPYAHO 3aMETHTh WX HAEHTHTHOCTH, €CIH JOKa3aTh,

49TO BIOJIb OHTHMﬁﬂbeD(TpaeKTOpHﬁ BBITTIOJTHAETCA PaBEHCTBO

i) = Ol (= T (2.3.32)

96pexogﬂ:K AO0Ka3aTEJIbCTBY 93TOI'O paBEHCTBa, Bb[YUCJIUM

d aU n+1 é) aU ) n+1 aU nt+1 82
7 (7) =S (50) # = S (5 o= Ly e 0 =T D) 33

C apyroit croponst, auddepentupys (2.3.29) no x; (1 = 1,n + 1), momayaum BIOIH

OHTHMﬁﬂbeD(TpaeKTOpHﬁ

9% " dv dy; 8(,90
— P — = 0. 2.3.34
; 6:1@8:1%99 ; dx; dr; O ( )
Ucnonbsys (2.3.33), sanuimemM 570 PaBEHCTBO B BHJE
d {0 D (O 0
Sy ) D D ey s <) (2.3.35)
t 8xj tﬂraxj 8xi 8xj
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CpaBHUBas TO BbIpazKeHWe C CONPAKEHHBIMH ypasHeHuaAME (2.1.6), 3akmoqaeM, 91O

JbyHKIME BpemeHn —6671) u ¥ (t) (1 = I,n + 1) ynosaersopsioT omxuHaKOBBIM jud de-
peHInaTbHBIM ypaBHeHI/If]{M U, caesoBaTeIbHO, 3TH (PYHKIMH COBIAJAIOT MPH OJNHAKOBBIX
HadaJ bHBIX (KPaeBbIX) YCJIOBUAX B STHX ypPaBHEHUAX.

Bamernwm, aro mpu BbiBoge (2.3.35) mcnonabzoBagoch coorHorerne (2.3.34), KoTopoe Hy-
XKjaaercsa B obocHoBaHMM. Jleslo B TOM, UTO paBeHCTBO BblpazKeHHs B (DUTYPHBIX CKOOKax
(2.3.29) mysio He O3HaTaeT PABEHCTBA HYJIIO €€ MTPOU3BOIHOMN, a ITO MOJTAIUBO MPEIOa-
raJjioch mpu BbiBOjEe (2.3.34).

B cBsasu ¢ stuMm paccmorpum (puKcupoBaHHBI MOMeHT Bpemennm { = (*. Jlgs sToro
MOMeHTa ONTHMasbHOEe YIpaBieHne U = u(t*) sApadercsas BekTOpoM wdmces. Jlna Tovek
(hba3oBOrO MpOCTpaHCTBa, He JIEKAIMX Ha ONTHMAJIbHON TpaekTopun, u(t*) yike He Oymer
ONTUMaIbHBIM |, CJIEJ0BATEIBHO, /s STUX TO9eK (PYHKINA B PUTYPHBIX CKOOKaxX BbIpaske-
musA (2.3.29) He Oyger gocrurarh MakcumyMma. Orcioma cieyer, 910 yTa GYHKIHAA JOCTH-
raeT MaKCHMyMa, paBHOTO HYJIIO, JIUIIb B TOYKaX, JeKallluX Ha ONTUMaIbHON TpaeKTOpHH,
W, CJIeJIoBaTeTbHO, YacTHBIE TPOU3BOHBIE paccMaTpuBaemMoil dbyukunn mo z; (j = 1,n+1)
B CHJIy HEOGXOMUMbIX ycioBuil skerpemyma [mo z; (i = 1,n + 1)] obpamaiorcs B HYJIb.
Taxum 00pa3oM, CBA3b MexK/y METOJOM JHHAMUYECKOTO IIPOrPpaMMUPOBAHUA U TPHUHIUIIOM
MaKCHMyMa yCTaHOBJIEHA.

YKaxKeM B 3aK/JI0UeHUE Ha Pa3jindme 3TuX METOJ0B. OHO BbI3BaHO TEM, 9TO beHKHI/IO—

HaJbHOe ypasHeHwe (2.3.29) cofepKUT JacTHBIE TTPOM3BOIHBIE —g—; (i = 1,n), xoropblie
MOTYT He CYIIeCTBOBATH ITO OOCTOATETHCTBO MOYKHO OBLIO ObI CHITATD He 0COBEHHO cyTtie-
CTBEHHBIM, €CJTH OB TTOCJIE PelleHn s (PYHKITHOHATBHOTO YPABHEHUA OKa3aI0Ch, ITO (PYHKITHAA
(21, ..., T, 1) maddepertmpyema mo x; (1 = 1,n). B meficrBurenbrocTn xKe ayist MHOTHX
MPaKTHIECKH BayKHBIX 3aj1ad GyHKIAA U(Xq,...,T,, 1) He ABagercd nnddepeHmmpyemMoit
mo z; (1 = 1,n), n MO>TOMY BO3HUKJIa HEOOXOIMMOCTH JATbHEHINX WCCTeI0BaHN, CB-
3aHHBIX C STUM METOJIOM.

B 1962 r. B.®.Kporos npeminoxun [2.22] npocTbie H0CTATOUHBIE YCIOBU ONTUMATHHO-
CTH, KOTOPbIe OXBATUIM KaK JaCTHBIN caydail pyHKIMOHAThHBIE YDAaBHEHUA METOJA JTHHA-
MUYeCKOTO MPOTPAaMMUPOBAHUA. JTH yCJIOBUA HAILIU IIUPOKOE MTPUMEHEHWE IS PEIeH s
mpakTHIecKnX 3aga4 [2.23], [2.24]. C ucmosb30BaHueM STHX YCIOBHI OBLITH HATAThl HCCITET0-
BaHUsA (DYHKIIMOHAIBHOIO YPaBHEHUSA METO/a [IUHAMHUIECKOTO MPOTPAMMUPOBAHMA. JBLITH
yKa3aHbl JIOTIOJHUTETbHbIE YCIOBUA, HAKIAIbIBaeMble Ha 3TO YpaBHEHWe, IPU KOTOPHIX OHO
IPUBOJUT K CHHTE3Y ONTHMAJbHOrO yipasienus [2.25], [2.26].

Cpasy e 1ocse MOABJIEHUA METOla IUHAMUIECKOTO MTPOTPAMMIPOBAHNA HATATIOCH €T0
[IAPOKOE MIPAKTUIECKOe IPUMEHEHWE JIJId MOCTPOEHNA YIIPABJIEHNA 3aIlyCKOM PaKeT U CITyT-

HUKOB, XUMNYECKUMHN ITpoHeCcCaM, PEAKTOPOM W APYIUMN 00beKTaMH.
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I'maBa 3 AHajuTuveckoe KOHCTPYUPOBAHUE PETyJIATOPOB

B 1960 r. mosBmiiach pabora COTpyIHWKAa WHCTUTYTa aBTOMATUKW W TejeMeXaHwKu AD
CCCD, npodeccopa A. M. Jlerosa [3.1], B KoTOpPOii GbLIO MOTYUYEHO AHAJIUTHICCKOE PEIlie-
HIe 3329l 00 OMTHMAJThHON CTAOMJIN3alNy JTUHEHHBIX CTAllMOHAPHBIX OOBEKTOB TIPU KBa-
npatuaHOoM (DYHKIHMOHAJIE KadecTBa. JTa pabora Osarofapd ACHOM MOCTAHOBKE 3ajadu W
KOHCTPYKTUBHBIM PE3yJIhbTaTaM ABUJIACh UCTOTHUKOM OOJIBITIOTO THCIa MyOanKanuil mo cuH-
Te3y PETyIATOPOB JUIA PA3TUIHBIX KJIacCOB 0ObEKTOB (JIMHEHHBIX HEMPEPBIBHBIX, THCKPET-
HbBIX, C 3ala3jblBaHneM, HeJUHEHHBIX ), B KOTOPBIX TIPH pEIIeHnr 3aJa9i 00 ONTHMAIbHO
cTabmIn3any ObLIN TIPEOIOIEHbl TPYTHOCTH PEITeHns KPaeBOoH 3aatn MPWHIINIIA MaKCH-
MyMa i METO/Ia THHAMUTIECKOTO TPOTPAMMHUPOBAHNA. DTO HAIIPABJIEHHUE TTOTY IIII0 Ha3BaHWe
AHAAUMUYECKO20 KOHCMPYUPOSAHUA Pe2yaamopos. B 3apybeKHBIX WCTOTHHKAX OHO TacTO
Ha3bIBaeTCA JTUHEHHO- KBaApaTHIeCKOH oNTHME3aInel, a IepBoil 3apyoeKHoi myoanKaimei
ObLta BbIIIeIIIasd B ToM ke 1960 1. pabora amepukamckoro maremaruka . Kanmana [3.27],
B KOTOPO# pelaiach 3ajada ONTHMHU3AINN I8 JUHEHHDIX, HECTAIIMOHAPHBIX OObEKTOB.

B mepBom maparpade sToi riaBhl mpuBeeHa MPOIELYPHl AHATUTHIECKOTO KOHCTPYH-
poBaHuA (CHHTe3a) PEryJaATOPOB . Da OCHOBE MeTOJa THHAMUIECKOTO TIPOrPAMMHIPOBAHU A
DoKazaHO, UTO CHHTE3 PEryIsATOPOB I CHCTEM CTaOMIM3AIldN ONTHMAJbHBIX B CMBICJTE
KBaIpaTUIHOTO (DYHKIIMOHAJTA CBOJUTCH Ha OCHOBE METOMA JMHAMHUIECKOTO MPOTPAMMUPO-
BAHWsA K PEIIEHWIO CHCTEMBl OOBIKHOBEHHBIX JHbpepeHnTnaabHbIX JTHOO PA3SHOCTHBIX ypaB-
HeHWi (ypaBHEHWH DUKKATH) ¢ W3BECTHBIMH HAYATbHBIMA YCIOBHAMH.

B §3.2 wsraraercs MeTon cuHTE3a PETYIATOPOB B CJIydae, KOTJla HE BCe TepeMEHHbIE CO-
CTOSIHUSA JOCTYIIHBI HETOCPEJICTBEHHOMY W3MepeHno. BBomwuTcsa moHATHe o HabIogaTese,
KOTOPBIH TpeJIcTaBIIsAeT cOOOM TMHAMUIECKYTO CHCTEMY, BBIXOIHbIE IEPEMEHHBIE KOTOPOH €O
BpeMeHeM TPHUOJIMIKAIOTCA K MEePEMEHHBIM COCTOAHNA O0beKTa, KOTOpble HEOOXOINMO BOC-
CTAaHOBUT.

3.3 mocsamen npumenennto nporeayp AKOD u nabrogaresteit nqua cuaTesa rpyoOBIX N

TOYHBIX CHCTEM.

3.1 Dponenypbl aHAJIUTNYIECKOTO KOHCTPYNUPOBAHUA PeryjJIaTOPOB

3.1.1 DocTpoeHue peryjaaropa Ha OCHOBe MeTOoJa JUHAMUYECKOro Mporpam-

MHUPOBaHNA

9&CCMOTpI/IM 00DBeKT YIIpaBJIEHWA, BO3MYIIECHHOE ABUKEHNE KOTOPOI'O OIMMUCHIBAECTCA B

MEePBOM TIPUOTHKEHUN YpaBHEHIEM

% = Ax + Bu; x(to) =x©, t,=0, (3.1.1)

rie An B - 3aJadHble, MaTPHIbI YHCEJI pa3MepoB 17 X 1 U 1 X M COOTBETCTBCHHO.

Tpebyercs naiitn Marpuy ancen C' (pasMepoB m X n) ypaBHEHH: PETYJIATOPOB
u=C'x, (3.1.2)
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TaKyio, 9TOOBl Ha aCHMITOTHIECKH YCTONIMBBIX JABuKernax crucrembl (3.1.1), (3.1.2), Bo3-

0)

6y)I(,IL6HHbIX ITPOU3BOJIbHBIMU HaYaJ/JbHBIMUW OTKJIOHCHUAMUN l'( , MUHUMHW3WPOBAJICA beHK—

ITHOHAJ

J = /(X’QX + u'u) dt, (3.1.3)

riae () — 3aJaHHasA MOJTOKUTETbHO-OPeIeTeHHasd MaTprla pasMepos n X n (x'Qx > 0 s
BCeX X, 9To obosHavTaercs gaiee () > 0).

Marpuiy C' 3akona ympasienns (3.1.2) wHOrIa Ha3BIBAIOT Mampuiell koaphuuermos
YCUAEHUA PE2YAAMOPA.

Depexosisag K pelrennto 3Toi 3a7adu 00 ONMTUMAJIBHON CTAOMIN3allnd Ha OCHOBE METOIA
JMHAMWYIECKOTO MPOrPpaMMUPOBAHUA, OIPDAHUYUMCA BHadalle caydaeM n = m = 1. B stom

cilydae ypaBHEHWS CHCTEeMbl M (DYHKIIMOHAI MTPUMYT BUL

T = ax + bu; (3.1.4)

u = cx, (3.1.5)

J = / gz 4+ u? (3.1.6)
0

Torma ypasuenus (2.3.11), (2.3.12) mMeToma AHHAMHIECKOTO MPOIPAMMHUPOBAHIA 3alli-

myTCd KakK

ov 5 5 0Ov ‘
T gr +u” + a—x(ax—l—bu), (3.1.7)
ov 161}

D penocieHee paBEeHCTBO BbIparkKaeT HEOOXOIMMOe YCIOBHE SKCTPEMYMa MPABOH TacTH
(3.1.7). DerpyaHo MPOBEPHUTD, ITO MPU ITOM YIIPABIEHUN JTOCTHTAeTCH ee MUHUMYM. Jleii-

CTBUTEJBHO,

d* |gx® + u? + g—i(ax + bu)

du?

DTOT MUHUMYM - €IWHCTBEHHBIH ¥ TOSTOMY €JIWHCTBEHHO ympabienue suma (3.1.8).

=2>0.

Dpasja, Kak OyJer MoKasaHO HUZKe, ypaBHeHuto (3.1.7) ymoBieTBopseT He eINHCTBEHHAA
dbyHRIMA v. DTa QYHKIHA JOONpeNeSdeTcsa W3 yCIoBhA yeroiunpoctu crucrembl (3.1.1),
(3.1.2).

Uckmogas u w3 (3.1.7) ¢ momormpio (3.1.8), mosyanmM HewHelHOe ypaBHEHNE B TaCTHBIX

ITPOU3BOJHBIX:
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Jv  Jv 1{ov )\’ 5
_a — 8_xax 1 (a_xb) + ga”. (3.1.9)

Delttenre 3TOTO ypaBHEHWSA PH KPAEBOM YCIIOBHH

vjz(t)] =0 (t1 — o0)

OyIeM HmcKaTh B BUIE

v = pz?; p= const. (3.1.10)

DojcraBiAag 510 Bbipaxkenue B (3.1.9), momyTum

0 = 2pax® — (pb)*x* + q2*. (3.1.11)

Orcroma cienyer anredpandeckoe ypaBHEHUE JIJIA OTPEIEEHN HEN3BECTHOTO KO3 (] hu-

merTa p B (3.1.10):

2pa — p*b* 4+ q =0 (3.1.12)

y_a a? q. 5 @ a? q
P()—b—2+\/b—4—|—b—2, p()_b_Q_ b_4+b_2

9TOI'0 ypaBHEHUNA BbI6I/IpEL€M IepBoe MCXod M3 YCJIOBUA TTOJIOZKUTEJIbHOCTH beHKHI/H/I v,

W5 nByx perrennit

0GeCTIeTnBaIOIEro acCHMITOTHIECKYIO YCTONIABOCTD CHHTE3UPYEMOil CHCTEMbI, a CJIeJoBa-
TeJIbHO, W BBIIOJIHEHNE KpaeBoro ycrosnsa v[x(oo)] = 0.

Da ocrose (3.1.8) momyaaem

u = (—pMb)z, (3.1.13)

1, TAKUM 00Pa30M, HCKOMOE THCIIO

c=—pWb. (3.1.14)
B obmewm cryuae (n > 1, m > 1) ypasrenns (3.1.12), (3.1.14) aHamnTHIeCKOr0 KOH-

CTPYUPOBAHUA PEryaATOPOB UMEIOT BUJL

PA+ A'P— PBB'P +Q = 0; (3.1.15)

C =—PB, (3.1.16)

re D — cCUMMeTpUIHAas MaTpUIla 9ucesl pasMepoB n X n.
Boiog stnx ypasHenwii npusenet B Jlokasarvenbcrse 2. Ypasrenuwe (3.1.15) massa-
eTCA MAMPUUHLLM YpasHeruem Hukkamu (cMBICT TaKOTO Ha3BaHWA CTAHET fACEH HECKOIBKO

TO3Ke ).
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D Ppolenypa aHAAUMUYECKO20 KOHCMPYUPosaHuA pe2yramopos (npouedypa AKOH) co-
CTOWT W3 Tpex olepammii: 1) pelllenne ypaBHeHHA IUKKaTH, 2) BbIIJEHHE N3 BCETO
MHOZKeCTBa 3TuX perernii marputbl P° > 0 (uncnenusiit metos vaxoxaenus P° mpuse-
JleH HuzKe), 3) BbIUNCIEHHe HCKOMOH MaTpPHUIbl KO(DMUIHEHTOB YCHIEHUA PETYIATOPA

o popmyie

C =—P°B. (3.1.17)

Yo6eammcs HenocpeacTBerHo, 9To Marpuiia ', ompepensemas coorHormerneM (3.1.17),
obecreTnBaeT acCHMITOTHIECKYTo ycToitanBocts cuctemsl (3.1.1), (3.1.2). Jlaa nccremnona-
HuA yeroiianBocTr cucreMbl @ = (A + BC')x Bocmonb3yeMcesa IpAMbIM MeTOIOM JIATyHOBA.
Dpumem B Kadecrse dbyuxmuu Jlanynosa v = 2P’z > 0 1 BHIYMCIUM HOJHYIO TPOU3BOI-

HYTO 3TOH (DyHKIHH:

o — #'P%2 + 2P = (A + BC’)PO + :L"PO(A + BCa =
= 2'/[P°A4+ A'P° + P°BC' + CB'P°)x.
Yaureisasg, aro Marpuiia C omnpenensercsa BoipaxkenneM (3.1.17), momywanm, ¢ yaeTom

toro, uro P° ynosaersopser (3.1.15),

d
d—q‘; — #/[P°A+ A'P° — P°BB'P® — P°BB'P"x =
= —2'Qz — 2'P°BB' P’z = —2/Qz — v'u < 0.
Ecmm obpexr (3.1.1) momrocThio ympasisgeM n () > 0, To cpenn pemreHmuii CHCTeMBbl

(3.1.15) Bcerma Hajierca W IPH TOM €IHHCTBEHHAA MOTOKATETbHO-OMPEIETeHHAd MATPHUIIA

PP. Danomunm, uToycaosuem noanoti ynpasasemocmu obsexma (3.1.1) ABasiercs paBeHCTBO

paur [B, AB,...,A"VB] = n, (3.1.18)

KOTOpOe OyeM Ha3blBaTh ycaosuem ynpasademocmu napo, (A, B). Ecmm marpuma @ —
HeoTpHIaTebHO-OTIpelesieRHads MaTputia () > 0), To ee Bcerjga MOYKHO IPEICTABATH B

BHIE

Q=H'H,
rae H — marpuna pasmepoB x X n (x— panr marpuipl (). Cpenn pemrenwii (3.1.15) mo-
npexHemy cymectyer [3.6] eqmacTBennas marpuna P°, ecim () B dymrnmoname (3.1.3)
HEOTPHUIIATENbHO - OlpeeeHHas MaTpHIla, yI0BJIEeTBOPAIONIasA yCIOBUIO MOTHOMN yIpaBJIsi-
emoctu mapsl (A’, H'):

!

paur [H', AH',..., A"V H'] = n.
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Tpebosanne mosHoi ympasisdemoctr nap (A, B), (A’, H') nis cylmecTBOBaHUA W €THH-
crsernocTn P? > (0 MOXKHO 0CIabUTh, 3aMEHUB €0 YCIOBUEM CTaOUIM3HPYEMOCTH STHX Hap
[3.6].

Dpumep. AHaJUTHUYECKOe KOHCTPyHMpOBaHUe peryJaropa rupopambl. Ocymie-
CTBUM TepBbIil 3Tan (cocrapienne ypasrenuii (3.1.15), (3.1.16)) anasuTHaeckoro KOHCTPY-
UPOBaHUA PETYJIATOPA FHPOPAMBI.

Onurrem BHavase GpusnuecKoe cojepzkanne 3aJaun crabuinsanuu rupopambl [3.3], mmo-
CKOJIbKY Ha IIpHMepe pellleHusA 3Toi 3aJadu OyIyT WILTIOCTPAPOBATHCA PE3YJIbTAThI, TPHBE-
JIeHHbIE B 3TOI W CJIEIYIOIINX IJIaBax.

DaccMOTPUM TpEXCTENeHHON MHPOCKON B KapgarosoM noasece (puc. 3 .1.1). Ero ypas-

HeHus uMeioT Bu [?]:

Suc. 3.1.1

(Js+ JBa)B + (Js + Jos — JB)o'z2 sin 3 cos 3 + ngﬁ + Hécos 3 = M,; (3.1.19)

[(Jo+ Jus) cos® B+ Jysin? B+ J|a +2(J, — J, — JBa)o'zB sin 3 cos B+ na,& — HB cos 3 = —M,y;

(3.1.20)
(v — YyTOJI IOBOPOTa HapPY:KHOI pambl oTHOCHTENbHO ocu OY'; [ - yros moBopoTa BHYTpEH-
Hero KoJsiblia KapjaHoBa Mofseca oTHocHTe bHO oci OX (yror mpeneccnn); J; — MOMEHT
WHEPINH HapyKHON paMbl (Kosbiia) oTHOocHTe bHO ocu OY; J, — 9KBaTOPHATBHBIH MOMEHT
uHeprun rupockona; Jy, Jux, Jpy — MOMEHTBI MHEPUUH BHYTPEHHEIO KOJIbLA KapiaHoBa
noaseca ornocutenbro oceit OZ, OX, OY coorsercrBento, mpu 3ToM Jpy = Juy = Jps;
H - xunermueckuit MmoMment rupockona; M, u M, — mMomentsl orHOCHTeabHO Oceit OX u
OY cooTBeTCTBEHHO; Ny, Ng — KOIPDUIUCHTBI AeMIPUPOBAHUI.

['mpockon B KapIaHOBOM TOjIBECE WCTIOIb3yeTcsA (ecan ycTaHOBUTH Ha ocn QY maramk
yIuIa) TSl W3MepEeHns YIVIOB MOBOPOTa JBHUKYIIETOCH 0ObeKTa (HApuMep, pakeThl) OTHO-
curesibHo ocu OY. Opgrako m3-3a BpeJHBIX MOMEHTOB 10 TOH OCH (TpeHu#d, HuchasraHca
W T. T.) THPOCKON HadwHaeT ~mperneccnposars’ orHocHTenbio oci OX, T. e. och OF
HadMHAEeT MOBOpAaIMBaThCcsA B HampaBienun ocu (Y, w THPOCKON TepseT CBOHCTBO OBITH
HHIAKATOPOM MOBOPOTa JIETATEJIBHOTO amlmapaTa. fBIEHHEe TMPENecCun CIeyeT HETMOCpe-
crBerHo n3 ypasHerus (3.1.20), ecm B HeM mpeHeOpeTh BCEME CTaraeMbIMI B JIEBOH TacTH,
KpoMe Toc/ieHero ciaaraeMoro (tak Kaxk H > Jy, Ju, Js, Ng). Dpelieccuio MOKHO W3-

MEPUTh, YyCTaHOBHUB Ha OCH OX AaTIUK yTJIa. YceuanMm 3ToT cCUrHaI I IIogaJnM €ro Ha
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JABUTATENb, KOTOPbLIM pasBUBaeT MOJE3HbIH MOMEHT, PaBHbBIIT W TPOTUBOIONOXKHbBIHM 1O 3HAKY
Bpemnomy. Torga mpereccrnsi MpeKpaTUTCA W THPOCKOI OYIET COXPaHATh CBOW (DYHKIIWM.
['mpockon B KapJaHOBOM TIOJBECE € CHCTEMON CTAOWIM3AlliK yTJla TIPETNEeCCHn Ha3hlBAETCH

eupopamoti. Ee cxema npusesena wa puc. 3.1.2, rae VD — narawk yria mpeneccun, JIM —

JaTINK MOMEHTa (JIBHTATENh ).

Duc. 3.1.2
Barmmrrem ypastenns (3.1.19), (3.1.20) B dpopme Korrm.

Dpenebperas sHavenuamu J,, Jy,, Jp 1m0 cpaBrenuio ¢ Jy, momaraa M, = 0 u BBOIA

0003HaYCHAA

o= D e =Dy ey = & (B = Upam =1 panfeex; o, = 1 pan/cex);
B B oy
Jy+ Jos — Js H ng 2(Ss — S — J3)
T, + Jus SR A A T ’
H a
J_H = a32; —Z—H = 33} —J—Hy = bsyu + ms f,
sanumieM ypasrenuns (3.1.19), (3.1.20) B suge
Ty = Ty} T9 = ATy + a3z cos Ty + Roxlsinxy cos xy; (3.1.21)
j/’g — 339 COS Ty + a33T3 + Rgl’gl’g sin L1 + bglu + m31f. (3122)

Dasjarad MpaBble TacTH STUX ypaBHeHUH B psajL Teiiopa B OKPECTHOCTH TOUKH T1 = Ty =

3 = 0, TOJYy9IUM ypaBHEHUSA TTEPBOTO MPUOJUIKEHN A

Ty = T} Ty = Q%2 + A23T31, Tz = A32T2 + A33T3 + bs1u + Yy f, (3.1.23)

r7e Y TMPOTOPIHOHATHPHO MOMEHTY, PA3BUBAEMOMY JIATINKOM MOMEHTOB, a [ IIPOMOPITHO-
HaJIbHO BpeHOMY MoMeHTy 1o ocu OY.

Doutaras moka f = 0, OyjeMm uckaTh yrupaBJIeHHe

U= cixy + Cag + 313, (3.1.24)
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IIprU KOTOPOM Ha ABUZKEHNAX T'MPOPaMbI (B036y)I(,IL€HHbIX Ha4YaJIbHbIMHK OTKJIOHGHI/IHMI/I) M-

HUMU3HpYyeTCs PYHKITHOHAT

J = [ (qual + @nr} + gzl +u?) di, (i > 0;i=1,2,3). (3.1.25)

0\8

Depexo/ia K PelIeHnio ol 3a1aan, 3amuineM ypasaerus (3.1.15), (3.1.16) mporemyps

AKOD. DepBoe u3 stux ypaBHeHWH UMeeT BUI

P11 P12 P13 0 1 0 0 0 0 P11 P12 P13
P12 P22 P23 0 az paz |+ 1 an pa P12 P22 P23 || —
P13 P23 P33 0 asx pss 0 azs pss P13 P23 P33
(3.1.26)
P13 bsy g1 0 0 0 00
— | P23 ba —H P13bs1,  pasbsi, pssbsy H—I— 0 g2 O =10 0 0
P33 bay 0 0 gs3 0 0 0

9TO MaTpUIHOE YpaBHEHUE MOXKHO 3allUCaThb B BUAE CUCTEMbDI ypaBHeHI/Iﬁ

—(p12631)2 +qi1 = 05
P11+ Pi2azs + praasz — (pi3bsi)(pasbsi) = 0;
P12a3 + Praass — (p13bsr )(pasbsi) = 0; (3.1.27)
2p12 + 2p2sass 4 2pasass — (p23b31)2 + pa2 = 0;
P22aa3 + Passs + P13 + ao2p2s + aaspss — (Pasbs)(pssbsi) = 0;
2pasags + 2pasass — (p33b31)2 + ¢33 = 0.

U a(n +1)
(U3-3a cuMMeTpruaHOCTH MaTpHUIbl A 4mrcio 3TuX ypabHeruii He n? = 9, a — = 6).
Da ocrose ypasHenuil (3.1.16) momyanm
¢ = —pisbs1, €2 = —pasbsr, c3 = —pssba;. (3.1.28)

TakuM 00pa3oM, aHAJIHTHIECKOE KOHCTPYHWPOBAHHE PETYIATOPA THPOPaMbl (CHCTEMBI
CTaOMIM3AINI THPOPAMBL) CBOJUTCA K pellleHnio anrebpandecknx ypasaennii (3.1.26) u na-

XOKIEHHTO MCKOMBIX TTapaMeTpoB perysaTopa (3.1.24) mo dpopmyram (3.1.28).

3.1.2 DecranmoHapHble 00bEKTHI

DaccMOTPUM TOTHOCTBIO YIPABIAEMBIH HECTAITHOHAPHBINH OOBEKT, OMUChIBAEMbIH ypaB-

HeHneM

% = A(t)x + B(t)u, x(to) = x, (3.1.29)

B KoTopoM A(t) u B(t) wsBecTHble Ha WHTepBase [lg, t1] MaTpuubl QyHKIHIL.

DycTh KpUTEPHUil KadecTBa WMEET BT
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t1
J:/@Qﬁk+uhﬁﬁ+£mﬂﬂ&m% (3.1.30)
to
rae Q(t) n P — 3aianHHbIEe TOIOKHUTETbHO-OIPEIe/ICHHbIe MATPUIBl (PYHKIHI 0 THCe
COOTBETCTBEHHO.

Tpebyerca waiitn marpuiy C’(t) peryiaaropa

u=C'()x, (3.1.31)

npu Koropoil Ha auzkeHuax cucrembl (3.1.29), (3.1.31), Bo3OYXKIEHHBIX TPOU3BOTBHBIMH
HadaJ bHBIMU OTKJIOHEHUAME, MUHUMU3UpYeTcsa yakumonast (3.1.30).
Depexosisag K pelrennto TOH 3ajadu, pacCMOTpUM BHadase ciaydail n = m = 1. Torma

YpaBHEHNA CUCTEMbBI 1 beHKHI/IOHELJI OIITUMHU3alIUN IPpUMYT BU/:

&= a(t)e + b(t)u; (3.1.32)
u = c(t)x; (3.1.33)
J = 1(q(t):1;2 +u?) dt + p(l)xz(tl). (3.1.34)

to
Dynkunio v, paspemtarotryio s3agady AKOD nisa mecrannonaproro oobekTa (3.1.29), 6y-
JeM ucKath B Buge v = p(t)ax?. Jonacrasss ee B (3.1.9), momyuum BMecTo anrebpandecKoro

ypasterns (3.1.11) nquddepenunanbhoe ypasHeHne

—p(t) = 2p(t)a(t) — POB(L) + q(t) = 0 (3.1.35)

" Kpa€eBo€ yCJIOBUE

p(ty) = pW. (3.1.36)

Ypasuenne (3.1.35) ABidgercsa crenuaJbHbIM BUIOM Aud GeperInagbHOro ypaBHeHn s,
pettiere Koroporo miydasoch emte B XVIII B. wmramparcknm maremarurkom f. Duxkarm,
NMeHeM KOTOPOTO OHO M Ha3BaHO.

B obmem caywae (n > 1,m > 1) ypasuenne (3.1.35) u kpaepoe yciosne (3.1.38) mmetor

BUI:

—P(t) = P(WA() + A'(4)P(t) — P(t)BA)B'(1) + Q(t). (3.1.37)

P(ty) = PW, (3.1.38)

Ypasuenne (3.1.37) nHaspBaerca mampusnom duddeperyuasvrom ypasrenuem Hux-

xamu. Kro HeTpymHO TOMYyYInTh, MOBTOPAA M3JI0KeHHOe B /loKazaTenbcTe 2.
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Depexojia K perennio ypasrernns (3.1.37), BBesem "HoBoe Bpemsa” T =t —t u 0603Ha-

qum I(t) = Ity — 7) = P(7). Torma (3.1.37) u (3.1.38) npumyT Bz

= P(T)A(t;—7)+ A'(t—7)P(7)— P(1)B(ti —7)B'(t, —7)P(7) + Q(t, — 7); (3.1.39)

P(0) = PO, (3.1.40)

Takwm 0bpasom, KpaeBas 3aJada s ypasaerns (3.1.37) cBesach myTeM BBeJeHWA HO-
BOro (0OpATHOTO) BpeMeHN K 3ajade pernerns ypapHenns (3.1.39) ¢ H3BeCTHBIM HATATbHBIM
yerosueM (3.1.40).  Jlns ero WmcieHHOTO pellleHus MOYKHO WCIIOIb30BATh JO0OH W3 W3-
BECTHBIX METOJIOB MHTETPUPOBAHNA OOBIKHOBEHHBIX A peperInaabHbIX ypaBHeHnil (MeTo
Dyrre-Kyrra, Dittepa u 1. 10.).

Detns ypasrenne (3.1.40), HaiigeM HCKOMYIO MaTpHILY

C(t) = P(t, — t)B(1). (3.1.41)

Nrorpa dyrxmmonas (3.1.30) umeer Gosee obimil B

J = /(X’Q(t)x + ' QW (t)u) dt + x'(t) PWx(1), (3.1.42)

rje Q(l)(t) — MOJIOYKUTETbHO-OTIpeJIeJIEeHHas MaTpHlla pasMepoB m X m. Bsousa HoBoe

yIpaBJenue

a=HVYa (HYHY = QW) (3.1.43)

samuiieM ypasaenne (3.1.29) u dynxmmonan (3.1.42) B suge (3.1.29), (3.1.30):
t1
J:/@@@ﬁ+wmﬁ+xmﬂﬂ&my (3.1.44)
to

x = A(t)x + B(t)u, (3.1.45)
rie B(t) = B(t)HMH-1,

Takwm obpasom, onTMaTbioe B cMblicie dyrkmmonana (3.1.42) ynpasienne o6beKTOM
(3.1.29) sanuchiBaercs kak 1 = C'(1)x, rae C' = —P(1)B(t) wm u = HMO'C'x = C'(1)x,

B KOTOpOM

C(t)=—P(t)BH)QW, (3.1.46)

rae P(t) - pelenne ypaBHeHUsA DUKKATH:

—P(t) = POA(t) + A(OP(1) — POBOQU(OB(OP() + Q1) (3.147)
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P(to) = PW. (3.1.48)

3.1.3 YuciaeHHoe pellleHe MATPUYHOTO ajJredbpamveckoro ypaBHeHUA DUK-
kKatu. Metona Denuna - TperbakoBa

BosBparasich K MaTpuaHOMY asrebpandeckoMy YPaBHEHHIO IUKKATH, PAa3PeraionemMy
sagaay AKOD s crammoHapHBIX OOBEKTOB, OTMETHM, YTO THCJIEHHOE DellleHne HeJIH-
HEfHBIX aaredpandecKnx ypaBHEHHUI SABJIAETCA He MeHee TPYIHOI mpobuaeMoii, dem perre-
HHe KpaeBoil 3ajauu [ 0ObIKHOBEHHDBIX JnddepeHImaIbublX ypaBHEHUH WM ypaBHEHHIT
a JacTHBIX TpomsBoaHblx. Oprako cremnududecknii xapakrep ypasHenusa (3.1.15) u ero
npuposia MO3BOMHIN paspaborarh psaa dPMEKTUBHBIX YUCTCHHBIX METOJO0B €0 PEIleHU:
Demmna-Tperbarosa [3.5], Dporona-Dadcona [3.6], nnaronanmsanun [3.7].

OmnuiieM mepBblii W3 STHX METOTOB. B CBA3M ¢ 9THM MOSOKNM, 9TO BEPXHUIl Tpees B

dbyurimonase (3.1.3) koneven, u Torga (DYHKIHOHAT ONTHMA3ANNNA WMEET B

J:/@Qx+uhﬂﬁﬁ1#m) (3.1.49)

Koneunblii BepxHUil mpees MpUBOAUT K TOMY, 9To mpu n = m = 1 dyurmmo (3.1.10)

cresyer uckath B Buge v = p(t)a’.

DpH STOM JOIKHO BBITOJHATHCA KpaeBoe YCJIOBHe
v(x(ty)) = 0 (mmu p(ty) = 0). Torma, moBropsAs u3MoKeHHOe B Hadase § 4.1, momyanm

nuddepennnatbHOe YypaBHEHNE U KPAeBOe YCIOBHE

—P(t) = P(WA+ A'P(t) — P()BB'P(t) + Q; P(t;) =0 (3.1.50)

BBo/s, KaK B B HeCTallHORapHOM cTydae, T = t1—t n obosnavaa P(t) = P(t,—7) = P(7),

samumieM (3.1.50) kax

= P(r) A+ A'P(r)— P(T)BB'P(1)+Q; 0<71<t; (3.1.51)

P(0) = 0. (3.1.52)

gepeXO,D;H K METONY QGHHHa—TpeTbHKOBa, OTMETUM, 9TO OH OIIUPa€TCA Ha JOKa3aHHOE B

paborax [3.27], [3.5] coorHOUIEHKE

lim P(r) = P° (3.1.53)

T—+00
[Tak Kak T m3MeHsercsa B mpemesnax ot 0 mo t1, 1o (3.1.53) umeer cmbic, ecin {; MOIKeET
IPUHEMATh pas3JndHbie (PUKCHPOBAHHbBIE 3HAYCHU, B 9aCTHOCTH 1 = 00 |.
U3 npegpenproro coornomenns (3.1.53) crenyer, 9To 1A HAXOXKIEHUA MOTOKUTETHHO
- onpegenennoil MaTpunnl PY, ynosnaersopsiomeil aarebpandecKoMy ypaBHEHHIO JUKKaTH

(3.1.15), moctaTtowro pemtarh cucreMy auddepeHIraTbHbIX ypasrernii (3.1.46) 10 Tex mop,
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MOKa ero pelleHne He YCTaHOBUTCH (]5(7'), He TepecTaHyT W3MEHATHCA BO BPEMEHH T ), W
3TO yCTaHOBUBIIIEECs pellleHne U ecTh cKoMmas MaTpuna PO,

Dpumep. HucsieHHoe pellleHue 3aa4u 00 aHAJIUTUYECKOM KOHCTPYUPOBAHUU
ONTUMAJILHOTO PEryJjiaTopa TUpPOpPaMbl. DYyCTh 3aJlaHbl 3HAUEHUA TapaMETPOB THPO-

pamsbt (3.1.23) u pyrarunonasa ontuMuzamun (3.1.25):

azy = —300;az3 = 103; azy = —3jaz3 = —15b3 = 10_35 (3.1.54)

g1 =1,6-10"% g0 = 3-10% g5 = 5 - 10°. (3.1.55)

DojcraBiAd B MpaBble dacTh ypashernii (3.1.26) BMecTo Hyseil COOTBETCTBYIOIINE TTPO-
W3BOJIHBIE (TaK, B TEPBOM YPAaBHEHUN HYYKHO TIOJCTABUTH P11, BO BTOPOM — P12, B TPEThHEM
— P13 M T. JI.) W pellias MOJTy9IeHHYO CHCTeMy U3 IecTr auddhepeHnnaTbHbIX ypaBHEHHI ¢

MOMOIIBI0 MeToa JyHre-KyTTa, momyanw:

p0, = 53,4 10% p0, = 147 - 10% p%, = 12,6 - 10%; p%, = 29 - 10%; (3.1.56)

Py = 44107 p3y = 116 - 10°. (3.1.57)

Hckomble mapaMeTpbl perysiaTopa BhIUUCIAIOTCH Ha OCHOBE YHCeT (3.1.57):
cp =—0,126-107;¢ = 0,44 - 10*; ¢3 = —116 - 10°. (3.1.58)

3.1.4 YuciaenHoe pelieHnne ypaBHEHN A DUKKaTu MeTOoOdOM JdNnaroHaJin3alinn

9TOT MeTOJ, OCHOBaH Ha BbIYMCJICHHNI KOpHeﬁ XapaKTEPUCTUIECKOTO IMOJIMHOMaA CJIENY IO~

et MaTpuIbl,Koropas GOPMUPYETCH W3 MATPUIL,BXOJAAIINX B ypaBHEeHNE JUKKATH

ro| A B8 3.1.59
- —Q AT ( el )

DTa MaTpUIia pasMepoB 2n X 2n Ha3BIBAETCH 2AMUABTOHUGHOM.

Ee xapaxrepucrndeckuii mommaoM ¢(s) = det(Es — ') ABidgercsas MOJTHHOMOM TeTHBIX
cremeneil s. DTO O3HAYAET, UTO €CIU A — KOPEHb ITOrO MOJHHOMA (COOCTBEHHOE UHCIIO
mMatTpuribl [') To —A Takike ABJIgeTCsa ero KopHeMm. Takmm obpasom, marpuma | mmeer
Aly..vy Ay COOCTBEHHBIX YHCET C OTPUIATEIbHBIMHI BEIIECTBEHHBIMHU TaCTAMI B — A1, ..., —A,
COOCTBEHHBIX TUCETT C TOJOKUTETHHBIMHI BEIIECTBEHHBIMI TaCTAMMI.

Nckomas marpuna PO porumncisiercsa no dopmy.ie

PO =p,. pt, (3.1.60)

rae P mw P, — KBajpaTHble MaTPHIBI, (DOPMEPYEMbIE CIIETYIOITUM 00pa30M:
a). Boraucanrs cobcrBennble ancta MaTpunbt 1.

). DeuuTh ypaBHEHUA
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(E)\Z — F)CZ =0 (Z = 1,n)

1 chOpMYTHPOBaTh W3 COOCTBEHHBIX BEKTOPOB ¢; (1 = 1,n) 2n x 2n marpumy C.

B). O6osHaunTh TepBble n cTpok Marpuipl C' Kak P, a TOCTeIyIONne n -CTPOK —

P, .

3.1.5 Kpurepuii 0606111eHHOi paboThbl

B 1967 r. A.A. Kpacosckuii npemoxui [3.8] ynporuerue nporeaypst AKOD ¢ Boranciiu-
TesibHO¥ cToporbl. g sroro B dhyuKIHOHAT (3.1.3) BBOAMTCA JOMOTHATENBHOE CTaraeMoe,

¢ YyIeTOM KOTOPOro (GhyHKIMOHAJ ONTHMU3AINK TIPHHAMAET (B pa3BepHyTOil dopme) Bij

e ” N S
JZ/ Yooqmiwi+ > up+— D> b ¢ dt, (3.1.61)
ij=1 k= 4 o al’z’

0 1j= =1 k=1 1=1
rie kpajgparudHas dpopMa v = z'Pr COHEpKUT IOJI0KUTEIbHO-OIPeIeIeHHYI0 MaTPHUILY

P | apagionytocsd permerneM MaTPUTIHOTO aaredpandeckoro ypaBHEHU

PA+ AP +Q=0. (3.1.62)

OnTuMaiabHOe yIpaBIeHre OlpeenseTcs To-TpekaeMy Ha ocHose dopmyant (3.1.16).
Jlnst Toro aTo6bl yoeuThCA B 9TOM, TOI0KMM BHadate n = m = 1. Oyukinnonarn (3.1.61)

IIpUMET BUJT

J-]o :11:2—|—u2—|—l @62 dt (3.1.63)
_0 9 4 \ Ox; ' o

Doxcrasass B ypasrenue (3.1.9) BMecTo ga® BhIpazkeHue

2
2 1 [ 0v b
qr N )
4\ 0z
TOJIYIMM BMECTO HeJTHHeHHOro ajqrebpandeckoro ypasHenus (3.1.12) guneiinoe ypaBHeHne

2pa+q =0 (3.1.64)

JJ1s onpeeenus kKoddduipenta p KpagpaTudnoii ¢popMbl v = px?.

Takum o6pasoM, aHaIUTHYECKOE KOHCTPYHPOBaHHUE MO KPUTEPHIO 0GOOIIEHHO paboThl
COCTOWT B pellleHNn JINHeHOro anrebpandeckoro ypasaenns (3.1.62) u BbIUnCIeHHA HC-
komoii Marpuiet C' no dopmyre (3.1.16). VYpasuenne (3.1.62) HasbiBaeTcA ypasHeHuem
Jlanyrosa. Ouo umeer eguncreentoe perterre P > 0, Korjga coOCTBEHHbIE YUCTa MATPUIIBI
A wMmeroT oTpuliaTesIbHbIE BEIEeCTBEHHBIE YaCTH. JPHU TOM YCJIOBUH HETPYIHO MOKa3aTh,
YTO CHHTE3MpPOBaHHAsA CHCTEMa aCHMITOTHYeCKH ycToiiumba. JleficrBuTepHO, B COOTBET-
CTBUM C TIPAMBIM MeTojoM .JIAmyHoBa pumem B KadecTse (gpyHKInU JIsAnyHoBa pyHKINIO

v=2a'Px >0, BolUnCIAA ee MOTHYIO MPOU3BOIHYIO MO BPEMEHH, TOJIYIAM, UTO
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d
d—::—x’[Q—I—QCC']x<O

Oynkunonan (3.1.61) naspiBaerca [3.9] kpumepuem 0bobuenrol pabomol. ITo HazBaHIe

!
CBA3aHO C TEM, UTO TOCJEeTHEe cjaraeMoe B (3.1.61) MOXKHO 3alHcaTh KakK / Uy Uonr AU,

0
KOTOPBIl BbIpazkaeT coboil ”sHeprnio” (0600IIeHHYIO PAbOTy) ONTHMATHHOTO yIIPaBIeHUHA

uOHT .

3.1.6 DesunHeliHble 00BLEKTHI

DaccMOTpUM OOBEKT yIIPABJIEHU, OMMMCHIBAEMBIH YpaBHEHUAMMT

#i =i, wn) + Y baur (1= 1,n). (3.1.65)

DycTh mpaBble TacTH STUX YPaBHEHUH passIoKUMBbL B psa Teiliopa B OKpECTHOCTH TOTKH

T1=...=T, =Uu =...= Uy, =0. Torma (3.1.65) nmeer Bux

Z:a”:]cZ + Z ARty + Z i jkuTjThTy + .o+ Zbikuk (i=1,n). (3.1.66)

Jk=1 Jikou=1 k=1

Tpedbyercs maliTn ynpaBieHuns

up = re(1, ..o x,) (k=1,m), (3.1.67)

IIPH KOTOPBIX Ha IBMzKeHHAX crcreMbl (3.1.66), (3.1.67), Bo3OYKIEHHBIX TPON3BOTBHBIMH
HaTaJ bHBIMU OTKJIOHEHUAMI, MUHIMHI3HpyeTcs GyHkunonal (3.1.3). Demenne sroif 3a1a1m
nosydero B [3.10].

D puBesleM 3TO pelleHne, OrPAaHUIHBAACH JIJIA MTPOCTOTH ciaydaeM n = m = 1. B sTtom

ciaydae ypasrenus (3.1.66) samuimem (obosHawad a11; = a? | ay =a® u T.JI.) TaK:

T =axr+ a2 + a3 + ...+ bu.

Ypasuenwne (2.3.11), (2.3.12) MeToma THHAMIIECKOTO TPOIPAMMHUPOBAHIA HMEIOT B pac-

CMaTpUBa€EMOM CJIyda€e BUJL

o 0
_a_: =gz’ +u’ + a_j;(ax +a®2? +a®2® + .+ bu); (3.1.68)
1 0v
_ _Lov, 3.1.69
Y 2 Oz ( )

Uckmogas v u3 (3.1.68) ¢ momomrsio (3.1.69), mosmyaum

81} v

) 2
3= 7 —(ax + aPa? + P ) - 1 (—b) + gz (3.1.70)
T
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96H16HI/IG 9TOI'0 ypaBHEHNA 6y,IL€M HCKaTb B BHJE

v = pa? + p(3):1;3 + p(4):1;4 +... . (3.1.71)

Doncrasnsas (3.1.71) B (3.1.70), momyanm

(2p:1;—|—3p(3):1;2—|—4p(4):1;3—|—. ) .)(ax+a(2)x2—|—a(3)x3+. ) .)—ibz(2p:1;—|—3p(3):1;2—|—4p(4):1;3—|—. ) .)2—|—q:Jc2 =0.
(3.1.72)
9 pupaBHUBas HYJIO COBOKYIHOCTH K03 (PUIUEHTOB IPU OAMHAKOBBIX CTEIEHAX T , IIO-
JyIEM ypaBHEHHA [Jif OIpelesleHHa HemsBecTHbIX mapamerpos p, p® . p@ ... dopmsr

(3.1.71). Tak, ayst copokymHOCTH KO3 PUIEERTOB TpH 2% HMeeM

2pa — (pb)* +q =10 (3.1.73)

ISl COBOKYIIHOCTH KO3p(PHUIMEHTOB IpU X IOIYyIUM

1
2pa® + 2p3q — 552(2]9)(3}7(3)) =0 (3.1.74)

T I

Ypasuenne (3.1.73) cosnamaer ¢ ypasuenwem (3.1.12) u ero perrerne nmeer BuI

Ypasuenus (3.1.74) samuinem B G6osee ymobuoit dpopme ¢ yaerom (3.1.14)

D10 ypasHenune B ornnune or (3.1.73) ABiadeTcd TUHEHHBIM ypaBHEHWEM JIJIA OIpEJIe-
nenns xKosdduunenta p® dbopmbr (3.1.71). Demerne 5TOro ypapHeHHA CYMIECTBYET, eC/In
a+ be # 0. Docnesnee BBINOTHACTCA B CHIY aCUMITOTHYECKON YCTONYUBOCTH ypaBHEHUS
i = (a + be)x , ommchIBaONIEr0 3aMKHYTYIO ONTHMATbHYIO B cMblcste GyHKInoHaTa (3.1.3)
chucTeMy ¢ JTUHEHHbBIM obberToM (3.1.1).

D pupaBHEBas HYJIO COBOKYIHOCTH KoddduumenTos npu x*, moaydamum

1
4 (a + be) = —2pMal® — 3pTal® 4 Z(3p1)7. (3.1.75)

9To ypaBHeHWe, KaK W MpeIbIAyIee, ABIAETCA JHUHEHHBIM OTHOCUTEIBHO HEN3BECTHOTO
mapaMerpa p(4) uT. .

B coorsercrsum ¢ (3.1.69) nckoMoe ypaBieHne UMeeT B

u=cr+cPg?p®yd g ce (3.1.76)
rae
3 4
c=—pWMb; ) = —§p(3)b; ) = —§p(4)b, (3.1.77)

B obimewm cayqae (n > 1, m > 1) dynkuus
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U = Z pijl'ﬂ}]‘ —|— Z pijkwil'jl'k —|— Z pi,j,k,uxixjxkxu —|— e (3178)

(ig=1) (i, k=1) (i ki=1)

Ee kosdpdummentor p;; (i, j = 1,n) HaxomaTcsas B pesyJbTaTe pellleHus airebpantde-
ckoro ypasHenus Jukkatu (3.1.15), a xkosdpdbuunenrsr p;r (1, j, k = 1,n xKybuunoil u
MOCTETYTOITUX POPM ABIAIOTCA pPEIeHNAME JMHERHBIX ajrebpandecknx ypasHenuit JIamy-
HoBa BHUja (3.1.62), B KOTOPHIX BMeCTO MaTpuiibl A HyKHO mojcTaBuTh Marpuiy A 4+ BC”
( C'-marpuna onTuMasgbHoro yrpasienus (3.1.2) maa awHeliHOTO 00beKTa), a ()-3TO W3-

BECTHad MaTpHlla, COCTaBJIEHHAA N3 MaTpul, IMOJTYHYEHHbBIX IJId ITPEAIIECTBYOMNX CbOpM

3.1.7 JleTrepMUHUPOBaHHbIEe BHEITHIE BO3MYHI€HUA
DaccMoTpUM 0OBEKT yIIPABJIEHNS, OMMMCHIBAEMbIH YpaBHEHTEM

% = Ax 4 Bu + Uf; z(to) = 2© (3.1.79)

rae f(t) — g -MepHBIi BeKTOp BHeIIHMX Bo3Myllenwii; W — 3ajaHHasd MaTpHa THCeN
pasmepoB n X g . OTHOCHTETBHO BekTOpa f() M3BECTHO, UTO:

1) €70 KOMIIOHEHTBI OI'paHUY€HbI IO MOIAYJITO

()] < f7 (=T, ), (3.1.80)

rae f* (1 =1,p)-3amaHAble dHCTA;

2) dynkuum fi(t) (1 =1,u) - ucaesarormme. ITO 0O3HATAET, UITO

t1i>r<£lo fi(t) =10; (3.1.81)
3) Bekrop f(t) m3MepseTc.
Tpebyercs HajiTn ynpasieHme
! 1 !
u=0Cx+ §B L(t), (3.1.82)

[ L(t) -HeKOTOpadg MaTpHIla PasMepoB 1 X n |, Takoe, 9TOOb Ha JBHKeHNAX crucTeMbl (3.1.79),
(3.1.82), BO30YKAEHHBIX TPOU3BOIBHBIMI HATATbHBIMHU YCJIOBUAME W BHEITHUME BO30Y 7K ITe-

HUAME, MUHAMU3HpoBasica (pyHKinonan (3.1.3):

J = /(X’QX—I—u’u) dt. (3.1.83)

Ormernm, 110 Tpebopatme (3.1.81) meobxomnmo s cxomnmocTn wHTerpasa (3.1.83).
AnanuTHuecKoe KOHCTPYUPOBAHUE PErYJIATOPa IIPH BHEITHIX BOZMYIIEHUAX cOCTOUT [3.12]
u3 omepanuii: 1) Beraucienna marpunbl C' B coorBercTBUE ¢ mpotieaypoil 3.1.1 amaguTu-

geckoro Koncrpynposatusa npu f = 0; 2) permenns qud GeperiinanspHoro ypaBHeHn
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L=—(A+ BC"YL—(P+P)Uf(1) (3.1.84)

W onpeneserns MaTpuipl L(1), BXogAIIell B 3aKOH onTHMa bHOro yrpasienus (3.1.82).
Hna mokazaresibcTBa paccMOTpUM ciaydait n = m = p = 1. B sTtom ciaydae ypaBHeHue

(3.1.79) mpumer BHI

T =axr+bu+Yf, (3.1.85)

a dynakumonas (3.1.83) sammimercsa Kak

o0
J = / (az? + u?)dt. (3.1.86)
0
ypaBHeHI/Ie METONa JTUHAMPUYIECKOT'O IMTPOTrpaMMUPOBaHA ITPUMET BU T

ov 0 1/ov \’
_8_1; = a—i (ax 4+ f) =~ (—Ub) + qz®. (3.1.87)

4 \ Oz
SeleHne 3Toro ypasHeHHs OyJIeM HCKaTh B BHIE

v =pr* +L(t)r +lo(t), (3.1.88)

re p — HemsBecTHOe dncio, a [1(t) u lo(t) — HemsBecTHbBIE DYHKINH.

s ompenenienns stux HemsBecTHBIX mogctasuM (3.1.88) B (3.1.87):

. . 1
—(lhax+ 1) = 2px + L)(ax + ¥ f) — Z(pr + l1)262 + gz?.

Dpupasiupas Hyao Koddduuuents! npu 2, x, 2%, noayuum ypasHeHus:

. 1
2pa = p°b* +q=0; —h = (a—pb )+ 2pf; —lo=lf — 1P
DpuHIMas BO BHUMaHWe, 9T0 B cooTBeTcTBHA ¢ (3.1.8)

10 1
u= —58—“ b= —pba’ — Shi(1),

yoex aeMcs B crupasemanBoct (3.1.82) u (3.1.84).

3.1.8 3amaua o ciexkeHUuU

Dycrh Tpebyercs, aToOb ABUKeHWe 00bekTa (3.1.79) MO mepeMeHHBIM COCTOAHNA GBLIO
OJIU3KO K HEKOTOPOMY KeJJaéMOMY JIBHKEHUFO, OMMCHIBAEMOMY € TIOMOIIBIO 1M - MepHOil
BEKTOP-DYHKITNN Xy (1), 3a1aBaeMoil Ha wHTepBase [tg, t]. Jpyrumu crosavu, x(1) momkwo
craegoBaTh (wim 7 creanTh”) 3a Xy (t) .

Mepa 6smsocti BekTop-GyHKIMI X(1) M X (1) ompenensercs Kak 3HadeHHe QYHKINO-

HaJla

64



Lh5ﬂ@—x@@dx—mg+wﬂﬁ. (3.1.89)

Taxum obpa3oM, BOSHUKAET 3a/ia7a O TIOCTPOEHUH YIIPABJIEHN A, TIPH KOTOPOM 3TOT (DYHK-
IMoHaJ I IpUHUMaeT HauMeHblllee 3HaYeHne.
DokazkeM, UTO 3Ta 3ajada cBogurTcs K mpeabiayineit [3.13]. leiicrsurenbro, BBojs HO-

BBIIl BEKTOD € = X — Xy, MONYInM, ucnoab3ys (3.1.79), ypasHemwe

é=Ae+ Bu+fl (3.1.90)

rpe (1) — 310 n -MepHbIi BeKTOD,

(1) = Axy — X + U f(2) (3.1.91)

Oynkunonar (3.1.89) npuHUMaeT B

J = /(e’Qoe +u'u) dt. (3.1.92)

0
Ecmu f (1)(t) obamaer coiictBoM (3.1.81), To onTHMasIbHOE YIIPABJIEHHE ONpeIeAeTCA

coorHoterneM (3.1.82).

3.1.9 duckperubie (uudpoBbie) peryisaTopbl

DycTh 3a7aH 00BEKT YIpaBIEHNs, OMUChIBAEMbIH PA3HOCTHBIMHU YPABHEHUAMMI

x(k+1) = &x(k) + Ru(k) (k=0,1,2,...) 2(0) = 2, (3.1.93)

rie du R - 3aJaHHble MaTPHIbI YHCEJI pa3MepoB 1 X 1 U 1 X M COOTBETCTBCHHO.

KauecTso IEPEXOIHBIX ITPOUECCOB AJIA 3TOT'O o0BbeKTa oneHnBaeTCA CyMMOfI

J = g: x'(k)Qx(k) +u'(k— Du(k — 1), (3.1.94)

rae () - 3a7aHHas TOJOKUTEJbHO-OTpeesieRHas Marpuiia. |pebyerca HaifiTH MaTpHIIbI

C(k) ynpasienus

u(k) = C'(k)x(k) (k=0,1,2,...), (3.1.95)

npu KoTopoM dyrKImonas (3.1.94) mpuHIMaeT HanMeHblllee 3HAUEHNE TIPH JTFOOBIX z(©)

AnanuTHueckoe KOHCTPYHPOBAHUE PErYIATOPOB JIJIs JTUCKPETHBIX OOBEKTOB COCTOUT [?]

W3 Olepalnii:

1) seramcoenns marpunn P(N — j) j =1, N Ha ocHOBe PEKyPpPEHTHOTO COOTHOIIEHHU A

P(N —j) = ®[Q+ P(N = j+ 1)]® — ¢[Q + P(N — j + 1)]Rx

(R(Q+P(N—j+ )R+ E'RIQ+ P(N—j+ )0 (j=T.&) 190
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P(N) = 0; (3.1.97)

2) HaXOXKIeHWA

C'(N —j) = —{R[Q+ P(N—j+ DR+ E}" x R1Q+ P(N —j+1)]® (j = T,N);

(3.1.98)

3) omnpesenenusa MATPUIBL KO DUIIEHTOB YCHIEHUA PETYIATODA
C'(k)=C'(N—-3j) (jJ=1,N). (3.1.99)
Boisog coornomennii (3.1.96) ... (3.1.99) miasa obimero ciaydas HeCTAIHOHAPHOIO JIHC-

KpeTHOTO 0bbeKTa mpuBeieH B lomornennn 3.
Hokaxem s1mi coorHotenns pu n = m = 1. B srom ciaygae oobext (3.1.93) w dhyHK-

monast (3.1.94) mpuHIMatoT BU

a(k+1) = fa(k) +ruk) (k=0,1,2,...); (3.1.100)
J = ﬁqﬁ(k) + u? (k). (3.1.101)

,ZLJIH HaXO0zXKJIEHNA OIITUMaJIbHOI'O YIIpaBJI€HWA

(k) = e(k)a(k) (3.1.102)

NpUMEHUM NPHUHIUIT ONTHMaJbHOCTH, PAacCMOTpEHHbIH B §2.3.

B coorBeTcTBHM ¢ 3TMM NPHHINIOM HE3aBHCHMO OT TOTO, KaK JBHIaJach CHCTEMa JIO
nocyiearero mara (marepsata [(N — 1), N]), ynpasrenne (u(N — 1)) Ha mocregnem 1are
JOJIZKHO OBITH ONTHUMAJIbHBIM (OTHOCHTENHHO COCTOAHMS, BOSHUKIIEIO B PE3YJIbTATE IEPBBIX
N — 1 mraros).

YacTruHas cyMMa, KOTOPYIO HEOOXOINMO MHHAMHU3HPOBATh Ha MOCAEIHEM IIare, HMeeT

BUT

JVD = (N + u*(N = 1) = g[fe(N = 1) +ru(N = D> +u*(N —1).  (3.1.103)
Necnmonp3yst HeobXoamMoe YCIOBHE SKCTPEMYMa, 9TOH CyMMBI

9JIN-1)
Ou(N —1)

ITOJIYIUM OIITUMaJIbHOE YIIPpaBJIEHWE Ha ITOCJIEIHEM yHaCTKeE

qfr
1+ gr?

=2¢[fe(N = 1)+ ru(N —1)]r + 2u(N — 1) =0, (3.1.104)

u(N—1)=— 2(N = 1). (3.1.105)

Dpu ONTUMAIBHOM YIIPaBJIEHUN
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min JOVD 0 g L N (Y 1 3.1.106
o — gt L R 1 =V - AN -1, (31109

rie
¢ f2r?
1+r2q

Depexo/ia K HaX0XK IeHWIO yIIpaBJIeHn A Ha IpenocieqHeM mare (narepsate [N—2, N—1]),

p(N —1)=qf* - (3.1.107)

3alluIeM 9aCTUYIHYIO CYMMY, KOTOPYIO JOJIZKHO MUHUMHU3WPOBATHh 3TO yIIPpaBJICHUE:

JWV-2) — q:L'Q(N —-2)+ uz(N —-2)+ oW1 —

=[qg+p(N —1)]2*(N — 1) + u*(N - 2) = (3.1.108)
=g+ p(N = D][f2(N = 2) + ru(N = 2)]* + v*(N - 2).
aJ(N—2)
I/ICHOﬂbSyH H606XO,ZLI/IM06 ydjoBme MUHUMYMa m = 07 ITOJIY9IUM OIITUMaJIbHOE
YIIpaBJIEHUE Ha ITpeANoCJeIHEM Y9aCTKeE
(N —2) = — Mg PV =Dy ) (3.1.109)

L4 [g+p(N D)

Dpu STOM ypasiaeHnn dacTudHag cymMma (3.1.108) nmpumer 3HaveHme

min JWV=2 = p,(V=2) {[q + p(N — 1)]f2 - R i } X

L+ [q+p(N —1)]r? (3.1.110)
xx*(N —2) = p(N —2)2*(N — 2),
rae
PN —2) = [g 4+ p(N — D)2 — TP = DFT (3.1111)

L+ [g+p(N =12
D poioKasi ITOT Mpotiece, AofigeM 10 j-To (0T KoHla) yyacTka (naTepBata [N—j, N—j+1]).

Yacriuanad cyMMma, KOTOPYIo HY’KHO MUHUMA3HPOBaTh yipasaenneM u(N — j), wMeer B

JWN=3) _ q:L'Q(N — i+ 1) +u2(N—j) _I_U(N—j-l—l) _
=[q+p(N —j+ D]e*(N = j+ 1) + (N — j) = (3.1.112)
=lg+p(N = j+ DIf2(N = 5) +ru(N = 5) + ru(N = )] + v*(N = j).

OHTI/IMELJIBHOG YIIpaBJIEHUE

lg+p(N =5+ DIfr

N = i+

(N —j) =
(3.1.113)

re
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lg+p(N =g+ Dlfr

(N —3)=— , . 3.1.114
W) I+ [g+p(N =5+ 1) ( )
Bradenne dacTuaHol cyMMbl (3.1.112) mpu sToM yrnpasieHnn
min JWVD = (V=2 = p(N — j)22(N — j), (3.1.115)
re
: : q+p(N —j+ P fr?
PN =j)=lg+p(N—j+1)]f* - g+ 2l ) (3.1.116)

L+ lg+p(N —j+ 1)
Donarasg B (3.1.98), (3.1.96) n = m = 1, ybexmaemcs, 910 onu copnagator ¢ (3.1.114),
(3.1.116) coorBeTcTBEHHO.
Ecmm 8 dynkunonane (3.1.94) sepxuuii mpeges N — 00, To ONTHMAJIbHOE YIIPABJIEHHE

(3.1.95) mpuHWMaeT B

u(k) = C'x(k) (k=0,1,2,...), (3.1.117)

e C! — mMarpuiia 4uces1, onpejeaseMas U3 ypaBHeHWH

P—-9'P®—-dPRRPR+E™RPO+Q=0 (3.1.118)

¢'=-|[RPR+E|" RP® (3.1.119)
D1u ypasrenns caenyor u3 (3.1.96),(3.1.98),ecan monozkurs P(N—j) = P(N—j+1) =P
n oboszmaunTh ) + P = P.

Dpumep. AHaIUTUYIECKOe KOHCTPYyHUpOBaHUNe AuckperHoro (mudpoBoro) pe-
TyJATOpa TupopaMbl. DycTh Tpedyercsa HallTh 1nudpoBoil peryaarop

w(kT) = cra1(kT) 4 cawo(KT) + esaxs(KT) (k=0,1,2,...), (3.1.120)

[IPH KOTOPOM Ha JBMKEHWAX THPOPAMBI, OMUChIBaeMoii ypasHenuamu (3.1.23) (mpu f =10),

MUHUMHU3HPYeTCA PYHKITHOHAT

N—oo

J = Z qu:z;f(kT) + ng:zjg(kT) + q33:1;§(kT) + uz(kT). (3.1.121)

k=1
Depexosiag K TUCIEHHOMY peITeHno 3Toi 3amadn, chopMUpyeM BHaTae JTUCKPETHYIO
Mogesib TupopamMbl. Jlina sToro Bocmombsyemces gopmynamu (3.1.26), (3.1.28), ¢ momorbio
KOTOPBIX BBIIUCIAUM MaTpuily ® u BekTtop K. Dpu 3HaUeHUAX MapaMeTpoB THPOPAMbI

ayy = —400, as3 = 10°, azy = —10, b3y = 1072 momyunm npu 1 = 0,015

1 0,192-1072 0,279 -107! 0,19-107%
®=1{0 —0,477-107" 0,192-10 s R=10,279-107" ||. (3.1.122)
0 —0,192-107' 0,72 0,131-107°
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Ucnonb3ys 3T MaTpUIIb, a TaKzKe 3HaUeHns mapaMeTpos dpyHKmmonata (3.1.121), ¢4 = 107,

G22 = @33 = 0, mosyanm Ha ocrose (3.1.96), (3.1.98), (??) uckomble amca:
1= —0,686-10% ¢ = —0,728 - 10% ¢y = —0,414 - 10%. (3.1.123)

3.1.10 DporpammHoe obecliedeHne U MPAKTUKYM

FCAMMA-upektupa: 111 (Aranurndeckoe KOHCTpYHPOBaHNE ONTHMATBHBIX PETYIIATO-

poB).
NcxonHble qaHHbIE:

a)Ypasaenne oobexTa (3.1.1).(9pu aHaH3€ TEPEXOIHBIX TTPOIECCOB B ONTHMATHHON CH-
cTeMe K IpaBoil 4acTh Toro ypapHeHus gobapisercs ciaraemoe Vf . rpe f-pekrop crynen-
JaThIX BHEITHUX BO3MYIIEHHIT).

6)Marpuiia N ypaBHeHHsA peryJaupyeMbix mepeMeHHbIX § = NxX. (Derynupyembie me-
peMeHHble NCTIOMb3YIOTCA [T aHATH3a MEPEXOIHBIX MPOTIECCOB ).

B)BecoBas Marpuiia gsiA peryaupyembix mnepeMeHHbIX Qo .Mcnonbsysa sry Marpuiy u
vatpuiy N maiinem marpuny @ = NTQoN dynxunonana ontavusarmn (3.1.3)

B)BpeMs MomesmpoBaHusa TEePEXOHBIX TTPOIECCOB.

De3yIbTaThl:

a)Marpuna C' peryasaropa (3.1.2).

0)'pacbukm MepeXOIHBIX MPOIECCOB IO PErYIUPYEMBIM ePEMEHHBIM.

Ucmonbsys qupexktuBy 111 sermonmasercs npaktukym I p.2.1.0nna us ero mneseit coctont
B HCCIIEJIOBAHUN WHZKEHEPHbBIX MOKas3aTeseil (yCTaHOBUBIINXCA ONIMOOK ,BpEMERN PErYIHpO-
BaHW A, TEPEPETYINPOBAHNSA) ONTHMATBHBIX CHCTEM.Je3YIbTaThl ITOTO MCCJIETOBAHNA OTPa-
JKalOT U3BECTHBIN (PaKT,COCTOAIINI B TOM,4TO JIIOOOH aCHMITOTHYECKH yCTOHIUBON CHCTEMBI
(3.1.1),(3.1.1),(nmetotmieii ,B wacTHOCTH, ~TI0XHe” WHIKEHEPHbIE MOKA3ATETH )BCETIA MOKHO

MOCTPOUTDH HEOTPUIATENbHDIH (DYHKIIHOHAT Gostee obero,1em (3.1.3), Buma

J = [(X'Qx +u'Lu+2x'Lu) dt, (3.1.124)

0\8

(tne marpuna L ynowsaersopser nepasenctsy Q — L(L)™*LT >0 a L > 0), a1 KoToporo
3Ta CUCTEMa ABJIAETCHA ONTUMAJbHOIL.

MATJIAB-dynxnun:

1) [C", P,)] = lgr(A,B,Q, L, L)-cunTes oNTAMATLHOTO pPeryJIATOpa HemphIBHON CH-
crembl (LQ-onTumusars). Uexonmbie manmble:Marpuibl oobekta (3.1.1) m dyHKIMOHATA
(3.1.124).De3ynbTaT:MaTPUIBl PETYIATOPA W YPABHEHNA IUKKATH,a TakKe BEKTOp (A) €oO-
cTBeHHBIX "ncest MaTpunpl A + BC! 3aMKHYTOl cucTeMbl.

Bamernm,aro,ecan GyHKIHOHAT onTuMu3annn nMeet Buj (3.1.124),10 ypaBHenne Juk-

KaTl 1 MaTpHulla PETYJIATOPa OIMUCBHIBAIOTCA BbIPpaKEHNAMN

PA+ AP —(PB+ L)L) (BP+L)Y+Q=0; (3.1.125)
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C=—(PB+ L) (L), (3.1.126)

2) [C', P, )] = dlgr(Phi, R,Q, L, L) -cunTes onTHMaIbHOTO PEry IsaTOpa JUCKPETHOH CH-
crembl (3.1.93)- (3.1.95) mpu N — oo.

3) [P,A,Crr] = care(A, B, Q)-pemtenne ypasrennsa Jukkatu (3.1.18),0me rr — mo-
IPEITHOCTD pererns (onpegenenus marpumpl PO ).

4) [P, )\, C' rr] = care(A, B, Q)-pemenne ypasrenna Jukkatn (3.1.118) ama amexper-
HBIX CHTEM ,IJle 77 — HOIPENIHOCTh pelleHus .

5) [P] = lyap( A, Q)-pemenne ypasuenns Jlamyrosa(3.1.62).

3.2 DocTpoeHue peryJjaATOpPOB IIPU HEMOJHOI NH(popMaIud 0 BEKTOPE COCTO-
AHUA

3.2.1 DocraHOBKA 3aJa4u BOCCTaHOBJeHuA (HabJIIOqeHNA)

9&CCMOTpI/IM 00DBeKT YIIpaBJIEHN A, BOSMYIIEHHOE JBUKEHNE KOTOPOT'O OITMUChIBAETCA YpPpaBb-

HeHneM

% = A(t)x 4+ B(t)u, x(to) = x©, (3.2.1)

1 IyCThb B pe3yJibTaTE€ CHMHTE3a ITOJIYIEHO OIITUMaJIbHOE YIIPpaBJIEHUE

u=C'(1)x. (3.2.2)

96&111/13&111/15{ 9TOro yIipaBJIEHNA YaCTO 3aTPpyAHEHa TEM O6CTO§§[T6JH)CTBOM7 4TO He BCe
nepeEMEHHbIE COCTOAHNA o0BbeKTa AOCTYITHBI HEIMMOCPEACTBEHHOMY MU3MEPEHNIO, & MOZXKHO H3-
MEpHuTD JINIITb KOMIIOHEHTBI HEKOTOPOT'O 7" -MEPHOI'O BEKTOPa Y , CBA3aHHbIC C ITIepeMEHHbBIMUI

COCTOAHMNA COOTHOIIEHNEM

y = D(t)x. (3.2.3)

B cB#A3u ¢ 9THM BO3HHKaeT 3a/1a9a BOCCTAHOBIEHNA (HaOJIIONeHNA, OleHKN ) BeKTopa X (1)
Mo pe3yJbraTtaM n3Mepenus y({) Ha mHTEpBase [lg, t]. DociTe TOro Kak BEKTOP COCTOAHUA
BOCCTAHOBJIEH, MOYKHO peasn30BaTh ympasieHue (3.2.2), 3aMeHAA B HEM JefiCTBUTETbHOE

COCTOAHUE BOCCTAaHOBJIEHHBIM BEKTOPOM COCTOAHWA.

3.2.2 VYpaBHeHue HabJOOaTEN A

Dyaem HaszbIBaTh Habawdamenem GU3NTECKOE YCTPOICTBO, HA BXOJ, KOTOPOTO TTOTAETCH
peasbHBIH BeKTOp yupasienus u(l), meficTByomnii Ha 0ObEKT, & €ro BBIXOJAME CJIYZKHUT
OlleHKa BEKTOPa COCTOAHUSA OObEKTA.

D pocreiimuM HabIOJaTeIeM ABIgeTCH (PU3UTECKOE YCTPOHCTBO, OMNChIBAEMOE YpaBHE-

H1eM
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x = A()X + B(t)u, %(to) =%, (3.2.4)

rae X(t) — n-MepHbIT BEKTOp coCTOAHNA (BbIX0OIA) HabIOMaTEN, %) — pawamsroe cocro-
sHne HabJIoIaTe .

Ypasuenue (3.2.4) onuchiBaeT PpUIMIECKYIO MOJETh 00beKTa, (PYHKIHOHUPYIOIIYIO B pe-
QJIbHOM BpPEMEHH.

Ecmn mawasnbroe cocrosmme obbekTa mssecTHo, To mpuanmax X = x(©) | momyanm
OIMHaKOBble pelienns ypashernii (3.2.4) u (3.2.1), u ciaegoBaTenbHo, HaOIOAATETD TOTHO
BOCCTAHABJINBAET BEKTOP COCTOAHUSA OOBEKTA.

DavanbHoe cocrofHme obbeKTa 06bruHO HemssecTHo, 1 mostomy X0 % x(© . Torma

BO3HHKACT OIINOKa BOCCTAHOBJICHUA € = X — )A( . OHEL YAOBJIETBOPAET ypaBHEHUIO

e = A(t)e; e(ty) =x —x©, (3.2.5)

KOTOpOe TIOoIyIaercs, ecjn 3 ypasHenus (3.2.1) Boiaects ypasrenue (3.2.4).

Ecnm o6beKT ynpasIeHrsa acCHMITOTHIECKH YCTONYNE, TO OMIHOKa BOCCTAHOBJIEHU 00.Ia-
JlaeT CBOWCTBOM tli}r?o e(t) = 0 u crenoBarebHO, BBIXOJ HabIrogaTe s OyIeT ¢ TedeHneM
BpeMeHH TIpUOIMKAThCA K BEKTOPY COCTOAHUA OObEKTa.

Ecnn o6bekT ynpabieHns HeycTOHYHMB, TO IpHMeHsAeTCs HaOJofaTellb, OMAChIBaeMblil

ypaBHeHueM

x = A(t)x + K(t)[y — D(t)%] + B(t)u, %(to) =%, (3.2.6)

rae K (1) — HeKoTOpas MaTpHla pasMepoB n X r, HasblBaeMasd jJajee Mampuuel xkoapdu-
UUEHMO6 YCUAECHUA HABAI0IAMENA.

B sTom Habmronarese cpaBHHBaeTCs M3MepEeHHOE 3HaYeHHe BEKTOpa Y € BOCCTAHOBJIEH-
HbIM 3HadeHreM [D(1)X . DTa KOppeKnns Mo OMnOKe BOCCTAHOBIEHW YCHINBAETCA MATPH-
neit K(t). Dpu K(t) =0 mabmomarens (3.2.6) coBrmagaer ¢ mpocTeHIImM.

BELHI/IHIGM YpaBHEHNE HEL6JIIO,ILELT6JIH B BUJ¢E

% = [A(t) — K()D(t)] % + K(t)y + B(t)u, (3.2.7)

13 KOTOPOTO CJIEJyeT, 4TO BXOJOM HaOJIIoJaTe A ABIAETCA BEKTOP yIIpaBIeHUA 0 BEKTOP U3-
MepAeMbIX ePEMEHHBIX, a IePEXOIHbIe POoIecchl onpepensores Marputeit [A(t)— K (1) D(t)]
u mosToMy Marpuiia K (1) JoKHA BHIOMPATHCH M3 YCJIOBHA aCHMITOTHICCKOH YCTORINBO-
CTH HabJIIOIaTe .

Borawras ypasrenne (3.2.1) w (3.2.6), moayuuM cienytolliee ypaBHEHWE JIJIA OIIHOKH

BOCCTaHOBJIEHM A

e = [A(t) — K(1)D(1)] e; e(ty) = x1 — %, (3.2.8)

Ecmm cymecrsyer marputia K (1) Habmomarens, Takad, 9T0 Hab/IrOaTe b acCHMITOTH-

YeCKN yCTOIINB, TO OIMMOKa BOCCTAaHOBJIEHHA 0bIagaeT cBoiictBoM lime(t) = 0.
t—0
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CyIecTByeT HECKOTBKO METOJ0B TOCTpoeHnas MaTputbl K (¢), mpn KoTopoit Hab/Ioma-
TeJb ACUMITOTHYCCKU yCTOUINB.

DaccMOTPHUM JiBa TAaKWX METOJIa, OTPAHUIUBASACH, VIS TPOCTOTHI, CTAIIHOHAPHBIM O00beK-
TOM.

B sTom CJIydae 00BEKT OIUCHIBACTCA YpaBHEHUEM

x = Ax + Bu, y = Dx, (3.2.9)

u HabuomaTesb (3.2.6) nMeer B

%X = A%+ K [y — Dx] + Bu, %(to) = %, (3.2.10)

rae K — marpuiia ancet.
DyaeM 31ech W Jajee ToaaraTh, 9o 00bekT (3.2.9) noarnocmuvio nabarodaem. ITo O3Ha-

qJaeT, 9TO

paHr HD’, AD . (APTID

| =n. (3.2.11)

3.2.3 DocTpoeHue HabJIOLATEN A HA OCHOBE YpaBHEHUA DUKKATHU

XapakTepucTuaeckuii moanHoM Habsogarens (3.2.10) nmeer Bu

Dy(s) = det ||[Es — A+ KDJ|. (3.2.12)

Baja1a COCTOUT B TOM, ITOOBI TTOCTPOUTH MaTpuily K Tak, 9T00BI KOPHU ITOTO IMTOJIH-
HOMa UMEJIH OTPHUIaTeThHbIE BEIECTBEHHbBIE TaCTH.

B pasznese 3.1.1 6su10 IOKa3ano, aro pererte 3agatn AKOD obeceunBaer acuMITOTH-
qecKyto ycroiiansocth cucrembl (3.1.1), (3.1.2). Dovromy 3amatdy 0 TOCTPOEHUH MaTPHIIBL
K cBegem K crernuaJbHbIM 00pa3oM mocTpoernoi 3amade AKOD.

B cBa3m ¢ 3trM 3ammmem mosmHOM (3.2.12) KaK

Dy(s) = det || Es — A+ D'K| (3.2.13)

1 chOpMUpPYEM BCITOMOTATENBHYIO ~ CHCTEMY  YIIPABIEHUA C STUM XapaKTEPUCTHIECKUM IO~

JIMHOMOM

p=Apn+ D, (3.2.14)

u=-—K'y, (3.2.15)

rae p(t) — n-MepHBIH BEKTOp cocTosHuA ~crucTeMbl”. DTa crcTeMa” BbIpaykaeT JBOHCTBEH-

HOCTh 3a/7a4 yrhpasienus u Habmogenna. Ona comagaer ¢ cucremoii (3.1.1), (3.1.2),ecom
nonoxute A=A B=D",C=—-K.

Ypasuenne Dukkaru (3.1.15) maa 510 cHCTEMbBI MMeeT B
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P.A 4+ AP. — P.D'DP. + Q. = 0 (3.2.16)

e (). — 3aJaHAadg MOJOKHUTETHHO-OMpEIeeHHasd MaTpula, . — WCKOMas MaTpHIla pas-
MEpOB 1 X 1.
Derradg 970 ypaBHEHNe, HallIeM TOJOKATETBHO OIPEIETEHHYI0 MATPHUILY PC(O) U B COOT-

sercTBEd ¢ (3.1.16) copmMupyeM HCKOMYIO MaTpHILy
K=rOD. (3.2.17)

3.2.4 DoctpoeHue HabJIOLaTEN A HA OCHOBE MOJAJBHOTO YyNpaBJIeHUA

Ecau mpu mocrpoernn marpuiibt K Tpebyercs HEUTO OOJIbINEe, TeM aCHMITOTHIECKAA
YCTOWYIHUBOCTD, a UMEHHO, TpebyeTcs HaliTh TaKyto MaTpuily K , ITOOBI KOPHAMHI XapaKTepH-
CTHIECKOTO TTOMHOMA HabJTionatens Dy(s) ABaamuch 3agannbie ancaa Ay, ..., A" (Re A" <0,
i = 1,n). Docaenee o3HAUAET, YTO MaTpulla A JIOJKHA yIOBJIETBOPATh CJIEIYIOMEMY TO-
KJECTBY 1O S

n

Dy(s) =det||Es— A4+ KD|| =] (s — A\ . (3.2.18)

i=1
Jns moctpoenns Takoil MarTpullbl K BOCIOJIb3yeMcsa ITBOMCTBEHHOCTHIO 3aJad yIIpa-
BJIEHWA W HaOJIIONEHNA, BbIpaXKeHHOH cuctemoil (3.2.14), (3.2.15), u npuMeHNM MOJaTbHOE
yrpasienne [3.25], [3.26] .
Jadava ModaavbHO20 YNPasAEHUA 3AKITIOTAETCH B CIETYIOTIEM.

,ZLJIH 3aJaHHOT'O MMOJTHOCTBhIO YIIPaBJIAEMOTO o0BbeKTa

x = Ax + Bu (3.2.19)

HaliT Marpuny (' 3aKoHa yIpaBIeHHA

u=C'x, (3.2.20)

TaKo€, 9TO KOPpHHU (MO,IH)I) XapaKTEPUCTUIECKOTO ITOJIMHOMA SaMKHyTOﬁ CHCTEMbI

D(s) = det||Es — A — BC'|| (3.2.21)

UMEIOT Halepe]] 3a/laHHble SHATEHUA Aq, ..., A, .

D porestypa moctpoerns Marputbl (' paspermatoreit 5Ty 3agady, npuBoguTca B Jlomos-
werwn 4. s nocrpoenns marpuupt K, 3amennMm B ypasternu (3.2.19) marpunst A uw B
marpumamu A’ w D', nomaras \; = A' ¢ = I,n) maiizem marpumy €, Torma mckoMas

MaTpHIa HabIomaTe s

K=-C (3.2.22)
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Dpumep. OnpeneseHne MaTpuIlbl HabJIOgATEA TUPOPAMBI. Y paBHEHN: HaDJITIO-
JlaTess TTOJTHOTO TTOPAKA /1A TTepeMEeHHBIX COCTOAHNA THPOPAMBI, OITNCHIBAEMOl ypaBHEHN-

avu (?77), (7?), umetor B coorBercTBun ¢ (3.2.10) Bu:

3 = Qoo + asss + ko (y — 21); (3.2.24)
3 = agsiy + agsis + kai(y — 1) + bayu. (3.2.25)

DeunsBecTHblEe TapaMeTpbl ki1, koy, k31 OIpesesmM Tak, 9TOObI KOPHU XapaKTePUCTH-
YEeCKOTO ypaBHEHUA HaOJOaTe s NMeJN Halepel 3aJaHable 3HateHnds A}, A, AJ.

B cBsa3u ¢ stum chopMmynmpyeM 3agady MOIaIbHOTO YIpaBIeHHuA: s~ obbekTa”

Ty 00 0 Ty 1
j/’g == 1 ao9 A39 To + 0 u (3226)
T3 0 a2 ass L3 0
Haiitn 7 ympasierue”
U= cixy + Cag + 313, (3.2.27)
IPH KOTOPOM XapaKTepUCTHIecKnil moaunHoM cucteMbl (3.2.26), (3.2.27) umeer Buj
D*(s) = s5 4 d§32 + dis + dj, (3.2.28)
rje
dy = =M — X5 — A5 df = ATA5 + ATAS + A5AS; df = —ATAZAS. (3.2.29)

B coorercTBUM ¢ mlepBoil omnepaliyeil Mporeypbl TOCTPOEHUA MOJATbHOIO YIPABJIEHUA

dopmupyem MaTpuiry

0 0 1 100
\I}y == 0 1 —dg 0 1 as2 5 (3230)
1 —dg —dl + d% 0 0 a93

e dg, di, dy — Ko3pPUIUEHTH XapaKTePUCTHICCKOTO YpaBHEHIA 00hEKTa

S 0 0
D(s)=det|| =1 s—ay —as = s[(s — a22)(s — as3) — aszazs] = s% 4+ dys® + dy s,
0 —daz3 § — 433
(3.2.31)

re
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dy = —ag3 — @33, dy = aga33 — aszass.

BTOpELH ol€epannd MpUBOAUT K 3HaAYCHUAM

—ti=dy —b=d —dy; —&=d — dy. (3.2.32)

Ucnonbsys 3atem mpeobpasosanus (Jn.4.14) ¢ marpuueii (3.2.30), moryunm 3HaTeHA

¢ (1=1,2,3), Torga nckomble
kh' = —C; (Z == 1,2,3) (3233)

3.2.5 CrpyKTypa cucreMbl ¢ HabJdogaTegemM

Bossparmasics k paccmorpennio cucrembl (3.2.1), (3.2.2), peasmsanus 3akoHa yTpaBJie-
HrsA (3.2.2) KOTOPO# 3aTpy/HEHA TeM, 9TO He BCe MepeMEHHBIE COCTOARNA JOCTYITHBI HETO-
CPEeJICTBEHHOMY WM3MEPEHUI0, OTMETHUM, YTO B 3TOM CJIyYae eCTECTBEHHO MCIOJIb30BaTh Ha-
omogarers (3.2.6), a 3aTeM BOCIOIB30BATHCA 3aKOHOM yTipaBieHusd (3.2.2) TpUMEHHTENbHO
K BOCCTAHOBJIEHHOMY COCTOAHWIO.

90JIyLI€HHELH TaKHM 06pa30M CHCTEMa OIMNUChIBAECTCA YPaBHEHUAMMN:

x = A(t)x+ B(t)u, y = D(t)x; (3.2.34)
x = [A(t)+ K(1)D(1)] %+ K(t)y + B(t)u; (3.2.35)
u=C'(H)x. (3.2.36)

Da puc. 3.2.1 mpuBeseHa CTPYKTYpHAH CXeMa CHCTEMBI ¢ HabJIoIaTesIeM, TTOCTPOEHHASA

Ha ocHOBe ypasHenwii (3.2.34) ... (3.2.36).

uft) ; B(t) x(t) f X_(f) U(t) y(t)

r

0/5 beHm y

B(t)
pr] L e EO P s

L Alt)
> D)

Hadnwodamens |

F—————
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Duc. 3.2.1
Uccnenyem ycroitansocrs cucrembt (3.2.34) ... (3.2.36). OcyrmecTBuM SKBUBaJEHTHbIE
peobpa3oBanna TOH cucTeMbl. BblunTas u3 mepBoro ypasHeHu: cucreMbl (3.2.34) ypas-
werwe (3.2.35) w 3amenss B (3.2.36) X = X — e, nosyanm mocse noacraHoBku (3.2.36) B

(3.2.34) ypaBHeHus:

e = [A(t)+ K()D(t)] e; el(to) = x(to) — %(to); (3.2.37)

% = [A(t) + B()C"(1)] x — B()C"(t)e; x(to) = x©. (3.2.38)

Ecmm marputia kosddutmentos yentenns Habmonarensa K (t) spibpana Tak, 910 HaOI0-
narenb (3.2.35) acumnroTudeckn yeroiiaus npu y(t) = u(f) = 0, To pemrenne ypaBHeHNA
(3.2.37) e(t) — 0 mpu t; — 00 He3aBWCHMO OT HATaJIbHOTO cocTOAHUA €(fo).

Dycrs marputisl B(t) uw C'(t), Bxoggiime B ypasHenue (3.2.38), orpanuiens u e(t) — 0o

npu t — oo, Torga X(t) — 0, ecjau acHMITOTHIECKH YCTOHIHBa CHCTEMa

x = [A(t) + B(t)C'(t)] x. (3.2.39)
B crammonaprom ciytuae cucrema (3.2.34) ... (3.2.36) umeer BHI
x = Ax 4+ Bu, y = Dx; (3.2.40)
x =[A— KD]%+ Ky + Bu; (3.2.41)
u=C'(H)%. (3.2.42)

DKBUBaJeHTHaA eil crcTeMa, aHagorundro (3.2.37), (3.2.38), samuchiBaeTcs Kak

é=[A— KD]e; x=[A+ BC'|x— B(C'e. (3.2.43)

XapakTepucTHIecKuii MOTHHOM crucTeMbl (3.2.43)

D(s) = det
BC" Es— A— BC'

‘M@—A+KD 0

‘ (3.2.44)
=det(Es— A+ KD)det(Fs— A— BC").

N3 sToro BhIpaykeHus CIeJyeT, YTO KOPHH XapaKTePpHUCTHUIECKOTO TTOJMHOMA OMTHMAJIb-
HO¥i CHCTEMbI ¢ HabJTIOIaTeTEM COCTOAT M3 KOPHEH XapaKTepucTudeckoro nonnaoMa D, (s) =
det (Fs — A — BC") ontmMasnbroil cucTeMbl (y KOTOPOil BCe MepeMeHHble COCTOAHUHA JIO-
CTYTIHBI HETTOCPEICTBEHHOMY H3MEDPEHNTO ) M KOPHEH XapaKTepHCTHIECKOTo TToarnHOMa [, () =
det (F — A+ KD) mabmonarens. Taxknm o6pasom, MOKHO TPOU3BOANUTH DPa3IeTbHOE TTO-

CTPOEHUE 3aKOHa YIIpaBJICHUA 1 HEL6JIIO,ILELT€JIH.
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Dpumep. 'mpopama c Habaromaresem . Daccmorpum nipu f; = 0 tupopamy (3.1.23)
C ONITUMAJIBHBIM B cMblcTe pyHKIHoRaTa (3.1.25) ynpasiaennem (3.1.24) B c¢Basum ¢ Tem uro
HEMOCPEJCTBEHHOMY M3MEPEHUIO JIOCTYITHA JHUIIb O/IHA TIeEpEMEHHasA COCTOAHUA 1 , BOCIIONb-
3yeMcs JIJIA BOCCTAHOBJIEHUS OCTAThHBIX HEM3MEPAEMbBIX ITePEMEHHBIX COCTOAHUA HabJIIoTa-

testem (3.2.1) ... (3.2.3) Torga rupopama ¢ HabTIOgaTEIEM Oy IET OMMCHIBATHCA YPABHEHHAME

Ty = T} Lo = Q%2 + A3T3; T3 = A32T2 + aszx3 + bsyu, (3.2.45)

U= 1Ty + Colg + C3T3; (3.2.46)

521 =31+ ku(y — 1); 52"2 = Q9982 + a23ls + k21(y — &1); (3.2.47)

Ty = asa®2 + assls + kar(y — T1)bsyu; (3.2.48)

B KOTOPHIX (3.2.46) ... (3.2.48) — ypaBHeHU#A peryaaTopa, MapaMeTpbl KOTOPOTO ¢, Cz,

€3 ONPEJENAIOTCSA PellleHneM 3a/1aqi 00 ONTHMaJIbHOM YIIPaBJIeHUH, OMUCAHHBIM B IPUMepe
4.1.2, a mapamerpsl kyy, ko1, k3 HaxomATCsA B pe3yJbTaTe IOCTPOEHUA HabJIIOJaTesNs,
paccMoTpernnoro B pumepe 4.2.3.

XapakTepuctuaeckuii moauHOM crucTeMbl (3.2.45), (3.2.46), ecom mosmoxuTh B (3.1.24)

i =wx; (1=1,2,3) umeer Bug

s —1 0
Dy(s) = det 0 S — Qg —dss3 =
—63101 —da3zp — 63102 S — 33 — 63103 (3249)

= S[(S - Gzz)(S — 33 — 53103) - G23(G32 + 53102)] — bsicrags.

B coorsercrum ¢ (3.2.28) XapaKTepuCTHIECKH TOJIMHOM HabTIOIaTe s

Dy(s) = s5 4 d§32 + dis + d;, (3.2.50)

a XapaKTepHCTHIeCKuil TToarHOM crcTeMbl (3.2.45) ... (3.2.48)
D(s) = Dy(8)Du(s). (3.2.51)

3.2.6 Bo3MmoxkHasa HerpybocTh cucTeMbl ¢ HabJromaTeseM

DyaeM Ha3bIBaThb aCHMITOTHIECKH YCTOWIHUBYIO CHCTEMY 2pyboli, eCin OHa COXPaHAeT
ACHMIITOTHIECKYIO YCTOHIUBOCTD TPU MAJIhIX W3MEHEHNAX KO3 (D PUIMEHTOB, OMUCHIBAIOTINX
ee muddepennaapHbix ypasaennit. O HUM W3 TOKasaTesell TPyOOCTH CHCTEMBI SABJIAIOTCA
[3.24] 3anacsl ycroiiuuBoctu 10 (asze U MOLYJIIO.

Uccnenyem sanacet yeroiiansoctu cucteMbl (3.2.40) — (3.2.42) w mokazkeM, 970 OHU MOL'YT

ObITH HegomycTMo Maabivu [3.14],[3.15],[3.16].
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Hckmrogas BEKTOP COCTOAHUS PEryIATOpa X , 3allUIleM €ro YpaBHEHHA KaK

u=C"(Es—A+KD) '[Ky + Bu]

NJIn

(B —C"(Es— A+ KD)™' Blu=("(Es— A+ KD)™' Ky, (3.2.52)

H
Ccbopvmpyem mepenarounyio mMarpumy —WE (s) cucremsr (3.2.40), (3.2.52) B paso-
MKHYTOM (Ha BXOJe 00bEKTa) coCTOAHMU. JIJIs 9TOro 3aMeHrM BEKTOD BXOja OObLEKTa Ha
HEKOTOPBIH BeKTOp —r (4 = —r, 4TO 03HaYaeT pasMblKaHHe CHCTEMbI Ha BXOJe 00beKTa,

1 3allUIlleM MaTpHIy, CBA3bIBAOIIYIO BbIXO[ peryJjaATopa % € BEKTOPOM I . TOF,ILEL ITOJIY YU M

Who(s)=—[E—C'(Bs— A+ KD)™! B]_l C'(Es— A+ KD)" KD (Es— A" B.

pas

(3.2.53)

OrpannvnBasdch majiee, s MPOCTOTHI, CIyIaeM CKaJIAPHOTO YIpaBIEHUA (m = 1),
3allIIIeM TIepeJaToqIHyo (pyHKIIIIO

'"(Es— A+ KD)"'KD(Es—A)""b
W;zm(s) = _C ( ° A ) . ,( 8_1 ) (3254)
l—c(Es—A+KD)'b
Ee MOZKHO IIPEACTABUTDb KaK
¢ (Es— A)bDy(s) + ¢ (Es — A+ K D) bd(s)
WE (s) = — : (3.2.55)
d(s)Du(s) — ' (Es — A+ K D) bd(s)
rae CHMBOJT "~ o3Hauaer IPHUCOEANHEHHYIO MaTPHILY, d(s) u DH(S) — XapaKTepucTH-

TecKHUe TOJMHOMBI OObeKTa M HaOII0JaTes.
JeiicTBUTENbHO, TPEJCTABIAA MAaTPHUIY B YHCIUTENE TepeqaTodnoii ¢yukmmm (3.2.54)

KaK

(Es— A+ KD) ' KD(Es— A" =(Es—A+KD) ' (=A+ KD)(Es— A)"" +
+(Bs—A+KD) " A(Es— A)™!

1 YIATHIBas, ITO JJIA JII0O0H KBagpaTHoi MaTpuilbl M OYeBHIHBI TOXKIECTBA

(BEs—M)"'"M=s(Es—M)"'"—E, M(Es—M)"'=(Es—M)"'s—E,

ITOJIYYUM BbIpazKEHUNE

(Es —A+KD)"'KD(Es—A) ' =(Es—A)™' —(Es— A+ KD)™",

U3 KOTOPOTO cJefyer nepeparodnan Gyakums (3.2.55).
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DeTpyHO BHJETH, UTO €€ YUCIUTENb U 3HaMEeHaTelb ColepzKaT OJMHaKOBbIE MOJTMHOMBI
p(s) =¢ (ES — A+ KD) bd(s), KoTOpble B3aWMHO COKPAITAIOTCA B XapaKTePUCTHIECKOM
noJuHOMe crcreMbl D(s) = {d(s) —c (Esﬂj A) b} Dyu(s) + p(s) — p(s).

Ecmm kosdunmenTsr 00beKTa OTIHTAIOTCA OT PACIeTHBIX, TOJHHOMBL p($) B IMCITH-
Tesle W 3HaMeHaTe/le pas3JndaloTca. 1ak, B 4acTHOCTH, BeKTOp b, BXOAAMIN B OJHHOM
YUCIUTENsT OTHOCUTCA K 00beKTy, a BeKTop b B 3HameHaTese (bOpMHUpPYeTCs B yCTpoiicTBe
HaOJ/IIOIeHUA.

B [3.24] nokasano, 4To B3aMMHOE YHUYTOYKEHHE MOJTHHOMOB MPH MOCTPOCHUH XapaKTe-
PUCTHIECKOTO MOJMHOMA ABJIAETCA (TIPH GONBIINX 3HAUEHNAX KOIDDUIHEHTOB MOTHHOMA
p(s)) MpU3HAKOB MaJbIX 3alacoB YCTOWTMBOCTH Mo (hase W MOAY/Tf0. TaMm Ke TpHBeIeHbl

IIpUMEPBI MaJIbIX 3allaCOB yCTOﬁqHBOCTH CHucreM C HEL6JIIO,ILELT€JIHMI/I.

3.2.7 DoctpoeHue rpyobIx cucTeM ¢ HabJrogaTeIeM.

Ecim BekTOp cocTosnmsa obbekTa M3MepsAeTcs, To peryadaTop (3.2.1), onTumanbHblil B
cmpicste dyrakumonana (3.1.3) obecmeanBaer rpybocTs crcTeMbl. Kak MoKa3zaHO B Creyro-
IeM pasjiesie 3amachl YCTORNIUBOCTH 10 (hpase M MOJIYJITIO ONTHMAJIbHON CHCTEMBI JOCTATOTHO
BEJIUKH.

DepegaTodHas MaTPUIa PAa3OMKHYTOH (110 BXOIY 00BEKTa ) TaKOH ONTHMAIbHOM CHCTEMBI

nmMeeT BH

/ ~1

Woas(s) = =C'(Fs — A)” B. (3.2.56)

B cBs3u ¢ BO3MOXKHOH HerpyboOCTbIO TaKOil cHcTeMbl ¢ Hab/lojaTesieM BO3HHKAET BO-

[IpOC: HeJb3s JM BhIOpaTh MarTpuily K Hab/Iogaress Tak, 4ToObl nepegaToduHas (pyHKIMA
CHCTeMBI ¢ HabJIogaTeeM Oblaa OJIH3Ka K €€ IepeJaToTHoOl MaTpulie 6e3 HabIogaTe s

W2 () = Woas(s). (3.2.57)

pas
OxasblBaeTcs, 9TO [/ MUHUMATbHO-(Pa30BbIX OOBEKTOB 9TO BO3MOZKHO.
O6bekT (3.2.40) mpu r = M HA3WEAEMECA MUHUMAALHO-HA306bIM, €CITH KOPHU TOJTHHOMA
det D (E; A) B umeror orpunaTebHble BellleCTBEHHbIE YacTH.
Dyaem onpenenaTh MaTpuily K Habmomarens Ha ocHose ypasuenwii(??), (?7), B mo-

cJIeTHEM W3 KOTOPBIX MaTpuiia (). WMeeT OIpeesIeHHY0 CTPYKTYPY, U TaKUM 00pa3oM

K=rOp, (3.2.58)

e HEOTPpUIATE/IIbHO-OIIPpENECIIEHHAA MaTpUulla Pe(o) ABJIAETCA pelIeHneM CJIENYIOIETO ypab-

HEeHUA JUKKATH

P.A'+ AP. — P.D'DP. + R+ pBV BT =0, (3.2.59)

rie RunV - IITPOU3BOJIbHbIE HEOTPUIATEJIbHO-OIIPpEACIEHHBIE MaTPpUIbI, ﬁ — JOCTaTO4YHO

OOJIBIIIOE TIOJIOZKHUTEIbHOE YU CJIO, KOTOPOE HA30BEM KOSCbeHHHGHTOM CONMKEeHnA.
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Yreepxaenue. [3.15] . Dpu p — oo mepenarounas marpuma W (s) cmerempr ¢
HabJTfoaTesieM TpUOIIKaeTCAs K nepegaToTaoil Marpuie Woas(s) cucrempr 6e3 HabT0-

JaTesid.

3.2.8 D porpammHoOe obecrmedeHne U NPaKTUKYM

FCAMMA-upextuBa: 113 (OnTuManbras ciucreMa ¢ HabTOaTeeM ).

Wcxonmmble nanHble:

a)Ypasaenne oobexTa (3.1.1).(9pu aHaH3€ TEPEXOIHBIX TTPOIECCOB B ONTHMATHHON CH-
cTeMe K IpaBoil 4acTh Toro ypapHeHus gobapisercs ciaraemoe Vf . rpe f-pekrop crynen-
JaThIX BHEITHUX BO3MYIIEHHIT).

6)Marputia D ypaBHeHHA U3MepPAEMBIX TTEPEMEHHBIX,KOTOPBIE COBIATAIOT C PETYJIUDY-
empivu: 6 = y. (Derymnupyemble TlepeMeHHbIE WCTOMb3YIOTCA JJIA aHAJIN3a TEePEXOTHBIX
IIPOIECCOB ).

B)BecoBas Marpuiia gsiA peryaupyembix mnepeMeHHbIX Qo .Mcnonbsysa sry Marpuiy u
vatpuiy N maiinem marpuny @ = NTQoN dynxunonana ontavusarmn (3.1.3)

r) DeorputiaTesibHas MaTphiia V' B ypasHeHun Dukkaru (3.2.59) 18 Habmogatensd.(DTa
MaTpuia HazBaHa Marpuiei Jloyia )

11)D OJTOKUTENBHBIH TapaMeTp p, Ha KOTOPOe YMHOMKAETCA ITa MATPHIIA.

e)Bpemsa MogemmpoBaHns ePEXOIHBIX MTPOIECCOB.

De3yIbTaThl:

a)Marpurpr C" uw K perynaropa (3.2.41),(3.2.42)

0)'pacbukm MepeXOIHBIX MPOIECCOB IO PErYIUPYEMBIM ePEMEHHBIM.

Ucmonbsys qupexktuy 113 Bermorasercs mpaktukyMm 9 p.2.2.0nna u3 ero meseii cocTonT
B HCCIIEJIOBAHUN WHZKEHEPHbBIX MOKas3aTeseil (yCTaHOBUBIINXCA ONIMOOK ,BpEMERN PErYIHpO-
BaHW#,TEPEPETYITNPOBAHNSA) CHCTEMbBI B 3aBHCHMOCTH OT MapaMeTpa p .

MATJIAB-dynxnun:

1) est = estim(A, B, D, D, K)-bopmuposanmne mabmogatens (3.2.10),rme D -Marpnia
IpH yIpaBIeHIN B H3MepsAeMoM curfaje:y = DX + Du .

2) rsys =reg(A, B, D, D, (", K)-dbopuuposamne perymsaropa (3.2.41),(3.2.42

3) K = place(A’, D', X) -pacaer ko3 duumenTos HabIo aTe s Ha OCHOBE MOJAJTbHOTO
yIIpaBJIEHHS.

) [P, A, K, rr] = care(A', D', Q.) -pacier ko3 hunmenTos HabIt0 aTe d Ha OCHOBE ypaB-

Herusa Jukkarh (3.2.16).

3.3 YacToTHble CBOIiCTBA ONTUMAJIbHBIX CHCTEM
3.3.1 YVYcioBue onTUMAJbHOCTH B YacTOTHOIT dpopme

D potielypbl aHATUTHIECKOTO KOHCTPYHPOBAHUSA PETYJIATOPOB W TTOCTPOEHU HabJTIOTa-
Testelt 0bpas3ytoT 3MDPEKTUBHBII METOJ] CHHTE3a PEryIaTOPOB CHCTEM, KadeCTBO KOTOPHIX

OEHWNBAECTCA C IMOMOIIBIO MHTETPAJIbHOTO ITOKA3aTEJIA. O,ILHELKO JaCTO OKa3blBac€TCA, YTO
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TeXHUIeCKue TpeOOBaHNA K CHCTEME TPY/IHO HETTOCPEICTBEHHO BBIPASUTH € TIOMOIIHIO TAKOTO
MoKa3aTelisd, TO9TOMY BO3HUKAET 3ajiada BbIOOpa K0d(] hUIueHToB hyHKINOHATA OTTHMHA3a-
[T TT0 3aTaHHBIM TPEOOBAHUAM K TOTHOCTH W KaTeCTBY chucTeMbl. /U1 ee pertenns HyKHO
YCTaHOBUTH CBA3b MEKIY CTPYKTYPOH W mapameTpamMu QpyHKIIHOHATA ONTHMU3AIMH, C OJ-
HO¥ CTOPOHbI, M MOKA3aTeTAMI KadecTBa (BpeMeHeM PeryJIHpOBaHIis, TTepeperyInpoBanieM,
3amacaMu YCTOWIHBOCTH 1O (pase W MOIYJIIO) M TOTHOCTHIO (yCTAHOBUBIIMMHUCH OITHOKAMH
[IPH BHEITHUX BOSMYIIEHUAX) — C IPYTOI.
YcranoBJIeHIe TaKO CBA3M OMUPAETCA Ha YCAOBUE ONMUMAALHOCTY 6 YACTOMHOU hopme

[3.17].

Depexosid K 3TOMY YCIOBUIO, PACCMOTPHM CHCTEMY

x = Ax + Bu; (3.3.1)

u=C'x, (3.3.2)

OIITUMAJIPHYIO B CMBICJIE beHKHI/IOHELJIEL

J = /(X’QX +u'u) dt, (3.3.3)

B KOTOPOM () — TIOJIOXKUTENBHO-OTIpelesieRHads MaTphia. OnruMaabHocTh crcTeMsl (3.3.1),

(3.3.2) o3magaer, UTO MATPUIA

C =—PB, (3.3.4)

A€ olpeJeJIEHHO-TIONIOZKUTE/ITbHaAd MaTpHUulla P asnsiercs pemrennemM ELJII‘66pELI/ILI6CKOI‘O ypab-

HEeHUA JUKKATH:

PA+ A'P—PBB'P+Q =0, (3.3.5)

B KoTopoM A m B — 3ajaHHbBIE MAaTPUIIBI, YIOBJIETBOPAIOIINE YCIOBUIO YIPABIAEMOCTH.
Dpeobpasys (3.3.1), (3.3.2) no Jlamracy npu HyJeBbIX HaTaJbHBIX YCIOBUAX, 3alUIIEM

nepegaToIYHyro MaTpuny 3TOI CHCTEMBI B Pa3OMKHYTOM COCTOAHWN

Wpas(s) = —C'(Es — A)™'B, (3.3.6)

rje s — KOMIJIEKCHOE YHUCJIO.
D pubaBuM ¥ BbIUTEM U3 JeBoil dacTh (3.3.5) mpoussegenne P W yMHOXKUM MOy deHHOE

-1 1

paBeHcTBO cieBa Ha B'(Fs— A)™', a cupasa va (Fs— A)™', Torga

B(—Es — Ay Y[~PA+ Ps— A'P —sP + PBB'P — Q](Es— A)"'B =
= B'(—Es— Ay YPB+ B'P(Es — A)"'\B + B'(—Es — A"V PBB'P(Es — A)"'B—
—B'(=Es— A)VQ(Es— A)"'B=0.

(3.3.7)
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Beoms obosnauenme H(s) = H(Es — A)™'B, tme H'H = Q, u yunrsisag (3.3.4),

samuieM (3.3.7) B Buze

—B'(Es—A)™V'C - C'(Es — A)7'B+4 B'(=Es — A)"V'CC'(Es — A)™'B = H'(—s)H(s).

DpubaByifAa K 00ENM TacTAM €IMHUIHYIO MaTPUILy W YIUTbIBasd Bblpaxkenue (3.3.6) mis

HepegaTquOﬁ MaTpUI bl paSOMKHyTOﬁ CUCTEMDI, ITOJTYYUM OKOHYATE/TBbHO

(B + Woas(—5)1[Em + Woas()] = En + H'(—s)H(s). (3.3.8)

Dosaras § = jw , TOJYIAM YCAOBUE ONMUMAADHOCTIU 6 YACMOmHoU phopme

(B + Wl —jeo )V [Enn + Whas(je0)] = En + H'(—jeo) H(jeo). (3.3.9)

DTO yCIOBUE BBIMONHAETCS JIJIA BCEX BEIECTBEHHBIX W W CBA3BIBAET TACTOTHYIO Tiepe-
JATOTHY0 MAaTpuy Woas(jw) onTHMabHON CHCTEMBI ¢ TapaMeTpaMy BhyHKIHOHAIA OITH-
MU3alNN.

B pamnbreiiem n3stoxkennn OOJBITYIO POJib OYIET UTPaTh CJydail CKaJIgpHOTO yIIpaBJre-

ausa (m = 1). B srom ciyaae ypasuenus (3.3.1), (3.3.2) umetor Bua

x = Ax + bu; (3.3.10)

u = c'x, (3.3.11)

re u — CKaJsAp; b W ¢ — n-MepHble BEKTOPbI-CTOJIOIIDI.

Depenarounas GYHKIUA ITOH CHCTEMBI

Wpas(s) = —c'(Es — A)"'b. (3.3.12)
YcioBre onTUMaIbHOCTH (3.3.9) IpHHAMaET IPH CKAJIAPHOM YIpaBJIeHIHW BUJ,

n

11+ a0 )[L 4+ wpaalir)] = L+ 3 i) hi(juo), (3.3.13)

=1
rae h;(jw) (i = 1,n) — apobHo-panmoHa bHble (DYHKINW, ABIAIOIINECH KOMIOHEHTAMH

Bekropa H(Ejw — A)~'D.

3.3.2 KosddurnueHT nepegatiu u 4acToTa cpesa

DaiineM cBA3b MeXK 1y Kodddunmentamu pyHKIHOHATA

J:/(Zqﬁx?—l—uz) dt, (3.3.14)
0 =1
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(rme mas mpocrorel ) = diag[qit, - -, Gun), ¢i > 0, ¢ = 1,n) B cMbICTe KOTOPOTO OITH-
masbHa cucteMa (3.3.10), (3.3.11), ¢ ogmoil croponbl, n Koy PunnenTOM Nepegadn k, u
JacTOTOI cpe3a Wy TOM CHCTEMBI - ¢ APYTOl.

9ELHOMHI/IM7 4TO OJIdA CHUCTEM 0e3 acTaTH3Ma

ky = w,m(0), (3.3.15)
JJIA acTaTHIeCKHAX
i
k, = ll_lg%s w(s), (3.3.16)

rae r — IopAJOK aCTaTu3Ma, a 9aCTOTa CPE3a OIIPpEAC/TIAdETCA PaBEHCTBOM

|wpa3(ijp)| = 1. (3.3.17)

Donoxum B (3.3.13) w = 0, w yunThiBadg, 970 00bIUHO kp > 1 mosyanm miasd cucTeM

0e3 acTaTusMa

() (3.3.18)

7
=1

D peobpasyemM 3TO BbIparKeHre. JOCKOIbKY B PACCMATPHBAEMOM CJIyTae

H :diag [w/qu,..-,\/%n )

VUUTbIBas, 4YTO KOMIOHEeHTbl BekTopa (Es — A)™'b umetor Bus

pi(s)
D(s)

, tie p;(s) — cocra-

BIAOIINe BeKTopa p(s) = (Fs — A)b a

D(s)=det(Es — A)=s"+d, 15" '+ ...+ dys+dy
(Es — A) — mpucoennreHHas MaTPULA, TOTYTHM

n
1=

> hi(s)hi(—s) = li qz’im(s)ﬂi(—s)] Ds)D(—s)" (3.3.19)

=1

Takwum obpasom, (3.3.18) mpuHIMaer Bu

n 2
p;(0)
=1 0

JL1s acTaTHIecKUX CHCTEM aHATOTHIHOE, HO Y7Ke TOTHOE COOTHOIIeH e caeayeT u3 (3.3.19)

nocse ero yMHo:KeHus Ha s27 mpu s — 0

n 2
~ Z Pi(o)

r
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YacTo no coobpazKeHuaM TOTHOCTH paboThl CHCTEMBI 9UCI0 Ky, 3a1ano. Torma mus obec-
nedeHns 3aJaHHOro KoddpduinenTa mepegadn pa3soMKHYTON CHCTeMbl HEOOXOIMMO OIpe/Ie-
nATh Kospdutimentsl dpyrrmmonasta (3.3.14) us pasencrs (3.3.20), (3.3.21), 8 koropsix p;(0)
(: =1,n) u do(d,) — usBecTHBIe UnCIa, ONpeIeAeMble TTapaMeTpaMi 00beKTa yIpaBIeHU.

Jlns yeraHOBIEHWMA 3aBUCHMOCTH 9acTOThl cpesa cucteMbl (3.3.10), (3.3.11) or mapame-

TpoB yHKIHOHATA (3.3.14) BBEJEM B paccMOTpeHHe HEKOTOPYIO TacTOTy w(, , ompeesse-
MYIO PaBEHCTBOM
Z Gipi(—jws,) pi(Jws,)
=1, 3.3.22
D=7z, D) 532
KOTOpPO€e KBUBAJEHTHO
> hi(—jwi)hi(jws,) = 1. (3.3.23)
=1
Kpowme Toro, sammiem Toxmectso (3.3.13) kak
2Re s (je0) + a0} 0as( ) = 3 hi( =)o), (3.3.24)
=1
JI60
2a(w) cos p(w) + a*(w) =D hi(—jw)hi(jw), (3.3.25)
=1
re

a(w) = [wpas(jw)]; P(w) = arg wpas(jw).
Opu w = w}, ToxgecTso (3.3.25) mpuHmMaeT ¢ yaetom (3.3.23) Bua 2a(wy,) cos p(wl, )+
a*(wr

op = 1, OTKy 2 caegyer

*

a(wcp) = — cos p(wy ) + 4/cos? c,o(wgfp) + 1. (3.3.26)

Yaursisasg, aro —1 < cosp(w) < 1 , mONydnM TpaHUNbl JJId 3HAUYEHUH aMIUTHTY/THO-

9aCTOTHOM XapaKTEPUCTUKIA a(w) OIITHUMAaJIbHON CHCTEMBbBI B TOUKE w;fp

0,4 < a(wr,) < 2,4 mm [201g(wy,)| < 8 3. (3.3.27)

Ecmm mosrarats HakIoH JorapudMuIecKoil aMILIHTY IHO-1acToTHOH xapaktepuctukn (JIAUX)
B OKpecTHOCTH W, He Meree 20 139 /JIeK, TO HETPYIHO 3aKJIIOUUTh, YTO UCTHHHAN TacTOTa
cpesa Wep OTIMYAETCHA OT w(, He Gosee yem Ha 0,4 nexapt (B 2,5 paza).

Taxum obpasom, eciu kosddunuentsr q; (i = 1,n) dbynxunonana (3.3.14) sbiGpars
TaK, ITOOBI TIPU 3aJaHHOM W, BBLIOIHATIOCH PaBEHCTBO (3.3.22), 10 wacToTa Cpesa ONTH-
MaJibHOIT B cMblc/e Takoro dyHKInorama cucreMmbl (3.3.10), (3.3.11) 6ymer ormmaarhes oT

3aJTaHHOI He Oosee weM B 2.5 pasa.
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Dpumep. JacCMOTPUM THPOPAMY, OMUCHIBAEMYIO yPaBHEHU AMHE

Ty = T} Lo = Q%2 + A3T3; T3 = A32T2 + aszx3 + bsyu, (3.3.28)

1 IycTh TpebyeTcs HalTH 3aKOH yIpaBIeHIs

U= cixy + Cag + 313, (3.3.29)

npu KoropoMm crcrema (3.3.28), (3.3.29) umeer KodbdumenT nepensatn pasOMKHYTOH I'H-
%

b

Jlns petenuns sToit 3aqauu GyaeM onpeendTh mapamerpbl ¢ (1 = 1,3) u3 yciosud

pOpaMbl U 4aCTOTy cpe3a, bu3Kue K 3ajJaHHbIM —kb , w

MUHUMYMa (DYHKITHOHATA

J = / (91151?% + 2215 + qasz; + uz) dt, (3.3.30)
0

K03 PUIHEHTHI KOTOPOTO OTpeenstorcs u3 coorrorrernnii (3.3.21), (3.3.22).

s naxoxpennsa Gyukmmii p;(s) (¢ = 1,3) Beramciamm

-1

s —1 0 0 | o3
(ES - A)_lb == 0 s— a9y —da323 0 = =~ a923S8 631, (3331)
D(s)
0 —das2 S — ad33 631 S(S — a22)
rae D(s) = 53— (ag2 + G33)82 + (az2as3 — asaag3)s .

Taxmm obpaszom,
,01(8) = a3bsy; ,02(3) = ay3bs31s; ,03(3) = S(S - G22)531-
DoacraBnaa 511 Bbipazkerusd B (3.3.21), (3.3.22), nomyanm

2 7.2
911%3631

(a22a33 - G32G23)2

=k; (3.3.32)

9116‘336:231 + q22w:§a§3b:2a1 + 933“’:;2, (wiﬁ + a%z) bzzﬂ
D(=juwi,) D(jws,)
DycTh mapaMeTpbl THpopaMbl nMetoT 3Hadenus (3.1.55), a ky=4- 107, wep = 100 ct,
Bamapasich 3HaUEHNEM ¢33 = H-107 | Bbramesmm no dopmyaan (3.3.32), (3.3.33) ¢i1 = 1,6-10'%,
Ga2 = 3+ 10%.

Demras 3amaty AKOD rupopambr pu 5TUX 3HaATEHUAX KO3PDUINEHTOB (DYHKITHOHATA

= 1. (3.3.33)

onrumusanyu (3.3.30), Haiigem

1 =—0,126 -10"; ¢; = —0,44-10* 3= —166-10°.

Depenarounasn GYHKIUA PA3OMKHYTOH THPOPAMBI
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3
Zci,oi(s) az3bs1 [01 + (Cz — 03@) s+ 0—382]
=1 _

(93 (93

WpazlS) = -
paa(s) D(s) 53 — (ag2 + ass)s? 4 (ag2a3 — a32a3)s (3.3.34)

0,126 -107(0,92-107*s? +3,1 - 10725 + 1)
B s(s2 4+ 301s + 3,3 - 103) '

Da puc. 3.3.1 mpuBeIeHa aMILUTHTYTHO-IaCTOTHAA XapaKTEPUCTHKA Pa3sOMKHYTON THPO-

paMbl, U3 KOTOPOil cienyer, uro TpeboBanus K k, U Wep BHIIOIHAIOTCA.

Iwpas {jw)i

Miw)=ous JON_

20L9 alw) [36] (p*[zpla 103' Wpaslj)|

go}- | 412

50 41,0

0 190

30 10,5

20 - )

10

0 ) 600

1 w0~ 102\ 1030l

Suc. 3.3.1

3.3.3 TI'paHunmbl 3amacoB yCTOMYUBOCTU ONTUMAJbHBIX CHUCTEM

Uccnenyem qacrorHble cBoiictsa cucrembl (3.3.10), (3.3.11) co ckansapHBIM yrnpaBieHneM
onTUMasbHON B cMblciae dyrKInonata (3.3.14). Jlaa obmnocTn OyaeM mojararth, 9TO B
5ToM (PYHKIIWOHATE TacTh KO3(P(MDUINEHTOB ¢; paBHa HYJO, OJHAKO, TpeboBaHWe TOTHON

yrpasagemoctu mapbl (A’, H') BbimosH#AeTCH.
OxasblBaeTcs, NI 9aCTOTHBIX TMOKasarTeseil KadecTBa (3amaca ycroifamBocTn mo dase
@5 , 3amaca yCTOHIHBOCTH IO MOIY.Tf0 [ 1 oKasaTess KoaebarerbrocT M ) ONTHMAIBHBIX

cucTeM MOXKHO yKazarh [3.18],[3.19] ux rpanuiipl, He 3aBucsiue oT Bbi6opa Ko3hhUuInenTon
dbyurmmonana (3.3.14).

YTBepkaeHune  3amachl yCTOHIHBOCTH ¥ IMOKA3aTesh KOJI€DATETHHOCTH CHCTEMBI
(3.3.10), (3.3.11) ymoBIeTBOPAIOT HEpaBEHCTBAM

0, > 60 L>2 M<2. (3.3.35)

Joka3aTesbCcTBO yTBEPKIAEHNA OMMpaeTca Ha ToxaecTBo (3.3.13). YuursiBasd, 910
> hi(=jw)hi(jw) > 0, (3.3.36)

=1
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3amuieM Ha ocHoBe (3.3.13)

[1 4+ Re wpas(jw0)]? 4 Tm? wpas(jw) > 1. (3.3.37)

Dapenctsy [l + Re wpas(jw)]? 4+ Im? wpas(jw) = 1 cooTBeTCTBYeT B IIOCKOCTH TOIO-
rpada ammnTyaHO-bazosoii xapakrepuctukn (APYUX) oKpyKHOCTD €IMHITHOTO pajuyca
¢ TMEHTPOM B ToUKe Re wpas(jw) = —1, Im wpas(jw) = 0. Dra oKpyKHOCTH MOKa3aHa Ha
puc. 3.3.2. Depasenctso (3.3.37) ozHavaer, uro rojorpad ADYUX onrumasnbHOl cHCTEMbI
He TlepeceKaeT 30HBI (ITO 3ampeTHas 30Ha Ha puc. 3.3.2 3alITpUXOBaHa), OrpaHUIeHHOI

OKDYZKHOCTBIO €JIMHUTHOTO pajuyca ¢ HeHTpoM B Touke (—1, j0)
AImWpas(jw)
(L

L 0,5
-2 A 1 REWﬂa:; {j(.o)

Duc. 3.3.2

Omnupasich Ha TaKylO0 TeOMETPUIECKYIO WHTEPIIPETAINIO YCIOBUA ONTHMAJbHOCTH B Ta-
crotHoit popme (3.3.13) u Hepasencrsa (3.3.36), HeTpyAHO MOKa3aTh cooTHoIreHu# (3.3.35)
JUTS TPAHMIl YaCTOTHBIX TTOKa3aTeseil KatecTBa.

[eiicTBUTENIBHO, TTepecederre 3alpeTHON 30HBI ¢ KPYTOM €IWHUTHOTO pPajinyca ¢ IeH-
TPOM B Hadaje KOOPJIMHAT 00pa3yeT CerMeHT, B KOTOPBIH BIHCHIBAIOTCA TBa PABHOCTOPOH-
mux Tpeyronbinka 010Ky, O10K (cropoHaMn STHX TPEYTOJbHUKOB ABJIAIOTCH PajNyChl
TePeCEeKAIOIINXCA OKPYKHOCTEIN ), KOTOpble OMUPAITCA Ha JYTY, OTMETEHHYIO Ha PHCYHKe
kpectukamu, a mostomy yroam OK Ky pasen 120°. 1o osmavaer, 9ro 3amac mo gase
w5 > 60°.

Depexoa Ko BTOpoMy U3 HepaBeHCTB (3.3.35), oTMeTHM, 9TO OTPE30K BeIleCTBEHHO
ocu [—2, 0], orMedeHHbIH Ha PUCYHKE KPECTHKAMU, HAXOAUTCH BHYTPU 3alPETHON 30HbI.
DTO o3HaTAET, UTO 3armac YCTOHIHBOCTH TIO MOJYJIIO JIJIf ONTHMAJbHBIX crucrem ¢ AQYUX
BTOporo poja He MeHee nBYX, a ¢ ADUX mepBoro pojia - 6eCKOHETHO BEJIUK. 3 OCIeTHee
caejpyer u3z toro, 4ro yuactok [—1, 0] Bermecrsennoil ocu ne moxker nepecekarbes ADYUX
ONITUMAJTBHON CHCTEMBI.

['parwma mokazaTess KoIeOaTebHOCTH ONTHMATbHBIX CHCTEM HAXOJIUTCH CJIEILYIONIAM

obpaszom. Da puc. 4.3.2 WMTPUXIYHKTUPHON JIWHWEH HaHeceHa OKPYXKHOCTb pajnyca 1 =

M = 0,66 ( 0) = M
02— 1) = 0,66 cuenrpom B TOUKEe (—a, 90), rue a = 02— 1)

COCTAaBJIAET TE€OMETPUIECCKOE MECTO TOYEK, 3allpETHDLIX IJIA ADPYX ¢ morazaresiem Kouseba-

= 1,3 . Dr1a OKpyKHOCTH

testbHOCTH M = 2. Tak Kak 3Ta OKPYXKHOCTh HaXOJUTCA BHYTPHU 3aIlIPETHOI 30HbI, KacadacCh
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IpaHUIBl STOH 30HBI W3HYTpH, To M < 2 1, TakUM 00pa3OM, YTBEPKJACHHE JTOKA3AHO.

OrmeTrM, 9TO JTOKA3aTETHCTBO OMMPATIOCh Ha HepaBeHcTBO (3.3.37), KoTopoe He cojep-
KUT KO3PPuiinenTos HyHKIIMOHATA ONTHMA3AINANA. ) PaBjia, IPH ITOM TpedyeTcs, TToObI
¢i >0 (i =1,n), Tak Kax B 5TOM CoTyuae Boimoansercs (3.3.36), mosromy rpanums (3.3.35)
He 3aBUCAT OT BbIOOpa 9TUX KO3 PUIUEHTOB i TaKUM 00pa30M,yTBEPKICHHE JTOKA3AHO.

OTMernM, 9TO aHAJTOTHIHOE YTBEPIKIACHIE MOIYIEHO U /IS ONTHMATHHBIX CHCTEM C BEK-
TOpHBIM yrpasienuem [3.20],[3.21]

Dpumep . Omnpegesnm 3amachl YCTOHUUBOCTH W MOKa3aTesb KOJeOaTEJTHHOCTH THPO-
paMbl ¢ 3aKOHOM YIIpaBJieHus, moaydeHubiM B mpuMepe 4.3.1. Depemarounas yHKIHs
THPOPAMBl B PA3OMKHYTOM COCTOSHWH OTpejesdercsa Bbipazkennem (3.3.34). Da puc. 4.3.1
IpUBeEHBl JTorapudGMIIecKas aMILUIUTYIHO-TacToTHaA xapakrepuctika —201g a(w) u GyHK-
i p*(w) = 1804 p(w) (rae ¢(w) — dasodacToTHas XapakKTepUCTHKA ), COOTBETCTBYIOIIHE
nepegaroanoil Gynkunn (3.3.34). DerpynHo BUAeTh, 9T0 5 = 80°, L — 0o. Da TOM Ke

pHCYHKe TIpuBeeH Tpaduk

W)
M) = 1w, Gl

N3 KOTOPOTO CJIeNYy€ET, 9YTO ITOKa3aTeEJ/b K0s1€0aTeJIbHOCTH

M = max M(w)=1,1.

0<w<oo
()TMGTI/IM7 uTo B bostee O6HI€M CJIy4dae beHKHI/IOHELJI (3314) COOECPZKHUT IIpOou3BeAcHNA T;

n u:

J:/ Zqﬁx?—l—Z Zlixi u+u?) dt,
0 =1 =1

B MaTpu4HO# (hpopMe OH TPUHUMAET BUJL

J = /(X’Qx 2(l'x)u + u?) dt, (3.3.38)

rge | — n-MepHbBIH BEKTOP.

YcoBre HeOTpHUIATEIbHOCTH MOABIHTErPAJbHON KBajpaTHuaHOi ¢popMbl 1+ 1 mepemen-
moro () — [’ > 0. Beoxns HoBBIe mepeMennble U = u+ 'z, Q = () + [I' HerpymHO mpUBeCTH
dbyurmmonan (3.3.38) k dopwme (3.3.14) u ucnomsszosars nporeaypy AKOD. Oxnako mis
JaCTOTHBIX TTOKa3aTelell KadecTBa CHCTeM, ONTHMAJIbHBIX B CMblcTe GyHKIHORATa (3.3.38),
yIKe Heslb3# yKasarh rpanutl (3.3.35). Dosree TOro, MOKHO MOKa3aTh, ITO /I JO00H (B TOM
qHCsIe W CKOTh YTOMHO “TI0X0#” 110 9acTOTHBIM MoKaszarenaMm) cucrembl (3.3.10), (3.3.11)
MOXKHO TIOCTPOUTH HEOTPHIATeNbHbBI (hyHKIMoHAT Brga (3.3.38), B cMbIce KOTOPOTO ITa

CHCTEeMa ABJIAETCA ONTHMAaJIbHOI.
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3.4 TouHoe ymnpaBJjieHUEe
3.4.1 DocTaHOBKA 3aJa4u

DaccMOTPUM aCHUMITOTHIECKH YCTOHIUBYIO CHCTEMY YIIPABJIEHUS, OMUCBIBAEMYIO YpaB-

HEeHMAMA

x=Ax+ Bu+ VUf, y=Dx, = Nx (3.4.1)

xp = Apxp + Bpu, u= Dyxi Iy (3.4.2)

DT ypaBHEHUA ABJIAIOTCA CTAIIHOHAPHBIM ciydaeM ypasrennit (1.3.9) — (1.3.12).
DycTh KOMIOHEHTBI (@ -MepHOIO BeKTopa Bosmytnennii f(t) ABIAOTCA coiepyformMu

TTOJINTAaPMOHNYECKUMI beHKHI/IHMI/I

fi(t) = Zp: Jirsin(wit + ) (i =1, p) (3.4.3)

k=1
Bnech ammuryna fi, dasel ¥y, (i = 1u, k=1,p), a takke vacrorsl wy (k= 1,p)

TapMOHUK HEU3BECTHDI. O,ILHELKO U3BECTHO, 9TO aMIJINTY bl TAaPMOHUK TTOAYMHEHDBI YCIIOBHUIO

p

SRS =T, (3.4.4)
k=1

rle p — MW3BECTHOe THCI0 rapMonuK, f* (1= 1,4) — 3amaHmble dnca.

Y CTaHOBUBIIUMUCS OIMOKaMH 110 PETYIUPYEMBIM ITIEPEMEHHBIM ABJIAOTCA YUCTIA

O yer = t1i>r<£lo sup |6;(1)] (3.4.5)

Badawa mownozo ynpasaenua[3.23] cocToUT B CIEMYIONIEM.
s samannoro obbekTa (3.4.1) Haiitn anciosbie Matpuisl A, , By, D, u F, peryus-

Topa (3.4.2) takne, aTo0bl crucrema (3.4.1), (3.4.2) ynosiersopsia TpebOBaHHAM K TOTHOCTH

ei,yCT < 0;; (346)

rae 07 (i =1,m) — 3agaHHble YnCTA.

YHacrHble ciaydan 370 3agaqu wccaegopanch B [3.20], [3.22]

Serrerne 3Toil 3a7a91 MOKET He CYIIECTBOBATh s JoObIX uucen 07 (1 = 1,m). Bee-
JleM JBa BHJa 0ObeKTOB, JJIsd KOTOPBIX OHa paspelrnMa.

Hepeuiti 6ud obsexmos ommchisaercs (3.4.1), B Kotopeix ¥ = B, y = X, (mepemMenHble
COCTOHUA U3MEPHAIOTCH), [ = 1M .

Bmopoti 6ud 066exmo6 XapaKTepu3yeTcs TeM, 9TO BEKTOpa PeryJupyeMbIX B H3Mepsie-
MbIX TlepeMennbIx conagaior (§ =y, N = D, r =m) u KpoMe TOro, 00beKT ynpaBJIeHust
ABJIAETCSA MHUHAMAJIbHO - (Pa30BbIM.

Docrennee osnadaer, uTo KopHu nosnaoMa det ||Dadj(Es — A)B||, rme adj — cumbosn

HpI/ICOG,ILI/IHGHHOfI MaTpUulbl, TME€IOT OTpUIAaTE/IbHbIE BEIECTBEHHBIE TaCTH.
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3.4.2 VYnpaBjeHue odobeKTaMu MepBOTO BUA

O6’b€KT IIEPBOT'O BUJa OIMUCHIBACTCA YPaBHEHUEM, KOTOPOE€ Ha3bIBa€TCA YypaBHEHUEM C

BOSMYUICHUEM, TPUJTOZKEHHBIM K BXOIY o0BbeKTa

x=Ax+ B(u+f), §=Nx (3.4.7)
W MCKOMBIH Peryaarop, obecrneqnBaoinii BbinoaHenre Tpebosanuii (3.4.6) wMeer B

u=C'x. (3.4.8)

Hns permernns 3agaun npuMmernm mpotenypy AKOD, B koTopoit B KadecTBe PYyHKIIHO-

HaJla OIITUMHMU3AlN ITPpUMEM CJIG,ILyIOIHI/Iﬁ

J= /(9’@09 +u'a) di, (3.4.9)
0
rae Qo = diagllqly, ..., q%,. || — AmaroranpHas MaTpua ¢ TOTOKAUTETBHBIMI KO pHITHEH-

Tamu (g >0, (1 =1,m).
B stom cayuae marpuna () B ypasrernax Dukkard (3.1.15) mmeer Bug @ = N'QoN .

YrBepxkaenne. Jlna nocrpoenns peryiaropa (3.4.8), obecmeunBaroliee BHITOTHEHITE
Tpeboparuii K ToaHOoCTH (3.4.6) TpHM mosmrapMoHmdeckoM Bosmytienun (3.4.3) mocra-
TOYHO HCnoub30Barh mpoteaypy AKOD mns obbekra (3.3.1) u dynkunonana (3.4.9), ¢

K03 punmeHTaMu, YI0BIETBOPAIOMINMEI HEPABEHCTBAM

Py I
k=1

0
Ui 2 — gz

(i=T,m) (3.4.10)

JlokazaTesnbcTBO yTBEpKACHUsA MpUBeIeHo B [3.24].

3.4.3 VYmnpajieHue ob6beKTaMu BTOPOro BUIA

Tak Kax B 3THX 00bEKTaxX BEKTOP COCTOAHUA HE U3MEPAECTCA, TO H€O6XO,ILI/IM HEL6JIIO,ILEL—

TeJsb, W MO3TOMY PErYJIATOP ONMChIBaeTcsa ypaBHennaMmn suga (3.2.40) — (3.2.42):

x=[A— KDJx+ Ky + Bu, u=C'%. (3.4.11)

DeTpysHO BUIETH, ITO MaTPUIbl ypaBHeHn:A (3.4.2) UMEIOT B PAaCCMAaTPHBAEMOM CJIyTae

BUT

Ay+A—KD+BC', B,=K, D,=C", F,=0. (3.4.12)
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Jlns pemienns 3aa9M TOTHOTO yIIpaBJIeH:A MpeobpasyeM ypasHeHu:a oobekTa (3.4.1) K

suay (3.3.35). B cBA3m ¢ srum 3amuiiem Ha ocHOBe ypasherns (3.4.1)

y(s) = D(FEs — A)_lBu(s) + D(Es — A)_lkllf(s) (3.4.13)

u onpenenuM BekTop f(1) SKBUBATEHTHBIX BHEIIHWX BO3MYIIEHWUH, MPUBEIEHHBIX KO BXOIY

O6’b€KTEL7 cooTHoOIEeHneEM

f(s) = [D(Es - A)—l}‘l D(Es — A)""Wf(s) = T 4(s)f(s) (3.4.14)

u Torga Beipakenne (3.4.13) npuanMaer BuJ

y(s) = D(Es — A)'B(u +f) (3.4.15)

MuHrMaIbHO - pa30BOCTh 00bEKTa rapaHTHPYET OTPUIIATEIhbHOCTh BEIECTBEHHBIX da-
cTeii MOTIoCoB mepegaTodnoil MarTpuipl 17:(s) H MOSTOMY CyIIECTBYeT orpaHndcHHas BEK-
top - dpyukmma f(t), yaosrersopsiomas coorHotennto (3.4.14).

Ypasuenne (3.4.15) mMoxHO Terneph 3amucarh B Buge (3.4.7)

x = Ax+ B(u+f1), (3.4.16)
W HCTIONTb30BaTh uid nocrpoenns Marpuibl C' B (3.4.11) yreepxkaenne 4.3.2. Onnako mepe
5TUM HeobxoauMo Hafitu cymmy rpanut, »_ £;° (k= 1,m) "sosmyuwenna” £(1).

k=1
B CBA3MW C 9TUM OTMETUM, 4YTO BCETa Ha,IL/'I,D;eTCH HUCJIO 1) TaKoe€, 9YTO BBIIIOJHACTCA HE-

PaBEHCTBO
f]?fk = fETfjg(—]wk)Tff(]wk)fk S szgfk 0 S W S o0, k = m (3417)

rie fk n fk m - MEpPHbIE BEKTOPpa aMIIJIUTY /[ NCXOAHOI'O U 3KBUBAJIEHTHOI'O BOSMyHJ;eHI/HL/'I.

CyMMupys 5TH HepaBeHCTBA, MOJYTHM

K=r"p, (3.4.19)
rie Pgo) — HOJIOZKUTEJIbHO-OIIpENESICHHAAd MaTpulla, ABJIAOIIAACA PENIEHNEM CJIIEAYIOIIETO
ypaBHEHWSA DUKKATH

P. A"+ AP. — P.D'DP. + Q.+ gBVBT =0, (3.4.20)
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YrBepxkaenne. Marpuist C' u K perynaropa (3.4.11), obecrieqnBatoIero BbIIOTHEHITE
Tpeboparnii (3.4.6) K TOTHOCTH, HaXOQATCA ¢ MOMOIIbIO ypaBHenuii Dukkaru (3.1.15),

(3.4.20), B mepBOM W3 KOTOPBIX

Y
il =T,m) (3.4.21)

Q=NQ.N, ¢ > —15— (i

a BO BTOPOM Qc nV - IITPOU3BOJIbHbIE HEOTPUIATEIbHO-OIIPENCIIEHHBIE MAaTPUIIbI, & I10-

JIOZKATEJTbHBIIA KOSCbeHHHGHT L — AOCTAaTOYHO BEJIUK.

3.4.4 DporpaMmMHoOe obecrmedeHune U NPaKTUKYM

FCAMMA-mpextusa: 113.1 (Tounoe yupasiernne oGbeKTOM BTOPOTO BHIA).

Wcxonmble nanHbie:

a)YpasHeHre 00beKTa ¢ yI€TOM BHEITHUX BO3MYIIEHHI.

6)Marputia D ypaBHeHHA U3MepPAEMBIX TTEPEMEHHBIX,KOTOPBIE COBIATAIOT C PETYJIUDY-
embiMu: 0 =y.

B)BekTop rpaHul BHEMTHIX BO3MYIIEHHMI.

r)BekTop rpaHUl JOTYCTHMBIX 3HATEHWH YCTAHOBUBIITNXCA OITHOOK.

1) DeorpuniarenbHad MaTphila V' B ypaBHeHnH JUKKaTH (3.2.59) 114 Habmomaress.(Jta
MaTpuia HazBaHa Marpuiei Jloyia )

€)DOOKHUTETHHBIH TTapaMeTp p , Ha KOTOPOe YMHOYKAETCHA ITa MaTPHUIIA.

De3yIbTaThl:

a)Marpurpr C' w K perymnaropa (3.4.11).

0)'pacbukm MepeXOIHBIX MPOIECCOB IO PErYIUPYEMBIM ePEMEHHBIM.

Ucmonbsys mupextuny 113.1 Boimomuserca mpaktukym 9 p.2.4.0ama u3 ero meseil co-

CTOUT B MCCIENOBaHNN MHZKEHEPHDBIX noKa3aTeJel .

I'naBa 4 OnTuMaJIbHBIE CTOXAacTHUYeCKHe CHUCTEMBI

DaccMOTPUM Terepb MOCTPOEHUE CUCTEM CTAOWIM3AINH I OObEKTOB, MOIBEPIKEHHBIX
BHEITHUM BO3MYIIEHUAM, & TaKxKe MoMeXaM, COMPOBOZKIAIONIAM MPOIecC U3MEpEeHud ero
BBIXOJHBIX MTepPEeMEHHbIX.

Brerrane BosmylIlieHnsA U TOMeXH TTPEIIONATAIOTCA TayCCOBCKUME CJYYallHbIMU TTPOITIeC-
camu.

B §5.1 monydeno onTuMasbHOE yIpaBieHne MPH BHENTHUX BO3MYIEHUAX THUIA ~ OEJIbIi
ym”, TPUITOKEHHBIX K 00BEKTY, epeEMEHHBIE COCTOARNA KOTOPOTO H3MEPAIOTCH TOTHO (6e3
novex ). OKasbIBaeTcs, ITO 9TO yIIPABIEHNE COBIAIAET C 3aKOHOM YIPaBJIEHNHA, MOy TEH-
HBIM B TpeJblayleil ryase, Npu OTCYTCTBUM BHEITHUX BO3ZMYILIEHUH.

B §5.2 cTrpouTcs onTmMasibHOE CTOXaCTHIECKOe YIIpaBJeHWE MPH HE MOJTHOCTHIO M3Me-

PAEMOM BEKTOPE TMEPEMEHHDBIX COCTOAHMA WU aJJAUTUBHBIX IMOMEXaX B IIPpOLECCE U3MEPEHNA.
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DoJTyUeHbl COOTHOIIEHNSA IS OTPEIeSIEHNs MATPUIIbl KO3 (D PUIMEHTOB yCUIeHNs HaOIO-
JaTesid TOJHOTO MOpAJKa, MPU KOTOPOH OCyIlecTBAAeTCA ONTUMAJIbHOEe BOCCTAHOBJCHWE U
usbTpaIna mepeMeHHbIX COCTOAHNA 00bekTa. Jlokasana Teopema pasiesieHns, B KOTOPOil
B OTJIMYHE OT JeTEPMUHUPOBAHHOTO Caydad YTBepKAaeTcsA CTaTHCTHYeCcKas ONTUMabHOCTD
CHCTEeMBI, cojieprKaliieii OMTUMaJbHBIN peryidarop, B KOTOPOM Heu3MepseMble TepeMeHHble
COCTOAHUA 3aMEHATOTCA OlIEHKaMU 3THUX IMePEeMeHHBIX, MOJyYaeMbIMI Ha BbIXOJIEe ONTUMaJIh-
HOTO HabJroaTe s (ONTHMATbHOTO (PHIBTPA).

B §5.3 mosydenbl aJropuTMbl ONTHMAJIbHOTO CTOXACTHIECKOTO AUCKPeTHOTo (1 po-
BOTO) yIpaBJIeHnsA. De3yJbTaThl ITOTO Maparpada ABIAIOTCA PASBUTHEM pe3yIbTaToB §5.1

u §5.2 Ha cayJail JUCKPETHBIX CHCTEM.

4.1 OnrTuMajbHOe YIIpaBJIeHNe PN U3MepAeMOM BeKTOPEe COCTOAHUIT

DaccMOTPUM HeCTAMOHAPHBIN 00BEKT yIpaBIeHIA

% = A()x 4+ B(tyu+ U()f; x(ty) = x?, (4.1.1)

rae f(t) — p -MepHBI BEKTOD BHEIIHUX BO3MYIIEHWH, ABIATOIIMICH TayCCOBCKAM CJTyTaii-
HBIM TIPOTIECCOM THTA ~OeJblil TIyM . 311ech U jajiee GyaeM mojiaraTh, ITO MaTEMATHIECKOE

OZKIJaHne

M {£(t)} = 0. (4.1.2)

KOBELpI/IELHI/IOHHELH MaTpHulla 9TOTO IIporecca

Ri(t', ") = MA{f(tE'(t")} = RO (1)s(t' — 1), (4.1.3)

rae R (1) — nonoxurenbHo-onpeeenas MaTPHITa pasMepoB i X (i , XapaKTepH3yolas
MHTEHCUBHOCTh ~6ejioro myma’ B MOMEHT BpemeHu 1.
Dyers maganproe cocrosmme X0 TakiKe ABIACTCA TayCCOBCKIM CTyHailibIM BEKTOPOM,

He 3aBHUCATIMM OT BHCHIHMNX BOSMyHJ;eHI/HL/'I 1 MMEIINM IIpr M {Jf(o)} =0 KOBapHallnuOHHY O

MaTpUILY

M {xOx} = RO (4.1.4)
DaccMoTpuUM KpHUTEPHit

t1
J:M’/h@@k+wﬂ+£mﬂﬂ&m), (4.1.5)
to
rae () — MoNOKHUTENBHO-ONPeTeIEHHAA MATPHIIA.
Tpebyercsa waiitn ynpasienwe u(t) Kak (GYHKIHIO TEKyIel W MpouLIoi wHGOpMalm

06 x(t), mpu Kotopom (4.1.5) IpuHUMaeT HanMeHblIlee 3HATEHHE.
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Tak kak Tekymmasa wHpoOpMalma 06 X(1) HOCHT caydaiiHblil Xapakrep, TO 1 GOPMUPY-
eMoe Ha ee OCHOBE ONTHMATbHOE YIIPABIEHHE OYIET CAYUATHUM (CMOTACMUNECKUM) Ynpa-
BAEHUEM.

9 776 2

€OZKMTAHHBIM OKa3blBaeTCA TOT (PAKT, 9To Haaudrne ~6esoro myma’ B ypasrennn (4.1.1)
He W3MeHAeT ONTHMAJBHOTO YIIPABJIEHUA, KOTOpoe ObLIO TodydeHo paree (B § 3.1) mpm
OTCYTCTBUM BHEITHWX BO3MYyIleHuii. l3MensdeTcda Jnib 3HaYeHHEe MWHUMYMa KPUTEPHHA.

Cdopmymupyem stor pesyabrar [1.4], [3.7].

YrBepxkaenune OnrumanbHoe cTOXacTHIecKoe ympaBierne mis oobekta (4.1.1), mpn

koropoM dyrkumona (4.1.5) npuHIMaeT HaWMeHbIlee 3HaTEHNe, MEET BHI

u = C'(t)x, (4.1.6)

re

C(t) = —P(t)B(1); (4.1.7)

P(t) — pererne MaTpUIHOTO ypaBHEHNA IUKKATH

—P(t) = P()A(t) + A()P(t) — P()B()B' (1) P(t) + Q(t) (4.1.8)

IpU KPaeBoOM yCJIOBUM

P(ty) = PW, (4.1.9)

Bnavenne dynxmmonana (4.1.5) npu ynpasaernn (4.1.6) onpenenserca BppazkeHIeM

tr {P(to)R(O) + / ()R ()W (1) P(t) dt} : (4.1.10)

(B srom Bhipazkennu 3amuch trA osHadaer cien KBaaparTHoil Marpuiisl A. Do ompese-

JIEHUIO,

trA = Z Qg
=1

rae a; (1= 1,n) — AMaroHaJbHbIE J1eMEHTbl MaTpuibl A .)

DaccMOTPUM TeTlepb CTallMOHAPHBIH Caydaii, Korja MaTpPHIbl, BXOJAININE B ypaBHEHEE
ooberTa (4.1.1), n pynkunonan (4.1.5) MoCTOAHHBI, a MHTEHCHBHOCTD CTAI[MOHAPHOTO ~Oe-
Joro myma” XapakTepusyercs Marpuieit gncesr R(Y . Damvenpimee snaternne yHKITONaTA

OIITUMM3alluM MMeeT BI
t1
minJ = tr {P(to)R(O) —|—/\I/R(1)\I/’P(t) dt}. (4.1.11)
to
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Bo muOTTIX IPpaKTUYIECKUX CIyYdadAX BpeEMA beHKHI/IOHI/IpOBELHI/IH CHCTEMbI BEJINKO. TOF,ILEL

IIoJIaTralOT B beHKHI/IOHELJIG OIITUMM3alll11 tl — OO W 3Ha4YeHue beHKHI/IOHELJIEL

minJ = trPORO 4 (t; — t) W RWW PO, (4.1.12)

rae PP — ycraHoBuBIIeecs pellleHre MaTpUIHOrO ypaBHeHus Dukkaru (3.1.15).

OueBugno, aTo pu t; — oo [mciao minJ — oo .

D puUnHON STOH CUTyallnn ABJIAETCH HEOTDaHWIEHHAs SHEPTHA CJIYUIaifiHOTO IMporecca
tuma "Oesplii mym”, mosToMy Tpu t; — oo BMecro dyHKunonaga (4.1.11) mpuHEMaioT

dyHKIHOTAT

t1
J = lim %M [ (¢QUEx + ) d 4 X () POx() | (4.1.13)
1ol — 1o
to

,ZLJIH CTalUOHAaPHbIX CHUCTEM 3TOT beHKHI/IOHELJI MOZKHO 3allCaTb KaK

31
1
J=lim ——M /(X’QX—I—u’u) dt 7. (4.1.14)
t1—00 tl — to

to
Dpumep. OnrumMalibHOE CTOXACTUYECKOE YIpPaBJIeHHE TUPOPaMOi. accMo-
TPUM THpOpaMy, omuchiBaeMyto ypasraennamu (3.1.23), B Koropbsix f(f) — crannonapHblii

. . . 1 .
CITYTIaifHBIN TIpoTece THTa ~ Oesblil MyM~ ¢ WHTEHCHBHOCTHIO r§1) = 10%. Dpuuunoii Ta-
KOT'O BHEITHETO BO3MYIIEHUS SABJIAIOTCA BBICOKOUACTOTHBIE BUOPAIIAN, KOTOPbIE TPUBOJAT K
CITYIaifHBIM W3MEHEHUAM CYyXOTO TpeHus oTHocuTesbHOo ocu OY .

Tpebyercs HaliTh 3aKOH yIpaBJIeHUs, TPU KOTOPOM (DYHKITHOHAJT

t1
) 1

IpUHUMaeT HarnMeHblllee 3HadeHue.
DycTh TapaMeTphbl THPOPaMbl W PYHKIIHOHAT ONTHMHI3AINN OMPEIETAIOTCA PABEHCTBAME

(3.1.55), a 3HAUeHHE

a1 = 1077, (4.1.16)

TOTJa ONTHMaJIbHOE yIpaBieHne nmeeT Bu (3.1.24), a ero mapaMeTpbl ¢p, ¢y, €3 OTpee-
adAfoTes cooTrormernamu (3.1.58).
Borancimm snavenne dyukinnonana (4.1.15) mpu onTHMaIbHOM YITPaBJIEHIH.

Dogeanm (4.1.12) wa t; — tp u moNOKUM t; — 0O, TOTIA
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0 p?1 p?z p?:a
minJ = tr RO PO — tr 0 rﬁ) H 0 0 s H Py Py P9s || =
0

P31 Pls Doy Phs
(4.1.17)
0 0 0 Pl Pl P @
1
=tr||0 0 0 Py Py Phs || =i 1/)%1}723 :
1
0 0 r§1)¢§1 Pls Phs P
Tax xak B coorsercrsunm ¢ (3.1.57) p3; = 116 - 10°, To nckomoe 3HaUeHHe
minJ = 116 - 10. (4.1.18)
DTo 3HAUEHWE PABHO CyMMe JIHCIIEPCH
Q11Uzl + ngafw + q33023 + 02 =116 - 107, (4.1.19)
rae az,l, (1 = 1,2,3) — mucnepcus x;, o, — gucnepcus u. Hcmoab3ys 9To paBeHCTBO,

MOZKHO TIOJIYHYUTDb OLNEHKY AUCIIEPCHUN I10 KEL)K,I];OIL/'I 3 MepEMEHHDBIX COCTOAHMA.

4.2 OmnrtumajbHOe yHpaBjeHUe NPU HemoJHoii nHdopMaliuu o BeKTOpe Co-

CTOAHUA.
4.2.1 CrpyKTypa OOTHMAaJbHOTO peryjiaTopa

DycTh He Bce TepeMeHHble cocToAHnA obbekTa (4.1.1) mocTymHBI HemocpeacTBEHHOMY
U3MEpEHNIO W MyCTh, KPOMe TOTO, W3MEPEHUS OCYIIECTRIAIOTCA ¢ ToMexaMu. Torga 0ObekT

YIIpaBJIE€HUA OIMMChIBACTCA YPpaBHEHUAMN

X = A()x + B(thu+ V() f; x(to) = x; (4.2.1)

y = D(t)x + x(1), (4.2.2)

rie, Kak u panee, f(¢) — p-MepHbI BEKTOP BHEIIHUX BO3ZMYIIEHWUIT, ABIAIONINICA 1ayCCOB-
CKHUM CJIy9aifHbIM TPOIEccoM THIa ~OesIblil ryM” ¢ HYJIeBBIM MaTeMaTHICCKAM OXKHTaHUeM
W 3ajanHoil Kopapuanmonnoi Marpuneii R (t); A(t), B(t), V() — sajaHnbie MaTPHIIbL;
y(t) — r-MepHbBII BEKTOp M3MepAEMBIX MepeMeHHbIX; X (f) — 9T0 r-MepHBI BEKTOp TO-
MexX (IIyMOB), TaKyKe ABIATOMIMNCH CIYIaiiHBIM MPOIECCOM THIIA ~OesIblil 1ryM” ¢ HyJIeBBIM

MaTeMaTH4YCCKIM OXKMIJaHWEeM 1 KOBELpI/IELIJ;I/IOHHOIL/'I MELTpI/IHGfI

RO, ") = M {x(t)X(t")} = ROW)S(t —1"), (1.2.3)

rie R(z)(t) — 3aJadHad IIOJIOZKHUTEJIbHO-OIIpeJe/icHHad MaTpHula pa3MepoB 1 X 1.
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Ilanee mpemosaraeTcs, 9TO BHEIIHHE BOSMYIIEHHA M MOMEXH M3MEPEHHH He3aBHCHMBI
(He KOppeupoBaHBbl).

9 axowerr, 00O3HATUM

Aummﬂ:x@;M{h%quqp@ﬁ—ﬂﬂ}:R@ (4.2.4)

u OyJjieM ToJaraTh, 9TO HaJaJbHbBIE YCIOBUSA HE 3aBUCAT OT BO3MYIIIEHUH W TIOMEX, a BEKTOP
% u marpuma R pasmepos n X n W3BECTHDI.
Tpebyercs naiiTu ypaBieHne U, 3aBUCAIIEE OT U3MEPAEMOTO BEKTOPA Y , TAKOE, TTOOBI

KpuTepwi

t1
J=M / x'Q(1)x + w'a] dt +x/(t)PWx(ty) ¥, (4.2.5)
to
rae Q(t), P _ 3aianuble TONOKATETPHO-OIPEIeeHHbIe MATPHIbL, IPHHAMAT HAlMEHb-
aiee 3HadcHHue.

DeryndaTop, GOPMUPYIOUTHH HCKOMOe YIIpaBJeHne, COCTONT (KaK W B J€TEPMUHUPOBAH-
HOM CJTyUae, PACCMOTPEHHOM B TIPEIBLIYINEl [TaBe) U3 ABYX dacTeil: yCTpoicTBa, peaansy-
roaiero ONITUMAJIbHBIN 3aKOH (416), B KOTOPOM BMECTO HENU3BECTHOI'O BEKTOPa NMEPEMEHHDBIX
COCTOAHMNA X IIOJCTaBJIACTCA €ro OlleHKa }A(, BprEL6ELTbIBELeMELH BO BTOpOM YCTpOﬁCTBe — Ha-

6JIIO,ILELT6JI€. Kak u B AETEPMUHUPOBAHHOM CJIy4dae, HEL6JIIO,ILELT6JIB OIIUChIBa€TCA YpaBHEHUEM

%= A%+ K(t) [y — D(t)X] + B(t)u, (4.2.6)

B KOTOpOM Marputia K (1) onpeensercs U3 ycaoBUA MUHEMYMa (DYHKIHOHATA

J =M {A(t)e}, (4.2.7)

(rme A(t) — 3amannas MOTOKUTEIBHO-OMPEIEIEHHAN MaTPHIa) OIMOKH € = X — X BOCCTa-
HosaeHus (HaboaeHns, DUIBTPAIIH ).

Dpu TakoM omnpedenennn Marputbl K (1) ypasaerue (4.2.6) omHCHIBAET OnMUMAALHOL
nabarodamens (onmumasvroll duavmp).

Takum 06pa3zoM, 1esb MOCTEIYIONIEero COCTONT B HaXOZKJAeHuI MaTpuipl A (1) u3 ycuosus
muHIMYMa (4.2.7) W B JTOKa3aTeqbCTBE NPUHUUNG Pa3deerus, KOTOPbI ABIAETCA OCHOBa-
HEEeM /I TIpe/ICTaBIeHIs PeryaiaTopa U3 JBYX dacTeil.

OrmeTnM, 9T0 ypaBHEHHE yCTpoiicTBa BoccTaHOBIEHNA (4.2.6) OGbLIO MOCTPOEHO B Ipe-
IBLIYINEH TaBe MCXOAA W3 SBPUCTHYECKHX coobpazkeHuil. B meficTBHTeNbHOCTH Ke OHO
BIepBbie ObLIo mostyderno B pabore [4.6] D.Kammana u Ibtocu, KoTopas ABUIACH JajbHeli-
muM passutueM pesysbratos A.D.Konmoroposa u D .Bunepa [4.4], [4.5] o onrumanbHoii

dpurbTparmum.
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4.2.2 OnrtuMaJibHbIll HabJOgaTe b

YrBepxkaenune. Marpuna K (1) ypasaenns nabmomarens (4.2.6), npu xkoropoit (4.2.7)

AOCTUTAET MUHUMAJIbHOT'O 3HAYEHN A, OIIPpEACTAECTCA BbIpazKEHNEM

1

K(t) = P.()D' ()R (1), (4.2.8)

rae P.(1) — MaTpuiia pasMepoB n X n, ABIAIOMIAACA PELIEHHEM YPpaBHEHNA DUKKaTH

1

P.(t) = A(t)P.(t)+ P.(t) A'(t) = P.() D' () RP™ () P.(t) + W (1) ROW' (1), t > 1, (4.2.9)

C Ha9aJIbHbIM YCJIOBUEM

P.(to) = RY. (4.2.10)

DavasbHoe yciosue Ny HabarogaTensd (4.2.6) T0MKHO ObITH BRIOPAHO B BIIE

X(to) = <. (4.2.11)

JlokazarenbcTBO TOrO YyTBEp:KAeHUsA npubegeHo B Jlokasarenbcrse 3.

Dabuogaress (4.2.6), y Kotoporo Marpuiia K (1) u HadadbHble YCTOBUHA OTNPEIETATOTCA
coorHomernamu (4.2.8) --- (4.2.11), wacto HaspBaorT Puavmpom Kaamana - Hvrocu mo
MUMEHHU aBTOPOB STHUX cooTHOIIeHni [4.6].

DeTpyHO 3aMEeTHTh CXOJACTBO B PElIeHnH 3ajad ONTHMaJbHOIO YIIPaBJIEHMS (AKOS)
(3.1.48),
= ( )

u onTHManbHO# duabTpaimn. JleiicrBuTenpro, cpasHuBad Bhipaxkenus (3.1.47),
(3.1.46), (4.2.8), (4.2.9), zakioaaem, ato ecan nomoxnts K(t) = —C(t), D'(t)
P.(t)=P(t), R® =QW | A'(t)= A1),

U(t) = RMOHW'(t) = Q(t), (4.2.12)

TO STH BBIPayKEHU COBMAJAIOT ¢ TOYHOCTHIO 0 3HaKa MPOU3BOAHON M KPAeBBIX YCJIOBHI.
(B mepBom ciytae 9Tu yceoBus 3aJaHbl B KOHETHbBIT MOMEHT BpEMEHN t1, a B CJIydae OITH-
MaJIbHOTO HaOJfOJeHNA — B HATaJbHBI MOMEHT BpeMeHH fo ). ITO CXOJICTBO ABIAETCH
BbIpaKeHHeM JBOHCTBEHHOCTH (IyaJbHOCTH) 3aa9 ONTHMATbHOTO YIPABIEHUA W HAOJIIO e
HUSA.

Emme pas ormerum, uro mMarputia KodhQUIHEHTOB YCHICHUA ONTHMAJBHOTO HaOJTIO1a-
TeJIA CTPOUTCA Ha OCHOBE pellleHns ypasHeHnsa Dukkath (4.2.9) B "nmpaMom” BpeMeHH, TOT1a
KaK B 3aJa4e ONTHMAJIhHOIO YIIPABJCHU 9TO YpaBHEHHE pellaeTcs B~ o0paTHOM BpEMEHH.

B crammonaprom ciyuae ypasuenus (4.2.1), (4.2.2) npuauMaroT B

x = Ax+ Bu+ V¥f; y=Dx+x, (4.2.13)
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rae caygaiiabie mporeccsl f(1), x(t) Tuma "Geblii mrym” XapaKTepU3yIOTCA MOCTOAHHBIMU
koBapuarnmonmsivMu Marpumamu R w R

Matrpumna K onTuMaJbHOTrO HabJIIOIATEN

X = AX+ K [y — DX] + Bu (4.2.14)

onpegejdaeTrcdad Kak

K =PDRO, (4.2.15)

rae P. — marpuma wicen (pasMepoB n X n ) eCTh pellenne aaredpanvecKoro ypasHeHn

AP, + P,A' = P.D'R®™ DP. + WRMDY' =0, (4.2.16)

KOTOpOe HaXOUTCA KaK YCTaHOBUBIeecs pelierne nnddepenmanbioro ypasaenns (4.2.9)
(B kotopom A(t) = A, D(t) = D, RW(t) = RV, RO (1) = R® npu { — oo. Taxoii

HEL6JIIO,ILELT€JIB ABJIACTCA OIITUMaJIbHBIM B CMbICJIE beHKHI/IOHELJIEL

J = Jim M {e'Ae(t)} . (4.2.17)

OTmernm, 4TO, KaK M B HECTallMOHAPHOM CJIydae, MaTpula K He 3aBHCHT OT BbIOOpa
MaTpuIbl A QyHKIHOHAIA ONTHMHI3AIIH.

Dpumep . JocTponNM ONTHMATHHBIH HabmomaTesnb 1 oobexta (77), (77), Bo30y XK 1eH-
HOTO CJyYaiiHbIMU BHEITHWMH BO3MYIIEHWAMH, NPU HETOUHBIX HM3MEPEHUAX. Y paBHEHUs

(??), (??) mpuMyT B STOM CJIydae B

Ty =2+ bpu+ Vi f; T = bau 4 Yo fi; (4.2.18)
y=ux1+ Y, (4.2.19)
rae f(t), x(t) — caydaitabie mporeccsl THma " Gesblil IyM” ¢ HHTEHCHBHOCTAMME rﬁ) >0,
rﬁ) > (0 CoOTBETCTBEHHO.
Dabiogaresb, ONTAMAIbHBIN B cMbIcIe (PYHKITHOHAIA
. 2 2
J = lim M {el(t) + e3(1)} (4.2.20)
(e1 = ¥y — &1, €3 = &9 — T2 ommchIBaeTCA B cooTBeTcTBIN ¢ (4.2.14) ypaBHEeHHAME
Ty =T+ ki(y — &) + biu, &3 = +kau(y — &) + bayu, (4.2.21)
B KOTOPBIX HEW3BeCTHBIE KOYPhUmenTor kiy, k1 HaXOMATCI M3 COOTHOITCHHH
k . . 1
o _ Pe11 Per2 : (4‘2'22)
Fg1 Pe12 Pe22 0

D€ Pe11s Pel2 s Pezz ABJIAIOTCH PEMIEHNEM MATPUIHOTO ypaBHeHus Buga (4.2.16)
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H 0 1 HH Pe11 Pe12 ‘ H Pe11 Pe12 ‘H 00 H
_I_ —
0 0 Pe12 Pe22 Pe12 Pe22 10
Pe11 Pe12 1 Pe11 Pe12 P11 (1) 0 0
— 10 + r Vi1 Yo || = .
H Pe1z Pe22 ‘H 0 HH H H Pe12  Pe22 ‘ ‘ Yo || H H 0 0
(4.2.23)
B pasBepryToii popme 3T0 ypaBHEHHe 3aIHUIIETCA KakK
1
2per2 — pgu + @Z’fﬁ&) = 0;
1) _ q. 2 2 (1) _
Pe22 — Pel1Peiz + @/)11%/)217“11 = 0; —Peig + @/)217“11 = 0.
W3 nocinennero ypaBHeHUA MOy daeM
— 2 (1) 4 2 24
Perz = V5 ( L )

DojicTaBIIAA ITO BbIpayKeHNe B MTEPBOE W3 ypaBHEHUH, MOy THM

Pet1 = ¢2 V @/)%17{11) + @/)%17{11); (4.2.25)

IIOACTaBJIAA BO BTOPOE YpPaBHEHUE, 3aK/JIIOYa€EM, 9TO

Pet2 = ¢2 Viodr) + ehrd Vs ey — vngardy. (4.2.26)

Hckomble mapamMeTpsr

ki1 = peirs ka1 = peia- (4.2.27)

4.2.3 Teopema pasgeseHusn

BOSBpELHlELHCb K 3a/1a49€ ONITUMAJIbHOT'O CTOXaCTUYECKOT'O YIIpaBJI€HUA ITpH HEIIOJIHON WH-
CbOpMELHI/H/I O BEKTOPE MMEPEMEHHBIX COCTOAHNA, OTMETUM, YTO €€ PEINEHNE ABJIACTCA KOMOm-
HELHI/IGfI pemIennd 3aJa9 OIITUMaJIbHOI'O CTOXaCTUYECKOI'O yIIpaBJI€eHUA IIPpKU OJIHON HHCbOp—
Mallil O BEKTOPE MEPEMEHHBIX COCTOAHWA W PEIICHUA 3aJa9U OIITUMAaJIbHOT'O HEL6JIIO,IL€HI/IH.

CdopmyanpyeM 5TOT pe3yJIbTaT B BHJE TEOPEMBI.
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Teopema (Teopema pasiesenns). OnruManabHoe B cMblciae GyHKIHOHATA (4.2.5) cTO-

XacTHIecKoe yipasiaenne oobektom (4.2.1), (4.2.2) mveer Buj,

u = C(1)a(t), (4.2.28)

rae C'(t) — maTpua Ko3()QUIHEHTOB yCHIeHns, onpeaendeMas coorHotennamu (4.1.7)
... (4.1.9), KOTOpBIE TIOTYTEHBI I OMTUMAJIBHOTO B cMblcae dyrKimonana (4.2.5) cro-
XaCTHIECKOTO YIPABJIEHU TPHU TTOJTHOCTHIO W3MEPAEMOM BEKTOPE COCTOAHUA OObEKTa
(4.2.1); BexTOp Z(1) — 9T0 N -MepHBIH BEKTOP MePEMEHHBIX COCTOAHWA ONTHMATBHOTO

B cMblicae Gyakunonata (4.2.7) nabmonarens (4.2.6), marpuna K (1) kosdpdunnentos

VCHJIEHUS KOTOPOTO onpejesdercs Bbipaxkennamn (4.2.8), (4.2.9).

,ZLOKELSELTGJIBCTBO TEOPEMbBI IIPUBEAEHO B ,ZLOKELSELTGJIBCTBG 4,

4.2.4 BoccTaHoBJieHHe IepeMeHHbIX COCTOAHUA HeJIMHellHbIX 00beKTOB

DaccMOTpUM O0OBHEKT yIPaBJIEHWS, OMMCHIBAEMbII HEJTMHEHHBIMEI yPaBHEHITAMHI

X =p(x, u, t) +f; x(to) = x; (4.2.29)

y =w(x, t)+ x, (4.2.30)
rae @(x, u, t) w(x, t)— 3aganHble n - ¥ r -MepHble BEKTOP-GYHKINN CBOUX apryMeHTOB;
f(t) m x(t) — coyqaitabre mporecchl THIA " OeBII IyM” ¢ W3BECTHBIMI KOBapHAIHOHHBIMH
marpumamu (4.1.3), (4.2.3); x© — cryuaitssrii BexTop, xapaxTepusyenmbri (4.2.4).

DycTh Tpebyercs Mo pe3yJbTaTaM U3MEpPEHHs BEKTOpa Y BOCCTAHOBHTH HEM3MepAeMblil
BEKTOP COCTOSHMA OObEKTa X .

Jlnst perreHus 3Toil 3aJa4M HCIOAB3YIOTCA JIMHEAPHU30BaHHBIH (DUIBTP M pacliupeH-
HBIH PUIBTP, KOTOPBIE ABJIAIOTCH SBPUCTHIECKIM 00OOIIEHHEM aIrOPUTMa BOCCTAHOBJIEHU 5
(onTHMaIBHON (DUTBTPALIHN) JHHEHHBIX 00BHEKTOB.

DaccMOTpUM BHavasle AUHEAPUIO6AHHBIT puavmp. D PEANooKAM, 9TO W3BECTHaA IIPO-
rpaMMHEas TpaekTopus X*(1), w u*(t), ABaAmagca pelnenneM ypasHenus (4.2.29) npm
nHekoropom x*(t) m f(t) = 0. Ecan orkionenns dy =y — y* oT 3aJaHHOTO 3HAYEHWA W3-
MepAeMOTo BeKTopa y* = W(X*, 1) u oTKJIOHeHWe X = X — X* MaJbl, TO HCKOMas OleHKa
X = X* 4 0x, rme 0X ompejensercsa cooTHolennamMu Buma (4.2.6), (4.2.9) ... (4.2.11),

KOTOpPbIE TPUMHUMAIOT BUJ:
§x = A*(1)5% + K (t) [6y — D*(1)0%] ; (4.2.31)

() RO (1); (4.2.32)

(4.2.33)



B KOTOPBIX smeMentol af;(t), uw di;(t) (i,j = In k = 1,r) marpun A*(t) m D*(t)

OIIPpEACTAIOTCA KaK

ax () = 2 (1)

)

(i,j=T,n k=T,7r). (4.2.34)

al']‘ J—

DpuBeseM Tenepb ypaBHEHU PACWUPEHHO20 (huibmpa. DyJaeM TIoJaraTh A MPOCTOTHI,
4TO B ypaBHEHHAX o0bekTa u = 0.

DyCTh B HEKOTOPBIl MOMEHT BpeMeHM ¢ TTo/lydeHa OlleHKa X BEKTOpa COCTOAHMIT 0ObeKTa
(4.2.29), (4.2.30). Dazmoxkum BekTOp-byHKINK @(X, u, t) uw w(x, t) B pag Teiitopa B

OKPECTHOCTAX 3TON OLNEHKW U OI'paHUYUMCA IMEPBBIMU IBYMA YJIE€HaAMM 3TOT'O pAlda:

A

p(x, t) = (x, 1)+ A(t)(x — x); (4.2.35)
w(x, 1)~ w(x, t) + D(t)(x — %), (4.2.36)
re d7eMeHThl a;;(t), dg;(t) mMarpu A t) w ) (t) ompemenstoTCA BBIPAKEHWAME
a%’ 5 Owy, .o
a(t) = pody = — =1 k=1,r). 4.2.37
az]( ) al']‘ l,:i,’ kg al']‘ . (Zv.] s 7T) ( )

C yuerom smux BbIpazkeHuil coorromenus (4.2.29), (4.2.30) npumyT Buj

x=At)x+pW +1; y=Dt)x+p? +x, (4.2.38)
rae

pM =%, 1) — A()x, pP =w(k, t) — D(1)x. (4.2.39)

YerpoiictBo BoccTaHOBIEHNA A ~obbekTa” (4.2.38) OMUCHIBA€TCA B COOTBETCTBUU C

(4.2.6) ypaBHeHHEM

x = Atk + K(t) [y — D)% — p7| + pM, (to) = %, (4.2.40)

rae marputa K (1) onpenensercsa coorrorrernamu (4.2.32) u (4.2.33), B KOTOPBIX cJieryeT
sameruTh D*(1) Ha D(t), a A*(t) — na A(t) OrmernM, qto, yuantbiBad (4.2.39), MoxKHO

samucars (4.2.40) B Buge
X =%, )+ K(t) [y — w(k, )] (4.2.41)
4.2.5 DporpammMHOe obecrnedeHue
MATJIAB-dynxnun:

1) [kest, K, P.] = kalman(A, B, D, E,¥, R', R*)-cunte3 u dpopMupoBaHne ONTHMAITb-

Horo duabrpa Kammana (4.2.14).
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2) [rlqg] = lqgreg(kest, C') -popmuposanne LQG -perynaropa (TrHHEHHO-KBAIPaTHIECKOTO
rayccoBa peryssaTopa)nyreM coegndenns dpuiabrpa Kanvana kest w marpuisr C7 BbIvTw-

CJICHHOM ¢ TTOMOIIbIo (pyHKIIE [gr

4.3 OnrtuMajibHbIe CTOXACTHYeCKUe NUCKPeTHbIe CUCTEMBI
4.3.1 OnrtumajgbHOe ylnpaBJieHUe NP U3MepAeMOM BeKTOpe COCTOAHUA

DaccMOTPUM TUCKPETHBIH OOBEKT yIIpaBIeHN A

x(k+ 1) = ®(k)x(k) + R(k)u(k) + U(k)E(k) (k=0,1,2,...), (4.3.1)

rae f(k) — p -MepHbBLi BeKTOP BHEITHUX BO3MYIICHMUIT, ABIAIONMICH TOCIEI0BATETBHOCTDIO
f(0), f(1), f(2) ... HEKOPPENTMPOBAHHBIX CTOXACTHIECKUX BEJUINH C HYJIEBBIM CDEITHUM
u marpumamu gucnepenn RUO(k) (k=0,1,2,...)); ®(k), ¥(k), R(k) (k=0,1,2,...)-
3a/laHHble MaTPHUIHL.

DycTh 3a7aH KpUTepuit

J=M {; x'(k)Q(k)x(k) +u'(k — Du(k — 1) + x’(N)P<1>x(N)} : (4.3.2)

rme Q(k) (k=0,1,2,...), P — sajammbie MON0KATEIbHO-ONPEICNCHHbIE MATPHUIDI.
Tpebyercs naiitn ynpasienune u(k) Kak GYyHKIUIO TEPEMEHHBIX COCTOAHUS, TPH KOTO-
poM dyuKImoHasT (4.3.2) IpHHNMaeT HanMeHblllee 3HATEHHeE.
Nckomoe ynpabieHHne, KaK U B HEIPEPbIBHOM CIydae, COBIAJaeT ¢ YIpaBJeHHEM, Oy~

qeHHBIM B §3.1 mpm orTcyTcTBUE BHeEITHUX BO3jeiicTBuii. CdopMyanpyeMm STOT pe3yJbrar

[3.11].
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yTBep}K,Z[eHI/Ie. OnTuMasbHOE CTOXaCTHIECKOE yIIpaBJI€eHUE OUCKPETHBIM 00BbEKTOM

(4.3.1), upu xoTopoMm Kpurepuii (4.3.2) npuHIMaeT HanMeHbIllee 3SHAUEHUE, NMEET BHI

u(k) = C'(k)x(k) (k=0,1,2,...), (4.3.3)

re

C'(k) = —{R'(E)[Q(k +1) + P(k + 1)]R(k) + E,.} ' R(E)[Q(k + 1) 4+ P(k + 1)]®(k).
(4.3.4)
Docrenosarenprocts Marput, P(k) (k= 0,1,2,...) ABiagerca peleHreM MaTPpHIHOTO

Pa3HOCTHOT'O ypaBHEHWA

P(k) = ' (k)[Q(k+1)+ P(k 4+ D][®(k) + R(K)C' (k)] (k=N—1,N—=2,...,1) (4.3.5)

C KOHEYHbIM YCJIOBUEM

A(N) = PW, (4.3.6)

DeTpyHO BUIETh, 4TO ecin nojctasuth (4.3.4) B (4.3.5) u nonoxuts P =0, ®(k) = &,
R(k)=R, k=N —j, 710 (4.3.3) ... (4.3.6) copmagaer c (3.1.96) ... (3.1.99).
B crammonapHoM ciiydae, Korja MaTpHIbl, BXOJAIINE B ypaBHeHu# o0bekTa (4.3.1), u

dbyurmonan (4.3.2) nocrognubl, momyanm mpu N — 0o u GyHKIHOHATE

J = lim %M {kﬂ X' (k) Q(k)x(k) + ' (k — 1yu(k — 1)} (4.3.7)

OIITUMAJIPHYIO CUCTEMY

x(k+1) = &x(k) + Ru(k) (k=0,1,2,...); (4.3.8)

u(k) = C'x(k) (k=0,1,2,...), (4.3.9)

B KOTOpOfI MaTpuhia C olpeaejdercd, Kak B J€TEPMUHUPOBaAHHOM CJIyYda€, COOTHOIIEHUAMMT

(3.1.98) ... (3.1.96).

4.3.2 OnrumanbHBIH JUCKpeTHBINH HabaogaTenb ( nuckperHbrii puabrp Kaavana-

Dbrocu)

DaccMOTpUM OOBEKT yIIPABJIEHU, OMMMCHIBAEMBIH YpaBHEHUAMMT

x(k+1) = ®(k)x(k) + R(k)u(k) + (k)f(k) (k=0,1,2,...), x(0)=x;  (4.3.10)

104



y(k) = D(k)x(k) + x(k) (k=0,1,2,...), (4.3.11)

rae f(k) w x(k), (k=0,1,2,...) — nociae0BaTENPHOCTH HEKOPPETHPOBAHHBIX BEKTOPHBIX

CTOXaCTUYECKUX BEJIMIUH C HYJIEBBIM CPEAHUM 1 3aJJaHHbBIMA MaTpUullaMM ,ILI/ICHGpCI/IfI R(l) (k)

n R®)(k). Bnech

R (k) = MAL(R)E'(k)}; RP (k) = M {x(k)x'(k)}.

Dyers x© — cryuaitnbrii BexTop, Hekoppemmposanmbiii ¢ BexTopamu (k) u x(k), mpn

3TOM

M{x©} = x10 M{[x(0) - x][x(0) - x'} = R,

rie X9 u RO mspecrmsr.
Tpebyercs maiiTi ypaBHEHNE yCTPOHCTBA BOCCTAHOBIEHN A (HabM0neANA, DUIBTPAINH ),
BBIXOJJaMH KOTOPOTO ABJIAETCHA OlleHKa X(k) HemsMepsaeMoro BeKTopa cocrodumii X (k).

D pu 3TOM KpuUTepHit

J = M {e(k)A(k)e(k)}, (4.3.12)

[ tme A(k) (k=0,1,2,...) —3amaHHble TOJTOKUTETBHO - ONpeeaeHtble MaTpuilbl, (k) = x(k)—%(k)

] AOJIZKEH TPpUHUMAaTh HaMMEHbIIIEE 3HAYCHUE.
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YrBepxkaenune. Onrnmanbublii B cMbicie Kpurepus (4.3.12) Habmogaress (yerpoiicTo

BOCCTaHOBJIeHN A, pUAbTpalin) g oobekTta (4.3.10), (4.3.11) onnchiBaercs ypaBHEHTEM

%(k+ 1) = ®(k)x(k) + K (k) [y(k) — D(k)k(k)] + R(k)yu(k); %(0) =%  (4.3.13)

B KoTopoM Marpuubl K (k) (k= 0,1,2,...) onpesensaorca peKyppeHTHBIMH COOTHOLITE-

HWAMM:

K (k) = ®(k)P.(k)D' (k) [R®(k) + D(k)Pe(k)D'(k)}‘l (k=0,1,2,...); (4.3.14)

P.k41) = [®(k) — K(k)D(k)] P.®'(k) + U (k)RM (k)W (k) (k= 0,1,2,...) (4.3.15)
IIprU Ha4YaJIbHOM YCJIOBUNA

P.(0) = R©, (4.3.16)

DavasnbHoe ycioBue A HabaogarTens (4.3.13)

%(0) = x© (4.3.17)

Marputpt P.(k) pasMepoB n X n ABIAIOTCA MATPHIAMK THCIEPCHil OIMMOKA BOCCTAHO-

)
Brenns e(k) = x(k) — x(k). dra onTuManbroro HabTIOIeHUA Cpe/IHee 3HATEHHe

M {e'(F)A(k)e(k)} = tr [P.(k)A(K)] (k=0,1,2,...). (4.3.18)

JlokazaTesbecTBO TOro YTBEPKACHUA aHAJTOIHYHO HelpepbiBHOMY cirydato [3.7].
YHacro mpuMeHAOT onTHMasbHble HabaogaTean suga (4.3.13), B Kotopeix BMecro y (k)

ucnosbsyerca y(k 4 1). Takoit Habmomarens onucbiBaeTcs ypaBHEHNAMI

%(k+1) = S(k)X(k)+K (k+1) [y(k + 1) — D(k + 1)®(k)%(k) — D(k + 1) R(k)u(k)]+R(k)u(k),
(4.3.19)

re

K(k+1) = ®(k+1)Pu(k+ 1)D'(k+ 1) |[D(k + 1) Pk + 1)D'(k + 1) + R (k + 1)}‘1 ;
(4.3.20)

P.(k+1) = ®(k)[E — K(k)D(k)] P.(k)®' (k) + ©(k)RDW' (k). (4.3.21)

B crammonaprom ciyvae ypasuenuns oobekta (4.3.10), (4.3.11) mpuaIMaoT BU
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x(k + 1) = &x(k) + Ru(k) + Uf(k); y(k) = Dx(k) + x(k) (4.3.22)
7T ONTUMaJIbHBII HEL6JIIO,ILELT€JIB OIIUChbIBa€TCA YpPaBHEHUAMUI

%(k + 1) = ®%(k) + K [y(k) — Dx(k)] + Ru(k), (4.3.23)
roe

K =oP.D' [R® - DPOD| ", (4.3.24)

a P? — marpuna uncen (pasmMepoB n X m ), ABJIAIONIAACH PElIEHHEM ypaBHEHH

P’ =[® — KD] P*®' + WRDY', (4.3.25)

MELTpI/IHEL 92 HaXOIUTCA KaK yCTaHOBUBIIECCA PEIICHUE YPDAaBHEHMN A

P.(k+1)=®P.(k)® — ®P.(k)D' |R® + DPe(k)D’} T DP(K)® + WRW (k)0

-(0) = R

(4.3.26)

mpu k — oo . UnbiMu cioBammu.

P? = lim P.(k).
k—o0
Dpumep . JaccMOTPUM THPOPAMY, OTHChIBaeMyto ypapHeHuamMu (3.1.23):

Ty = Xy, Ty = QT3 + A23%3, T3 = A32T2 + a3323 + bs1u + ¢ f, (4.3.27)
¢ mapamerpamu u3 npumepa 4.1.2 mw th3; = b3y = 107° | toe f(¢) — coywaiimbiii rayccos-

CKUiT mpotiecc TuIa ~OesIblil mryM” ¢ HyJIeBBIM MaTeMATHIECKUM OXKIJTaHHEM U [MapaMeTPOM
koBapuanmonmoil dymkmmm () = 108,

DycTh mpolecc u3MepeHnus T JATIUKOM yTJla TPEMECCHH COMPOBOKIAETCA CIIYTaiiHOM
rayCCOBCKOM MOMexoil Y THIa ~OeIblil MyM’ ¢ HYJeBBIM MaTeMaTHIeCKUM OXKHJTaHneM H
mapaMeTpoM Kosapratmontoi dpynxmmn 2 = 104,

Taxmm obpaszom,

y=ux1+ Y. (4.3.28)

9yCTb Hav9aJIbHOE COCTOAHUE TUPOPaMbI

21(0) = 25(0) = 25(0) = 0. (4.3.29)

Tpebyercsa moctponTs HabsmomaTe b (PUIBTP) TEPEMERHBIX L1, Xz, L3, BOCCTAHABIIN-
BAIOIUil 3HAUEHUA STUX TepeMeHHbIX B MomenThl Bpemenu T, 2T, 3T, ..., KT, mpum

T =0,01. 9pu sTOM cyMMa AUCTEPCHIT OMTUOOK BOCCTAHOBJIEHIA
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J = M {[a1(KT) = 21 (kT + [22(KT) — o(KT) + [es(kT) — &s(KT)"}  (4.3.30)

JOTKHa OBITh HamMeHbBIeH /I KaXKJ0ro MOMeHTa BpeMenn k1.

Depexosisa K PeNreHnto STo 3a1adi, 3alullleM JUCKPETHYIO MOJeTh THPOPaMbl

z1(k+1) = x1(k) + pr2za(k) + @raza(k) + ri(u(k) + f(k));

zo(k 4+ 1) = waaaa(k) + pasas(k) + ro(u(k) + f(k)); (4.3.31)
w3(k + 1) = pa22(k) + @aswa(k) + ra(ulk) + f(k));
y(k) = a1(k) + x(k), (4.3.32)

3HaveHns mapamMeTpos (g, i, (i,7 = 1,3)) Koropoii onpenesenst (3.1.122).

B coorsercrsum ¢ (4.3.23). ypaBHEHHSA ONTHMAJBHOTO HAOJIOMEHNA UMEFOT BU/I:

zi(k+1) = &1(k) + erata(k) + @13ds(k) + riw(k) + ki ly(k) — 21(k)]; (4.3.33)
Ta(k + 1) = paada(k) + asis(k) + rou(k) + ko [y(k) — 21(k)]; (4.3.34)
Galk 4 1) = papda(k) + @snia(k) + rau(k) + ksr [y(k) — &1(k)] (4.3.35)

DeunsBecTHble TapaMeTpbl ki, ko1, k31 B STHX YpaBHEHUAX ONPENEAIOTCA HA OCHOBE

(4.3.24):

k14 1 p12 13 pgu .
ko || = [0 w22 o || || Pl || [7“(2) - Pgu} : (4.3.36)
k31 0 @s2 @a3 pg13

Jns wHaxox aerns aucesn po, , ply, plis Oyaem Ha ocHoBe (4.3.26) BBIYHCIATH MOCIETO-
BatesbHo P.(1) (mpu stom P.(0) =0 B cury (4.3.29)), P.(2),... Docae HEKOTOPOTO ThCTa
mwaros, Korga P.(k 4 1) ~ P.(k), mpumvem

P.(k) = P° (4.3.37)

4.3.3 Teopema pasneseHusn

DaccMOTpUM 00beKT yIIpaBJIeHn, OMUChiBaeMblil ypasHenuamu (4.3.10), (4.3.11). Dycrs
TpebyeTcs HalfiTh ympaBieHne, 3aBUCAIIEe OT M3MEPAEMOTO BEKTOpPAa Y BBIXOJOB 00bEKTa,

TaKoe, 9TOOBI Ha ABUZKEHNAX o0BbeKTa MWUHUMU3NPOBAJICA beHKHI/IOHELJI

J=M {fj X' (£)Q(k)x(k) + w'(k — Du(k — 1) + X'(N)P<1>X(N)} : (4.3.38)

k=1
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rae Q(k) m P~ sanammbre MTOJIOYKHATETbHO-ONIpeIesIeHHble MaTPUILHL.
Kak u B HempepbIBHOM ciTydae, pellieHne 3Tol 3aJa4u YIOBJIETBOPAET NPUHIIUITY pa3/ie-

JICHM A.

YrBepxkaenue. (mpuHimn pasgenenus). OnrnmanbHOe B cMbicae (DYHKIHOHATA

(4.3.38) croxactudeckoe ympasienne oobekTom (4.3.10), (4.3.11) mveer Buj,

u(k) = C"(k)i(k) (k=0,1,2,...), (4.3.39)

rae C'(k) (k=0,1,2,...) — nocae0BaTENBHOCTD MATPHUIL KO(DMUIHEHTOB, ONpeIese-
Masd cooTHorrernaMu (4.3.4) ... (4.3.6), KoTopble MONYyUeHbl AT ONTHMATBHOTO B CMBICJIE
dbyurmmonana (4.3.38) cTOXaCTHIECKOTO YIPABIEHHA MPH TTOTHOCTHIO H3MEPAEMOM BEK-
Tope cocrosiuna obbekTa (4.3.10); BekTop X(k) — n-MepHBI BEKTOP MEPEMEHHBIX COCTO-
AHUA ONTUMATBHOTO B cMbicae (pyHKImonaa (4.3.12) nabmogarens (4.3.13), Mmarpuiist

K (k) xosddurmenTos KoToporo onpeensatorcsa u3 coorrommennii (4.3.14), (4.3.15). Jlo-

Ka3aTeJIbCTBO 3TOT'O YTBEPKIACHUA aHAJIOTMYHO HENIPEPBIBHOMY CJIyYatlo.

B crammonaprom ciyvae ympasierne obbekToM (4.3.22) umeer B

u(k) = (k) (4.3.40)

rge marputa (' ompegensieTcs, Kak W B J€TEPMUHHPOBAHHOM CJIydYae, COOTHOIIEHWSAMMI
(3.2.4) ... (3.2.8), a Bexrop X(k) sBasgerca BbixogoM (4.3.23), B KoTOopoM Marpuua K
HaxomuTcA u3 coorroinennii (4.3.24) ... (4.3.26).

Dpumep. DoCTPOUM ONTUMaTbHBIH HHQPPOBOH PEryaATOp THPOpaMbl, OIMUCHIBAEMOIl
ypasaernamu (4.3.31), (4.3.32). OnruMamprOCTh TH(POBOTO PETYIATOPA MOHUMAETCA B
TOM CMBbICJIE, YTOOBI Ha JBUZKEHHUAX IMPOPAMbl, 3aMKHYTOH 3TUM pPEryJIAaTOPOM, MUHIUMH3HU-

poBaJics (bYHKITHOHAIT

N—oo

N
J= lim M<> 10"27(k) +u*(k—1)¢. (4.3.41)
k=1

B coorBeTcTBUE ¢ mpuHIATIOM pa3esleHns NCKOMbIH ONTHMAJThHBIH PEryJIaTop OITHCHI-
Baercsa ypasrenuamu (3.1.120), (4.3.33) ... (4.3.35).

DapaMeTpbl ITHX ypaBHEHWH ObLIN ONIpeIeeHbl paHee: mapaMeTpbl yrmpasierns (3.1.120)
obuTn TosTydenbl B npuMepe 4.1.3 B pesyibrare perteHns 3aJadu ONTHMHU3AINNN TTPH OT-
CYTCTBUW BHEITHUX BO3JEHCTBUII W U3MEpPAEMBIX Tp, Ty, T3, a TapaMeTpbl HabJItomaTe d
(4.3.33) ... (4.3.35) ObLIH OIpeIesTeHbl B PEIBIAYIIEM TToAmaparpade B pe3ybraTe peleHns
3aJ1a91 BOCCTAHOBJIEHUS HEM3MEPAEMBIX TIEPEMEHHBIX Ty U I3 .

D puBe/leHHbIE B TOH TJIaBe PE3YJIbTAThl ObLIM BHAYAJe MOJYUIEHBI MPU IEJTOM pijle
orpaHWveHwii: 1) BHeIIHHe BO3JEHCTBHA W MOMEXW SABIAIOTCH TAYCCOBCKUMMU CJIYIaifHBIMU
nporeccaMu THia ~Gesblii mrym”; 2) BHEUTHWe BO3JeHCTBHA W MOMEXM B3aNMHO He3aBH-
cumMbl (Hexoppesuposanbt); 3) marpuusr B()(1) u R (1) — nepbiporxkaens! (IOM0KATETbHO-

OTIpesTeIEHHBL ) W T. 1.
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K nacrosiiemy Bpemenu Muorue us 31ux orpanudennii cuaret [?7], [?]. Tak, pazpaborans
AJTOPUTMbI OTNITHMAJIBHOTO CTOXaCTHIECKOTO yIIpaBIeHus, Korga BeKTopbl f 1 x Koppesn-
posambl, a Marpuna R () Bbipoxena.

Korzma Bremfme Bo3aelcTBHSA W IMOMEXH ABJIAIOTCA He ~OEJIBIMA IIyMaMH~ , a IayCCOB-
CKUMHY CJIyJailHBIME TIPOIECCaMy ¢ KOPPEJAIHOHHBIMEI MaTPUIIAMU, He COIEPKAIIUMH JIeTbTa-
dbyHKIWI (IBETHBIE TYMBI), TO TAKHE MPOLECCH MOJETUPYIOT KakK Pe3YIbTaT TPOXOK TEHU A
CIyYafiHoro Impolecca THMA ~Oeablii myM’ depes JUHEHHY0 JHHaMHUIECKYIo crucTeMy. B

HaCTHOCTHU, OJIAd HEMIPEPBIBHOT'O CJIyYad 3TO O3HAYa€T, 9TO

(1) = LWz + () x(0) = LD (1) + %(1); (1.3.42)

7= A(t)z + £(1), (4.3.43)

rne f (t), x(t), &£(t) — rayccoBckume caydaiifble MpoMecchl THIA ~OeTblil TIyM”; MaTpHIIBL
LW(t), L®(t), A(t) ompemesiorcs mo 3aIaHHbIM KOPPEIAIHONHBIM MaTPHIIAM TIPOIIECCOB
f(t) w x(t).
Ypasuenns (4.3.42), (4.3.43) Ha3bIBAIOTCA YPABHEHUAMU POPMUPYIOUER0 HUALMPA.
O6benunsas ypasaenns (4.2.1), (4.2.2) ¢ ypasreruaAME HOPMUPYTOIIETO GUIBTPa, TTOTY-

YUM CHCTEMY

-0 e W e
y=| pw. 9w ||| ‘+5<(t),

BO3OYIKIaeMYIO CIyUaifbIMA TIpolleccaMy THIIa ~OeJIbIi 1IyM .

4.3.4 DporpamMHOe obecrnedeHue

MATJIAB-dynxnun:

1) [kest, K, P., 7, 7] = kalman(Phi, R, D, E, ¥, R*, R?) -cuntes u ¢hpopMupoBanme onTi-
MasbHOTO AicKperroro dbuibTpa Kamvana (4.3.23),rne Z w 7 — KoBapHallHOHHBIE MaTPHTIBI
OIMOOK OlEHWBAHMWS.

2) [rlqg] = lqgreg(kest, C') -popmuposanne LQG -perynaropa (TrHHEHHO-KBAIPaTHIECKOTO
rayCccoBa PeryaaTopa)iryTeM coeTMHERnA TUCKPeTHbIH (puabTpa Kaamana u Mmarpuisl C7  BbrancageMoii

¢ momoIpio hyukmnn dlgr .

I'maBa 5 H. cyObomrumMmalibHOe yIIpaBJieHUe

Bagaun cuHTe3a Tpyboro OO TOTHOTO YIIPABJIEHHS MHOTOMEPHBIMHU OObEeKTaMU ObLIH
dbopmanuzosanbt k. 3eiimcom [5.1] ¢ ucnonbzosammem H,, HOPMbBI mepegaTOYHON Ma-

TpuObl CUCTEMBI.
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s ogroMepHbIX cucreM H,, HOPMa-3TO MaKCHMYM MOJIYJs YaCTOTHOH IrepenaTod-
HOIl (PyHKINU NpW M3MEHEHNH YacTOThl OT HYJIA 70 GECKOHETHOCTH. O alpuMep,loKa3aTeh
KosiebaTesbHOCTH-9T0 H,, HOpMa IIepeqaTodHoil (byHKIIUH,CBA3BIBAIONIEH peryInpyeMyto
HepeMeHHYIO ¢ 3aJalolIiM BO31eiiCTBHEM.

UcnonpszoBanne H., HOpMBI MO3BOMIO TpuMeHUTh [5.2], [5.3] mua mocrpoernsa H.,
ONTHMAaJbHOTO YIPaBJIEHHS , 0OECIIETNBAOMIEro MUHAMYM 3TOH HOPMBI,H3BECTHBIE METOIbI
Teopun HYHKIH KOMIIITEKCHOTO [TePEMERHOTO (TeopeMa D eXaph, HHTEPIOTANAA D €BaHIHHbI-
Duka).Do3zxke O6bL1 Tpeaoken [5.4] ,[5.5] Merox mocTpoerna H., -cyGonTHMaIbHOTO yTIpa-
BJIEHH , Ha3bIBA€Mblii 2-IUKKATH MOJXOJ0M,KOTOPbBIil pasBUBaeT W3JI0KEHHOE B ITPE/IbILy-
ieif roTaBe Ha cIydail , KOr/la BHEITHIe BO3SMYIIEHH W [OMEXH ABJIAIOTCSA HeU3BEeCTHBIMIE HC-
yesatonuMu GYHKIAAMEA ¢ HEN3BECTHBIMU CTATHCTUIECKUMH XapaKTepUCTHKAME. DTOT MO/
X0/, OIIUChIBAETCA HIKE.

B pasnene 5.1 BBogmrcs momsatme H., wopwmbl u dpopmyaupyercs sagada H,, onrTu-
MaJTbHOTO YIIPABJIEHU S, IIPOIEyPa PEIICHIs KOTOPOH MPUBOAUTC B pasjese 5.2.Jazmern 5.3
MOCBAIIEH IIPUMEHEHNIO 3TOM MPOLeLyphl A MOCTPOEHN TOYHOTO yIIpaBIeHns OObeKTaMu

Houtee 0bIITETO, TTO CPABHEHWIO ¢ OOBEKTAMU pasfesa 3.3, BUIA.

5.1 Kpurepuit onTuMusanumu
5.1.1 UYactoTHasa nmepegaTodYHasd MaTpUIla CUCTEMBbI

DaccMOTPUM CHCTEMY CTAOMJIM3AIIH, OMUCHIBAEMYTO yPaBHEHIAMMI

x=Ax+ Bu+V¥f, y=Dx+a, 6= Nx, (5.1.1)

xp, = Apxp + Bpy, u= Dyx, + I}y. (5.1.2)

DycTh 3Ta CHCTeMa aCUMITOTHYIeCKH ycroiiamBa pu f =0 uw & = 0.

Docrpoum Marpuiy Ty(s), CBASBIBAIONLYIO BEKTOD PeryInpyeMbIX nepemennsrx (1) ¢

_ T
BeKTOpOM BosMmytennii f(t) = {fT(t), aeT(t)} , COCTaBJIEHHBIM M3 BHEIIHUX BO3JElCTBHIT 1
OMeX.

Ypasaenus oobekta (5.1.1) MOXKHO 3amucaTh Kak

0(s) = Pii(s)f + Pra(s)u, y = Po(s)f + Py(s)u, (5.1.3)

re

Pi(s)=N(Es— A", Piy(s)=N(Es— A" B,

Pyi(s) = {D (Es — A)—l v, E,,} , Paa(s)=D(Es— A)—l B, U=, 0.l (5.1.4)

(KBEL,D;pELTHbIG CKOOKH 3J€Cb O3Ha4YaroT O6’b€,ILI/IH6HI/Ie MaTpuWIL: U n HyJIeBOfI MaTpulbl pa3-

MepoB n X & u Marpuusl D (Es — A)_l U ¢ eqnHWTHON MaTpHIEi pasMepoB r X 1 ).
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Ypasnenne peryadropa (5.1.2) samuinem B Brje

u=K(s)y (5.1.5)
rae K(s)= D, (FEs— Ap)_l B, + F,.

Doacrasum B (5.1.5) Beipaxkenue (5.1.3) mad W3MepAEMOTO BEKTOPA W MOy THM

u = K(8)Py(s)f + K(s)Py(s)u nm

u="T,(s)f, (5.1.6)
roe
To(s) = [B — K(5)Pya(s)] ™" K(s)Pa(s) (5.1.7)

Ucnonwsys (5.1.6) sammimem Boipaxkenue (5.1.3) mid peryanpyeMoro BeKTopa Kak

e uckomad Marpuna 1y f(s) nMeeT BUT

Tyr(s) = Pia(s) + Pra [E — K(3)Py(5)] " K (5)Por(s) (5.1.8)

Dycrb s = jw, Torga Typ(jw) — wacToTHAA HepegarodHa MaTpHia cucreMsl (5.1.1),
(5.1.2)
J1s BBIACHeHUA (PU3HIECKOrO CMBIC/IA 9TOM IepelaToTHON MaTPHIBl PAaCCMOTPUM PeaK-

muto cucremsl (5.1.1), (5.1.2) Ha rapMOHHTIECKOe BO3MYIIEHITE

f(t) = f*sinw/t, (5.1.9)

rae f° — samanublii 1 -MepHbBIT BekTOp WHcea (@ =+ 1), w! — "acTora BOZMYyIIEHUA.

B ycranosusiemcs pexkume (¢ — 00) peryJaupyemble epeMeHHble HMEIOT BHI

0:(t) = ai(wf) sin(wft + ;) (1 =1,m). (5.1.10)

DaiineM CBA3b aMILIATYI ai(wf ) (i = 1,m) BBIHYXKIEHHBIX KomebaHmil ¢ seMeHTaMK

marpuist Ty r(jwl) .

ejwft _ e—jwft
VumreiBas, uTo sinw/t = T a— 0DO3HATNM peaKIny PacCMaTHBAEMON CH-
J
crempl Ha /@'t u %'t kax
0F = Tyr(jw ) e, 87 = Tys(—jol)f*e=iv"t, (5.1.11)
0t — 0
DerpyaHo MoKasark, aro O(t) = 5

Brous sexktop q(wh) + jp(wh) = Ty (jw)fs sammmem

6" = [g(w’) + jp(wh)] ", 87 = [a(w!) —jp(w)] e, (5.1.12)
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Wcmonb3y st 3Tu BhIpayKeHWs, MOy IUM MOCTE HECTOKHBIX TPeobpa3oBaHmil

0:(1) = \J@?(w') + pHw!) sin(wlt + ;) (i =T,m).
W TaKUM 0OpPa30M, aMILTHTY bl BBIHYZK/IEHHBIX KOJeOaHit (5.1.10) CBA3aHbI C 3JIEMEHTaMH

9aCTOTHOM HepegaTquOﬁ MaTpuIbl KaK

ai(w’) = \/gH(w!) + pR(w!) (i =T,m). (5.1.13)

Bamernm takxke, 910 u3 (5.1.12) u (5.1.13) cremyer

ai(wh)y =0%07 (i =T, m). (5.1.14)

K3

5.1.2 Dousatue H, -HOPMBI HACTOTHON MepeaaTOYHON MaTpPUIIbI

BrawaJsie paccMoTpuM 3aJaHHY0 MaTpuLy 9ruces 1 pasmepos m X i . Ecau sTa MaTpria
KBajpaTHasa (i = m), To ee cobcrbennbie uncaa A;[1T] (i = 1,m) HaxoaATCA KaK KOPHH 110~
moma d(s) = det(Es—T). Ecau (g # m) (manee ays npoctotsl (m > fi) , TO TaKoii MOJIH-
HOM MOCTPOUTH HETb35, W MOITOMY HaXoAAT cuuryaspubie wncaa o;[T] (i = overlinel,p),

B O6HI€M CJIydae KOMILJIEKCHOI MaTpulbl, oIIpeAc/IdeEMbIE KaK

oi[T) = N[T*T] (1 =1,p). (5.1.15)
rae T — KoMIuteKcHO-conpsaAxennasn ¢ T u Tpancnornposaitad Marpuna. (Ecm T = Ti+5T,,
To T* = [Ty — jTy)" =TT — jTT ).

Dycre marputia 1 asasgerca dynkuuei jw: T(jw) = Ti(w) + jTz(w), Torma cuHTy-

JApHbIe Uncaa 3aBucaT or w: o;[1(jw)] = \/)\i [TT(—jw)T(jw)] (i=1,p)
Bosspamsach K nepesaTodHoOil MaTpUIle CHCTEMBI, 3alUIIeM
o; |Tos(jw)] = Wf [T (=jw)Tys(Gw)] (0 =T,p0) (5.1.16)

Omnpenenenne H, wnopmoil nepegarounoil mMarpuupl Tyz(jw), obosHauwaemoil Kax

HTgf(jw)Hoo , INOO DoJIee TPOCTO Kak HTHHOO , Ha3bIBaeTCH UNCJIO

HTgf(jw)Hoo = max sup {01 [Tgf(jw)} ey Om [Tgf(jw)ﬂ : (5.1.17)

1<i<m g<w< oo
|
Dusmaeckuii CMBICJ TOTO IHCIa 3aKIF0TAeTCA B CJIEAYIONEM. D yCTh CHCTeMa UMeeT CKa-
JAPHYIO peryJaupyemyio mepementyio (m = 1). B srom ciydae A (Tef(—jw)Tef(jw)) =
. 2 2 Py [y (Y]
‘T@ i jw)‘ = aj(w), tae ai(w) — ammauTyIa KorebaHWU peryaupyemMoii mepeMeHHOH CH-
cTeMbl, Bo30Y K IeHHO BosMyIerneM f; = 1-sinwt, n H., HopMma mepemarodHoil pyHKINT

CHCTEMBI HT”HOO = SUPg<u<oo la1(w)| ABAAETCA ycTaHOBHBIIEMCA MaKCHMaJbHBIM 3Hatde-

HUEM aMIIJINTY JbL Kos1e0a I IIpUu pa3s/iMYHbIX 3HAYEHNAX 9aCTOThl W .
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B obmem ciaywae dusuueckuit embica H,, HOPpMBI pacKpbIBAETCH CIEYIOMUM €€ CBOM-

CTBOM.
CsoiictBo Ecim cucrema (5.1.1), (5.1.2) Bo3OyKaeHa TapMOHHIECKHM BO3MYIIEHHEM
(5.1.9), To oTHOIIEHNWE CYMMBI KBIPATOB aMILTHTY /] BBIXOIa H CYyMMBbI KBIPaTOB aMILIHTY I

BXOla YIOBJIETBOPAET HEPABEHCTBY

= < 7G| (5.1.18)
kZ_:(f;i)z

s Beex gactor Bosmymennsa (0 < w/ < o0).

,ZLOKELSELTGJIBCTBO 3TOTO CBOMCTBa IIpUBEIEHO B ,ZLOKELSELTGJIBCTBG 5.

5.1.3 Bpbruuciaenue H., -HOpMbI
DaccMOTpUM HeKyto, acuMnTorndeckn ycroifansyio (mpu f = 0) cucremy

x = AX + Uf, 0 = Nx. (5.1.19)

Ee nepegaToddHad MaTpHrula
T(s)=N(Es— A)"'W. (5.1.20)

YTBepxkaeHue [, HopMa MepesaTOIHON MATPUIIHI T(s) YJOBJETBOPAET HEPABEHCTBY

T

<7 (v >0), (5.1.21)

€CJIN U TOJIBKO €CJIN T'aMWJIbTOHOBa MaTpHUIla

A 2T
r=| 2.7 (5.1.22)
—-N'N —A
He MMeeT cOOCTBEHHBIX wTrces Ha MHEUMOIT ocu: Re A[[] =0 (1 =1,2n). u
CaencrBue YroObl HaliTh MHHHMAJIbHOE 3HAYCHHE Y = Ymin BBIOMPAEM HEKOTOPOE

qUCJIO0 Y >0 n IpoBeEpAdEM, HET JIN CpeEIN cobcTBeHHBIX umcen I wmcro MHUMbIX, €CJIHN
HET, TO YM€HbIIa€M 7 ,BHOBb BbIYUC/IAEM cOOCTBEHHDBIE YHCIIa MaTpUI bl I' m Tax JaJiee 10

TeX 0P, MOKa MPU HEKOTOPOM Ymin HE MPUOINU3UMCSH, € 3aJaHHBIM JOMYCKOM, K 3HA9YE€HHIO

Re [l =0 (¢ =1,2n), u Torma

17]loo = Ymin, (v >0), (5.1.23)
|

Taxum obpasom, H,, HOpMa MOKeT GBITh BBIUHCIEHa ITOCPEICTBOM HTTEPAaTHBHOM Mpo-
eIy Phl BBITHCIEHUA Yimin BMECTO HaXOXKIeHUA MakcuMyMmos Gyuakunn o;[T(jw)] (1 = 1,n)

JJIAd BCeX HaCTOoT W .
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5.1.4 DocrtaHoBKa 3aga4du H., ONTUMAJbHOIO YyIIpaBJIEHUA

Dacemorpum 06bekT (5.1.1), B KOTOPOM BHEITHIE BO3MYIIEHNA U TIOMEXH ABJIAIOTCA He-
n3MepAEMbIMI, HEM3BECTHBIMI CHTHAJIAME C OTPAHMIeHHON SHEpTHeil. Doce Hee O3HATAET,

qTO

7fT(t)f(t) dt < 0. (5.1.24)

B stom cayuae roopaT Takike, uto Lo HopMma dyskmmn f(t) orpanudena.
T
Brenem Ttakke BexkTOp Z = {GT, uT} " TOrJa NepejlaToyHas Marpuna 1 f(s) , CBA3DI-

Barmolllad BEKTOpa Z U f, nmMeeT BUJ

T.i(s) = [Th(s) Th(s)] (5.1.25)

Bagaua /I 3aJaHHOrO MOJHOCTHIO YIIPABJIAEMOrO W HOJHOCTHIO HabII0JaeMOTr0o 00h-
exta (5.1.1) maiitu perymarop (5.1.2) rakoif, aTobsl H,., HOpMa TepegaToOqHON MaTpPHIhI

T, f( JWw) STOM CHCTEMbI TPHHIMAJA HanMeHblllee 3HaTeHIe

|77 = min. (5.1.26)

Ornmune »1oii 3agaun or 3agad AKOD n croxacTHyeckoil oNTUMHU3AINU COCTOUT TIpe-
e BCETo B TOM, 4To Temeph f(1) — HeW3BeCTHBIH, Hem3MepsAeMblii BekTop. B 3asate
AKOD BHemHne BO3MYIIEHUA OTCYTCTBYIOT, JTMOO ABJIAIOTCH H3MEPAEMBIMA HCIE3A0ITAME
(DYHKIHAME, a B CTOXaCTHYIECKOH ONTHMHU3AIlUU 3TO CIydaiiHble MPOIECChl ¢ M3BECTHBHIMU
CTATHCTHIECKAMHI CBOHCTBaM.

DepasercTso (5.1.24) osmauaer, aro f(¢) — ncaesaroman GyHKIHA (tliglo f(t)=10). On-
HAKO OHa HEW3BECTHa. JTO OOCTOATETHCTBO M OoJlee coepzKaTeNbHbI KpUTEepUil OImTHME-
saiun (B Buge H., HOPMBI MepesaTovHOl MaTPUIII CHCTEMBI) JEIaloT 3Ty 3ajady Gosee

TPYJAHOU JJId ee pelleHnd, YeM paHee pacCMOTpeHHbIe.

5.2 OnrumasibHOe yIIpaBJieHUe
5.2.1 MuHumMakcHoOe ynpaBJieHHue

Yenoxuanm 3amaty AKOD HensBecTHBIM BOSMYIIIEHHEM € OTpaHUIEHHON SHEPTHEH. Y paB-

Herwe obbekTa (3.1.1) mpuMer B 9TOM cIydae BU

x = Ax + Bu + Vf. (5.2.1)

Tak kak f(t) wemssecTHas GyHKIMA, TO OyJeM HCKATh HAUXy/IIIee BOSMYIIEHNE B CMBbI-

ciae pyHKIHOHAIA
J = / (x7Qx + uTu — f71) dr, (5.2.2)
0
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B KOTOPOM ~ — 3aJlaHHOe THCJI0, a () — 3aJaHasd MOJTOKUTEIbHO - ONpelesleHHas MaTPHUIIA.
Baata MUHIMaKCHOTO YIIPABJIEHHA COCTONT B TOM, 9TOOBl HafiTm ympassernne u(l),
KOTOpOe MUHUMU3HUpPYeT STOT GyHKIHoHaI 1 BosMmyienne f(1), MakcumMusupyiolree ero.

HNckomoe onTrMasIbHOE YIIpaBJIEHUE UMEET BUJT

u=0C"x, ¢'=-B"P, (5.2.3)

a HauxXyJmee BO3SMYyIIeHnne

f=K;x, K =~20TP, (5.2.4)

A€ MMOJIOZKUTEJIbHO-OIIpEE/IeHaA MaTpulla P asnsiercs pemrenneM CJIEIYIOMIET0o YpaBHEHN A

DUKKaTH

PA+ AP — PBBTP 4+ 472PUUTP +Q =0, (5.2.5)

Boisog coornomenwii (5.2.3) — (5.2.5) mosropser BbIBOA ypasrenuii (3.1.2), (3.1.15),
(3.1.16), npusenennsiii B /lokasaresbcrse 2.

Dpu v — oo ypasrenue (5.2.5) coBnajgaer ¢ ypaBHenneM Jukkaru (3.1.15) mporemyps
AKOD.

D pUHIUIIHAJIbHOE pa3/iudue STHX ypaBHEHHH JUKKATH COCTOMT B TOM, 9TO HE JJISA JIEO-
Goro 4mcaa 7 CyIIECTBYeT NOJIOKHTENbHO- OlpeleNeHHas MaTpulla I, ABIAIOIIAIACT pe-
wenneM ypasHerusa (5.2.5). CylmecrByer HEKOTOpoe MUHUMAIBHOE THCIO Y = Ymin, IPH
koTopoM P > 0 u npu ¥ < Ypin MaTpulia P CTaHOBUTCS 3HAKONEPEMEHHON U O3TOMY JJIsi
cymectBoBarus P > 0 4ncio v J0MKHO NpUHAIEKATh HHTEPBATY Ymin < ¥ < 00.

DerpysHo MoKazaTh, UT0 crucrema (5.2.1), (5.2.3), (5.2.4) acHMOTOTHIECKN YCTOHIMBA:
vatputia A, = A+BCT+UK (s) — rypsumesa (mMeeT cobCTBeHbIE THCTA € OTPHITATETHHBIMI
BEIECTBEHHBIMA JacTAMHI) U [OITOMY HaWXyJIIee BOSMYIICHHE — 3aTyXatolasn QpyHKIms ¢

OrpaHWYeHHON Hepruei.

5.2.2 VYmnpasJieHue, obecriednBarlilee orpaHutieHHywo H. -HopMYy

DaccMOTPUM PETYIIATOP, OMUCHIBAEMbIH ypaBHEHU AMHE

x, = Ax, + Bu+ Uf, + K(y — Dx,), f, = K;x, (5.2.6)
u=CTx,, (5.2.7)

roe
C"=-B"P, K=(E-~y72P.P)P.D", K;=~"0"P, (5.2.8)

YTBepkaeHNe lcin npu HEKOTOPOM Y CYIIECTBYIOT HEOTPUIIATEIBHO - OTIpeJIe/IEHHbIe

mvatputibl P uw P, , yI0BIeTBOPAIOININE CIENYIONIAM YPABHEHUAM JIUKKATH
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PA+ATP - PBB'P +472PUUT P 4+ NTN =0, (5.2.9)

AP.+ P.AT —P.D"DP. + y*P.N'NP. + WUT =0 (5.2.10)

1 BbINIOJTHAETCA YCJIOBUE

Amax [PP.] < 7, (5.2.11)

rae Amax|M] — MakcuManbHo coberBennoe wrcsio marpuiiblt M, o H,, HOpMa mepeparodHoil

maTpuibl cucreMbr (5.1.1), (5.2.6) — (5.2.8) yaoBieTBOpAeT HEPABEHCTRY

JlokasaTenbcTBO yTBep K aeHusA mpuBegero B Jlokasarenbcrse 6. |
1.15)
=F
RY = E), a ypasnenusa (5.2.6), (5.2.7) peryaaTopa copnajaior ¢ ypapsenusamu (4.2.28),

Ty

z

<. (5.2.12)

o0

Dpu v — 0o ypasHenusa Iukkatu (5.2.9) n (5.2.10) copmagaior ¢ ypaBHeHHAME (3.
2)

nporeaypbt AKOD u (4.2.16) duabrpa Kamvana (ecin nomoxuts B nocieamem R ,

(4.2.6) onTHMATHHOTO CTOXaCTHIECKOTO YITPABJIEHHUA.
Ecmm BekTop cocrosinma x obbekTa (5.1.1) nsMepsercsa TOTHO, TO PeryIaTOp ONHUCHIBa-

eTcd KaK

u=CTx, ¢ =-B"P, (5.2.13)

riae marputa P > 0 yaosiserBopser ypasheruio (5.2.9), KOTOpble COBIAJAIOT ¢ YpaBHEHN-
AMH MHHUMaKCHOTO ympasiernns (5.2.3), (5.2.5).

Barmmirem ypasrerus peryiatopa (5.2.6) — (5.2.8) B dopme ypasuenna (5.1.2). Uexorro-
vas u3 (5.2.6) nepemennsie u u f,, onuceiBaemblie ypasaeruamu (5.2.6), (5.2.8), momyanm

MaTpUI bl

Ay =A—BB'P++4200'P - KD, (5.2.14)

B,=K, D,=B'P, F,=0. (5.2.15)

ITpumep HaccMmoTpum cucTeMy, OMUCHIBAEMYIO YpaBHEHUAMU

Ty =g+ buws + Vi fi, T2=baur +vafi, i =z 4+ 6 =2, (5.2.16)
Tpl = Gp11®1 + ap12¥2 + bp11y1, Tp2 = Gp21T1 + Ap22T2 + bp21y1, (5.2.17)
uy = ap11$p1 —|— ap12$p2 —|— fpyl- (5218)

Hepemarounas Marpuiia T0i cucreMsl, coctosmas u3 obbekta (5.2.16) u perynsaropa (5.2.17),
(5.2.18) T,§(jw), caspiBatomas BekTop 2 = [f, 1] ¢ BEKTOPOM BO3MYIleHUs f=1[fi, =]

ABJigeTcd MaTpulleit pazmMepoB 2 X 2.
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Bajata cOCTOMT B TOM, 9TO0HI A1 00bekTa (5.2.16) ¢ m3BecTHBIMM KO3 pHIIeHTAMN HafiTH

ko3 punmenTs peryistopa (5.2.17), (5.2.18) takne, 9T00BI BHINOIHAIOCH HEPABEHCTBO

B coorsercrBun ¢ (5.2.6) — (5.2.8) perenue 3Toi 3a/1a41 OMUCHIBACTCH COOTHONIICHUAMHU

T.5

z

2 (5.2.19)

P11 P12
€11 €12 H = —H bir b H
P12 P22
_ P11 P12
krin kypio H =Y 2H i Yo H
P12 P22
ki || L O ol Pear Per2 || || P11 P12 Peil Pe12 1
k12 01 De12  Pe22 P12 P22 De12  Pe22 0

B KOTOPOM HHCTIA Pij, Peij (4J = 1,2) aABnsiorcsa pemenusaMmu ypashenus Huxkaru suma (5.2.9),
(5.2.10).

Uckomble koaddunnentsl Haxonares B coorBercTsun ¢ (5.2.13) Kax
0 1 kin 0
A, = |l R
0 0 kip 0

api1 = —brierr — Y 2k — ki apiz = 1 — bz — v 2011k o

¢11kf11 ¢11kf12
¢21kf11 ¢21kf12

-2

_ H biicii biiciz

baici1 barcia

ap21 = —borerr — v 2ark iy — kiny apas = —barcia — v a1k 12;

bpll = kiy; bp21 = koy; dpll = €213 dp12 = C12; fp1 =0.

5.2.3 Dpouenypa MOCTPOEHUA ONTUMAJBHOTO YINpPaBJIeHUA

Yreepxaenne 5.2.2 maeT BO3MOXKHOCTb MOCTPOUTH ONMTHMAJIbHOE YIIPABJIEHUE, PETTaro-
mee 3agady 6.1.4 myrem HaxoXKjeHWsSs HANMEHbITNX 3HAYEHWH Y Ha OCHOBE CJIEIYIOINETO
AJITOPUTMA.

Anroput™M (BBITHCTEHUA Yin) COCTOMT M3 CIEAYOLTNX OTMEPAITHi

Omneparms 1. Bagarbes mexoTopbiM wrcaom v = 70

Omneparysa 2. Demmnrh ypapHeHne YUKKATH (5.2.9) W MpoBEPUTH HEOTPHUIATETHHOCTD Ma-
tpunbt P. Ecomu P > 0, To mepexomum K cjefyiolel omepanui, B TPOTHBHOM CJIydae
BO3BpAIllaeMcs K Ollepalliu | W yBeJUuInBaeM - .

Oneparus 3. Denraem ypasrenne Duxkarn (5.2.10) mpu v = ¥ . Ecm P. > 0, o0
HepexouM K CIeyIolieil onepamyi, B IPOTHBHOM CJIydae BO3BpallaeMcs K omepalinn | u

noJjaraeM vy > ’y(o) .
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Omneparmsa 4. DposepseM Boinoarerne yeaosus (5.2.11). Ecim oo BbimoHAETCA, TO BO3-
BpallfaeMcs K omepaliui 1 1 yMenbimaeM y (v < ’y(o)) . B mporuBHOM cityuae BosBpalmaemcs
K ollepaliui 2 n yBeauwdnBaeM 7y (v > ’y(o)) .

Delltenve ypaBHEHUA JUKKATH B OMepaIuax 2 W 3 OCYIIECTBIAETCSA Ha OCHOBE METOIA
nuwaronanuzanuu. Jas sroro B coorBercTBUUM ¢ omnepanuamu m.3.1.4, n.6.1.3. crpoarca

IaMRJIbTOHMaHbI

A 42uuT - BRT

I, =
~NTN —AT

(5.2.20)
AT ~42NTN — DTD

Iy =
vy —A

(5.2.21)

U BBIYUCIAIOTCA UX COOCTBEHbBIE YHCIa U T. .
Ecnu cpegm sTux 9mces XoTsA OBl OJHO YHCIO MPHOJUZKAETCA, IPH YMEHBIIEHHH v, K
munmoit ocn (Re A;(I'y) = 0, mu6o Re A;(T'y) (¢ = 1,2n)), To 970 cBUAETENBCTBYET O TOM,

YTO MaTpul bl P 1mbo P6 IIpu YMEHbUICHUN 7Y TEPAIOT HEOTPUIATE/IbHYIO OIIPDENEJIEHHOCTD.

5.2.4 D porpamMMHoe obecnedeHne U MPAKTUKYM

FCAMMA-mpextuBa: 131 ( Ho, -cyGonmumasbioe ypaBIeHne).

Wcxonmmble nanHble:

a)Ypasrenne oboberra (5.1.1).

6)Marputist D u N ypaBHeHWiT W3MepAEMbIX U PETYIUPYEMBIX TTEPEMEHHbIX.

B)D OJIOKATEBHbLIT TapaMeTp 7 .

e)Bpemsa MogemmpoBaHns ePEXOIHBIX MTPOIECCOB.

De3yIbTaThl:

a)Marpurpr C" uw K perynaropa (5.2.6),(5.2.7)

0)'pacbukm MepeXOIHBIX MPOIECCOB IO PErYIUPYEMBIM ePEMEHHBIM.

Ucmonbsys qupexktuy 131 Bermomasercs mpaktukyM 9 p.2.3.0nna u3 ero meseii cocTonT
B HCCIIEJIOBAHUN WHZKEHEPHbBIX MOKas3aTeseil (yCTaHOBUBIINXCA ONIMOOK ,BpEMERN PErYIHpO-

BELHI/IH,HepepeI‘yJH/IpOBELHI/IH) CUCTEMbI B 3aBUCUMOCTH OT IIapaM€e€Tpa 7.

5.3 D pumenenue. TouyHoe ynmpaBjeHUe
5.3.1 Cunre3 peryadaropa

D POJIOJIZKAM pellleHne 3a/1a91 TOTHOTO yIPaBJIeHNA, PACCMOTPERHOH B pasiene 3.3, e
MPUBEIEHO €€ pelllenne A JIBYX BUIOB 00beKTOB. Temepsh OyieM paccMaTpuBaTh 00b-
eKThl OOIIETO BHIa (KOTOPbIE YIOBIETBOPAIOT JIUITh TPeGOBAHWMAM TTOTHON YIIPABIAEMOCTH
W HaOJIIOJaeMOCTH ), W YITeM TTOMeXH H3MepeHud. B 9ToM ciiydae CHHTe3HpyeMasd CHCTeMa

ormmchiBaerca ypasreruamu (5.1.1)
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x=Ax+ Bu+V¥f, y=Dx+ea, 6= Nx, (5.3.1)

Xp = ApXp + Bpy, u = Dpxp + Iy, (5.3.2)

B KOTOPbIX KOMITOHEHTBI BEKTOPOB BOSMYIIIEHNA WU ITOMEX U3MEPEHNA ABJTAIOTCA TTOJIUTAPMO-

HUIeCKUMA (DYHKITHAMA

P1
= fusin(wpt +on), k=1pu (5.3.3)

=1

P2

@;(l) = Z a@josin (W, + @jq), 7 =11, (5.3.4)

g=1

DJe 9acToThl Wy W w, 1 daza ¢ u @i, (K =1,P, (¢ =1,P, 1i=1u, 7=1r)

HEU3IBECTHBI, a HEM3BECTHDBIE aMIIJINTY bl OI'PaHNY€HbL

1
Z ffk < fi*Q (1= Zae]q < 86*2 (J=1,r), (5.3.5)
k=1

e pi, pa, Ji mal (i=1,u, j=1,r) - sazannbe dncra.
AHaJIOrMYHO yCTaHOBHMBIIEMCA OMIMOKAaM IO PEryJHPYEeMbIM IIepeMeHHbIM, BBEIeM yCTa-

HOBUBIIECECA 3HAYEHNE YIIpaBJI€HNA KaK

Wjyer = lim sup |u;(4)| (7 = 1,m) (5.3.6)

Bajata TOTHOTO YIPABIEHWA COCTOMT B HaXOXKJIEHUH MaTpuIibl perysiaropa (5.3.2) Ta-

K1x, 9T00bl cucreMa (5.3.1), (5.3.2) yaosrerBopssa TpebOBaHNAM

Ojyer <07, Ujyer < ul (1,5 =1,m), (5.3.7)

rae 07, uf (1,5 = 1,m)-3amanHble TnCIA.

BamMeTnM, 9TO pelleHne SToH 3aJaTu He MOKET CYIIeCTBOBaTh. B aTOM cirydae Tpebyercs

Haditu peryiaarop (5.3.2) u wmcna vy > 1 u 1, > 1 TakuWe, 9TO BBIOTHAIOTCH HEPABEHCTBA

Oiver < Ovg, Ujyer < Uity (1,5 =1,m) (5.3.8)

DeryIATop, PeNtaroNiil 3Ty 3a/1aTy UMeeT BUI

%, = Ax, + Bu + Uf, + K(y — Dx,), u=C"x,, f, = K;x,, (5.3.9)
e

C" = R'BP, K; =+ LV'P, K= (E—~yPP) P.D", (5.3.10)

a HeOTPHIATeSbHO-OIpeIesienHble MaTpullbl P, w P, yI0BIETBOPAIOT ypaBHEHUAM DWUK-

KaTHn

120



PA+ AP — PBRT'BP +~472PUPLYTP + NTQoN =0 (5.3.11)

AP+ P.AT — P.DDTP. + v 2P.NTQuNP. + W LUT =0 (5.3.12)

W HEPaBEHCTBY

A[PP] <A (5.3.13)

rne (o, R m L — BecoBble auaroHabHO-TIOJIOZKHATENbHbIE MaTPHIBI Pa3MEPOB m X m.,
m X m M X [i — COOTBETCTBEHHO. JIEMEHTBI EePBbIX JABYX MaTPHUI, ONPEIeTAIOTCH TakK,
9TOOBI BBIMOTHAINACH TpeOGOBaHUA K yCTaHOBHBIIEiics TOYHOCTH, a MaTpuua L, IJf IIpo-
CTOTBI, MOJIATAETCA €IUMHITHOI.

Ypasuenuns Dukkaru (5.3.11), (5.3.12) cosmagaror ¢ ypasaeruamu (5.2.9), (5.2.10) npu
eIMHIIHBIX BECOBBIX MaTpHIaX.

YrBepxkaeune Ecin kosdppunmenTor Becopbix Marpun, (Jo u R y10BIeTBOPAIOT yCI0-

BHAM

(p1+ p2) (Zf*Q—I-Zae )
0 r0 >

(p1 + p2) (Z:f*2 —I—Zae )
q” — @{&2 ? 17 u’f2

(1=1,m),
(5.3.14)
TO ycTaHOBHBINHecs ABuKenne B cucreMe (5.3.1), (5.3.9), Marpuiia peryrsatopa KOTOpOil

Boramcsgerca no dopmyaam (5.3.10) — (5.3.12) u npw BeimoHAETCA HepaBeHcTBO (5.3.13),

obJrajiaer cBoiicTBOM

ejvyCT S 0 u] ycr S uz yCTPY (Z%] = 17m) (5315)

% yCT7 ”

U3 storo yreepxaenus, gokasanuoro B [5.7], ciaemyer, 4to umcia vy W v, B HEpaBEH-
crBax (5.3.8) paBHBl ? W MOSTOMY NMpU MHUHEMAJBHOM 7 = * 5TH 4mCIa Vg = Uy = Y™
Ecau 42 < 1, 1o 3a7aua pemtena u Tpebobanus (5.3.7) K TOUHOCTH BbITOTHAIOTCA.

Bamernm, 9To mepexoaHble mpotiecchl B crucreMe (5.3.1), (5.3.9), yaoBreTBopsioleii Tpe-
OOBaHWAM K TOTHOCTH, MOTYT ObITH OU€Hb MeJJIEHHbIME. BbhiOnpas sieMeHTsl MaTputibl L,

OTJTMYHbBIE OT €JINHUIHBIX, MOKHO [5.7] YBeTHIUTH OBICTPOJACHCTBIE CHCTEMBI.

5.3.2 D porpamMHoe obecnedeHre U MPAKTUKYM

FCAMMA-upextuBa: 131 (Tounoe ynpasienne 06beKTOM OOIIETO BHIA).

Wcxonmmble nanHble:

a)Ypasnenne oobekTa (5.3.1)
)
)

n)lar wsmenenns mapamerpa 7 .

B BeKTOp I'PaHW BHETHUX BOSMyHleHI/Iﬁ 1 IIOMeEX.

r BeKTOp I'paHUL JOIIYyCTUMbIX 3Ha4YeHUNA YCTaHOBUBIINXCA OINOOK.
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De3yIbTaThl:

a)Marpunsr C' | K w Ky perymnaropa (5.3.9).

0)'pacbukm MepeXOIHBIX MPOIECCOB IO PErYIUPYEMBIM ePEMEHHBIM.

Ucmonbsys qupexktuy 131 BoimomaseTcs mpaktukyM 9 p.2.5.0nna u3 ero meseii cocTonT

B UCCJIIENOBAHUN WHZKEHEPHDBIX nokas3aTeJiell.
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YACTDb BTOPAZ. AJIAPTUBP BIE CUCTEMBI

BBenenue

DocTpoeHne yIpaBJeHns IPHU HEONpeIeTeHHbIX MTapaMeTpax 00beKTa BCeria ABIAIOCDH
OJTHO¥ W3 TEHTPAJbHBIX TPOOJEM TEOPUH aBTOMATHIECKOTO yrpaBieHnsd. Kcianm obparuTbes
K WCTOPUH, TO MOYKHO 3aMETHTh, ITO yKe KpUTepuil DallkBucTa, ycTaHOBJIEeHHbIH B 1932 1.,
SABUJICS METOJIOM MCCIEIOBAHUSA YCTOWIMBOCTH CHCTEM, TTapaMeTPhl KOTOPBIX HEW3BECTHDI,
a W3BECTHBI JIUIb YaCTOTHBIE XapaKTEPUCTUKN PA3OMKHYTOH CHCTEMBI, TTOTYTaeMble IKC-
nepuMenRTa bHO. B mocienyiomine rogpt (1939-1965) Gbuin paspaboTaHbl TEOPHH CHCTEM C
Gosbiumu K03 durmentamu yeunernus [6.1], cucrem ¢ nepemennoii crpykrypoii [6.2], unpa-
pHaHTHBIX cucTeM [6.3], KOTOpbIE MO3BOJAIOT YMEHBIIUTD BAUAHAEC U3MEHEHUI TapaMeTpoB
00BEKTOB M HEKOHTPOJHWPYEMBIX BHEITHUX BO3MYyIeHui. OJHAKO TOCKOIBKY TH CHCTEMBI
OCHOBaHbI Ha MOBBIIIEHNH (B ABHON MM HeABHON dopMax) KodpPUINeHTa YCHIEHUA pa3o-
MKHYTO TEeIH, 3T0 TpedyeT ydeTa "MaJIblX  MTOCTOSHHBIX BPEMEHHN, HEJIHHEHHBIX (PaKTOPOB,
3ala3iblBaHuA. B MpOTHBHOM cilydae HapyIIaeTcs YCTOHIHBOCTH CHCTEMBbI. TakuM obpa-
30M, Oe3 yBeJnmIeHns JaHHbIX 00 00beKTe He YIaeTCs CYIEeCTBEHHO TIOBBICUTD KO3 (PUITHEHT
YCHJTEHTA.

DTO TPUBOIUT K HEOOXOIMMOCTH TIOCTPOEHWS PETYIATOPOB, TapaMeTPhl KOTOPHIX W3-
MeHAIOTCA (JalTHPYOTCH,CAMOIPUCIOCAOIMBAIOTCA ) Tak, ITOOBI TIPH H3MEHATONIIXCH TTa-
pameTpax oObeKTa TOTHOCTH W KAIECTBO CHCTEMbBI OCTABAJINCh Hem3MeHHbIMU. (HmcTeMbl ¢
TaKUMU PEryJaaTopaMu ObLIN Ha3BaHbl caMOHacTpauBatouumucs [6.4] aubo amanTuBHbIME
[6.5].

Durke B 9TOH 9acTh KHUTH, COCTOAIIEH, KaK W TepBasd 9acTh U3 MATH [JIaB, TPUBOIATCH
MEeTObl TOCTPOEHUHA AJANTHBHBIX CHCTEM.

Brauase (B ruiaBe 6) BBOAATCA OCHOBHbBIE TOHATHA aJallTHBHOTO yTIPABJEHWUA W BbIje-
JATOTCA JBa KJIACCA CHCTEM:CHCTEMBI € TIPAMBIM aITOPUTMOM afanTtanni ((pyHKIHOHATHHO-
aJIAlITHBHBIE CHCTEMbI )W CHCTEMbI € MIeHTH(MOUKAMMOHHBIM aITOPUTMOM aTallTalii
(mapaMeTpuUIecKn-aJanTHBHble crcTeMbl). PopMysmpyeTcs 3ajada CHHTE3a aJallTHBHBIX
PETYIATOPOB W YKa3bIBAIOTCH STAITHI €€ PEITeHNU .

B cenpmoii rimaBe paccMaTpUBAIOTCA CHCTEMBI € STAJTOHHONH MOJETBIO. D PUBOIATCA Me-
TOJIBI 3JIATITHBHOTO YIIPABJIEHIS CUCTEM, JKeJIaeMOe IBUKEHNEe KOTOPBIX 3a/IaeTCH ITAJTOHHOMN
Mogiesibio. MlcToputeckn,5To TepBble CHCTEMBl aallTHBHOTO yIpaBieHud.B HEUX mcmoab3y-
FOTCS TPAMBIE QJITOPUTMBbI A TAlITATIH.

DepBbIMU CHCTEMaMW ¢ HAeHTH(DUKATMOHHBIM AJTOPUTMOM aJAllTallii ABIAOTCA CH-
CTEMBI,B KOTOPBIX I WIEHTH(DUKAINE HEM3BECTHOTO OObEKTa UCIOTb3YETCA METOJ] Hal-
MeHbIHX KBaaparos (MDK). Dror Mero nsaraercs B pasjene 8.2 TaBbl 8, MOCBAIIEHHOI
naeHTH(DUKAIIT 00bEKTOB YIIPABIEHUS.

B rimaBe 9 onmchiBaroTCs CHCTEMBI C I/I,ILGHTI/IC})I/IKELIJ;I/IOHHBIM AJITOPUTMOM,ACITOJIb3YIOIITUM

MBK.
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B cucremax , paccMoTpeHHBIX B IViaBax 7 W 9, mpejmnoJiaraeTcs, YTO BHEIIHWE BO3MY-
MIEHNA OTCYTCTBYIOT (B CHCTEMaX € STAJOHHOH MOJeNbIo) JHOO OHW ABIAIOTCA CJIydaii-
HBIMHU TIPOIECCAMU € W3BECTHBIMU CTATHCTHYIE CKIMHU XapaKTEPUCTHKAME. ITH TIPEIITOTOKE-
HUA BecbMa PeJKO BBIMOJHAIOTCA Ha MpaKTUKe, T'Jie BHeIlIHNe BO3MYIICHWA U TTOMEeXHU U3Me-
perna —(YHKINHI ¢ HEU3BECTHBIMH CTATHCTHIECKIMHI CBOMCTBAME,ITO MPUBEJIO K PA3BUTHIO
TEOPUU JJANTUBHOTO YIpaBJIeHUA ¢ Y4eTOM HEeW3BECTHBIX, OIPAHWYEHHBIX BO3MYIIEHUH U
ToMex.

9TO KOHCPpYKTHBHOE HallpaBJIEHWE W3JaraeTcss B TuiaBe 12, KOTOpas TOCBAIIEHA JIBYM
MeTojlaM YIIpaBJeHUA TPU HEM3BECTHBIX BO3MYIICHUAX:METOLY PEKYPPEHTHBIX IeJeBbIX He-
PaBEHCTB W JaCTOTHOMY &JIAlITHBHOMY YIIPABJIEHUIO.DEPBIH METOI-TIPAMOIi,
BTOPOH—MIeHTHPUKAITHOHHBIH, OCHOBAHHDBIN Ha MeTOJe KOHETHO —IacTOTHON mIeHTH(hHKA-

AW, W3JI0KEHHOM B paszjese §8.2.
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I'nmaBa 6 BBe,Z[eHI/Ie B aJlalITUBHOE YIIpABJICHUE
6.1 DoHATHe 00 aJalTUBHBLIX CHUCTEeMax.

6.1.1 DoHaTHe O HeolpeJeseHHbIX MapaMerpax obbekTa. l'mmoresa KBasu-

CTAallUOHApPpHOCTHA

9&CCMOTpI/IM 00DBeKT YIIpaBJIEHN A, BOSMYIIEHHOE JBUKEHNE KOTOPOT'O OITMUChIBAETCA YpPpaBb-

HEeHMAMA

X =p(x, u, f, a); x(ty) =x; (6.1.1)

y =w(x, u, x, a), (6.1.2)

riae X(t) — n -MepHBIH BEKTOD MepEeMEHHbBIX COCTOAHNA 00bekTa; y(t) — r -MepHBIH BEKTOD
u3MepAeMbIX mepeMeHHbIx 00bexTa; f(1) m x (1) — ¢ u r -MepHbBIe BEKTOPHI BHEMTHUX BO3-
MYIIEHNH 1 TOMeX H3MEPEHNs COOTBETCTBEHHO; & (f) — N, -MepHBIH BEKTOP HEM3BECTHBIX
mapamMeTpoB 00beKTa; ¢, W — H3BECTHbIE BEKTOD -~(DYHKIINH CBOWX apryMeHTOR.

Bwmecro ypasuenmii (6.1.1), (6.1.2) gacTo MCHONB3YIOT ypaBHEHNA TEPBOTO MPUOITHZKE-

HUA, TMEOIINE BT
% = A(t)x + B(t)u + U(H)f; (6.1.3)

y = D{t)x+x, (6.1.4)

rae A(t), B(t), Y(t), D(t) — mMarpuilpl, BCce WIH OTIeJbHBIE JTEMEHTHl KOTOPBIX a;;(t),
bir(t) (1), du(t) (1,5 =T,n, k=T1,m, l=1,r, p=1,u), ABIAOTCA HEONpeIETEH-
HBIMH TIapaMeTPaMH, 03 KOTOPIX MOkKHO coctaputh Bektop o = |[aV (1), ol (1), a®) (1), o (1)|[!

T
aV(t) = lans(t), ara(t), - a1a(t), an(t), azn(t), -|I; (6.1.5)
a®(t) = [[bar(t), bia(t), - bi(t), baa(t)s baalD), |l (6.1.6)
ol () = |on(1), b12(t), s Dralt), daalt), baalt), - .II; (6.1.7)
a(4)(t) = ||dy1(2), di2(t), ..., di (1), dar(t), daa(), .. || (6.1.8)

9pI/IpO,ILEL HeollpeJeJIEHHbIX MTapaMeETPOB MOZKET ObITH paSJII/IqHOﬁl EL) HeTOYHOE€ 3HaHHle

MaTeMaTHIeCcKo# Mojgesn oobekTa; 6) HemoaHads WHMOPMAIHA O MTPOrPAMMHOM [IBHZKEHNH,
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HaIllpUMep, B cJIydae, KOTrjla MOMEHTBI Tepexo/ia ¢ OJHOTO pekuMa paboThl 0ObeKTa Ha JIpy-
roii HEW3BECTHDI; B) pasbpoC MapaMeTpoB B Mpejenax TEXHOTOIHIECKUX JOMYCKOB; I') ”cTa-
penne” 3JIeMEeHTOB 0ODHEKTa W T.II.

Ob6bem crefennit 0 mapaMeTpax o0beKTa MOYKET OBITh PasTUIHBIM. KCiIn ymopsamoauThb

9T CBEAECHUA ITO MeEPE X BO3paCTaHNA, TO MOZKHO pPa3JIN9YUTh CJCAyIoIne CJIydan.

1. Deompernenentble, OrpaHUIEHHBIE IO MOIYJIIO MapaMeTpbl. B aToMm ciydae byHKIIH
a;(t) (i = 1,n,) — TpOM3BOIbHBIE HEW3BECTHDBIE (DYHKIINW, VIOBIETBOPATOIINE HEPa-

BeHCTBaM

|ai(t)] < o7, (6.1.9)

rae of (¢ =1,n,) — 3aJaHHblE THCTA.

2. DapameTpbl 00beKTa ABIAIOTCA CIYIafHBIMI (DYHKITMAMA BPEMEHW C W3BECTHBIM 3a-
KOHOM pachpeesieHnd BepOATHOCTH, HO HEM3BECTHBIMU MMapaMeTpaMu 3TOTO 3aKoHa
pacripesiesieHud. D ampuMep, W3BECTHO, 9TO 3aKOH PacIpeIesIeHns - TayCCOBCKI, HO

HEU3IBECTHa KOPPEJANIMOHHAA MaTpHUla ITporecca.

3. Dapamerpbl 00beKTa ABIAIOTCA CIYIafHBIMEI (DYHKITMAMA BPEMEHW € W3BECTHBIM 3a-

KOHOM paclipeJeJIEHNAd U U3BECTHBIMU ITapaMeETpaMM 3TOT'O 3aKOHa.

4. Qyaxumn o;(t) (i = 1,n,) 3apaHee HEW3BECTHBI, OJHAKO MOTYT OBITH TOTHO W3Me-

peHbl B Tpotiecce paborhl oobekTa (6.1.1), (6.1.2).

5. Dapamerpsl obberTa «;(t) (i = 1,n,) — ToTHO W3BecTHBIE DYHKIMH. DTOT CIyTaii

paccMaTpuBaJIiCAd B HepBOﬁ HaCTH KHHI'U.

Kaxknprit w3 paccMarpuBaeMbIxX CIyTaeB obpasyer HEKOTOPOe MHOXKeCTBO (), BO3MOZK-
HBIX 3HaUeHW BeKTOpa «(t), ompeendomiee KIace JOMYCTHMbBIX 00beKTOB.

O6braH0 MapamMeTpbl 0ObEKTa W3MEHAIOTCH MeJJIEHHee, TeM MepeEMeHHbIE COCTOAHUS, 1
nosroMy HMHTEpBaJ [lg, 11| dyHKIMOHUpOBaHUA O0ObEKTa pa3odbeM Ha MOJMHTEPBAJDL, B
TedeHrne KOTOPBIX MapaMeTpbl O0beKTa CIUTAIOTCA MOCTOAHHBIMEU. JoJiaras JJIs MPOCTOTHI

IoAWHTEPBAJIbI OAUHAKOBBIMHA, 3allUIIEM

a;(t) = const = a;(RT); RT <t<(R+1)T (R=1,N;1=1,n,), (6.1.10)
— 11—y
e T = —y ~ HHTEPBAJ KBa3HCTALHOHAPHOCTH [aPaMeTPOB 00bEKTA.
CooTtHotrenme
tiper < T (i=1,n), (6.1.11)

(tiper (2 = 1,n) — BpeMs 3aTyXaHHA TEPEXOJHBIX MPOLECCOB TTO KayKJIOH W3 MepEMEHHBIX

cocTosAHuA) BhpazkaeT BMecTe ¢ (6.1.10) eunomesy ksasucmayuonaprocmu, B COOTBETCTBII
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¢ KOTOpOIl IIpoIecchl, TpoTeKaIoIIne B 00bEKTEe YIPaBICHHA, pa3delsaioTcsa Ha ~OblcTpbie”
(M3MeHeHMe TTepeEMEHHbBIX COCTOARNA) U~ Me/yleHHble” (M3MeHeHne mapaMeTpoB).
Takwm 06pasoM, Ha KaKIOM W3 MoanHTepBasoB obobekr (6.1.3), (6.1.4) ommchiBaercs

ypaBHEHUAMU

X = ABx + BB+ vBf;, RT <t <(R+1)T (R=T1,N); (6.1.12)

y=DWx+x; RT<t<(R+1)T (R=1,N), (6.1.13)
rze AR BW)

U - DWW . gemspecTHBIE MaTPHIBI GHCEN, COCTABIAIONIAEC B COOT-
BercTeun ¢ (6.1.5) ... (6.1.8) BeKTOp @ HeompejeTeHABIX TapaMeTpoB obbekTa (6.1.12),

Y

(6.1.13). B cBaA3u ¢ mmmpokuM ucnosbzoBanneM YBM s peanwsanmn aganTHBHBIX CHCTEM

YIIpaBJIE€HNA 9aCTO UCIOJIb3YIOT JUCKPETHYIO MOJEJb o0BbeKTa

T )T
x[(k +1)T) = @Bx(kT) + RPu(kT) + OIF(ET); RT <k< %; (R=T,N);
(6.1.14)
T nT _
y = DBx(kT) + x(kT); RT <k< % (R=T1,N). (6.1.15)

,ZLJIH IIPOCTOTHI U3JIOKEHUA B 3TOIl YaCcTH KHHUI'HA 6y,ILyT paccMaTpuBaTbCAd B OCHOBHOM

OJIHOMepHbIe 00beKTHI (Korga v, U, f W X — CKaJAPBI), ONUChIBaeMble YPABHEHUAMM

x=Ax+butv¢f; y=de+x (6.1.16)

anbo

x(k + 1) = Ox(k) + ru(k) + ¥ f(k); y(k) = da(k) + x(k), (6.1.17)

B KoTtopbix b, d', @, r — n-MepHble BEKTOPHI-CTOJNONBI UHCes, a WHaeKC R B 0bosHa-
YeHWAX MATPHUI, U BEKTOPOB MapaMeTpOB JJisf COKpalleHns 0DO3HAYEHUH OMYIIeH, OJHAKO
Jlajiee To/Ipa3yMeBaeTCs, 9TO STH ypPaBHEHHUs OIMMCHIBAIOT OOBEKT yIPaBJICHUA TOJHKO Ha
OJTHOM W3 HHTEPBAJOB KBa3UCTAIIMOHAPHOCTH €ro MapaMeTpOB.

Dapsamy ¢ STUM ypaBHEHHEM YacTo OyjeT mcmosb3oBarhes mpu Y = 0 dopma "Bxog-

BBIXOJ ONMHCAHUs 00DHEKTa YIPABICHMN

=0 7=0 p=0
b0
n n—1 ) y—1
y M+ gk —i) = 3 rulk = )+ Yo r, f(k = p). (6.1.19)
=1 7=1 p=1
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Dapamerpbl a;, p;, (1 = Ln), kj, =0, vy=1), k, (p =0, u—1), iV, r,
(t=1, p—1; p =1, v—1) >Tux ypaBHeHWl HETPYIHO BBIPA3UTH Te€pe3 MATPUIBI W

BEKTOPbI apaMeTpoB ypasaennii (6.1.16), (6.1.17).

6.1.2 DouaTue 06 naeHTUPUKAITUN

DaccMOTPHUM CTAIHOHAPHBIH 00beKT, omuchiBaeMblil ypasHenuamu (6.1.16), ¢ Hemssect-
HBIMH MapamMerpaMu. Jljis nocrpoenns perysisaropa HEOOXOUMO onpeaeauThb (uaenTuduim-
pOBATh) €ro TTapaMeTpbl. 3IeCh MOKHO PA3THTATE JBa CJyIad: BO- MEPBBIX, KOTJIa BHEITHITE
BO3MYIIEHUA W MTOMEXH HU3MepAIOTCsA b0 n3BecTHb (Hampumep, f(1) = x(t) = 0), u, Bo-
BTOPBIX, KOIJIa O HUX M3BECTHBI JIWIIb TPaHHUIbl OOJACTH HX BO3MOMKHBIX 3HadeHHI JTHOO0
CTATHCTHYECKHE XapaKTePUCTUKHU (3aKOH PacIpelesleHus W ero mapaMeTphl ).

B mepBoMm ciydae 171 IIpOCTOTHI Gy1€M TIoJIaraTh, 9YTO BHEIIHIE BOSMYIIEHU M IIOMEXH

OTCYTCTBYIOT. TOF,ILEL JABUZKEHU A o0BbeKTa

%X = Ax +bu; y=dx; x(to) = x (6.1.20)

BO30Y K TATOTCA W3BECTHBIM (M3MEPAEMBIM) BXOIHBIM CHTHAJOM (1) . AHAJIH3UPYsA CHTHAT
y(1) Ha BbBIXOJIE MOYKHO OIPEJETUTH MapaMeTphl OObeKTa. Y TOTHHM, KaKhe mapaMeTpbl
[IpH 3TOM ofipeesisaoTcsa. Jleso B Tom, ITo pelerne 3aJatn — ompeesenrne MaTpuilbl A u
BekTOpoB b 1 d -0 curranam sxoma u(t) u Bbixoma y(t) He eqmHCTBeHHO. [leiicTBUTENBHO,

pacemorpuM Hapany ¢ (6.1.20) cucremy ypaBHeHMit

X = M~'AM% + M~'bi; § = dM%; x(to) = Mx", (6.1.21)

rae M — npomsBonbhasi, Heocobas (det M # 0) marpuua.
Ecmm Bxogroe Bosmeiictsue 4(t) = u(t), TO BBIXOAHBIE CHTHATBI OOEWX CHCTEM COBIIa-
nafor y(t) = y(t), xorsa mapaMeTpbl MATPHI[ B HUX PA3JHIHBL. B COBIajeHUH BBIXOTHBIX

CUTHAJIOB HeTpYAHO yoemuTbes, mpeobpasys (6.1.21) mo Jlamracy w Beramcass

=dM(Es — M*AM)*M~'bu + dM(Es — M~*AM)' M%) =

y(s)
d(Es — A)7'bu 4+ d(Es — A) % = y(s)

mpu u(s) = u(s).

B cBasm ¢ 3THM BO3HHKaeT BOMPOC: a CyIIECTBYeT Ju HabOp mapaMeTpoB, KOTOPBIi
eINHCTBEHHBIM 0Opa30M OIpeIeNAeTCA Ha OCHOBE CHTHAJIOB ~BXOJ-BBIXOML !

Takum HaOOPOM TTapaMeTPOB JJI MTOJTHOCTHIO YIIPABIAEMbIX W MTOJHOCTHIO HAOTIOTaeMbIX
00beKTOB ABIAIOTCH mapameTpbl a; (1 =0, n—1), k; (j =0, v—1) obbekra B popme
(6.1.18). Dosromy masee mom waeHTHDUKAITEN TapaMeTpoB 0ObeKTa OyIeM moapa3yMeBaTh
olrpeiesieHne ero mapaMeTpoB B popMe ”BXOJ, - BBIXOI .

B ruraBe 10 ommcambl MeTonbl HAeHTH(UKAIMN TapaMeTpoB obbekTa (6.1.18).

Ecaun 0b061mnTh aaropuT™bl, MpuBeeHAEbIE B ITOH TJIaBe, TO MPOIECC WIeHTH(DUKAIIH

(OHGHI/IBELHI/IH) MOZKHO OIINCAaTh Pa3sHOCTHbIM ypaBHEHUEM
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al(k+ )T =~(a(kT),y(kT),...,y((k—p)T),u(ET), ..., u((k—p2)T)) (k=0,1,2,...),

(6.1.22)
rae (k1) — onenka BekTopa mapameTpos B MoMmeHT Bpemenn kT ; y(a(kT) ... y((k—p)T),
w(kT), ... u((k—p9)T)) — wsBecTHAA BEKTOP-DYHKIWA, KOTOPAd 3aBUCHT OT METOJa M IeH-
THHKAIAN.

Ecrecrsento, aro pemnenns ypasrenus (6.1.22) momkabl 061agaTh CBOHCTBOM

lim a(kT) = a”,

k—o0
(rme o = ||ag,...,an-1,ko,...,ky—1|| Tpomecca maeHTH(dUKATINT K HCTHHHBIM Q¢ 3HaTe-
HUAM TapaMeTpoB 00bEKTa.

Tepvun "nnentndukaiusa’ 31ech U gajlee HCIOIb3YETCA B Y3KOM CMBICTIE KaK OIpee-
JIeHHe TTapaMeTpoB MaTeMaTndeckoii Mogenn (6.1.16) obbekTa, cTpyKTYpa KOTOpoil (snHeii-
HbLT XapakTep nuddepennnanabioro ypastenns (6.1.16), ero craimonapHoCTh, PasMepHOCTh
BEKTOpa MEPEMEHHBIX COCTOAHMA N ) W3BECTHA.

B mmmpokom cmbicte uienTH( UK BKIIOYACT B ceOs OMpeIeeHre Mo BXOMY U BBIXOLY
00beKTa CTPYKTYPbI €0 MaTeMaTHIeCKOH MOJIesTH, Opeie/ieHre ee TapaMeTpoB | OleHIBa-
Hie (BOCCTAHOBJIEHWE) BEKTOPA €r0 MePEMERHBIX COCTOAHNA.

CrpyKTypa MoJesn onpeaensercs (pU3nIecCKUMHI 3aKOHaAMHI, KOTOPbIE OMPEIe/IAIOT JTBH-
Kerne obbekTa (3akoHbl Kupxroda, Makcsesra, 3aKOHBl COXpAHEHWA MACChl, SHEPIHA U
MMITYJThCa, 3AKOHBI PACTpeleseHna KOTUIecTBa TEMIOThl W SHTponuu). U3 3THX 3aKOHOB
carelytoT HennHeinbie aud depernnanbible ypaBHEHUA B 9acTHBIX TPOW3BOJIHBIX, KOTOPBIE
JMHEAPU3YIOTCA, a 3aTeM YTPOIIAIOTCA (peayIupyioTcs) 10 OOBIKHOBEHHBIX IHd hepeHtin-
AJIBHBIX ypaBHEHUIT, ONpPEAEAIONINX CTPYKTYPY MOJENH. IDTH CBEJCHUS 0OpPa3yIoT alph-
opayio mHpOpManuio 00 0dbeKkTe. DapaMeTpbl 0ObEKTa ONMPEIETAIOTCA B Pe3ybTare n3-
MepeHui BXoJa W BbIXojga obbeKTa. W3Mepernus u mocsepyioliee BbIYUCICHIE TTapaMeTPOB
COCTABJIAIOT alocTepropHyio nHbopMmanmio. Cxema maeHTH(UKAINH (B IIHPOKOM CMBICTIE)

npusenena wa puc. 6.1.1.
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6.1.3 WNnenTudukalmoHHbIl aJropuT™M aJANTUBHOTO yNpaBJeHUd. DapaMe-

TpUYeCKH aJalITUBHbI€ CHUCTEeMbl YIIPpaBJE€HNA

Depexo/ia K MOCTPOEHHIO aJlTOpUTMa yIpasienusa oobertom (6.1.12), (6.1.13), mpusegem
IBPUCTHIECKHE COOOPaYKEHMs, KOTOPbIE TIOPOYKIAIOT BasKHBIH KJTACC aJITOPUTMOB yIIpaBJe-
HUS TPU HEOTIPEJIEIEHHBIX TapaMeTpax 0ObeKTa.

B cBsA3u ¢ sTMM paccMoTpuM cilenyioline 3aJadh, KOTOPbIE PelraeT KOHCTPYKTOP CH-
CTEMBI CTAOUTU3AIINN STUM OOBEKTOM:

1) mpenTndukamma (ompeesenne) mapaMeTpoB 0ObeKTa yIpaBIeHN;

2) cuHTe3 aJropuTMa PabOThl PEryIATOPa (CHHTE3 perysisaTopa) MpH H3BECTHBIX Tapa-
MeTpax 00beKTa, 00eCTeTHBAIONIEr0 TPebyeMoe KaTeCTBO pabOThl CHCTEMbI;

3) KOHCTpYHWpOBaHNE PErYIATOPaA, PEATH3YIONEr0 CHHTE3HPOBAHHBIH aJTOPHTM.

DockombKy mapaMerpbl obberTa (6.1.12), (6.1.13) msMensAtoTCA, TO ST TPH 3ajadn
JTOJIZKHBI peIaThcd B Iporiecce paboThl 00beKTa, MPUTOM PEIaThCsd aBTOMATHIECKH, Oe3
ygacTus wdejoBeka. Jpyrmmu cioBamu, eciid TIpW HEM3BECTHBIX, HO MOCTOAHHBIX Mapame-
Tpax o0beKTa yKa3aHHBbIE 33JaTl PEINTATICh B MTPOTECcce TPOEKTHPOBAHNSA CUCTEMBI, TO TIPH
M3MEHSAONINXCA BO BpEMEHT TTapaMeTpax OHU JOJKHBI PEIaThCsA B €CTECTBEHHBIX YCTOBUAX
paborbl oobekTa ("Ha GopTy” 00beKTa) W B TeMIie paboThl 00bEKTa. ITO O3HATAET, UTO AJl-
TOPUTM PETYIIATOpa JOJZKEH U3MEHAThCA B Tpoltecce paboThl CHCTEMBI, TTPUCTOCabINBAACH
(camomacTpamBasch, aTalTHPYICh) 3a BpeMsa | K H3MEHAIONIHMCS mapaMeTpaM oObheKTa
TaK, 9TOOBI Ka9eCTBO PabOThI CHCTEMbBI OCTABAJIOCh HEM3MEHHBIM. I MOCTpoeHMs TaKoro
aJITOPUTMa 3allillleM ypaBHeHle peryiaropa g oobekta (6.1.18) ¢ HeonpemeseHHBIME TTa-

paMerpaMu
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Xp = Ap(a)x, + bp(a)y; u=dy(a)x, + fu(a)y, (6.1.23)

rae Xp(t) — np -MepHbIil BEKTOp cocTofAHuA peryaaropa, Ay(a) —marpuna, by(a) dp(a)
— BEKTOPBI, fp(@) — cKaJIAp, 3aBUCAIINE OT HEM3BECTHOTO BEKTOpa mapaMeTpoB (a). 3a-
BHCHMOCTH TapaMeTpoB peryiaropa (6.1.23) or mapamerpos obbekra (6.1.18) MoryT 6bITH
KaK aHAJHTHIECKUME (33JaHHBIMA C TOMOIIBIO (HOPMYJI), TaK U aTTOPUTMUTECKIMH.

DocreiHee caeayeT TOHUMATh B TOM CMBICTIE, ITO CYIECTBYET aJllOPUTM (TIPOIeaypa),
C TIOMOTIIHIO KOTOPOTO I KazKJIOTO (PUKCHPOBAHHOTO BEKTOPA X MOYKHO HAHTH MaTpUILY
A, Bexktopa b, d, u ckanap f,. B KauecTBe TaKUX aJIrOPUTMOB MOT'YT BBICTYIATH, B
YaCTHOCTH, POy Phl CHHTE3a ONTUMAJbHBIX PEryJIATOPOB, IPUBEIeHHbIE B TylaBaxX 4, H u
6.

Ecau B pesysibrare mmeHTH(dUKAINT ONMpeeleH0 NCTHHHOE 3HaTeHe O BEKTOpa o,
To, mosrarad B (6.1.23) a0 = @™ TOXYTUM HCKOMBIIT PETYITATOD.

Dpu TaKOM TOJIXOJ€e TPOIecC YIIPaBJIeHNA He MOYKET ObITh HaJaT, MOKa He 3aKOHTHUTCH
MAEHTH(UKAIIA TTapaMeTPOB U He OYIyT BBIUIHCIEHB! (110 hopMyIaM JIHO0 Ha OCHOBE TIPOIe-
nyp) marpuna Ap(a*), Bekropsr by(a*), dy(a*) u ckanap fy(a”) peryaaropa (6.1.23).

Ecrecrsenno, He moxKnmasch OKOHIaHUA TPOTECCa NAeHTH(MIKAINN, HCITOJIb30BATH OMEHKH

&, jocraBisemble anroputMoMm (6.1.22), u Torga ypasrenue (6.1.23) npumer Bu

Xp = Ap(@)x, + bp(a)y; u=dy(a@)x, + fu(a)y, (6.1.24)

Ypasuenus (6.1.22), (6.1.24) omnchiBatorT udeHmMubuKauuonHll ai20pumm adanmue-
Hoz20 ynpaeaerus. CucreMbl ¢ MaeHTH(DUKAIMOHHBIM allOPUTMOM Ha3bIBAIOT NAPAMEMPU-
YECKU AdaANIMUSHBLMU CUCTIEMAMU.

Ormernm, 110 ypasHenus (6.1.24) rak:ke MOXKHO 3amucarh B (popme "BXOJ - BHIXOH :

7’Lp—1 ) 'Vp_l .
W™+ 37 api(a)u = 37 kyj(a)y. (6.1.25)
=0 7=0

B nuckpernom ciydae ypaBHeHHE TTPUHUMAET BUJT

)+ 3 @t~ 1) = 3 s @)yk 1) (6.1.26)

Dpumep. IycTb 0OHEKTOM YIIPABIEHUHA ABIACTCA HEKOTOPHIH XUMUKO- TEXHOJOTHIE-
CKHil TIpoliece, poTeKAIoNInil B 3aMKHYTOM pesepByape-peakTope [?]. B MomenTsl Bpemenu
0, T, 27T, ..., kT, ... B peakTop mOCTymaeT chpbe, MMetoiliee Temueparypy f(k) (ma-
pamerp T, Kak u pamee, omyckaem), u jgo3a Kataausaropa u(k). Kommaecrso mpomykra

peakunu y(k) 3aBUCHT OT KOHIEHTPAINH TPOMEXKYTOTHOTO BernecTBa (k) :

y(k) = de(k), (6.1.27)

a BesmamHa x(k + 1) ompenenserca swadenuamu x(k), u(k), f(k):
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w(k+1) =ax(k)+bu(k)+ of(k) (k=0,1,2,...). (6.1.28)
Bemwaunsr y(k) u f(k) (k=0,1,2,...) JOCTyIHBI HEMOCPEACTBEHHOMY H3MEDPEHNUTO, &
nosa Kataamsaropa u(k) (k=0,1,2,...) ABadgeTcsa yIPABIAOIINM BO3AeHiCTBIEM, KOTOPOE
BIMAET Ha XOJ, IIpolecca.
Kosdduumenter a, b, ¢, d coornomennii (6.1.27), (6.1.28) 3aBucAT oT aKTHBHOCTH
KaTaJIn3aTopa, CKOPOCTH MPOTEKaHUA PeaKIUH, KOHCTPYKINH YCTAHOBKH M T IL.
DyCTh [eNbIo YyIpaBIeHnd ABIAETCA TMOJepKaHie BBIXOJHOTO mpoaykTa y(k) Ha 3a-
JaHHOM ypoBHe ¢ = const. FEcmm sHauenms mapamerpos a, b, 1), d H3BeCTHBI TOYHO,
TO JIETKO MOCTPOUTH aJIFOPHTM PabOThl PETryJIATOpa, 00eCIeInBaloIIero JOCTHKEeHHe Men

YIIpaBJIE€HN A 9TOT AJITOPUTM HUMEET BU

g — ay(k) — odf (k)
db

HeiicrBurensro, noacrasisas (6.1.29) B (6.1.28), moxyunm, 110

ulk) = . (6.1.29)

yk+1)=g. (6.1.30)

B peasibHbIX ycaoBuAxX MHOTHe BaKTOPbI, OT KOTOPBIX 3aBUCAT TMapameTpbl a, b, i,

d HeoCTYIIHBI HEMOCPEeJCTBEHHOMY H3MEPEHHIO JIM60 MOIYT H3MEHATHCH BO BpeMeHH Hens-

BecTHbIM 00pa3oM (HampuMep, aKTHBHOCTh KaTaJIH3aTopa MeHdeTcs IPH ero oTpaBJIeHHH,

Ipy mepexojie Ha HOBYIO MAapTHIO KaTalu3aTopa U T [1.). D03TOMY yIpaBJIeHHe OCyIIeCTBIL-

eTcsl B yCJIOBUAX HEOIpeeIeHHOCTH, KOTa 3aKoHoM ylpasienus (6.1.29) Bocronbsosarbcst
HEJTb3 .

Depexos K MOCTPOCHNIO HACHTH(HUKAINOHHOTO aIrOPATMa aJalTHBHONO YIIPaB/ICHA,

0003HAINM

ar=a, ag=b, az=¢, ay=4d (6.1.31)

W 3amuineM 3akoH ympasienna (6.1.29) kak (yHKIHWIO HEONpemeSeHHBIX MapaMeTpoB

(i =1,4):

(k) = =y (k) — =2 p(k) +

Q04 Q04 Q04

Q304

g. (6.1.32)

s onpenenenns Koy unnentos 3akona ynpasierns (6.1.32) naentudnumpyem ma-
pameTpbl 0oberTa (6.1.27), (6.1.28), ypaBHEHHA KOTOPOTO MOYKHO € YIETOM BBEJEHHBIX 000-

3Ha4YeHHUN 3a0ucaTh B B e

y(k+1) = aqy(k) + cuazu(k) + asouf(k) (k=0,1,2,...). (6.1.33)

Opu k£ =0,1,2 moxyanm cucTeMy U3 Tpex aiarebpamdecKux ypaBHEHUI:

a1y(0) + azauu(0) + asas f(0);
Y(2) = ary(l) + azoqu(l) + asas f(1); (6.1.34)
a1y(2) + agouu(2) + asas f(2),
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pelras KOTopyio HaifmeMm wncia of , obaj, aiol . Doacrasiad stu anciaa B (6.1.32), momy-
TUM yTIpaBJeHne, obecrednBaolee qocrikenne nen (6.1.30).

Ypasuenwue (6.1.32) BMecTe ¢ mpotienypoil pelienns anrebpandeckux ypasrennii (6.1.34)
0bpa3yIoT AJTOPUTM HIEHTH(UKATMOHHOTO aJallTHBHOTO YIIPABICHUS.

3aMeTnM, 9TO CTOJIb MTPOCTON AJTOPUTM ATATITHBHOTO yIIpaBJIeHNsA 00yCIOBIEH BO MHO-
TOM JOCTYTHOCTBIO jijidg usMepernns f(k) w orcyTcrBueM nomex B msMmepernnn y(k). Ecim
f(k) memocTymHO HETOCPECTBEHHOMY M3MEPEHUIO JTHO0 MPHUCYTCTBYIOT MOMEXH B M3Mepe-

HWH, 9TO TTPUBOJNUT K TIPOIECCY WAEHTH(OUKAINN, OMMChBaeMOMY ypaBHeHueM Bua (6.1.22).

6.1.4 Dpsamoii aaropuT™M aganTuBHOro ynpanJjeHuda. OyHKINOHAJIBLHO- aga-

IITUBHDBIE€ CHUCTEMDbI

Unenrndpurarpmonnpiit asroputm (6.1.22), (6.1.23) aganTusHOro ympaBieHHs B CYIITHO-
CTH ABJISAETCA MOJENBIO IIPOIecca MPOEKTHPOBAHU A, OCYIIECTBIAEMOrO B TEMITEe PabOThI 00b-
eKTa, W MICHTH(QUKAIMOHHA TaCTh TOTO aJrOPUTMa BbI3BaHa CKOpee MPOTOTHIOM (B Ka-
4ecTBe KOTOPOTO BBICTYIIAET ITIPOLECC MPOCKTUPOBAHUA), UeM CyIIeCTBOM 3agadu. Jlesmo
B TOM, 9TO aJrOPHTM HAeHTH(HUKAIUA C1ad0 CBA3aH C MEeJbI0 YIpaBJIeHWA, XOTSA B CIIy-
JKHAT ee JOCTUZKEHHIo. B CBA3SH ¢ 5TUM BO3SHHKaeT BOIIPOC: HeIb3:A JTH M30e:KaTh HIeH-
THUKAINT W WCKATh 3aKOHbI W3MEHEHW#A TapaMeTpoB peryiaTopa (6.1.23) mexons nermo-
cpeacTBento (mpsamo) u3 ueseil ynpasaenusa?. Jpyrumu cioBamu, mapaMeTpbl peryasaTopa
(6.1.23) mOTZKHBI H3MEHATHCA B 3aBUCHMOCTH OT 3HAYEHNA KPUTEPHUA KadecTBa PabOThI CH-
creMbl (0T (DYHKIHOHUPOBAHUSA CHCTEMBI ).

Takue aJrOpATMBI Ha3BIBAIOT NPAMBMU AA2OPUMMAMU GOANMUEHO20 YNPAGAEHUA, & CH-
CTEMBI, UCIIOIH3YIONINE STH aJTOPHTMBbI, Ha3BIBAIOTCA (HYHKUUOHAALHO- AJANMUGHBLMU CH-
cremamu yrpasiaennd. Tak, mag oobekta (6.1.18) 311 aaropuT™MBbl OMUCHIBAIOTCA YPaBHEH-

AMM:

np—1 pp—1

u(™) 4 Z 5Mp+¢(t)u(i) = Z ﬁjy(j)§ (6.1.35)
=0 7=0

ﬁi = 7(607 st 76Mp+np—17y7y7 < '7yﬂp_17u) (Z = 07 Hp + np — 1)7 (6136)

rae ; (i =0, up + np — 1) — HacTpamBaemble (MogcTpanBaeMble) TapaMeTphl PETYIATOPA;

vi (0 =0, gp+n,—1) — Gyskunm, 3aBucAIIEe OT KPUTEPUA KadeCTBa CHCTEMbI (I
yipasienns). YpasHernus (6.1.36) oMuChBAIOT aJTOPUTM HACTPOHKH apaMeTpPOB.

,ZLI/ICerTHbIe IpAMbBIE JITOPUTMBbBL aJaIITUBHOTO YIIPAaBJE€HUA OITUCHIBAIOTCA Pa3HOCTHBIMI

ypaBHEHUIMHI
) 32 B il — 1) = 3 A K)ol — ) (6.1.37)
ﬁz(k + 1) = Vi(ﬁo(k)a ce 76Mp+np (k)v y(k), y(k - 1)7 K (6.1.38)

y(k - Mp+1)7u(k)7 u(k - 1)7 .. '7u(k - np) (l =0, pp + np)'
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Dpumep. DocTponM IPAMON AJITOPUTM aJANTHBHOTO YIIPABIEHNS XUMAKO- TEXHOJIOTH-
JeCKUM TPOITeCCOM, ONMMCaHHBIM B TpuMepe 6.1.1.

B coorsercrsum ¢ (6.1.29) ypaBHeHHe peTyIATOPA ITOTO MPOIECca MMeeT B

u(k) = QO(k)y(k) + ﬁl(k)g + 62(k)f(k) (k =0,1,2,.. ')7 (6'1'39)
rae Oo(k), Bi(k), PB2(k) — macrpanBaemblie mapamMerpbl (Ko3hOUIHERTSI ).
Tpebyercs HaliTn 3aKOH W3MEHEHUs STHX MapaMeTpOB, IIPH KOTOPOM JOCTUTAETCH Te/Ib
yrpasienns (6.1.30).

,ZLJIH HaXOXKJCHMNA TaKOI'O 3aKOHa BBeIEM KpI/ITepI/Iﬁ KadecTBa

Jk+1)=(y(k+1)—g)° (6.1.40)

1 TOT/a TeJTh YIIPABJEHH:A MOYKeT ObIThb WHTEPIPETHPOBaHAa KaK MUHUMU3ANWA (DYHKITIH
(6.1.40). Jlna ee MUHWMM3AUWK TPUMEHUM TPaJIUEHTHBI METOJ, COCTOAMINI B HW3MeHe-
HUW HaCTPaWBaeMbIX ITapaMeTPOB B HAIPABJIEHWH, TPOTHBOIOIOKHOM TPAIHEHTy (DYHKITHIH
J(k + 1) nmo HacTpamBaeMbIM HapaMeTpaM.

Boipaxas J(k+ 1) depes s1u mapameTpbl, MOy THM

J(k+1) = lay(k) + do f (k) + db(Bo(k)y(k) + Bu(k)g + Bak) () — g]°. (6.1.41)

Borancnss teneps gactable ponssoanble Gyukuun (6.1.41) mo [o(k), Gi(k), Ba(k),

npuxoanM K anroputmy (6.1.38) wHacTpoiikm mapamMeTpos:

Bolk + 1) = Bo(k) — 2a1(k)(y(k + 1) — g)dby(k);
Bulk + 1) = Bi(k) — 2a1(k)(y(k + 1) — g)dby; (6.1.42)
Bo(k + 1) = Ba(k) — 2a1(k)(y(k + 1) — g)dbf(k),

riae ai(k) > 0 — kodypunmenT TPONOPIHOHATBHOCTH.

9 pu TpaBWIBHOM BBIOOpE 3TOTO KO3 burmerTa

]}i}rgo Jih1y = 0. (6.1.43)

D70 o3HaTaeT, aTo MpAMoil anroputM (6.1.39), (6.1.42) aganTuBHOrO yIpaBIeHHA XUMIKO-
TEXHOJOTHIECKIM TTPOTIECCOM 0beCIeTHBAET JOCTHKeHHe Tresn yrpasierns (6.1.30). Dpasaa,
9Ta TeJTh JIOCTUTAETCA He Ha TMEPBBIX HECKOTbKUX IMaraxX, Kak B WACHTH(PUKAITHOHHOM aJITO-
puUTMe, a TMPH JOCTATOTHO OOJIBIITOM YHCJIE TTaroB YIIPaBJIEHUS.

Dpu HasmuuK moMex B wsMepennn y(k) rpebosamme (6.1.30) ciaemyer ocsabuTh U mesb

yrpaBJyienns hbOpMyIHPOBaTh KakK TpeOOBaHWE BBHITIOTHEHNA HEPABEHCTBA

]}ggo{](k +1) < A, (6.1.44)

rjge BenmanHa A > 0 jgoskHa ObITH cOIVIacOBaHa ¢ YPOBHEM MOMEX.
Cootrorrenwe (6.1.44) oznagaer, aro a4 J060i TpaekTopun cucremsl (6.1.27), (6.1.28),

(6.1.39), (6.1.42) cymmecrByeT MOMeHT BpeMernn k™, HaumHas ¢ xKotoporo J(k+ 1) < A.
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B CJIydae, KoT'la IMOMEXHW HOCAT CTOXaCTHYECKHIA XapaKTep, OeJib YIIpaBJIE€HUA CIIEAyeT

3aJaBaTh B cpegHeM :
klim MA{J(k+1)} <A. (6.1.45)
—+00

6.2 CrpykTypa aJanTUBHBIX CUCTEM
6.2.1 Ilesu ynpaBJjeHus

DaccMOTpUM OOBEKT yIIPABJIEHU, OMMMCHIBAEMBIH YpaBHEHUAMMT

x=@(x, u f, a); y=w(x, u, x, a), t>to, (6.2.1)

B KOTOPBIX ¢ — HEU3BECTHBIH BEKTOP 4HUCeI.

Tpebyercsa HaiiT aJTOPUTM JANTHBHOTO yTpaBieHns oobekToM (6.2.1), mpn KoTopom
JIOCTUTAETCS TeJIb YIIpaBJeHW:A. JTa 3ajlada, KOTOPOH MOCBAIIEeHa BTOpas TacTh KHUTH,
TOYHO He ollpejeseHa, MoKa He 3ajJana 1ejb yipaBIeHnsd.

,ZLJIH 3alaHnAd OeJIn yiIpaBJeHNA MCIOJb3YIOTCA ONEHOYHbBIE beHKHI/H/I

J(t) = J(e(t)), (6.2.2)

rae J(e) = q(e(t)) — mexoropas Bbmyksas dyHKus, dacto J(e) = €*; e(t) — ommubra

(HGBHSKEL), MaJIOCTb KOTOpOfI COOTBETCTBYET NJOCTUZKEHUIO TEJIN YIIPAaBJIECHNA. BprEL}KeHI/IG
OIMOKM 3aBHCUT OT Ha3HaUEeHW: CHCTEMBL YIIpaBJIEHNA. QPHBG,ILGM HEKOTOPbIE M3 3TUX

BprEL)KeHI/HL/'I AJId HENMPEPDBIBHBIX N NTUCKPETHBIX CUCTEM.

1. CTABUJIU3ALIUA. B stom ciryaae

e(t)=y(t); elk+1)=ylk+1). (6.2.3)

2. CTABUJIMBALUA C BAJAHHON JJUHAMUKOW. DycTh Tpebyercs, 9TOObI BBIXOIHASA
nepeMeHHast CUCTEMbI y(t) N3MeHsAIaCh HalepeI 3aJaHabiM 00pa30oM, KOTOPBI 3a1a-

€TCA ypaBHEHUEM

-1
O+ apy® =0 (1 <n), (6.2.4)
=0

B KOTOPOM THCIA dyi (1 =0, [ — 1) 3amanbl Tak, 9T00Bl pelrenne ypapaenns (6.2.4)

ObLJIO aCUMITOTHIECKHA yCTOIL/'ILH/IBbIM.

Torna B HepepbIBHOM CJTyYae

-1
e(t) =y + 3" aniy®, (6.2.5)
=0

a B JUCKPETHOM
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l
e(k+1)=ylk+1)+ > eay(k —1). (6.2.6)
=0
3. UJIEANBHOE CJEXKEHUE. Ecim TpebyeTcs oTpaboTaTh 3ajaroliee Bo3aeiicTBIe g(t) ,

TO HEBA3SKY IMPpUHUMAIOT B BUJE

e(t) =y(t) —g(t); elk+1) =y(k+1)—g(k). (6.2.7)

4. CUCTEMBI C 9TAJOHHON MOJEJIbIO. CHCTEMBI ¢ STAJOHHON MOJIETBIO COCTABIIAIOT
OOIIMPHBIH KJTacC aJallTUBHBIX CHCTEM, B KOTOPBIX JKeJaeMOoe JIBUKEHIE 3a1aeTCs dTa-
JIOHHOH MOJIEJIBIO, ABJSAIOMICHCs (PU3MIECKUM YCTPOHCTBOM, OIMCHIBAEMbBIM Y PaBHEHH-

AMMN

X = AuXu + ¥,0; Yu = duXy, (6.2.8)

JmbO B 0OIIEM ciTydae HeJWHEHHBIM ypaBHEHHEM

Xy = P, (X, 9); Y = wu(Xar), (6.2.9)

B KOTOPBIX Xy — Ny -MEPHBIHl BEKTOp MEpEeMEeHHbIX COCTOAHUA ITAJOHHON MOIeJu;
Ay — 3amannag Marpuiia uduces; P, dy — 3aJaHHbIE BEKTOPbBI UHCEJ, KOTODbIE
OTIPEIEJIATOTCSA € UCIOTh30BAaHUEM OOBITHBIX METOJOB CHHTE3a. J)TO OTHOCUTCH W K
BEKTOP-DYHKINK ), W QYHKIHN Wy, . BBIXOA yy(t) dTarmoHHON Mojenn onuchBaer
JKeqtaeMoe JIBUKeHne (Ieb YIPaBIeHNsA) CHCTEMBl TIPH 33 JaHHOM (HM3MepsAeMOoM) 3a-

narorreM Bosgeiictsun ¢(t). OTKIOHEHWE OT KeTaeMoro JBUKeHN

e(t) = y(t) —yu(t); ek +1) =y(k+1) —yu(k+1). (6.2.10)

3aBHCHMOCTD OlleHOUHOT (BYHKINK (KpuTephs KadecTBa) (6.2.2) or ommbku e(t) mpu-
HIMaeTCsA Pa3/JUTHON B 3aBUCHMOCTH OT obbeMa HH(OPMAIMK O BHEITHHX BO3MYIIIE-

HUAX W TTOMeXax, JeficTByomnX Ha oobekT (6.2.1).

Ecim YIIopAJO9IUTh CBEACHWA O BHEITHNX BOSMYIIIEHNAX N ITIOMEXaX IO MEPE BO3paCTaHMA

nHPOPMAINY O HUX, TO MOYKHO Pa3JnInTh:

a) HeolpejeeHHble, OTpAHUIEHHbIE IO MOJYJIIO BHEITHIE BO3SMYIIEHUA U MOMEXH, KOT/Ia
f(t), x(t) cyrp mponsBoIbHbBIE HEM3BECTHBIE (DYHKIINH, YIOBJETBOPATOIINE HepaBeH-

CTBaM

FOI<Fo IO <%, (6.2.11)

rae f, X — 3aJaHHblE TUCITA;
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6) CﬂyqaﬁHbIG BHeIHNEe BOS,D;GIL/'ICTBI/IH 1 ITOMEXHN ¢ HEM3BECTHBIM 3aKOHOM pacCIIpeaeJIEHN A,

HO OI'PaHUYE€HHBIMU MAaTEMATUYECKUMU OKUJAHUAMW U JUCIIEPCUAMMN:
FI< 75 ISXS F=M{f()}; x=M{x@)}. (6.2.12)

92
ol = M{[f(t) — 7] } <o ol =M{x(t) -} <o, (6.2.13)
roe f*, X°, o}, Oy — 3aJaHHble THCIA;

B) BHeIHNEe BOS,D;GIL/'ICTBI/IH 1 IIoMeXn - CﬂyqaﬁHbIG IpoUeECChl, 3aKOHbI PaCIIpeacJIEHNA KO-
TOPBIX HU3BECTHbI, HO HE MU3BECTHBI ITapaMETPbl 3TUX 3aKOHOB pacClpeElc/ICHUA. 9TI/I
ITapaMeTPbl BKJIIIOYalOT BO MHOZKECTBO Qa 1 TOor'Ja OHO OIIMChbIBa€T KJIaCC JOIIYyCTH-

MBIX OOBEKTOB M BO3MYIIEHUIH;

I‘) BHeIHNEe BOS,D;GIL/'ICTBI/IH 1 IIOM€EeXH - CﬂyqaﬁHbIG ITpouecChl ¢ U3BECTHBIMU 3aKOHaAMM pac-

npenejicHnd N 3aJJaHHbIMU ITapaMeTpaMi 3TUX 3aKOHOB.

Ecnun sremnrrme BOS,D;GIL/'ICTBI/IH 1 ITOMEXUW - HeolIpeeJIeHHble, OI'PaHUYE€HHbIE 110 MOAYJITO,

TO OEeJIb YIIPaBJIE€HUA 3aJacTCAd HEPABEHCTBOM

gle(t)) < A; gle(k+1)) <A, (6.2.14)

rae A — 3aJaHHoe TMOJOKHUTEIbHOE THCIO, COIIaCOBAHHOE ¢ YPOBHEM IIOMEX W BHEITHHX
BO3IeiCcTBHIIL.

Dpu CIIyIaiffHBIX BO3MEHCTBUAX [eJIM YIIPABJIEHNA TPUHUMAIOT BT

M {q(e(t))} < i M {g(e(k+1))} < A, (6.2.15)

Ecrecrserno, 1uro n3-3a HegocTaTKa WHMOPMAIUHT O TapaMeTpax 00beKTa MeJIeBbIe yCJI0-
Bus (6.2.14) nim (6.2.15) He GyayT BHIMOTHATHCA Ha HaTa bHOM dTare GyHKINOHUPOBAHUA
00beKTa, TOITOMY TPeOYIOT, ITOOBI 1eb JOCTUTATACh ACHMITOTHIECKH — TIPU JOCTATOTHO
Gompiiom ¢ (wm k) waw ipu £ — oo (kK — 00).

Taxum O6pEL30M7 IPUXOJNM K 3aJJaHWUIO TEJU B BUJAEC MMPpEIJE/IbHBIX HEPABEHCTB

Timg(e(t)) < A; kli_>—r£10q(e(k +1)) <A (6.2.16)

t—00

Ipu HEOIIpEIEeJIEHHbBIX BOS,D;GIL/'ICTBI/IHX 1 HEPaBEHCTB

T M {g(e(t))} < A5 Tim M {g(e(k+1))} < A (6.2.17)

P CAYIaiffHbIX BHEITHUX BO3JACHCTBUAX U ITOMEXaxX.
OrmeTnM, 9T0 HapaALy ¢ ~JOKaTbHBIMI KpuTepuaMu Buga (6.2.14) wHOT I8 WCTIOMB3YTOT

MHTETPpaJIbHbIE KPUTEPUUN C MEPEMEHHDBIM BEPXHUM IIPEAECTIOM
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J = /q(e) dt. (6.2.18)

6.2.2 CrpykTypa aJanTUBHBIX CHCTEM

N nerTnduKaIimoHHbL 1 TPAMOI aITOPUTMBI aJalITHBHOTO yTIpaBjernsd oobekToM (6.2.1)

OIIMChIBAOTCA YpPpaBHEHNAMUI

Xp = (Pp(Xp7 Y, 9, 6)7 u = wp(Xp7 Y, 6)a Xp(tO) = Xp0)7; (6219)

B =78y, u, g), Blto) =B, (6.2.20)

rae 3(t) — np -MepHBIl BEKTOP HaCTPaMBAEMbIX TAPAMETPOB PETYJIATOPA (B CIyTae HIeHTH-
dbukammonsoro asroputma 3(1) ABIAETCA OUEHKON BEKTOpa HEOMpe/IeJeHHbIX MapaMeTpoB
a); @,, Yy — Np B Ng-MepHBIE BeKTOP-DYHKIMH CBOUX apTyMeHTOR, TIoJIezKallie, Kak 1
DYHKIMT Wy, , OpeIeeHI o NCXOIA U3 3aJaHHbIX 1eseil yipasiaenns (6.2.16) nm (6.2.17).

Ypasaenus (6.2.19) onuchBatoT aJropuT™M paboOThl PeTyaAaTOpa, a ypasherusd (6.2.20) -
QJITOPUTM aJIalTalliH.

YerpoiicTBo, peasusyioliee aJlropuT™ aJalTalui, HasbiBaercsa adanmepom [?).

Takum 0bpasom, aJanTUBHBIH PETYJIATOP COCTOUT W3 peryiaropa u agantepa. CTpyk-

TypHad cXeMa aJalTUBHOI CUCTeMBbI TpuBesiena Ha puc. 6.2.1.

Suc. 6.2.1

SeryiATop, TPpUBEJEHHBIH Ha 3TOM PHCYHKE, COCTOUT W3 JABYX TacTeil: YIIPaBJIAIONIero
ycTpoiicTBa (MOCTeJ0BATENHPHOTO KOPPEKTHPYIOIIET0 KOHTYPa) W yIPaBJIAONIEr0 YCTPOii-
CTBa B TEMH 00paTHOI cBA3M (MapasieTbHOrO KOPPEKTHPYIOIIETo KOHTYpa). DepBasd dacTb
COAEPKHUT HacTpauBaeMble IapaMeTpbl, BTopasd - Hem3MeHHa. JacTo TOBOPAT, 4TO OObeKT
BMeCTe C PEryJaaTOPOM - 3TO OCHOGHOU KOHMYP PE2YAUPOSAHUA, & M3MEHAIOMAACH JacTh
peryJsTopa u ajanTep COCTABJIAIT KOHMYp adanmaiuu (kowmyp camonacmpoiixu). Eciu
HeIb YIIpaBJIeHUs 3aJaeTCsi ¢ IOMOIIbIO TaJOHHON MOJEIN, TO CTPYKTYpHas cXeMa IIPHH-

MaeT BUJ. TpUBEJeHHbIi Ha puc. 6.2.2.
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Duc. 6.2.2

6.2.3 D ocTaHOBKA 3aJa4Yi CHHTe3a aJalITUBHOTI'O peryJjiiaTopa 1 3Tallbl €ee pe-

meHumnuAda

Bagada CHHTE3a aJalTHBHOTO PEryJIATOPa COCTOMT B ONpeleseHnr (1o ypaBHEHUAM
(6.2.1) obbekTa, MHONKecTBY (), u mesnwm (6.2.16) nubo (6.2.17)) asropurma peryampoba-
musA (6.2.19) u anropurma agantaimun (6.2.20), Takoro, 9ToObl 1A JTOOGOTO BEKTOPa THCENT
a € O, w mobbix nagarsuex yeaosmnii X0 Xéo),

(6.2.16) smbo (6.2.17).

BosmoxxHOCTD (CyHJ;eCTBOBELHI/Ie) pemrennd 3TON 3ala"9 3aBUCUT IIPpEKIAE BCETO OT MEJIN

[3(0) JOCTHTAJACH 1IeTb YIpaBJIeHu s

VIIpaBJIEHNA, TIPU 3aJaHUN KOTOPOil HEOOXOJNMO YIUTHIBATH YpOBeHb (00beM) anmpHOpHOI
napopManuu 00 00beKkTe W BOSMYIIEHUAX. 3J€Ch CYIIECTBEHHYIO POJTh UTPAET BEJIUTHHA
"mopora” A . K mambojee mpoCcTBIM OTHOCATCSA 3aJadl CHHTE3a, B KOTOPBIX Beamdnna A
He pUKcHpoBaHa W TpedyeTcs, ITOOBI IeJeBOe HEPABEHCTBO OBLIO BBHITIOTHEHO TP KaKOM-
auoyas A > (. Taxwme 3amadm BOSHWKAIOT, KOTja anpuophas wHbopManuda 00 WHTEHCHB-
HOCTH BHEITHWX BO3MYIIEHUH W MTOMEX OTCYTCTBYET, a OObBEKT YIpaBJIEHUS HEYCTONTHB W
TpebyeTcs JHIIb 00eCeInTh orpaHnTdeHHOCTb Bhixoga y(1). pyroil Kpaitauii caydait Bos-
HUKaeT, KOT/1a 3Hadenne A B3:ATO MUHWMAJbHO BOSMOYKHBIM, PABHBIM HUZKHEH TpaHW JEBOM
JaCcTH COOTBETCTBYFOIEro HepaBeHcTBa (6.2.16), (6.2.17). Taxwme 3amatdnm Ha3bIBAOTCH 3a-
JlaTaMi ONTHMAJIBHOTO aJallTHBHOTO YIIpaBJIeHUsA. KpUTepUAME ONTHMAJbHOCTH B TAKUX

3aJa"dax ABJIAIOTCA beHKHI/IOHELJIbI

J=Tm sup qle(?)); (6.2.21)

t—00 ; ~
[F1< S IxI<x

J = lim M {q(e(t))}. (6.2.22)

Ormernm, ITO B pHBeIeHHON POPMYTHPOBKE 3aati CHHTe3a (DUTYPUPYET BEKTOP -

cesl @, TOTJa KaK B COJIEPKATETbHOM 3ajiatde aIallTHBHOTO yIIPaBJIeHns, onncanioil B §6.1,
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9TOT BEKTOP 3aBUCHUT OT BpPEMECHU. 9TO IPpOTUBOpEYIHNE CIVIazKUBAa€CTCA CJIENAYIOIIMMU PacCy-
KICHUAMM. ]E;O—IIGPBIDIX7 N3MEHEHNE BEKTOPa & BO BpEMEHU MOZKHO OITKMCAaTbh 9aCTO CbOpMy—

JIoit

alt) = &V5, (1) + &P8y(t) + -+ &by (0), (6.2.23)

rpe 6;(t) (1 =1,N) — ussecrnbre dynxuun; all) (i =1, N) — Heonpe/eeHnbie BEKTOPbI
Tnces, oObeIMHEeHNe KOTOPBIX W COCTABJIAET BEKTOD THCET O .
Bo-Bropbix, BbIMONHEHNE TieTeBbIX HepaseHCTB (6.2.16) smbo (6.2.17) osHaqaer, 9T0 Cy-

0 .
[IECTBYEeT MOMEHT BpeMeHn fy (a, [3( )) , TaKO#, 9TO

A —q(e(t))| <e nasBeex t > ty, (6.2.24)

TIe € > 0 - HEKOTOPOE JOCTATOYHO MaJio€ 3aJaHHOE YUCJIO0, XapaKTEPU3YIOIee TOTHOCTD
JOCTUZKEHN A TEJIN YIITPaBJIECHWA.

Ecam

te(a, B < T, (6.2.25)

TO TeJIb YTIPaBJIE€HNUA JOCTHTaeTCs (¢ TOTHOCTHIO 0 € ) B TedeHWe WHTepBala KBA3HCTAINO-
HAapHOCTH TTapaMeTPOB OObEKTA.
Bamernm, 910 1Tpu GOPMYTHPOBKE 3a/1a91 CHHTE3A TTOAPa3yMEBAETCS, ITO B CJIyUae Tps-

MOTO aJITOPATMa JalTHBHOTO YIpaBieHus ypashernne (6.2.20) obramaer cBoiicTBOM

Jim 8(1) = 8. (6.2.26)

rje 3% — BeKTOp umces, TaKoi, 9TO PeryaaTop

XP = S‘QP(XFH Y, 9, 6*)7 U= wP(X7 Y, 6*)7 Xp(to) = XpO)v; (6227)

COBITAJIAET € PETYJIATOPOM, KOTOPBIH TOTYIHICSA Obl, €CJIW pelnarTh 3aJady CHHTe3a Perysid-
Topa s obbekTa (6.2.1), B KOTOPOM BEKTOP ¢ PaBeH NCTHHHOMY 3HATEHHIO O .

B cayuae naeHTHGUKAIHORHOTO aqropuT™Ma yrpasiennsa pertnerus (6.2.20) obmamator

CBOMCTBOM

lim B(t) = o, (6.2.28)

t—00
9pI/I pemrennmn CCbOpMyJII/IpOBaHHOﬁ 3aJa9 CHHTE3a aJallTUBHOI'O peryjadadTopa MOZKHO

PasIuINTh caenytornye srambl [6.10]:

1. Docrpoenne 3aKoHa yTpaBJeHns (aITOPUTMa PETYINPOBAHUA) . Da ITOM STare CTPo-
arca ynkuun @, , wy, ypastenuii (6.2.19). Cnocober nocTpoenns sTux dbyHKimii 1
JIMHEAPU30BAaHHBIX Mojeeil 0ObeKTOB yIpaBaeHrs ObLIH yKa3aHbl BbIIe. Tak, Jis
HACHTHDUKATHOHHBIX aJTOPUTMOB aJallTHBHOTO YIIPABJICHNA MWCKOMBIH 3aKOH yIpa-
BJIEHW:A ONMUChIBaeTcA ypasHenneM (6.1.23) mmubo B dopme "Bxon - Boixoq” (6.1.25), a

B CJIydae TIPAMBIX aJropuT™MOB oH uMeeT Bu (6.1.35).
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2. BbI60p KJlaCCa aJITOPUTMOB aJallTUBHOI'O YIIpaBJICHWA. B,ILGCB IIPUHUMAaETCA peEIeHNne

0 BBIOOpE MAEHTH(PUKAIIOHHOTO JTHOO IIPAMOTO aJTOPUTMa aJallTHBHOTO YIIpaBIeHNA.
3. Boibop amropurma agantammn (6.2.20).

4, OHpe,ILeJIeHI/IG IIapaMeTpoOB aJITOPUTMa aJallTallul W3 yCJIOBI/Iﬁ CXOAUMOCTH ITpoLeCCa

aJanTalud W JOCTU KEHNA MeJH aJallTallim.

I'maBa 7 CmucreMBbI ¢ 3TaJJOHHOM MOJ/JeJIBIO

DaccMOTPUM JTHHAMUIECKHH 00BEKT, OMUChIBAEMbIH JTHHEHHBIMA TH(DepeHTHATbHBIMEI
YPaBHEHUSAME C HEOMpEeJIeeHHBIMU TapaMeTpaMu. IyJeM TOoJaraTh, 9TO HeH3MepsieMble
BHEIITHWE BO3MYIIEHWA W MOMEXW W3MEPEHWs OTCYTCTBYIOT, a IBUKEHWA O0beKTa BO30Y-
KIAFOTCA HATaJIbHBIMI OTKJIOHEHWAME (YCJIOBHAMIE) JIHOO W3MEPAEMBIME 3af0IINM BO3-
neiictBueM. B 3Toil cuTyanuym 9acTo MCHOIb3YIOT STAJOHHYIO MOJIETh, KOTOpAad ABJIAETCH
pusnIecKUM yCTPOICTBOM, Ha BXOJ KOTOPOTO MOIAIOTCH Te YKe BO3eHCTBYA, ITO W Ha 00b-
eKT yIpaBJIeHN A, a PA3HOCTh CHTHAJIOB C BBIXO/IOB 00bEKTa W STAJTOHHON MOJIENH CIIYKAT JIJIs

U3MEHEHNA IMapaMETPOB aJallTUBHOT'O PETYJIATOPA.

7.1 ApanTaiusa ¢ UCIOJb30BaHUEM ’YUCTHIX” MPOU3BOIHBIX
7.1.1 VYmnpasJjieHue U3BeCTHBIM 00bEKTOM

DaccmoTpuM pU3UTECKOE YCTPOHCTBO, Ha3hIBAEMOE STAJOHHON MOJIETBIO, KOTOPOE OIH-

CblBa€TCA ypaBHEHUEM

yls/[nM) + dM,nM—lyls/[nM_l) +.. .+ dM,lyM + dM,OyM = kM,mMg(mM) +...+ kM,Ogv (711)

rae Yyu(t) — msMmepsaemblil Bbxom, ¢(t) — 3aafolee Bo3elicTBIE- W3BECTHOE 3apaHee, JHOO
n3MepAeMblii cUTHAJ.

DapsAay ¢ STATOHHON MOJIETbIO PACCMOTPUM CUCTEMY YIIPABIEHISA

y(”) + dn_ly(”_l) +...+diy+ doy = Epul™ + ..+ kou; (7.1.2)

dpy g PV by T d i dy g = R,y Ak 0 lg P L log. (T.1.3)

Dycrh K03 punnenTsr oobekTa (7.1.2) W3BecTHBI, U MycTh Tpebyerca HaiiTn Koy -
mueRThl peryaaTropa (7.1.3) rakue, 9TOOBI BBIXOJBI OOBEKTa ITOH CHCTEMbBI W STATOHHOM

MOJIENTH, BO30Y K aeMble 3a/IafollInM Bo3aeicTBreM ¢(t) obJIagaan CBOfCTBOM

lim e = lim (y(t) — yu(?)) = 0. (7.1.4)

t—00 t—00
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Takwum 06pa30oM, TaTOHHAA MOJIETh 3a1aeT XKesaeMoe JizKerne cucremsl (7.1.2), (7.1.3).
DaccMOTpPUM YCJIOBHUHA, IPU KOTOPBIX 3Ta 3ajada CIEKEHWS 3a BBIXOJIOM STAJTOHHONH MO-
JeJid, paspelrnma.

B cBsAsm ¢ aTuMm CpaBHUM I/ISO6pEL)K6HI/IH BbIXOJOB TP HYJIEBBIX HaYaJIbHbIX YCJTOBUAX

y(s) = w(s)g(s) 1 yuls) = wn(s)g(s), (7.1.5)
raie wis) = k(S)l(S) w S) = kM(S)
20 ) = sy — kk ) Y T de)

BbIHy)K,D;eHHbIe ,ILBI/I)I{GHI/IH paCCManI/IBaeMbIX CUcTrem COBH&,ZL&IOT, eCJIn w(S) = wM(S)

Hol(s)  _ h(s)
d(5)dp(5) — K(S)ko(s)  due(s)

CTGHGHI/I HOJMHOMOB YHCJIUTEA U 3HaAMEHATEA JIeBOM 9acTH 3TOTO PaBEHCTBa, KaK IIpa-

(7.1.6)

BIJIO, TIPEBBINIAIOT CTEIIEHN COOTBETCTBYIOIINX ITOJTMHOMOB JIEBOI 9aCTH, U TO9TOMY JIJIS €ro
BBITIOJTHEHH S1 HEOOXOIMMO COKpallleHre 9aCTH STHX TTOJNHOMOB. D aiieM yCI0BHUs, MPH KOTO-
PBIX TaKOe COKpaIleHre JomycTuMo. D peacrasuM k(s) = k*(s)k™(s), rme k™ (s) — moamaoMm,
KOPHE KOTODOTO JIezKaT B JIeBoii nouymockoctn kKopheit (Res; < 0,s; (i = I,m — kopam
nomuuoMa k7~ (s), Kopru mosuaoma kT (s) sexkar B mpaBoif MOJYIIOCKOCTH M Ha IDaHUIAX
VKa3aHHBIX mosyriockocreii). Ecaw mommuom k1 (s) me sBasercs aemuresneM monnHoMa
ku(s), TO OH JOMIKeH menTesieM XapaKTepucTHIeCKoro moanHoMa crcteMbr (7.1.2), (7.1.3)
D(s) =d(s)dy(s) — k(s)ky(s), aTo He TOMycTHMO, TaK KaK 9Ta CHCTEMa JOJIKHA OBITh aCHM-
NTOTHYECKH yeToiiunBoil. B ¢Bsasu ¢ stum nomunom ky(s) Mogesn JoazKeH yI0BJIETBOPATD

YCJIIOBUIO

ba(s) = k() Ew(s). (7.1.7)

D70 o3HaYAeT, UTO HeycToiIuBble Hyan oObekra (Kopuu kT (s)) Heab3s U3MEHUTH U UX
cIelyeT BRIFOIUTD B Ky(s)) .

Tak kak k~(s) aABnserca geaurerseMm D(s), To nosmrom peryiatopa d(s) (7.1.3) numeer

crestytomyto cTpykTypy dp(s) = k™ (s)dy(s).
Takwum obpaszom (7.1.6) mpuanMaer Bu

R (k)
0 o) — B ()R]~ duls
I(s) )
A5 — KF () (3) ()

Orciona crenyfor ypaBHeHUA JJId olpeerenns Kodd uunentos peryaaropa (7.1.3)

(7.1.8)

I(s) = ky(s); (7.1.9)
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d(s)dy(s) — kT(s)kp(s) = dyu(s). (7.1.10)

Detag ToxkgecrBo Jezy (7.1.10), maxommm mommaOoMbl dp(s) W ky(s) u BBIUHCITAEM

dp(s) = k™ (s)dp(s).

Doy UeHHbl peryaaTop obecriednBaer (IPH HYJIEBBIX, JTHOO COBIAIATONINX HATAThHBIX
OTKJIOHEHWAX STAJOHHON Mofen u cucremsl (7.1.2), (7.1.3) coBnamenne nx Boixog0B: y(t) = yu(t).
Ucuesarontas ommbka e(t), obramaomias cBoiictBoM (7.1.4), BbI3BaHa TONBKO HECOBIMa/Ie-

HIeM HadaJIbHbIX yCJIOBI/Iﬁ ITUX CHCTEM.

7.1.2 DocraHoBKa 3aJga4nu

DacemorpuM 00bekT (7.1.2) ¢ Hem3BecTHBIME KO PUIHEHTAMHI. JyIeM ToJaraTh, ITO
€ro CTerneHu N W M W3BECTHBI, ¥ KPOME TOI'0 W3BECTHO, 9TO OH SABJIACTCA MHUHUMATHHO-
a3oBbIM. DTO O3HATAET, UTO MONUHOM Kk(S) — TYPBHUIEB MOJMHOM, (€10 KOPHHU JIeKaT B
aesoit mosymiockoctu k(s) =k~ (s), kT(s) =1).

Bamnmimem ero nepegaroIRyo GpyHKIHIO B BUIE
wls) = E(s™ 4 ...+ ks + ko) B kk(s)
s 4 d, 5" 4.+ dis+dy d(s) '

AHaJOTHIHO 3aluIeM TMepeTaToTryfo (BYHKINO STasonHoi Mogenn (7.1.1), mpeanomna-

(7.1.11)

Tad 3J€Cb U JaJie€ Ny = 1, My = M

w(s) = Eau(s™ 4+ .o+ Ey1s + ko) _ kuk(s)
B s+ dMn—ISn_1 + ...+ dMlS + dMO B dM(S) 7

rae ky(s) n dy(s) — 3amaHAbBle TYPBUIEBHI TOJTHHOMBI.

(7.1.12)

Baiaua COCTOMT B TOM, 9TOOBI HalTH aJrOpUTM HaCTPOHKHN K03 (DUINEHTOB peryrsaropa
(7.1.3) Tak, aT06Bl pasHOCTh BbIXOmOB cucTeMbl (7.1.2), (7.1.3) u sTanonHoil Moeqn cTpe-
MIJIach K HYJIIO (BbimostH#AIOCHh yeaosre (7.1.4)). CTpyKTypHasd cxeMa aJalTHBHON CHCTEMbI

npuseseHa Ha puc. 7.1.1.

- Wi (%) n
€=ty
e
— w(s) J
g
u
Adanmulnsui
peeynmmop -
Puc. 7.1.1

D puBesieM peleHune SToH 3a/IaTh I PA3JIUIHBIX CTPYKTYP OObeKTa YIIpaBIEHUS.
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7.1.3 AuJgroputMm ajgantanuu
DaccMOTPUM O0DBEKT YIPaBICHH, OMNCHIBAEMbIH ypaBHEHIEM

(Sn—l—dn_lsn_l +...F+dis+do) = u+ hug. (7.1.13)

DeTpysHO BUIETH, YTO OH MHHUMAaJbHO-Pa30Bblii 1 mosmaoM k(s) = 1.

9TELJIOHHELH MOJ€EJIb MMeeT B

(5" + dyn_15""" .o A dyrs 4 dyo) = u + hyg. (7.1.14)

Ypasuenns (7.1.13), (7.1.14) mMoxHO 3ammcaTh Kak

x=Ax +hg; y=d%; Xy= AyXy+hug; yu = duXu, (7.1.15)
rie
A:H..Q.f..f?ﬁ:.l... _H 0 _H 0. 4 _HOE1 i _HO
—d ’ 1|’ hy |7 —d, o hag ||
d:H 1, 0, .... 0; dM:H 1, 0, .... 0]l; d_H do, .., doy || (7.1.16)
du=| duo. -\ dunca |-

Depexosifs K MOCTPOEHWIO AJalTHBHOTO PETYJIATOpa, OyJeM MmoJiaraTh, UTO BO3MOYKHO
TOYHOE (YHCTOe) BHIUHCIEHNE MPON3BOJHBIX M3MEPAEMBIX MEPEMEHHBIX Y U Yy J0 N — 1

-I'O IIOpAJKa BKJIIOYUTEIIBHO. TOF,ILEL YpaBHEHHUE PETYIIATOPA 6y,IL6M HCKaTb B BHJE

n—1

u="y_ Bty + Ba(t)g, (7.1.17)

=0
rae y) — i -a mpomssommas y(t); Bi(t) (i = 0,n) — HACTpamBaeMBble IapaMeTphl peryJis-
Topa.
Doncranaa (7.1.17) B (7.1.13) u sbramras us (7.1.13) ypasuenne (7.1.14), momyqanm

YpaBHeHHUE OJIA OIIMOKK € = Y — Yu:
n—1

n—1
(s” +> dMiSZ) e=> (dwi—di+3:)y" + (—hu+ ha + B4) g. (7.1.18)
1=0

=0
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YrBepxkaeHue. AnropuT™ HaCTPOHKH mapaMeTpos peryiaaropa (7.1.17), mpu KoTopom

JOCTHUTaeTCA IeJIb aJallTalllli (hm € = 0), nmMeeT BH
t—00

n—1
b=~ (Z l],eu)) g (i =0 = T); (7.1.19)
7=0

n—1
Bo==7" 1 2 L") g, (7.1.20)
7=0
rie v > 0 (1 = 0,n) a sextop 1 = ||lo, ..., l,_1|| ompenensercs n3 BHIpazenna

1= Pb, (7.1.21)

B KOTOPOM TTOJIOZKUTEJSBbHO-OIIpEJCICHHaAd MaTpHlla P sBnserca pPeEIEHNEM YPpaBHEHN A

Jlamyrosa

AP+ PA =—-Q (7.1.22)

() — npon3BOIbHAA TOJOKUTETBHO-ONPEIETEHHAT MATPUIIA).

Aurropurm (7.1.19), (7.1.20) mcropudeckn TmepBbiii 000CHOBAHHBIH aJTOPUTM aJalTHB-
HOTO yNpaBJeHus ¢ dTaloHHol Momesbio. Ou 6bL1 mosyden B paborax [7.5], [7.2].

gepeXO,D;H K JOKa3aTeJIbCTBY YTBEPZXKIAECHUA , BBEAEM B PAaCCMOTPEHNE BEKTOPbDIL

&= ¢, ....0., Tme &1 =¢; & =¢,...,¢, =
@ = ||dwo — do + Bo, - - s dun—1 — dp—1 + Buct — b + by + B0l ; (7.1.23)
wl:‘y7y7"'7yn_17g b
HCIoNb3y#A KoTopble 3amutieM (7.1.18) B Buje
é=A.e+bpw. (7.1.24)

s ncenepoBanus yeroitansocrn cucremst (7.1.13), (7.1.14), (7.1.17), (7.1.19), (7.1.20)

o mepeMenHol e mocTponM dyuHKIHoo JlATyHoBa

v==ePe+ p'T'p >0, (7.1.25)

B KOTOPOI MOTOKUTENbHO-OIPeIeIeHHads MaTpulia P ABidercs pellienneM ypasrerns (7.1.22),

a I'=diag ||70,..., 7] -
Donrasn nponssogHas (yuKiuy (7.1.24) B cuny ypasaenuns (7.1.25)

(7.1.26)

OueBumno, aTO
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b= —&Qé <0, (7.1.27)

eCJIn

@ =—-T"'(l'e)x. (7.1.28)

DpuHAMas BO BHUMaHWE, ITO HapaMeTpbl dy;, «; (i = 0,n — 1) Momennm u obbekTa
MOCTOAHHDI, 3aK/a09aeM, ato (7.1.28) cosmamaer ¢ (7.1.19), (7.1.20).

Dpumep. DycTh UMeeTCH 0OOBEKT YIIPABIEHI, OMMCHIBAEMbIN Y paBHEHTEM

J+ o1y + aoy = u + hag, (7.1.29)

mapamMeTpbl KOTOPOTO ¢, &1, ho HemsBecTHbI Tpebyercs HaliTh aJropuT™M HACTPOUKH

mapaMeTpoB perydaropa

u = Goltly + B(t)i + Balt)g. (7.1.30)

IIprU KOTOPOM BbIXOHI Y o0BbeKTa HpI/I6JH/DKEL6TCH K 3Ha4YceHHNAM BbIXO,D;HOIL/'I HepeMeHHOﬁ dTa-

JIOHHOM MoJO€eIn, OIINChIBaEeMOI YpaBHEHUEM

Y + a1 Y + Aoy = g, (7.1.31)

¢ 3aJaHHBIME mapamMeTpamu. Ja ocrose (7.1.19), (7.1.20) mosydaeM MCKOMBIH aaropuTM™

HaCTPOWKH

K?o = —75 ' (loe + 11€)y;
B = =1 (loe + L1 €)3; (7.1.32)
By = =5 (loe + l1é)g,

B KOTOPOM %o, Y1, Y2 — HPOU3BOJIbHBIE MOJIOKHUTETbHBIE TUCTA, lg = P1o, [1 = Pag, TIE

P12, P22 — IEMEHTBl MaTPHIIbI P = ]?11 ]?12 , ABJIAoIeiica pelleHrneM MaTPUIHOIO
P12 P22
ypaBHeHUA
0 —ay D D D D 0 1 0
—1 —awm P12 P22 P12 P22 —ap0  — a1 0 g

B,ILGCB d11 5 (22 — IIPOU3BOJIBHBIE TTOJIOZKUTEJIbHbIE YU CJIA.

CrpykTypHad cxema aJalTHBHON CHCTEMbI TpUBeeHa Ha puc.7.l.2.
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Duc. 7.1.2

7.2 DeajimzyeMble aJITOPUTMBI AJANITUBHOTO yHPaBJIeHUA
7.2.1 OrpaHudeHue CBOUCTB 3TAJOHHOI MOJIeJIN

D puBeIeHHbIE BBIIE aJTOPUTMbBI aJIallTallii TPUMEHUMBI /15l OObEKTOB, OMHCHIBAEMBIX
ypaBHEHUAME JacTHOTO Buaa (7.1.13) ToTHOE BBITHCITEHTE TPOU3BOIHBIX H3MEPAEMOIl Mepe-
MEHHOI.

DepeiieM Tenepb K MOCTPOCHUIO aJTOPUTMa aJallTalldl JJIs OOIIEro cJydas OJHOMEpP-
HOTO 0ObekTa (7.1.1) m sTanonHoit Mogesnn (7.1.2). DTOT aJropuT™M He COMEPKUT ~TUCTHIX”
POU3BOJHBIX U3MEPAEMOIl TTepeMEHHOIA.

DycTh cyiecTByer mosnHoM 1)($) crenenn n—m—1 , Takoii, 9T0 TepegaTodHad QYHKINA
n(s)wy(s) aABageTCA cTpOro MaccHBHON. (DamoMHUM, UTO mepemarodHads GyHKIHA w(jw)

Ha3blBac€TCA CTPOTO HELCCI/IBHOIL/'I7 eCJIn

Rew(jw) >0 m lim w*Rew(jw) > 0).

wW—r 00

Tpebyercs HaliTh aanTUBHBIN PETYIATOP, TAKOH, ITO BBITIOTHAETCHA MEJIEBOE YCIOBHE

lim (y — yu) = 0. (7.2.1)

t—00
OHI/IIHGM BHa4YaJi€ Mpoueaypy IMOCTPOECHUA TaKOI'O PETYJIATOPa AJd CJIydad, KOoT'Ja

m=n—1,a3arem — cayqas m =n — 2 [7.3].
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9&3HOCTB CcTelleHel ITOJTMHOMOB 3HaMeHaTedsd W YACIUTENA HepegaTquOﬁ beHKHI/H/I Ha-
3BIBAIOT OTHOCHUTEJIHHOM CTEIeHbIO H IIOTOMY B IEPBOM ClIy9a€ OTHOCHUTE/IbHad CTEIICHDb

paBHa eiuHUIe, & BO-BTOPOM—JIBYM.

7.2.2 AanTuBHBIN peryJAaTop A4 00beKTa ¢ OTHOCUTEJbHO CTEeNeHbIo paB-

HON enuHUIlE

OrmeTnM BHadase, 9TO B PACCMAaTPHBAEMOM CJIydae MOKHO HOJNOKATH 7(s) = 1, mo-
CKOJIBKY TrapaMeTphl TOTHHOMA Ky ($) cremenn n — 1 Bcerjga MOYKHO BBIOpATh Tak, ITOOBI

wWy(s) Gputa crporo maccusroi. CTpyKTypHad cxeMma aJalTHBHOH CHCTEMBbl IpHBeJeHa Ha
puc. 7 .2.1.

> Wy ()

e(t)

= W(s)

1-0 fenomozq-
mensHsId
eenepamop

N{ 1)

2-§ Genomoza-
mensHbIT
2exepamop

Duc. 7.2.1

B sToit cxeMme BcmoMoraTebHBIE T€HEPATOPhl OITUCHIBAIOTCA YPaBHEHUAMN

v = By 4 by v@ = Fy® 4 b, (7.2.2)

a CUI'HaJIbl i1, g MUMEIOT BUL

1 = Boy + BY VY py = BBV, (7.2.3)
rie v»D i v — p—1 -MepHBIe BEKTOPHI MEPEMEHHBIX COCTOAMNA BCITOMOTATETBHBIX TeHe-
paTopos; [o(t) [3(1)(t) [3(2)(t) — macTpambaeMble mapamerpsi, tae 31 = 181,y Buill
B = ||Bus1,. ... Bugal; F — 3amanmas Marpuna ducel, HMEOM@AA CIEoYOYIO CTPYK-
TYpPY:

0:E,
o= L 2
—p
rae p ecth n — | -MepHBI BEKTOP-CTpOKa; P = ||po,- - pPuz||;
b’ =10,0,...,1|.

OueBumno, aTO
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B (s)
p(s)

uﬂQzﬁw+ﬂmYE&—ﬂ”5y=V%+ ]M@ZWM@MQ, (7.2.4

rie
p(S) = Sn_l —I— pn_QSn_2 -I_ PN —I_ pP1S —I_ P05
BO(s) = 818" 2 4 o4 Buas + Buy; (7.2.5)
| v o 2.
pa(s) = B (Es — F)™'blu = b (S)u s) = ma(s)y(s).
p(s)
S1ech

[3(2)(5) = Boi15" P+ o+ Bonas + Pan_1; ma(s) = ) (7.2.6)

DenocpencTBerno w3 puc.7.2.1 cienyer, aToO

u=foy +BYvY + 3.9+ AV (7.2.7)

Bronsa 2n -mepHble BEKTOPbI

B =180, Bty - Bucts B Bucrs s Banca | =[50, B, 5, 87 ; (7.2.8)
5(0) = [, v, g, v, (729)

samuiieM (7.2.7) B KOMIaKTHO#H (opme
w=p. (7.2.10)

Da OCHOBE CTPYKTYPHOH CXeMbI 3aKJI0IaeM, 9TO TepegaTodHas (PYHKINA oObeKTa ¢
QJATTUBHBIM PEryJATOPOM TPU MOCTOAHHOM 3HAYeHUM BEKTOpa HACTpaWBaeMbIX IMapaMe-

TpOB UMeEET BUJL

y(S) ﬁnw(s) _ ﬁnkk(s)p(s)

els) = ) T TE mals) 4 ma(e)w(s) — [30(s) F ()] d(s) = kk(s) [BO(3) + Gop(s)]
(7.2.11)
HeiictBurenbuo, us puc.7.2.1 caenyer, 4To
U = g+ ma(s)u F m(s)y. (7.2.12)

Yaursisasdg, 910 y = w(s)u, u nogcrapaaa cioga (7.2.12), nomyuanm (7.2.11).
D OMMHOMBI B KBaIPaTHBIX CKOOKaX 3HaMeHaTes s nepeparodroil dpyuxmmu (7.2.11) Gy mem

HNCKaTh KaK peIIcHre CJIENYIOIETO TOXKIAECTBA 963}/

[BD(s) F pls)] d(s) £ kk(s) [B1(s) + Bop(s)] = n(s).
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rge n(s) — mpomsBoNbHBIN MosMHOM cTenern 2n — 1 ¢ kosddunmentom mpu s* 71 pas-

HeiM 1. B pesysbrare pemrenus moxyanm BekTop 3.

Domaras

n(s) = k(s)du(s); p(s) = kuls), (7.2.13)

3aKJTI0TaeM, 9TO TepefaToTHas (PYHKINA 00beKTa ¢ PETYIATOPOM

w,(s) = ianwM(s). (7.2.14)

Takwm obpasoMm, BrTopoe u3 pabeHCTB (7.2.13) CJOYKHUT sl OlpeneseHns BEKTOpA @
B Marpuile F' ypaBHeHWI BCIIOMOTATeJIbHBIX TeHepaTopoB. Jluid 3aBepiienus onmcaHus
aJIalITUBHON CHCTEMBI HEOOXOIWMO OIMpPEETUTh aJITOPUTM HACTPOHKH BekTOpa (3.

OrmernM, 970 B cIeayoleM maparpade OygeT paccMaTpuBaThes crydail, Korga k(s) u

ku(s) — monmmuOoMBL cTenenn n — 2. B srom ciydae coorrorrenns (7.2.13) mpuHUMaroT B

n(s) = (s + Ao)k(s)du(s); p(s) = (s+ Xo)ku(s). (7.2.15)

YrBepxkaeHue. AnropuT™ HacTpoiiku mapamerpos 3 yupasienus (7.2.10), npu KoTo-
POM JIOCTHTAeTCH Tesib yrnpasienus (7.2.1) mas obObekTa ¢ HEM3BECTHO MEPeTATOTHON

dbynuxmmeit (7.1.11) mpu m = n — 1, umeer BuUA

B =—I"14e, (7.2.16)

rie I' - IITPOU3BOJIbHAA TTOJIOZKUTEJIbHO-OIIpENECJIEHHAA MaTprlla 9UCEJ Pa3MEPOB 2n X 2n.

JlokazaTebcTBO yTBepKIeHNA NpuBeseHo B /lokasaresnbcTBe 7.

Dpumep. JycTb UMeeTcss OObEKT YIIPABIEHUSA € TEPEeTaTOTHON (DyHKITHeH

82 + k‘lS + ko
83 + d282 + dlS + do7

w(s)

ITapaMeTPbL KOTOpOfI HENU3BECTHDI.

(7.2.17)

Tpebyercs moCTPOUTD A TUBHBIN PEryJIATOD, TPH KOTOPOM BBIXOJ, OObeKTa Y TpubJIH-

JKaJIcs Obl K BBIXOJHOM TepeMeHHOM STaJoHHOH MOJeIn ¢ mepegaTounoil ¢yHnKiuei

() (52—|—45—|—3,79)
Wy s )
s34+ 652+ 11s+6

Depexosifs K MOCTPOEHWIO PEryaaTopa, OTMETHM, 9TO, KaK HETPYIHO TPOBEPUTD, Tepe-

(7.2.18)

natodHad GyHKUHA Momenn (7.2.18) ABiAeTCA CTPOTO MACCHBHOM.
Omnpenennm u3 pasercrsa (7.2.13) mapaMeTpbl ypaBHERHUIT COCTOAHNA BCIOMOTATETBHBIX

reHepaTopoB

po=3,79; p =4 (7.2.19)

CrpykTypHas cxema paccMaTpuBaeMoO#l aJalTUBHON CHCTEMbl TpUBeIeHa Ha puc 7.2.2.
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_2(s2+45+319) | Un
bl WM{S)- s3+652¢11s+§
e
2yK st K
q u w(s)= 55 + 12 [ 4
‘ S +8,5°a,5+qy |
22, (2) o
V, - v2 H VZ 3
' (2 .
vy 790, -y ey vfhsmvitavley

Duc. 7.2.2

AJTropuT™ HACTpOWKW MapaMeTpoB peryasaTopa

u = [oy + 51U§1) + 527151) + (a9 + 54719) + 557152)

nmMeeT BH

Bo=—5tey; Bi=—v"enl;

By = =5 tevdV; Bs = —y3leg;

By = —vi'eol; Bs = -5 tenf?,

rae v; (1 =0,5) — momoKuUTENbHBIE THCTA.

(7.2.20)

(7.2.21)

(7.2.22)

(7.2.23)

7.2.3 AanTuBHBIN peryJATop A4 00beKTa ¢ OTHOCUTEJbHOM CTEeNeHbIo paB-

HOIl AByM

Tax Kak TENEPb Pa3sHOCTD CcTelleHel IIOJIMHOMOB 3HaMeHaTe I W YUCJIATEIIA nmepenaTod-

HOI (DYHKIIUN STAJTOHHONH MOIeJH OOJIbIlle eINHUIBI, TO HETh3:A 0OECTIETUTh CTPOTYIO TTac-

CUBHOCTD TepeJaToTHON (PYHKIHUH wy(S) BBIOOPOM ee MapaMeTpoB, ¥ MOITOMY BHadase

onpegeadercd 9Yucjio 7jg , TaKoe, 9TO IepeJaTOo9Had beHKHI/IH

n(s)w(s) = (s 4 no)wu(s)

ABJIAETCA CTPOTO naccuHo#. Takoe dmciio o BCE€rJa CylIeCTBYET.

CrpykTypHad cxema aJJalTHBHON CHCTEMBI TpWBeeHa Ha puc. 7.2.3.
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> Wy (3)
é e

u w(s) 4y 1
y

2-d Benomo-
Y 2amens usiti
0 2eHepamop

2

¥ 1-i femomo -
20MmensHbIG
2enepamop

v

S+,

g
9

Duc. 7.2.3

W3 cxembl HETPYJIHO 3aMETHUTD, UTO YIPaBJIEHHE

=P8+ 3¢, (7.2.25)

rae ¢ — 2n -MepHbBIi BEKTOP,

¢ = ¢or ¢, Cur €| = 11Gos G Gty G Gty G | (7.2.26)

CBA3AHHBIT ¢ BekTOpoM &(1) ypaBHEHHEM
¢ = —nC +4. (7.2.27)

YrBepxkaenue. AsroputM HacTpoiiku mapamerpos 3 yrpasienus (7.2.25) mus 00b-

eKTa ¢ HeM3BeCTHOI mepenarodnoii dyukmmeil (7.1.11), B KoTopoit m = n — 2, umMeer

B,
B=—T""Ce, (7.2.28)

rie I' - IITPOU3BOJIbHAA TTOJIOZKUTEJIbHO-OIIpENECJIEHHAA MaTprlla 9UCEJ Pa3MEPOB 2n X 2n.

JlokazaTeqbcTBO yTBepKIeHNA npuBeseHo B /lokasaresnbcTse 8.

Dpumep. DOCTPOUM AJANTHBHYIO CHCTEMY YIIPABIEHUHA JIETATEJTHHBIM aIllapaToM II0

YIUIY TaHTazxKa.
Deperarodnas YHKINA caMoJIeTa 1O YIUTY TaHTazKa

B k(s + ko)
w(s) = STt das + )’ (7.2.29)

DTasOHHAs MOETh UMEET TTePeTaTOTHY 0 (PYHKITHIO
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1,65 4+ 4,8
s+5)(s2+3s+2)

Depexosifs K MOCTPOEHUIO AJANTHBHOTO PETYIATOpa, HalijleM THCIO 1)g, TPH KOTOPOM

wy(s) = ( (7.2.30)

nepegaToTHas PYHKIIAA

1,6(s +3)(s + o)
(s+5)(s?+3s+2)

wy(s)(s +mo) = (7.2.31)

ABJIAETCA CTPOTO aCCHBHOIA. 9TO Y1 CJIO

o = 1. (7.2.32)

Omnpenennm Tenepb, ucnob3ysa (7.2.15), mapaMeTpbl XapaKTePHCTHIECKOTO MOJTHHOMA

ypaBHeHI/Iﬁ BCITOMOTAaTEJIbHBIX T'€HEPATOPOB

p(s) = (s 4+ Ao)(s +3), (7.2.33)

rie )\0 — IIPOU3BOJIBHOE TTOJIOZKUTEIbHOE YMCJIO.

DonoKUM Ag = 4 U TOrIda

po=12; p1="T7. (7.2.34)

AJTropuT™ HACTpOWKW MapaMeTpoB peryasaTopa

U = ﬁoy‘Fﬁlvg)‘|‘52U£1)+539+54U§2)+55U£1)—|—60§1 -|-61C2 +62§3+63C4—|-64C5 ‘|‘65§6 (7.2.35)

nmMeeT BH

Bi = —~7tGe (1=0,5), (7.2.36)

rae (; (1 =0,5) ABIATOTCA pENIEHNAMHA YpaBHEHNIL:

G noCi =yi G+ nole = U?); Gs+ no(s = Ugl); (7.2.37)

Gt oG =g G+t = vl o +nole = vf?; (7.2.38)

rie U§1), Uél), U§2), U£2) — BbIXOJ bl BCIIOMOTI'aTEJbHbBIX I'€HEPATOPOB, OITUChIBAEMbIX YPpaBHE-
HUAMMWAU:

o = o o) = —120() — 70 4y (7.2.39)

o = o o = 1203 7 (7.2.40)
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7.2.4 DporpaMMHoe obecneyeHne U MPAKTUKYM

FAMMA-upektuBa: 511 (AgantuBroe ympaBieHne ¢ STaTOHHON MOIENBIO).

Wcxonmble nanHbie:

a)dommnombl d(s),k(s) w m(s) obbexTa (7.1.2) ¢ yaeToM BHENTHUX BO3MYIIEHHHA. ITO
O3HATAET,ITO OOBEKT OMMChIBaeTcsA ypaBHenneM : d(s)y = k(s)u + m(s)f.

O)dommroMbl dy(s) w0 ky(s) sramonnoit Mogean (7.1.1).

B)Bu BHEITHErO BO3MYTIIEHNA.

r)Bun sapatorero BosseiicTBus.

e)Bpems MogemmpoBarnsa polecca aJanTallii.

De3yIbTaThl:

a)l'padukn mporecca aganTanym.

Ucmonbsys aupexktuBy 511 Bermomasgercs nmpaktukyM I p.3.1.0nna us3 ero meseit coctont
B MCCJIEJJOBaHUU 3aBUCHMOCTH TIPOIEcca aJalTallii OT BbiOOpa MaTpuupbl | B aiaropmrme

HacTpoiiku (7.2.16)1 OoT BHEIIHUX BO3MYIIEHHIL.

I'maBa 8 WaenTudukanmsa

Unenrndpuraims, noHnMaeMas, KaK W paHee, B Y3KOM cMblcyie (KaK ONpejeeHte ma-
paMeTpoB OObEKTa YIIPABIEHN ), ABIAETCA BasKHBIM STAOM IPH TTPOEKTHPOBAHUN CHCTEM
yrupasienns. K HacTosAleMy BpeMeHH pa3padOTaHO MHOTO TIPUEMOB, CIIOCODOB W METO-
JTOB OTIpejleJIEHNsT apaMeTPOB OOBEKTOB. WKe TMPUBOJAATCH JIUIIb T€ W3 HUX, KOTOPBIE
HCTOJB3YIOTCA U MOCTPOEHUA HIEHTH(DUKAITMOHHBIX aJTOPUTMOB aIallTHBHOTO yIIpaBJIe-
HuA. BHadasme wssraraeTcs MeTos HanMeHbITHX KBaapaTos (§10.1),B KoTopoM BHEIIHIE BO3-
e CTBUSA W ITyMBbl SABJIATOTCH OEJONTYMHBIMHA CJIy9IaiiHbIME Tpotieccamu. §10.2 mocssrmen
MeTOy KOHETHO - JacTOTHOH ammporcuMaruu. OH mo3BosIsgeT HAeHTHDUIIPOBATH 00bHEKT

Ipru BOSMYIIEHNAX C HEU3BECTHBIMU CTATUCTUYICCKUMU XapaKTEPUCTUKaAMHA.

8.1 MeToa HaUMEeHBIIIUX KBAJIPaTOB
8.1.1 DekoTopble NOHATUA TEOPUHN BPEMEHHBIX PAIOB

DaccMOTpUM O0OBHEKT, ONMMCHIBAEMBIH YpaBHEHTEM

y(kT) 4+ o127 y(kT) + .o 4 pumr 2" Oy (RT) + @z "y (kT) =

= rof(k) +rz f(KT) + . 4 vy 2 WY FRT) 4 rp 2 P f(RT) (R =1,...) (8.1.1)

,ZLJIH ACHMMIITOTHYECKI yCTOfIqI/IBbIX IpouecconB 6y,IL€M TaKZKe HCIIOJIb30BaTb MO/J€EJIb

o0

TCEDSUGHTSIED S TH (8.1.2)

=0

B KOTOpOfI qunCJIa h[ OIIPpEACTAIOTCA BbIpazKEHNEM
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ro+ ...+ rﬂ_lz_(“_l) + oz
L+pzl+ . 42~ 4 zmn

QPOHG,D;ypEL onpeaejaceHma HpaBOﬁ HJacCTHW 3TOT'O0 paBEHCTBa ITO JeBOH YacTH Ha3bIBaeTCA

= h0—|—h12_1 —|—h22_2—|—... (813)

onepavueti daurHo2o deaeHuA.
s acummrorHaeckn ycToiiauBbix mporeccos h(t) — 0 mpu ¢ — 00, TOITOMY MOYKHO

OTPAHWIUTCA KOHETHBIM unciaoM (g) craraembix B (8.1.2). Torma

y(k) = Zj: hiz7 f (k). (8.1.4)

DTO BBIpayKeHWe SABJIAETCSH BPEMEHHBIM D:AJIOM, TO3BOIAIONIMM HAHTH Y B MOMEHT Bpe-
MeHH k 10 3HAYeHWAM [ B ¢ MOMEHTOB BPEMEHH, MPEIIECTBYIONINX MOMEHTY K .

Mogenp (8.1.4) HasbiBaeTcsa Mmodeavio co ckoavzauum cpednum CC-modean). Tepmun
” cKouTb35lIIee cpejiHee” TOABUICH B CBA3HM ¢ TeM, 9TO Bbipaykerue (8.1.4) 1o cyimecTBy ABIA-

eTcs omepaTropoM ycpeanennsa (q+ 1) swadenus f (mpabjia, TPH STOM He BHITIOTHAETCA HU
q

yCJIOBHE Zhl =1, uw yciaosue h; > 0 s Beex [).
=0

Dyers B (8.1.1) 1, =0 (1 =1,u), ro =1, Torma

n

y(k) = = @iz Oy (k) + f(k). (8.1.5)

i=1
ITO TaKzKe BpeMEHHOM psil, Olpe e AoNnii 3HaYeHne §y B MOMEHT BpeMeHH k Ha OCHOBe
3HAUEHUH Yy B MOMEHTBI, IpeiiecTBoBasiine k u snadennio f(k).
Boipaxenue (8.1.5) HasbiBaerca asmopeepeccuonnoti modeavio (AH-modean). Dot Tep-
MWH BbI3BaH TeM, aTo (8.1.5) perpeccupyer y(k) Ha IpOILIble 3HATEHUA Y .

N waxowrern, Momgesb (8.1.1), KOTOPYIO MOYKHO 3aITHCATh Kak

k) = =3 ek + X riz (R (5.1.6)

Ha3BIBAETCH ABMOPEZPECCUOHHOT MOJEALIO cO cRoav3awum cpednum (AHCC-modean).
Dycrs mapamerpsl Mogesteii (8.1.5), (8.1.6) memsBecTHDBI, TOIIAa UCHOMB3YA 1A 0003HA-

YeHN A HEeU3BECTHLIX ITapaMeTpOB BEKTOp &, 3allMIIEM 3TH MOJEC/IN B BUIEC

ylk) = 3 sz 'y() + F(R): (5.1.7

y(k) = iaiz_iy(k) + ZM: i1z (k). (8.1.8)

j=0
Tpebyercs 1o n3BecTHBIM (B pesyJbrarTe W3Mepenuii) snavennam y(k) (K =0,1,2,...)

HallTH BEKTOP MapaMeTpoOB o .
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8.1.2 MeTon HaUMeHBbIINX KBaJApPaToOB

Dycrs B Mogermn (8.1.7) n =2, a y(k), f(k) (k=0,1,2,...) To9HO U3MepAIOTCA W

TpebyeTcs ONpelenTh MapaMeTpbl ay «q ypabherus (8.1.7), KoTopoe TpHHUMaeT BU

y(k) =ony(k — 1)+ agy(k —2)+ f(k) (E=0,1,2,...). (8.1.9)

BanuceiBasg 3TO ypaBHeHUe misfg k = 2 w k = 3, mosyunM cucteMy aiarebpandecKux

ypaBHEHWIA

ary(l) + a2y(0) = y(2) — f(2);
a1y(2) + agy(l) = y(3) — f(3), } (8.1.10)

pelllasi KOTOpYIO HaiiJleM HCKOMbIe YHCIa (g, O .

Homycrum tenieps, aro f(k) (k= 0,1,2,...) u3mepsercs ¢ morpemnocTamu. Torma s
KazK0it mapsl ypasrennii suga (8.1.10), sanucanroil qyisa pasaundubix k (cregyiolad mapa
nopoxgaerca k=4, k=5,3arem k=6, k=7 u 1.1.), HOTydnM pasaudHble 3HATCHUHA
HCKOMBIX TTapaMeTpOB (rg , oy . BO3HUKAET MbICTh ONIpEeIeuTh iz , (if Tak, 9TOOBI pa3HOCTh
(HeBs3Ka) MexKiy TpaBoil ¥ JeBoil dacramu ypasHenus (8.1.9) mpu k = 2,..., N Obuia

HanMenbIneil. [ storo chopMupyem cymMMy KBaJIpaToB HEBA30K

Ly =Y [y(k) —any(k — 1) — agy(k — 2) — f(k)]°. (8.1.11)

k=2
9606X0£};I/IM06 " NOCTaTOYHOE YyCJIIOBHE MUHUMYMa LN COCTaBJIAET CUCTEMY U3 IBYX aJl-

rebpandecKux ypaBHEHU

aaif: _22 ) = ary(k — 1) — agy(k — 2) = f(k)] y(k — 2); (8.1.12)
8LN N
Doy Z_: —ony(k = 1) = agy(k = 2) = f(k)]y(k = 1) =0, (8.1.13)

pelias KoTopyfo, HaiiJeM MCKOMbIe THCIa iy, O .
DaccMOTpHUM TeTepb olpeesierne mapamMerpos Mogern (8.1.7), korma f(k) (k=0,1,...)
— HemsMepseMasd HeM3BecTHasd (PyHKIUA.

BammiremM aBToperpeccHonuyto Mogenb (8.1.7) B BekTopHOil dopme

y(k) = a/8,(k) + f(k) (k=n,n+1,...), (8.1.14)

re

o = [lar 0z..coonlls 8,0k) = ly(k = 1),....y(k =)’ (8.1.15)

B (8.1.14) B orymume ot (8.1.7) npuHATO HadaTbHOE 3HaUeHWe k = n. DTO CBA3AHO C

TeM, 9TO pu k > n BekTop O(k) COAEPKHUT TOJBKO PE3YJIBTATHl W3MePEHHil, TOrIa Kak
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B MIPOTHBHOM CJIydae OH CoJepzKasl Obl HemsBecTHble Hadasbubie ycaosusa y(—1), y(—2) n
T.I.
Dockombky pynkuusa f(k) (k=0,1,...) HemsBecTHA, TO OyeM HCKaTh TaKylO ONEHKY

& BEeKTOpa « , 4TOOBI CyMMa KBaJpaToB ~ HEBA30K”

Ly =Y [yk) = &'8(k)]" (N —n>n) (8.1.16)

k=n
obLta MuaUMasbHON. Jlnddepernunpys (8.1.16) mo KoMIOHEHTaM BEKTOpa & ¥ TPHPABHI-

Bad HYJIIO TPOU3BOJAHBIE, TTOJIYYUM

N

> 8, (R)y(k). (8.1.17)

k=n

[i 3(1)8,(1)] &

BBoas obosnauenune

Py = ng 5y(k)6;(k)] B : (8.1.18)

Haiigem u3 (8.1.17) mckomsrii BekTop (8.1.18)

& = Py fj 8, (k)y(k). (8.1.19)

Boisesiem errie oay sxpuBasenTHYO (8.1.19) dhopmyiry miis olleHKH BEKTOpa (¢ Ha OCHOBE
MeTO/la HAMMEHbBIITNX KBaJIpaToOB. B cBA3M ¢ 3TuM BBelleM B paccMmorpenne N — n -MepHble

BEKTOPBL 71} U V, a Takxke marpuiy U :

y(n) d,(n) f(n)

n+1 6 (n+1 n+1
n = _y( ) U= ‘y( ) D v = f( ) . (8.1.20)
y(N) 8, (N) J(N)
Dpu sTEx obosHavenuax ypasHenus (8.1.14) mna k = n, N —n W MuHUMA3ApyeMad

dyukmua Ly mpumyT BUI

n=Ua-+v; (8.1.21)

Iy =Mn—-U&)'[n—-Ud&]. (8.1.22)

Huddepenunpys (8.1.22) mo KoMIOHEHTaM BEKTOpa & W TPHUPABHUBAA MTPOU3BOIHYIO

myso, nonyuum U’ [ — Ual] = 0, orciona

a=[U'UT U (8.1.23)

Dpumep. DycTh UMeEETCH aCHMITOTHIECKH YCTONIUBBI OObEKT yIpaBJIEHNS, OMHUCHI-

BaeMblil ypaBHeHueM
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¥+ agy = 0. (8.1.24)

B KOTOPOM TapaMeTp ao W BosuelicTsue f({) HemsBeCTHBI. DyCTh B pe3yJbTaTe W3MepeHHi

BBIXO/Ia 0O0beKTa B M3BecTHbIe MoMeHTHl Bpemenun 0, T, 27,... (T = 0,08) moryduenst

y(0)=1,5; y(1)=0,6; y(2) =0,56; y(3)=0,236. (8.1.25)

Tpebyercs onpemenuTs mapaMerp dg .
Depexo/ia K pellennto SToil 3a1a1du, annpokcuMupyeM (8.1.24) pasHOCTHBIM ypaBHEHTEM

BHIA

y(kT) + ory[(k — VT] = rof (kT) (k=0,1,...) (8.1.26)
W TIPEJICTAaBUM 3TO YpaBHEHWE KakK aBTOPErpecCHORHY0 Mogerb (8.1.7):

y(k) = ar=""y(k) + J (k) (8.1.27)

1 5 T
. L) =
CloT—|—1’ f( ) CloT—|—1

(k). (8.1.28)

ap = —1 =

Borawcamm mo opmyate (8.1.18) smademnne P5'. B paccmarpmBaeMoM ciTydae B COOT-

sercteun ¢ (8.1.15) 6,(k) = y(k — 1) u, rakum obpasom,

3
Pyt =) yi(k—1)=1,5" 40,6+ 0,56° = 2,92.
k=1

Da ocrose (8.1.19) 3axmoTaemM, 9To

L 1,36
e D +y(Wy(2) +y(2)y(3)) = 555 = 0,4 1.2
&y 2,92 (y(0)y(1) + y(Dy(2) + y(2)y(3)) 2,97 0,47, (8.1.29)
", clIeJ0BaTeIbHO, OlleHKA MCKOMOI'O 3HaYeHM I
—ay +1
= — =14 8.1.30
T T4, (8.1.30)

Ecmm wcnonpsoBars s onpejenenusa mapamerpa ¢ ¢opmyay (8.1.23), To caemyer

BBECTH BEKTOP 7} N MaTpHULY U:

y(1) 0,6 1,5
n=1ly2) |l =] 0,56 L U=0,6 |,
y(3) 0, 236; 0,56
TOTJa MMOJIYYMM BHOBb
a1 = 0, 47. (8.1.31)
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8.1.3 DekyppeHTHBIIl AJrOPUTM MeTOJa HAUMEHBIIINX KBaJApaToB

DpeacraBuM cebe peasibHbI (PU3HMIECKHH TTPONECC, OMUChIBAEMbBIH aBTOPErPEeCCHOHHOI
mogenbio (8.1.7) ¢ HemsBecTHBIME TapameTpaMu «; (i = 1,n). Dycrh Tpebyercs ueH-
THUIUPOBATh TH TTapaMeTpPhl B TeMIIe peaJbHOro Mpolecca. ITO O3HAYaeT, 9TO OlEeHKa
HEM3BECTHBIX MapaMeTpPOB JOJKHa OCYIIECTBIATHCSA Cpa3y IOCIe OYepeJHOrO M3MepeHHs
BBIXOJa 00beKTa. Vcmosb3ysi MeTol HaMMEHBIINX KBaJIpaToB, MOYKHO IIOCTYIIaTh TaK: IMO-
cie N + 1 -ro usmepenns BoraucanThb B coorserctsun ¢ (8.1.18)(9.2.22) snavuenne Pnyq u

N

3aTeM HallTH OlEeHKY &N+ o dbopmyie (8.1.19), mocte Pyyo -To W3MepeHNs, HCTOTb3Y

(8.1.18), (8.1.19), cHoBa HaiiTn oUEHKY RAORRY

" T.J.

Takum obpaszom, mocsie KazK/I0TO U3MepEHUA HeOOXOINMO 3aHOBO OCYIIECTBJIATH 0Opa-
merre MaTpuibl mo (opmyse (8.1.18) u Borancienune onenku mo (8.1.19). B c¢BaAsm ¢ srum
BOSHWKAET BOIIPOC: HEJb3HA JTU HAWTH B ABHOHN popMe CBA3b MEXKIY ONEHKOH mocse 1 -TO n3-
MepeHUH, C OJHOM CTOPOHBI, W OIEHKOIT TTocie ¢ — 1 -ro u3MepeHus U pe3yJIbTaTaMu { -T'O W3-
MepeHusd — ¢ Apyroil. Takoe peKyppeHTHOe COOTHOIIIEHWE CYIIEeCTBYET W €ro UCIOJIb30BaHue
Ha3bIBAETCA OUEHUBAGAHUEM NAPAMEMPOE 6 3AMKHYMOM KOHMYPE UAU NOCAEIOBAMEALHBLM

peePpeECCUOHHBIM Memodom.

YTBepxkKaeHNe. JeKypPeHTHBIH (TTOCTeI0BATENbHBII) aJITOPUTM METO/Ia HauMEHBIITNX
KBaJpaToB JJA TOCJeIOBaATE/IbHON OIEHKM TapaMeTpoB aBTOperpeccHoHHoi Mojesan

(8.1.7) umeer Bu:

& = &t L kO [y(@') - 5;(@')&“—1)] (i=nn+1,...); (8.1.32)
k() = P.d,(i) mibo Pry6,(i) |1 +5;Pi_15y(@')}_1; (8.1.33)
-1
P; = Py — P8, (i) [+ 8, P8, ()] 8,(i) Py, (8.1.34)
rie &(2) — OlleHKa BEKTOpa ITapaMeTpOB & IIOCJIE Z -I'O U3SMEPEHNA BbIXO,I];HOIL/'I nepeMen-

HOM .

B xauecTBe Haga IbHBIX yCJIOBI/Iﬁ AJId aJITOPUTMa MOZKHO ITPUHATH

&% =0; Py=ak,, (8.1.35)

rage a — JOCTaTOYHO OOJIBIIIOE TIOJIOZKUTEIBHOE THCIIO.

JJOKA3ATENLCTBO yTBepK AeHn A HecaoxkHo. JleificrButesnsro, Ha octose (8.1.17), (8.1.18)

PR&) = Y8,k = X ,(KIyK) £ 8, (VN (8130

N-1)

Bamenss y(k) ero oreHkoi 5;(]{)&( , TIOJIYYNM BbIparKeHHe
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= P&tV 1+, (N) [y(N) - 8 ()& Y]

KOTOpOe TIoCTIe YMHOKEHNA ero cieBa Ha Py comagaer c (8.1.32).

Depexojia K BbIBoLY coorHoterns (8.1.34), samuimem (8.1.18) B Buje

PR = 30 6,(08,(k) = 3 8,(R)8,(K) + 8,(N)8L(N) = Pyt + 8,(N)&,(N). (8.137

YMHOZKasA 9TO PpaBEHCTBO clieBa Ha Py w cnpaBa Ha Py_jp, mosydum

Px_1 = Py + Pxd,(N)8' (N)Py_1. (8.1.38)

Orcroma cemyer, 1TO

Py_18,(N) = Px8,(N) [1 4 8,(N)Py_18,(N)]

NJIn

Pné,(N) = Py_18,(N) [L+ 8,(N)Py_18,(N)] .

YMHOKas1 570 Bhipazkenue crpasa Ha & (N)Py_y u yuntbisas (8.1.38), moryuwnwm (8.1.34),
a TIOJICTABJIAA €ro B mepBoe u3 coorHoinenni (8.1.33), mosyanm BTOpOE.

Taxum obpasom, yrBep:Kaenne gokazano. OTMETHM, U4TO OJHUM K3 JJOCTOMHCTB PEKYp-
PEHTHOrO aJITOPUTMa ABJIAETCA TO OOCTOATENHCTBO, YTO OH HE COAEPIKHUT ONepalnuu oopa-
IeHns MaTpHIl, TakK Kak sxojsiiee B (8.1.34) Boipazkenme [l + &'(i)P;_18,(i)] sBaserca
CKaJIAPOM. JeKyppPeHTHBIH, UK TTOCIeI0BaTETbHbIH, aJrOPUTM IIPUBOJUT K OlEHKaM, 0b/1a-
JAIOIIME CIeIYIOMUMA CBOHCTBaMHU.

1. Ecmu f(k) (k= 0,1,...) npeacraBiger coboil MOCTET0BATETHHOCTD HE3ABMCHMbIX
OJIMHAKOBO pacCIpe e IeHHbIX CIyYaiiHbIX BEJUTHH, TO OlleHKa G ABJIAETCA HECMEIeHHOH 1
COCTOATEJIbHOM.

2. Ecaw mocrenosarensrocrs f(k) (k= 0,1,...) rayccoBckas, To olleHKa 3 GeKTHBHA.

Dpumep 10. Dpumennm anroputm (8.1.32) ... (8.1.34) nyis oleHKH mapaMeTpa «; MO-

nean (8.1.27) us npumepa 10.1.1. Urak, mycth B pesyiabrate usmepenuii monyderno y(0) = 1,5;

y(1) = 0,6. Daiimem BHawase 3HaUeHne p; 10 (popmyde (8.1.34). JpuHuMas BO BHIMaHNWE,

9TO B paccMaTpuBaeMoM ciaydae 0,(i1) = y(i —1) u p; - ckanapsl, sanumiem (8.1.34) B Buge

Pi—1

= - 8.1.39
T+ 82()pis (8:1.39)

Pi
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Kpowme Toro, B coorBercruu ¢ (8.1.35) npumem

AV =0, po=1, (8.1.40)

torga u3 (9.2.43) npu 1= 1 momyaum

1
0,31.
O R T ERS Ea
Da ocrose (8.1.32) 3axmoqaem
&t =& + piy(0) [y(1) — y(0)al” | = 0,276, (8.1.41)
DycTh mocTe TpeThero m3Mepenus monydeHo yi(2) = 0,56. Torga omenky (8.1.41)
MOYKHO YTOYHWUTB. /lyidg sToro Beraumcamm
P1 0, 31
— — = 07 28
PETEe@m  1+0,670,31
"
ot = i + pay(1) [w(2) — y(1)ad"] = 0,336. (8.1.42)

Bartem mnocie derBeproro msMepenusa noayanM y(3) = 0,236. BHob yToUHAA OUEHKY
(8.1.42), Haiigem

SRS - E—— 0,28 = 0, 26;
BETre®m  1+0,56020,28
6t = " + pay® [y(3) — y(2)a”] = 0,391, (8.1.43)

DTa omerka MpHOIHKaeTcA K olerke (8.1.29), mosyuenHoil TpH MCIOIB30BAHUN HEpe-

KYPPEHTHOT'O aJITOPUTMa HAaUMEHBIINX KBaJApaTOB.

8.1.4 Omnenka nmapamerpoB CC-momenn

Dycrs B (8.1.4) f(k) = u(k) - nsmepsemasn (mmbo wsBecTHasn) QYHKINA YIPABIEHHA
u mycrh usMepenne y(k) ocyuiecrBasercs npu Haguwauu nomexu X (k), Torga mMomenab co

CKOJIb34IIINUM CPpEIHUM IIPpUMET BU

y(k) = ihlu(k — 1)+ x(k). (8.1.44)

9TO COOTHOIIIEHWE, BblIpazKatolee BbIXO,D;HOIL/'I CHUTHAJI JIMHECITHOM CTELHI/IOHELPHOfI CHCTEMbI
KaK B3BECHICHHYIO CyMMY ITPOIIJIbIX 3Ha4YeHUNA BXOHOT'O CHUTHaJla, MOXZKHO 3alliCaTb B BEK-

TopHOi# dopme

y(k) = W&, (k) + (k). (8.1.45)
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rae W = |[ho, o halls 8u(k) = Jlu(k) ulk — 1), u(k — g)".

s onenkn BekTopa h 0Oymem MUHUMH3UPOBATH cbyHKLLI/Ho

= Z_: (k) - fl’&u(k)r- (8.1.46)

Ananormano (8.1.16) sakiodaem, aTo h ABIAETCA pellleHREM yPaBHEHUA

h = Z y(k (8.1.47)

31ech caesyer oTMETHTh, 9TO TaKas OleHKa h He sBJIfeTcs HEeCMENIeHHOMH, 3a MCKJIIO-
qenweM caydad, korga (k) w u(k) HekoppeampoBaHbl. YOeaWMCA B 3TOM Ha MPOCTOM
npumMepe. JycTh
y(k) = hou(k) + x(k) (k=1,2,3,...). (8.1.48)
Torma B coorercrsnu ¢ (8.1.47) momyanm
N
> ylk
7 k=1
ho =1l (8.1.49)
Z u
=1
Doncrasnsasa B (8.1.49) eipaxkenne (8.1.48) nna y(k), momyaum

i

—_

P b
o
Il
=
o
??‘

S (8.1.50)

k=1
Orcrona BugHO, 9T0 hg He cTpeMuTca K hg mpm N — 00, 3a MCKIIOYEHHEM CJIydasd,
korma M{y(k)u(k)} = 0. Ormernm, aTo TOCTEHEE UMEET MECTO, B TaCTHOCTH, TOTJA,
korma x(k) (B =0, 1,...) asiagerca "6empim mrymom”. U3 31010 BHITEKAET HEOOXOIMMOCTD
"orbenmBanusa’ mporecca y(k) (k=0,1,...).

B cBaAsu ¢ srum ommrrem momexy (k) (k =0, 1,...) aBTOperpeccHOHHON MOJIEJBIO

Za X(k = 1)+ fO(k), (8.1.51)

re fA(k) (=0, 1,...)-rayccockuii "6epii myM” ¢ HyJIeBHIM CDEJIHHM.
Tpebyercst omeHUTH MapaMeTphl ozgz) (1 =1, Ny). Mogens, ommchiBaeMyto ypaBHEHN-

avu (8.1.44), (8.1.51), MoxKHO 3amicaTh Kak

y=h(z"u+x; x=a?(")y+ O, (8.1.52)
rae h(z7') =ho+ hiz7 4. o+ hy2 7Y oz(z)(z_l) = oz(12)2_1 +... 4+ oz%)z_NZ) )

2
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Uckitouasd nmepeMeHHYIO X , TTOTYIUM

y=a@ Ny +[1—a@ k(" Yu+ @, (8.1.53)
ObosnaTasn
q+N2 '
[1—a®P Yz = bz = Z_: biz™", (8.1.54)

npezcrasum (8.1.53) B dpopme

No q+N2
y(k) = Yooyl — i)+ 3 byulk— ) + (k)

KOTOPYIO MOZKHO IIEPENNCaTh B BEKTOPHOM BHUJE

y(k) = '8P (k) + f(k), (8.1.55)

re

o = [l ol boy b ], 8V (R) = [ly(k—1), ..., y(k—N), u(k), . .. u(k—g—N,)||.

Temeps, ecom mopsaaxkun ¢ uw Ny W3BECTHBI, TO JJIA TOJTYIEHUA HECMEITEHHBIX 3] der-
THBHBIX OIEHOK & MOYKHO IPUMEHWUTh peKyppeHTHbIH aqroput (8.1.32) ... (8.1.34), sarem

HaiiTh, ncnonbsy# (8.1.54),
}ALO = [;0, iLl = [;1 + éé(lz)ibo, ce (8156)

8.1.5 Omnenka nmapamerpoB ADCC-monesnn

gepeXO,D;H K OIEHKE ITapaMeTpPOB aBTOpereCCI/IOHHOﬁ MOJEJN CO CKOJb3AIINM CPpEIJHUM,

samuiieM (8.1.8) B BekTOpHOIT dopme:
y(k) = a'8W(k) + anpa f(k) (k=0,1,2,...), (8.1.57)
rie

o =|lar, .y Qngay e Qg }
SO(8) = lly(k = 1)y =), [0k = 1), 10— .

Dopmasbio ypasHerwe (8.1.57) skpubasenTro ypastennto (8.1.14), mostomy s ompe-

(8.1.58)

JeJIeHNsA BEKTOpa TTapaMeTpoB & MOYKHO HCIONB30BaTh PeKyppeHTHBIH aqroputm (8.1.32)

. (8.1.34). Ogmako sexkrop (k) comepxur nemsmepsembre semantbr f(k — 1),...,

— ). B cBasu ¢ atum onenum, ncnonb3ys (8.1. nepeMeHHy 0 nostaras 6es
k—p). B , ya (8.1.57), nep y k), 9

moTepw OOITHOCTH (v, q1 = 1 :
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fk)=y(k) —&'8D(k) (k=0,1,2,...). (8.1.59)

Bajapasgch HauaapabiMu yeaosuamu y(—i) = yO(—i), f(—i) = fO(=i) (i =1, n,
j =1, ;1) samennm Hemsmepsembie KommonenTsl BexTopa (k) ux ouenxamu u cdopmu-

pyeu (k) = [ly(k = 1),....y(k —n), flk=1),.... f(k—p)l|.

Taxum O6pEL30M7 O6HLI/H7I AJITOPUTM TTOCJIENOBATEJIBbHOTO OUEHNBAHA ITPUHUMAET BU T

~1

& =&t L kO y(0) = 8 (Hat=Y); (8.1.60)
k) = P§(i); (8.1.61)
Pi=Py— P_i8()[1 + 8 (1)Pr8 (1)) 18(i) Py (8.1.62)

DTOT aNTOPUTM MOZKET TIPUBOJUTH K CMEIIEeHHBIM OlleHKaM & . Jlus monydenus wHecme-
MIEHHBIX OTEHOK cJIe/yer mostararh B (8.1.58) BMecTo n wmncio n' > n. QukcHpysa HEKOTOPOE
n’ u ucnosnbsysa aaropurm (8.1.60) ... (8.1.60), HaxoauMm & u ompenesnseM 10 (GopMyie
(8.1.59) mocrenosarenbrocts f(k) (k =0, 1, 2,...), ecyin oHa HEKOppPeTHPOBaHa, TO ITO
CBHJETENbCTBYET O HEeCMEIIEHHOCTH M COCTOATENbHOCTH ONEeHKH ¢¢. Ecam Ke mocsemoba-
trespHOCTh f(k) (K =0, 1, 2,...) KoppesmpoBaHa, TO cJeIyeT yBeIUIUTh THCIO n' 10 Tex

IIOp, MOKa 3JIEMEHTHI 3TON ITOCJIENOBATE/TBHOCTN OKazKyTCA HE3ABUCUMbIMHA.

8.1.6 CsBa3p c agropurMoM QUIbTPAIUU

DaccMOTpUM 0OBEKT yIIPABJIEHUS, OMMMCHIBAEMbINl aBTOPETPECCHOHHON MOIEJTHTO:

n

y(k) = awy(k —1i)+ f(k). (8.1.63)

=1
Dycrh mapamerpbl «; (¢ = 1,n) 3TOrO ypaBHeHHsA HewsBecTHbBI, a f(k) - mociaemoa-
TEJIBHOCTD TayCCOBCKUX CJIYIAfHBIX BEJTUIUH C HYJIEBBIM CPEIHIM W W3BECTHOH JIncHepcueis
(1)
rll .
Uarepripernpyem 3ajaty onpeeleHns HEM3BECTHBIX TapameTpoB «; (1 = 1,n) Kak
3agaqy puabTpamuu. B ¢BA3W ¢ STHM BBeJeM B paccMoTpenne ~0ObeKT , OMHChIBacMbIi

ypaBHEHUAMM:
alk+1) = a(k); a(0)=al"; (8.1.64)
y(k) = & (k)a + y (k). (8.1.65)

DepBoe W3 HAX oTpazkaeT (PakT MOCTOAHCTBA (HE3ABUCHMOCTH OT k ) MapaMeTpoB ypaB-

Herns (8.1.63), a Bropoe - copnagaer ¢ (8.1.63), ecm yuects (8.1.15) u nmepeobosHaTUTH
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f(k) = x(k). Dpu stom d,(k)- usBecTrbIii (MoyTaemMblii B mpoiecce pabOThl CHCTEMbI)
BEKTOP.

s 7 obberta” (8.1.64), (8.1.65) MOKHO TOCTPOUTH YCTPOICTBO BOCCTAaHOBIEHNA ((PHITH-
Tpalun) BeKTopa a(k) 1o pesysnbTaTaM n3MepeHus curHaga y(k), KOTOPbIi COCTOUT U3 10
nesnoro curtata 8 (k)a u momexu Y (k). Jlist nocTpoenus 3roro huabTpa BOCIONb3yeMCst
ypasaenuamu (?7) ... (??) ontumanbHoii Gunprpannn. OdueBwaHO, ITO B paccMaTphBae-

mom ®(k)=FE,, R(k)=0, D(k)=0(k) w mostomy ypaBHeHus (DUIBTPA TPUMYT BUI:

&k +1) = &(k) + k(k + D[y(k + 1) — & (k + D)é&(k)); (8.1.66)
k(k 4 1) = Pu(k + 1), (k + 1)[8 (k + 1) Pa(k + 1), (k + 1) + r1)]7% (8.1.67)
Po(k+1) = [E = k(k)&, (k)] Pa (k). (8.1.68)

Doacrasnsasa (8.1.67) B (8.1.68), momyanm

Pu(k +1) = Pu(k) — Pu(k)8, (k)& (k) Pu(k)8, (k) + {17168 (k) Pa(k). (8.1.69)

CpasamBas (8.1.66), (8.1.69) ¢ (8.1.32) ... (8.1.34), 3ak/arouaeM, 9TO COOTHOIIEHW
(8.1.32) ... (8.1.34) ompezensAoT aaropuT™ HUIBTPALHH, B KOTOpoM [9.1]

Po(k) = Py,

8.1.7 DporpammHoe obecredeHrne U NPAKTUKYM

FCAMMA-mpextusa: 211.3 (Mnentndukanms Ha 0CHOBe MeTOJa HAMMEHBITHX KBAIpa-
TOB).

Wcxonmble nanHbie:

a)dommnaoMbl d(s),k(s) m m(s) obbekTa ¢ yIETOM BHENTHUX BO3SMYIIEHHUi. DTO O3Ha-
JaeT,9T0 00beKT omuchiBaeTcA ypasHerweM : d(s)y = k(s)u + m(s)f. Ero muckpernas

MOJ€EJIb MMeeT B

n . n . /JI .
y(k) = — Z wiz y(k) + Z riz lu(k) + Z ez f(k), (8.1.70)
=1 7=0 7=0
O) AMTIITHTY B M 9aCTOTHI (POPMHUPYEMOTO BXOJIHOTO MOJUTAPMOHUTIECKOTO CHIHAIA

u(t) = Z Pk sinwy, (8.1.71)
k=1

B)Uarepsan quckperroctr T ,3a1aBaeMblil THCIOM JeJIeHHiT Tleproa MaKCHMaJbHOI 13

qactor curHasta (8.1.71)
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B)Bu BHEITHErO BO3MYTIIEHNA.

e)/lmurenprocTh Tporecca HaeHTHMUKALNN 3aJa€TCA TUCIOM TEPHOJOB MHHUMAbHOM
u3 gactor curHasa (8.1.71)

De3yIbTaThl:

a)Ouenkn ko3 dunnenTos ; u r; aucKperHoil Mogenwn (8.1.70)

a)l'padukn mpornecca naeHTHGUKATIIHN.

Ucmonbsys mupextuny 211.3 Boinmomusercsa mpakTukym 9 p.3.2.01Ha u3 ero meseil co-
CTOUT B WCCJIEJOBAHUY 3aBUCHMOCTH TIPOTecca MACHTH(UKAINNA OT TapaMeTPOB BHEITHETO
BO3MYIIEHUA W BXOTHOTO (MCIBITATETHHOTO) CHTHAIA

MATJIAB-dynxnun:

1) th = armax(p,nn)-olenka K03} punnenTos AucKperHoii Mogenn (8.1.70)c momMorbio
MeTO/Ia HAaUMEHBIITNX KBaIpaToOB

AprymeHTnl (pyHKIIAN:

p = [y, u]-MaTpuia SKCHEPUMEHTANbHBIX JAHHBIX;B MHOIOMEPHOM CJIydae U SABJIACTCSH
MaTpPHIEH ¢ YHCTOM CTOJIOIOB PABHBIM YHCITY BXOJOB.

nn = [ng,nr, nc|-cTenenn MOTTHOMOB z; JWCKpeTHOH Mogeswn (8.1.70)

Sesyusbrarel: Onenkn Ko uimenTos auckperHoi Mogenn (8.1.70)

2) thm = rarmax(p,nn, adm, adg) -ouenka Ko} Gunnentos aruckperHoii Mmogenn (8.1.70)c
[OMOTIIFIO PEKYPPEHTHOTO METOa HaMMEHbBITNX KBaJApaTos.3jmech adm u adg aprymersi,
3 IaloIIMe BU IIPOIE Iy pbl HACHTH(GUKALINY , HampuMep, 3Hadenns adm = [ f u adg = lam

3aJa10T PeKypPpPEeHTHBIH anropuT™ pasnena 8.1.3.

Bexkrop 8 B sTux dyHKIMAX comepxkuT Hapamy ¢ y(k —1),...,y(k —n) nsmepsembre
nepementbie u(k),...,u(k —n) u B 3T0M caydae Boipaxkenne jaid y(k) nMeer cTpYyKTYpY
(8.1.55)

8.2 KoHeuHo-4acToTHAA MAeHTU(DUKAITNA

YHacToTHble MeTOAbI CAYKaT I HIEHTH(DUKAINA HETPEPBIBHBIX 00bHEKTOB yTpaBJe-
HiA. B HUX MOXKHO BBIAETHTH ~KIACCHIECKHH” TacTOTHBII W KOHETHO-TaCTOTHBIH MeTOIbI
HIeHTHM KA.

B coorsercrsum ¢ mepspiM MetomoMm [8.8],[8-9],[8-10] obberT BO3OYIKIaeTcA WCIBITa-
TEJIbHBIM CHTHAJIOM,KOTOPBIil ABJIAETCA CyMMOHl OECKOHETHOTO dHC/Ia H3BECTHBIX TapMo-
K. Ko punmenTsr mepegaroanoil GyHKINT 00beKTa HAXOIATCA MUHUMEU3AINEH CyMMbI
KBaJpaToOB Pa3sHOCTH W3MEPAEMbIX TACTOTHBIX XapaKTEPUCTHK W TaCTOTHBIX XapaKTepw-
CTHK ,COOTBETCTBYTOIINX HCKOMbBIM KO3 dunnentam. Bosmytenns npennonaraiorcs Geso-
IIYMHBIME W JJTsl MEHUMA3AIUH YKa3aHHON CYyMMbI HCTIOTb3YETCH CIenalbHblli MeTOT Hal-
MEHBIINX KBaJIpPaToB.

B komewno-qacrorHoM Metoje [8-11]ucmbiTaTesbHBI CHTHAT CONEPIKAT MUHUMATHHO
BO3MOYKHOE THCJIO TaDMOHUK (PaBHOE PasMepPHOCTH BEKTOPA MPOCTPAHCTBA COCTOAHNI 00b-
eKTa )W ITO TO3BOJIAET CYIIECTBEHHO PACIINPUTD KJIAcC BOSMYIIEHUI W TTOMEX,TPH KOTOPBIX

JOCTHUTaeTCA H€O6XO,ILI/IMELH TOYHOCTDb I/I,ILGHTI/IC})I/IKELHI/H/I.
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8.2.1 DocTaHOBKa 3aJjaYU U MOAXO]] K €€ PelIeHUIo

DaccMOTPUM TIOTHOCTHIO YIIPABIAEMBIH W aCHMITOTHIECKH YCTOHINBBINH 0OBEKT yIIpa-

BJIEHW A, OIICBhIBaeMBbII YpaBHEHUEM

y™ £ d, Y b dyg 4 doy = k™ e ka4 kT, (8.2.1)

B KOTOpOM KOodddurmentsl a;, k; (¢ = 0,n—1 (1 = 0,m — HewsBecTHBIe THCTA, N —

u3BecTHO, m (m < n) — HemsBecTHO, f({) — HeW3BecTHasd orpaHWIeHHAA DYHKINHA

lf()] < f~, (8.2.2)

rae f* — uwmero.
Bagata maeHTHUKAINT COCTONT B HaXOXKJIeHWW oneHoK d; u k; (1 = 0,n—1) xo-
s PputenTos ypasrerns (8.2.1) taknx, aTobbl oumbkn waenTHguKatmun Ad; = d; — d;

A

Ak; = k; — k; ynossersopsin TpeboBaHUAM

|Adi| <ef, |Aki| <ef (i=0,n—1), (8.2.3)

B KoTopbix &f, &F

(1t =0,n— 1) — 3amaHAble THCTA.

Ornmawe 910l 3aJaui OT pacCMaTPUBAEMbBIX paHee COCTOMT B TOM, UTO HEHU3BECTHBI
CTOXaCTHIeCKNE XapaKTepUCTHKN BosMytennsa f(1). OrcyTcrBue cBeeHNit 0 BO3MYIIEHUH
IPUBOIUT K TOMY, UTO BBIXOJ 00beKTa (1) 3aBUCHT OT HEM3BECTHBIX €10 KO3 PUINEHTOB 1
HEM3BECTHOTO BOZMYIIECHU, U TIOSTOMY, TOUHOCTb UACHTH(DUKAINN OrpaHuvYeHa B TIPUHITHIIE
1 3aBUCHT OT BO3MYIIIEHH S, PEATU3YEIIEerocs B mpolecce naeHTH(DNKATIHH.

D e0bX0MMO BBIIETUTH COCTABJISAIONIYIO BBIX0a, KOTOPasA 3aBUCHT TOJbKO OT HEH3BECT-
HBIX KO3 PUIUEHTOB.

,ZLJIH 3TON neJin UCIIoJIb3yeM WCIObITATEJIbHBII CHTHAJ

n

u(t) = Z Pk sinwy, (8.2.4)
k=1
B KOTOPOM aMILTHTY bl px (k = 1,n) u ncnbitarenphble qacToThl wy (kK = 1,n) —3a1anmble
[OJIOZKUTe/IbHbIE YHCIA.

B sTom CJIy4da€ BbIXO/ 00beKTa MOZKHO IpeacTaBUTh KaK

y(1) = yu(t) + yol(t) + ys (1), (8.2.5)

rae Yu(t) — cocraBisAtolas, BhI3BaHHAA MCIBITATENbHBIM cUTHATOM (8.2.4), yo(t) — 3aBuCHT
OT HAYAJIBHBIX YCIOBWH, ys(t) BO3OYXKTaerca Bosmyinenuem f(t).

Cocrapnsroras yYyu(l) He 3aBHCAT OT BOSMYIIEHWA W MOITOMY HEOOXOIMMO BBIIETHTH
ee M3 BBIXOJHOIO CHTHaJa M 3aTeM HCIOJIh30BaTh ee s MAeHTH(DUKAINN, JTOCTUTAaf IPH
sToM Tpebyemoii Tounoctn (8.2.3). Takoe BblIesIeRe OCYIIECTBIAETCS € TOMOIIBIO (PHIBTPA

(Dypbe,c ITOMOIIbIO KOTOPOT'O HaXONATCA OONEHKHW 9aCTOTHBIX ITapaMETPOB.
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8.2.2 YacToTHble MapaMeTpPhbl 1 YaCTOTHbIE YPABHEHUA

Yacmommtvimu napamMempamu Ha3blBa€TCA Ha60p 2n 4mce

ar = Rew(jwy), Or = Imw(jwr) (k= 1,n), (8.2.6)
E(s)
d(s)

DaiineM CBA3b TaCTOTHBIX TapaMeTpoB ¢ KodhuimenTaMu oObeKTa

rae w(s) =

OueBumno, aTO

k(jwr)
d(jwr)

Orcroma ciemyer cucreMa ypaBHEHUH

— ap + 36, (k=T,n). (8.2.7)

k(jwr) = (ax + jBe)d(jwr) = (ar + jB)(wr)" (k= Tn), (8.2.8)
rie J(S) =d(s)—s=d, 15" '+ +dy.
BaMeHss B STOf CHCTEMe TacTOTHbIE TapaMeTphl X OMeHKaMH &, [k (k = T,n),

KOTOpPbIE , KaK TTOKa3aHO HUZKE, ABJIAIOTCA BbIXOJaMU CbI/IJIprEL (Dypbe, 1 3alliCblBaid €€ B

6os1ee MoApobHOI popMe, TOMYIRM YaACMOMHLE YPAGHEHUA udeHMupuKaLUU

n—1

S Gieon) i — (6 + 330) z (oon)'ds = (A + jB) Goon)" (k = T, ). (8.2.9)

=0
Ot YpaBHEHHNA MOZKHO 3alliCaTb B BHJAE CUCTEMBbI 2n JWHEHHDBIX ELJH‘66pELI/ILIeCKI/IX ypab-

HeHWH s onpeefieHns 2n HewsBecTHbIX k; n d; (1 =0,n —1).

VYrBepxkaenne. Ecanm oObekT TMOJHOCTHIO yIIPaBJIsAeM, HCIbITATEIbHBIE YaCTOThI Wy
(k = 1,n) — pasawdHBI W J9aCTOTHBIE MapaMeTPbl W3BECTHBI TOUHO (Gy = oy, (Br = B
k =1,n), vo [8-11] wactorHbie ypapHenus (8.2.9) nMeoT eMHCTBERHOE peltente d; = d;,
k; = ki (vne knoq = -+ = k=1 = 0) 1 5T0 pelerne He 3aBUCAT OT BHIOOPA MCITBITATEN b

HbIX HaCTOT.

Dpumep. 3amuineM JacTOTHbIE ypaBHEHUA Ui ciaydas n = 2. B sTtom ciayvae obbexT

OIIUChIBa€TCA YpaBHEHUEM

J+ diy + doy = kit + kou. (8.2.10)

YacroTHbIE YpaBHEHNA JJJIdA OITpENEIEHN A OIIEHOK KOSCbeHHHGHTOB 9TOT0 0OBEKTa UMEIOT

BUT

ko(jwn )kt — (65 + 761)(do + (jwr)di) = (65 + jB) (Jwr)?, (k= 1,2). (8.2.11)

Wx moxkHO 3amucarh Kak cucremy ns 4% ypapHeHUIl:
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. . . . .
ko — épdo + Brwrdy = —éaywy,

; TR = T 9 8.2.12
wrky — Brdo — dpwrdy = — By ( ) ( )

mis onpegenennsa 4% memsBectHbnix dy, do, ki, ko.

8.2.3 DkcnepuMeHTaJIbHOE OINpe/ielieHle YacCTOTHBIX apaMeTpoB

Dogaanm BeIxoJ 0ObekTa (8.2.1), BO30YKIE€HHOTO HCMbITaTETbHBIM curHATOM (8.2.4) Ha

Bx0J1 (puibrpa Pypbhe, OMUCHIBAEMOTO BbIpaYKEHIAMI

T

2
ap(T) = — [ y(t)sinwyt dt
T
T (k=T.m), (8.2.13)
Bul(r) = —= [ ylt) coswnt dt
T) = — COS W
k Pt y k

0
rje T — BpeMs pUIbTPAINH.
O6oswaanm ¢y, [ (k= 1,n) Bbixomsl GHIbTPa TpH (DUKCHPOBAHHOM T .
Yo6eaumcs, aTo mpn orcyTeTBun Bosmyinenua (f(t) = 0) BBIXOABI GUIBTPa CXOTATCH K

HaCTOTHBIM ITapaMeTpaM:

Iim ar(7) = lim T) = kE=1,n). 8.2.14
lim ap(7) = ag, lim Bi(7) = Be ( ;1) ( )
Cocrapisiolas BbIXoJa 00beKTa, BbI3BaHHasd MCIBITATEJbHBIM CHIHAJIOM COCTOUT U3

BBIHY K IEHHOI KOMIOHEHTHl Yu({) W compoBoxgatorneil (3aryxarorreil) GyHKINN &,(1):

Yall) = yu(l) + 2u(t).

BbIHy)K,ILeHELH COCTaBJIdOIaA OIMMChIBAETCA BbIPpazKEHNEM

yp(t) = Z pr [ag sinwyt + [y coswyt] . (8.2.15)
k=1

DoacraBnssa Bbipaxkenue (8.2.5) 1 Bbixoga 0obekTa ¢ yaerom f(t) = 0 u cooTHOIIEHNA

(8.2.15) B (8.2.13), mosyumm, HAIpUMeD, I TEPBOTO BBIXOIa (UIBTPaA

ay(1) =

SN0

/ [1 (1) sinwit + (1 coswyit] sinwyt dt 4+ aqo(t) + aqu(t) =
0

(8.2.16)

T

=a; — ﬂ/Cos 2wt dt + &/sin 2wit dt + ao(t) + aru(?),
T

T
0 0

re
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T

2

aro(t) = — | [eealt) 4 yo(t)] sinwit dt;
Pt
(8.2.17)
2 [ , .
a1u(t) = — Z pr lag sinwyt + By coswyt] sinwst dt.
PIT I Lk=2
Tak Kak 3HaTeHNA WHTEIPATHHBIX BbIPpasKeHNil orpaHudensl, 1o 3 (8.2.16)
lim oq(7) = ay. Jus ocTadbHBIX BBIXOJOB (PUIBTPA CUTYalnds aHAJOTHMIHA W TTOITOMY

T—00
CTIpaBeITHBO cooTHOIIeHNe (8.2.14).

Korga sosmytienne f(¢) # 0, To 9TH COOTHOIIEHNA MOTYT HapyUIaThCA. Dalmpumep,
ecan f(t) cCOmEPKUT TrapMOHUKH, TACTOTHl KOTOPBIX COBIAIAIOT C HCIBITATETbHBIMI TaCTO-
TaMW, a aMILUTATYIbl HEM3BECTHBI. B 9TOM ciIydae aMIUIATYIa Pe3yIbTHPYIONIETO ~ HCIBITa-
TeJIBHOTO CUTHAJIa W3BECTHA ¢ TOTHOCTHIO JI0 HEM3BECTHBIX aMILTUTY TAaPMOHUK BO3MYIIle-
HUA.

OmutiieM BO3MYTIEHW S, TIPW KOTOPBIX BBIXOIBI (DHITHTPA CXOAATCA K TaCTOTHBIM TTapame-
TpaM.

BBG,ILGM IKCIIEPUMEHTAJIbHO TTOJIYyTa€eMblE beHKHI/H/I

T

2
(1) = — | y(t)sinwyt dt;

PRT

) 0 (8.2.18)
Ory=— [y cos wyt dt,
()= 2 [ att)cosen

0
ABJATOIIHECH BbIxomamMu GuibTpa Pypbe, Ha BXOIbI KOTOPOTO TOJAETCH ~ €CTECTBEHHBIH

BBIXOJ] 0ObeKTa, Korga u(t) =0, (y(t) = yo(t) + ys(1)).

Onpepenenne. Bosmymenne f(t) naspiBacrca PD-punbrpyeMbiM (PUIBTPYEMBIM €
nomottpio dhuabrpa Pypbe) Ha 3amaHHOM HabOpe HCIBITATENbHBIX dacToT Wy (k= 1,n)

€CJIN CYyHIeCTBYET BpEMA CbI/IJIprELHI/H/I T* TaKoO€, YTO BBIITOJIHAOTCA HEPABEHCTBA

G < e, [6n)] <k =Tom), (8.2.19)

B KOTOpBIX €9 1 &) (k= 1,n) — 3agaHHblE YHCIA.

Ecim BOSMYUICHUA TaKOBBI, 9TO

lim (2(7) = lim £, (1) = 0, (8.2.20)

T—r00 T—r00

TO OHO Ha3biBaeTcH cTporo PP-puabrpyembim.

|
DeTpyaHO TPOBEPUTH, UTO, HAIPUMED, BO3MYIIIEHNE
71
ft) =" dpsinwt, (8.2.21)
k—1
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rjae ny, O, w,{ — HEW3BeCTHbIE TnCIa, ABIsgeTca crporo PP-buaprpyembim, ecian w,{ # w;

((i=Tn). k=Tm).

YrBepxkaenune. Ecian Bosmytuenne f(t) apisgerca OP-dbuabpyeMbiM, TO CyIIECTBYET
BpeMs uIbTpamum 7% Takoe, 4ro ommuoknm duibrpammn Adf(r) = of — of(7),

ABR(r) = g% — B%(7) (k = 1,n), y10BIETBOPAIOT HEpaBEHCTBAM

[Aak(T)] < &f, [Aax(r)] < €f(k =T,n), (8.2.22)

Ecau Bosmytenne — crporo @ D-buabrpyemMo, To 9T ONIHOKE — HcTe3atolnine by HKITIH

lim Aag(1) = T1i_>1(£1o ABL(T) =0 (k=1,n), (8.2.23)

T—r00

,ZLOKELSELTGJIBCTBO YTBEPZKAEHNA CJIECAYET U3 beHKHI/H/I OINEHOK YaCTOTHBIX IMapaMeETPOB

ar(r) = ay + i (1) + (), Bu(r) = Bi + () + G(7)(k = T,n), (8.2.24)
6

B KOTOPOM cyraraemble ef(7) u e} (T) (k = 1,n) — 3aBUCAT OT HCUe3AIONNX QYHKINI &,(1)
u yo(t) u mosTOMy li_>m er(r) = hm ek(T) =0 (k=1,n). Yunreas yciosus (8.2.19),

TOJIYIMM HepaBeHcTBa (8.2.22) n (8 2. 23).

8.2.4 Auaroputr™m uaeHTUUKAITUN

Jlasee Gymem noaraTh, 9TO HCIBITATEIbHBIE CUTHAJBI KpaTHBI 6a30BOii 9acToTe We. ITO
O3HAYAET, UTO wy = ¢kws (k= 1,n),rme ¢x (k= 1,n) — 3amanuble Heble TOTOKATETbHbBIE
qucaa. JyjaeM n3mMepAaTh Bbhixoabl dpuabrpa Pypbe B ancKpeTHble MOMeHTHI T = ¢1g, rie

. T
GasoBblil mepuon Ts = 4= 1,2,.... B aToM ciydae, Kak HETPYHO HMOKa3aTh, OMIHOKH
6
bUIBTPAIAN YMEHBIIAIOTCH, TaK KaK COCTAB/IAOMINE BbIxoga Biaa (8.2.17) paBHBL HYJIO.
Jlns omrpeiesieHns IIUTENbHOCTH HAeHTH(DUKAINT Oy IeM HCIOoIb30BaTh CJIeryfoliue He-

O6XO,ILI/IMBI€ yaJ1oBmA CXOAUMOCTH I/I,ILGHTI/IC})I/IKELH;I/H/I

\di(qTs) — di [(q — DT)]| < &ty |ki(qTs) — ki [(g — DTB)]| < ef (i=0,n —1), (8.2.25)

rae di(qTs) w ki(qTs) (1 =0,n — 1) — oenky KO3 PUINEHTOB 0OBEKTA, TOTYyTaeMble B pe-
3yJIbTaTe pellleHns J9acTOTHBIX ypasHenuii (8.2.9), B koTopsix &y = ax(qTs), Br = Br(qTs)
g=1,2,....

AnroputM. (aJropuT™M KOHEUHO-TaCTOTHON MIEHTH(DUKAINN ):

® TIPIJIOKATH BbIXOJ 00bekTa (8.2.1), BO30YKIEHHOTO HCIBITATETbHBIM cHTHATIOM (8.2.4),

Ko Bxoxay dpuabrpa Pypee (8.2.13);
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e usmeputh Boixonsl ax(qls) n Br(qls) (k= 1,n) sroro dpuibTpa B MOMEHTHI BpeMeHH
T:(qT6) q = 1727,

e HallTH OlleHKH KO3(PPUINEHTOB 00beKTa, Pelliast I KaxkK I0r0 MoMeHTa BpeMern T = (¢T5)

JacTOTHbIe ypasHeHu:A (8.2.9);

® IPOBEPATH HeOOXOmMMble ycioBu#a (8.2.25) mid KazKJoro ¢ g0 TeX Mop, MoKa STH

yaj1oBmA HE BBITIOJIHATCA OJId HEKOTOPOTO ¢ = (7 .

B mMomenT BpEMEHU T = q1T6 HadWHa€eTCAd MTpoUecC MOATBEPZKICHNA MOIEIIN. Ero neJlib

KOCBEHHO MTPOBEPUTH BhiMoTHEHHE Tpebopannii (8.2.3) Kk TounocTn naenTndukammn. Crocod

MOATBEPIKIEHUA MOIesH OyaeT paccMoTped B pasiese 10.2 (mpumedanne 10.2.3).

Ecau pesymprar naentndukainy HeyI0BJIeTBOPUTENEH, TO HACHTH(MUKAIINAA TPOITOJIZKa-

€TcdAd A0 TeX I0op, IMOKa 6y,IL6T AOCTUTHYTa H€O6XO,ILI/IMELH TOYHOCTbD. ,ZLOCTI/DKI/IMOCTB neJim

naeHTHOUKAINN, BbipazkaeMoil HepaBHcTBamMu (8.2.3), ompeessgercs CBOHCTBAMH BO3MY-

menns. Feom Bosmytnerne crporo @O-bumbrpyemo, To mpotece naeHTH(OUKATIT CXOTHTCA

K UCTHHHBIM 3HAaUCHHAM KO3 (P PUIHEHTOB 00bEKTa:

qllglo dz(qT6) = dz, qllglo kz(qT6) == k“ (Z == 1,n) (8226)
D10 crenyer w3 yreepKaenus (8.2.1) u (8.2.2).

Ecmm Bosmytenne Tobko PO-punbrpyemo, To BoimoHeRe Tpebopanmii (8.2.3) 3aBucur
B

or rpanut £ u ¢; (i =1,n) B HepaBencTBax (8.2.19).

8.2.5 Bribop aMnaUTyd U YACTOT HCIBITATEJIBLHOTO CHUTHAJA

Bprre IpeanojgarajgoCb, 9TO aMIINIUTYAbl U 9aCTOTbI MCIIBITATEJIBbHOTO CHUTHaJIa (824)

3aJJaHbl. B ,D;GIL/'ICTBI/ITGJIBHOCTI/I OHU HEW3BECTHbI N HaXOOATCA Ha IMEPBOM dTall€ I/I,ILGHTI/IC})I/I—

Kallii, Ha3blBAeMOM ILIAaHUPOBAHUEM dKcrepuMenTa [8.2].

Ecam ucnbiTarenbHble 9aCTOTHI U3BECTHDBI, TO aMIIJINTY bl UCITBITATE/ITBHOT'O CUT'HAJIA JIETKO

HaXOJATCA U3 CJIEIYIONIETO YCIOBHA ~MaJOCTH BO30YKICHN

ly(t) — y(t)| < ey, (8.2.27)

B KOTOpOM &, — 3a/laHHO€ ITOJIOZKHUTEJIbHOE THUCJIO.

9TO ycaJoBme O3Ha4Ya€T, 9YTO UCIbITAaTEJIbHOE BOS,D;GIL/'ICTBI/IG MOZKET U3MEHATDH ~ €CTEeCTBEH-

HbLHT” BBIXOJ 0ObeKTa Y(1) Wb B Tpeieax 3aJaHHOr0O JOMYCKa &, .

OHpe,ILeJIeHI/IG 3HaYCHUH UCIIBITATEJbHBIX TaCTOT ABJIACTCA Oojlee CI0ZKHOM Sa;Laqeﬁ. Nu-

TYUTHUBHO ACHO, 9TO 3THU YaCTOThI JOJIZKHBI 6bI6I/IpELTbCH 13 Jualla30Ha 9acToT, r'Je JIOI‘ELpI/ICb—

MUIeCKad aMIUTHTYJHO-TacToTHad XapakreprucTika (JIAUX) obbekrta nmeer m3moMbl. a

TIePBBIN B3TUIA MOYKET MOKa3aThCA, ITO 3TO MPOTHBOPETUT YTBEPKICHUIO &.3.2, B COOTBET-

CTBUHN C KOTOPbIM PE€HIECHUE YaCTOTHbBIX ypaBHeHI/Iﬁ He 3aBHCHT OT BbI60pEL HCIIbITaTeJIbHbBIX

qaCTOT. (),I];HELKO7 B ,D;GIL/'ICTBI/ITGJIBHOCTI/I, 9TO CIIpaBEAJINBO JINIIH IIPpKW TOYHO M3BECTHBIX Ya-

CTOTHBIX TIapaMe€TpaxX, & B 9aCTOTHbIX YypPpaBHEHUAX UCIOIB3YIOTCA WX OUHEHKH, U IIO3TOMY
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pesyJbTaT MACHTH(PUKAIMNA 3aBUCHT OT BbIOOpA HCIBITATEJIbHBIX dacToT. B pabore [8-12]

ITOCTPOEH AJITOPUTM SKCIIEPUMEHTAJBHOTO OlIpelde/IEHNA NCITbITaTEIbHBIX YaCTOT.

8.2.6 DporpammHoOe obecrmedeHune U NPaKTUKYM

FCAMMA-upextupa: 111.4 (Koneano-uacrornas naentudnkanms ).

Wcxonmble nanHbie:

a)doamnombl d(s),k(s) m m(s) obbexTa (8.2.1), KOTOPBIl OMUCHIBAETCA ypaBHEHTEM :
d(s)y = k(s)u + m(s)] .

0)Bu BHEITHETO BO3MYIIEHHA.

B) AMILTHTY Bl M 9aCTOTHI HCIBITATETHHOTO cHTHATA (8.2.4)

r)/lmurenprocTh Tporecca HaeHTHMUKALNN 3aJa€TCA THCIOM TEPHOJOB MUHUMATbHOM
U3 9acTOT MCIBITATENbHOIO CHTHAJA

n)Uarepsan guckperroctr T 3am1aBaeMblii dHCIOM JesteHA TTepHoOTa MaKCHMATbHO 13
YaCTOT UCIBITATEbHOIO CHTHAJA, .

De3yIbTaThl:

a)Ouenkn kospbunnentos d; 1 = 0,n w k; j = overlinel,m obbexta (8.2.1)

a)l'padukn mpornecca naeHTHGUKATIIHN.

Ucmonbsys mupextury 111.4 Boimomuserca mpaktukym 9 p.3.1.0aHa u3 ero memeil co-
CTOUT B MCCJIEJOBaHUM 3aBUCHMOCTH Tpoliecca MAeHTH(HUKAINT OT MapaMeTpoB BHEITHEro

BOSMYUICHUA N NUCITBITATEIbHOT'O CUT'HAJIAQ

I'maBa 9 A,Z[aHTI/IBHBIe CTOXaCTHN4YeCKHne CUCTeMbl

B sToit ritase CTPOATCA MMapaMeTPpUYIECKN aJallTUBHbIE CUCTEMBbI. AJII‘OpI/ITM PETYINPOBa-
HUA 3TUX CUCTEM OCHOBbIBA€TCA Ha MOJAJbHOM YIIpaBJI€EHUHN, & B Ka49Y€CTBE I/I,ILGHTI/IC})I/IKELHI/I—

OHHOT'O aJITOPUTMa aJallTallul MCIIOJb3YIOTCA ITponeaypbl METOJa HAUMEHBIIINX KBaIpPaTOB.

9.1 DocraHoBKa 3aJa4u

DaccMOTPHUM TTIOTHOCTHIO YIIPABJIAEMbIH TUCKPETHBIH OObEKT YIIpaBIeHN, OMTHCHIBAEMBIH

ypaBHeHueM

y(k) +y(k — 1) + -+ puy(k —n) = rulk — 1)+ +r,(k —p) + f(k),  (9.1.1)

rae y(k) — wsMepsemas (BbIxojiHad) MepeMeHHas obbekTa; f(k) — BHelrHee Bo3melicTBIE,
ABJIAIOIIEECH CIIY TAHHBIM TIPOIECCOM ¢ HE3aBUCUMbBIMHU 3HATCHUAME (CJIy Qi HBIM TTPOLECCOM

Tuma 6eblil rym” ), mpuaeM

MA{f(k)} =0; M{f*(k)} = o} (9.1.2)

(0} — meKOTOpOE HHCIO), mapaMeTpsl @;, 5, (i = 1,n; j=1,4) — HemssecTHbIe YHCITA.
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Tpebyercs maiiTit aJTOPUTM yIIpaBJIEHUS, TPH KOTOPOM JOCTHTAETCH TeJTh YIIpaBIeHNH,

3alaBaceMad KpUTEPpUEM

Jim M{y*(k)} < A, (9.1.3)

B KOTOpOM A -~ 3aJJaHHOE€ YMCJIO.

BosBsparmasich K mepBoMy dTamy CHHTe3a, JOMYCTHM, 9TO mapaMeTpsl ¢;, r;, (1 = 1,n;

J =1,u) oovekra (9.1.1) mssectrpr. Jycrd B (9.1.3) wcmo A = oo . llenp ynpasienns

kli}rgo M{y*(k)} < o0 (9.1.4)

JIOCTUTAETCS TPH JIOOOM PEryIIsaTope, 00eCIeTHBAIONIEM aCHMITOTHIECKYIO YCTOHIHBOCTD
CHCTEMBI. JOTpedyeM MOTOTHUTETBHO K ACHMIOTOTHIECKON yCTOWIMBOCTH, ITOOBI KOPHU
XapaKTePUCTUIECKOTO MOJMHOMa 3aMKHYTOM CUCTEeMbl UMeJIu Hallepes 3a/laHHble 3HaYeHn .
TakwM 006pa3oM, pedb WAeT O TOCTPOEHUH MOJATBHOTO ylpaBieHus A oobekra (9.1.1).

YpaBHEHMe PeryaaTopa uMeeT BU]

‘Ppou(k) + ‘Pplu(k - 1) +oe ‘Ppnu(k - np) = TPOy(k) +oe rpupy(k - /~‘p)v (9-1-5)

TIe ©pi, Tp; (1 =0,n,, j=0,u,) — HCKOMbIe THCTA.
Dpeobpasys (9.1.1), (9.1.5) no Jlammacy npn HyJeBbIX HaTaJbHBIX YCIOBUAX, 3alUIIEM

ypaBHEHUs 00beKTa M PeryssaTopa B BHIE
c,o(z_l)y = r(z_l)u + f(k); (9.1.6)

c,op(z_l)u = rp(z_l)y + o0y, (9.1.7)

rae 2 — KOMIIVIEKCHOE YUCJIO;

n ' 1
ez =14> iz r(z7) =D rz Ty (9.1.8)
=1 =1

p ) Hp )
‘Pp(z_l) = ¥po + Z Ppiz”; TP(Z_I) = Z rpiz (9.1.9)
=1

=1
Jlnst ynobersa masee GyaeM HComb30BaTh obosHadenns z~' = A u momoxum B (9.1.8)
[ = n, npeamnosaras Kod(PQPUIHEHTbI TPH OTCYTCTBYIOIUX CTEMEHAX Z PaBHBIMH HYJIIO.
Ananoruano, monokuM B (9.1.9) w, = np, u 6ymem uckarh mapaMerpbl peryaaTopa (9.1.5)
[IPH YCJIOBUH, 9TO fip = N. IJPH STUX NPEANOTOKEHHAX XapaKTEPUCTHIECKU MTOTHHOM

cucrembl (9.1.6), (9.1.7) umeer BUI

D) = 5 =) = (15 30 ) () = (S r0x) (L)

(9.1.10)
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7Kejtaemblii TTOJTMHOM 3aMKHYTOM CHCTEMBI

2n -1 9y
D*(\) = (H Aj) [TV =X) =N + -+ did + 1, (9.1.11)
=1

=1
rae A (1 =1,2n) — 3amannble uncaa, |[A;| >1 (i =1,2n).
s peanmsyemoctn anropur™a peryauposanus (9.1.5) morpebyem, aTo6b!
rpo = 0. (9.1.12)

Kpowme Toro, nycts

opo = 1. (9.1.13)

s ompenenierna oCTaIbHBIX TapaMeTpos peryiaTopa (9.1.5) mpupaBHAeM MOJTHHOMBI

(9.1.10), (9.1.11). Torma

n n n n 2n
(1 + Z@A) (1 + Zsopm) - (Z rm) (Z rpix') DN —1=0.  (9.114)
=1 =1 =1 =1 =1

D pupaBHUBasA HYJIO K0P DUIUEHTHI IPH OJNHAKOBBIX CTEMEHAX A, TOJIYIUM CHCTEMY
JWHEHHBIX airedpandecKnX ypaBHEHUH OTHOCHTETbHO HEW3BECTHBIX @pi, Tpi (1 = 1,n).

9TEL CHCTEMa UMeeT BHL

N(Bv) = d~, (9.1.15)

_ /. * * * *
TIE U = |[@ply -y @pnsTprs-- - Tpn|[ 5 dF = ‘d%,d%_l...,al1

pasMepoB 2n X 2n , SJeMeHTaMi KOTOPOil ABJIAIOTCA H3BECTHBIE MapaMeTpbl 00bekTa (9.1.1),

/; N(ﬁ) — MaTpHIa YuCesT

Ipe/iCTaBIeHHble KaK KOMIOHEHTbI BekTOpa 3 = ||[—@1,..r —@n, T1y...,—Tol. B [7]
nmoKa3aHo, ITo ecan 00beKT (9.1.1) mosHOCThIO yTpaBisAeM [9TO O3HATAET, UTO MOJTHHOMBIL
©(A) m r(N) He mMeror obmnx KopHeit] u d, # 0, To cucrema (9.1.15) nmeer equHCTBEHHOE

pellieHre OTHOCUTETbHO MCKOMBIX TTapaMeTPOB @pi, T (1 = 1,n).

YTBepkaeHune.. Ipolieypa OlNpeenerns mapaMeTpos peryaaropa (9.1.5), mpu KoTo-
POM XapaKTepUCTHIECKHI TTOMMHOM 3aMKHYTOi crctembt (9.1.1), (9.1.5) mveer 3amannbe
sHaveHns AT (1 = 1,2n) 3aK/I09aeTcs B ey IOMeM:

1) cchopmuposars Koadpdutmentsr df (i = 1,2n) kemaemoro nommaoma (9.1.11);

2) Ha ocrose ypasaenus (9.1.14) mocrpouts mMarpuiy uncen N(B) ypasuenns (9.1.15);

3) perrmts ypasrenue (9.1.15) u waiiti mapamerpst peryaaTopa (9.1.5).

Dpumep. MoagasibHOe ynpaBjeHUe T'IPOPaMOii.

DaccMOTPUM MHPOpaMy, THCKPETHAA MOJIETh KOTOPOil onuchiBaeTcs ypasHeHuamu (4.3.31),

(4.3.32).

ri(k+ 1) = 21(k) + erawa(k) + @izws(k) + ri(u(k) + f(F)); (9.1.16)
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va(v 4 1) = @wa(k) + pases(k) + ra(u(k) + f(k)); (9.1.17)
v3(k + 1) = @saw2(k) + wsses(k) + ra(u(k) + f(k)); (9.1.18)
y(k) = 21(k) + v (k). (9.1.19)

Tpebyercs maliTn mapaMeTpbl peryirsaTopa

(k) +gpru(k—1)+ppau(h—2)+ppu(k—3) = rpry(k—1)+rpay(k—2)+rpay(k—3), (9.1.20)

TaK#e, 9TOOBl KOPHU XapaKTEPHCTHIECKOTO TTOMHHOMA 3aMKHYToif crctembr (9.1.16) ... (9.1.20)
UMeJTH 3aJlaHHble 3HaUeHnsA Af, A5, AL, A5, AL, AL
Depexo/ia K peleHnio 3Toi 3aadi, TpuBeIeM ypasaerns rupopambl (9.1.16) ... (9.1.19)

K Buay (9.1.1). lis sToro 3amuiieM cOOTHOIIEH N

y(k) = 21(k) + x(k) = dx(k) + x(k); d=][1,0, 0[;
y(k — 1) = dx(k) + x(k — 1) = do~"x(k) — d@~ r(u(k — 1) + f(k — 1)) + x(k — 1)
y(k—2) = do~2x(k) — Ao~ 2r(u(k — 1)+ f(k — 1)) — d® r(u(k — 2) + f(k —2)) + x(k —2).

Dasperiad Ty CHCTEMY U3 TPeX ypaBHEHU OTHOCHTENbHO TpeXMepHOTro BeKTopa X (k) u

IOJICTaBJAs ToTyUeHHoe Bbipakenue nis x(k) B ypasrenne y(k—3) = dd?x(k) —dP°rx
X(u(k—1)4+ f(k—1))—d®?r(u(k—2)+ f(k—2)) —d®'r(u(k—3)+ f(k—3)+ x(k—3),

TOJIYIUM ypaBHeHHe Tupopambl B (opme "Bxoa-Bbixoa” (9.1.1):

y(k) + o1y(k — 1) 4+ pay(k — 2) + @3y(k — 3) = riu(k — 1) 4+ rou(k — 2) 4+ rsu(k — 3)+
trif(k = 1)+ 72 f(k = 2) + 15 f(k = 3) + 6" (k) 4 r{ (b = 1)+ rfx (b = 2) + rix (k= 3).
(9.1.21)

OHyCKaeM ITOKa BHEIITHUE BOSMYIIIEHWA U IIOMEXW N 3allUIIEM 3TO YpaBHEHNE B BUJE

y(k)+e1y(k —1) +@ay(k —2) + pay(k—3) = riu(k — 1) 4+ rou(k — 2) + rau(k — 3). (9.1.22)

B cootBercTBUT € mpOIEaY POl MOJAITBHOTO YIpaBIeHnAs 00bEKTOM CHOPMUPYEM JKela-

€MBIII TTOJIMHOM SaMKHyTOﬁ CHCTEMbI

D(A) = PEANANTTT A = AD (A= X5 (A =2 (A=A (A =25 (A= A5) =
= dgA° + dEN 4+ A+ BN+ BN+ AN+ d,
(9.1.23)

Xapakrepuctuaeckuii moauHoM cructeMbl (9.1.20), (9.1.22) umeer Buz
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D) = (149 + @22 +930%) (14 gpd + oA + 93)°) —
(9.1.24)
— (X 4722 13 )?) (rpd + A2 4 10

CpasruBasg K03DPUIUERTD TPH OTHHAKOBBIX cTemenax A moamHomMos (9.1.23), (9.1.24),

TOJIYIUM CHCTeMY airebpandecknx ypasrenuii (9.1.15):

©3¢p3 — TaTps = dg; PaPps + PaPp2 — Talps — Talpa = di;
P3Pp1 T P2Pp2 T P1Pp3 — TaTp1 — ToTpy — T1Tp3 = dy;

©3 + P29p1 + P1Pp2 + Pp3 — Tarp1 — Mrp2 = di;

V2 + 10p1 + Pp2 — T1Tp1 = d3; p1 + op1 = d].

(9.1.25)

96111&2[ 9Ty CHCTEMY U3 IIeCTn JUHENHBIX ypELBHGHI/HL/'I7 ITOJIY9IUM UCKOMbBIE 3HAYECHUA I1a-

paMeTpoB ©pi, ¥p2, Pp3, Tpis Tp2, Tps, peryiaropa (9.1.20).

9.2 AuJjaroputM ajanTanuu
9.2.1 DocTpoeHUe aJropuTMa HAa OCHOBE MeTOoda HaUMEHbBIINX KBAJIpPaToB

Depexojia K alrOpUTMY MIeHTHMUKAINN TTapaMeTpos oobekTa (9.1.1), mpencraBum ero

B (hopme

y(k+1)+eory(k)+- - +puy(k—n+1) = riu(k)+- - +ru(b—p+1)+ f(k+1) (£=0,1,2,...).

(9.2.1)
BBona obosmauenus
8(k) = ly(k). (k= n 1), w(k),.u(k— ot 1) } 029
6 = H_S‘le"'v_g‘onv rlv"'vrquv

samuirem (9.2.1) Kak

y(k+1) = 6'(k)B = f(k+1).
BekTop nemspecTHpix mapamerpos (3 OyaeM MCKaTh W3 YCJIOBHA MAHHEMYMa CyMMbBI KBa-
ApaTOB HEBA3OK

1 N

Ly =5 Lloth+ 1) = )81

B coorBeTcTBUM ¢ METOIOM HAaMMEHBIITNX KBAJIPATOB STOT MUHUMYM JOCTUTAETCH, €CIIH
CXOIUTCA TOCTEJOBATENHPHOCTh OIEHOK TOTO BEKTODA, 3ajaBaeMasd cooTHomernaMn (?7),
(??). Ograko ux GopMasbHOe MCIOIH30BAHIE MOKET He JaTh PE3YJIbTaTa, MOCKOIbKY BEK-
Top &(k) B ITHX COOTHOIIEHWAX CONEPKAT 3HATEHN A IEPEMERHOI Y B PA3/THTIHbIE MOMEHTHI

BpeMenn, a BekTop d(k), onpenensaempiii (9.2.2), BKIoTaeT B cebA BXOMHYIO MEpEMEHHYTO
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u. Ecm u(k) asasgerca sprxomoM perysaTopa (9.1.5), mapamMeTpbl KOTOPOTO OMPENETAIOTCH
B pe3yJibTaTe TPOIeIypbl, omrcantoil B yrepxKaennn 9.1.1 mpu ycmosum, aro 8 (9.1.15) 3
3aMeHAETCA ero OIEHKOM, TO MOXKHO MOCTPOUTD MOCTETOBATETbHOCTD, CXOIAIIYIOCH K MCKO-
MOMY BeKTOpy (3.

Taxas ITOCJIENOBATEIBbHOCTD OIIPENETACTCA PEKYPPEHTHBIMNI COOTHOMIECHUAMM:

Bllc+1) = B+ PUSENy(h+ 1) =SB
3(0) = 8 *
P(k+1) = P(k)— P(k)d(k)d'(k)P(k)h(k)c(k); (9.2.4)
rje
n+p -1/2
h(k) = (1 + Z_: 53(1{)) ;oce(k)=(14+ h(k)5'(k)P(k)5(k))_1, (9.2.5)
KOTOpBIE ABIAOTCA HEKOTOPOil MoamduKanneii coorrotenuii (?7) ... (??) uw mpu h(k) =1

C TOYHOCTbBIO JO obo3HATCHUH COBITaJalOT C HUMHM.

YTBepkaeHue. DycTbh nUMeeTcss OObEKT YIIPaBJIEHU:, OMUCHIBAEMbBIH ypaBHEHHEM
(9.1.1), ¢ HeonpemeTeHHBIMEI TTapaMeTpaMu. A TalTHBHbIH PETYIATOD, 00eCTIeTHBAIOIINIT

noctikenne men yrnpasierns (9.1.3) mpu A = oo, onmcbiBaeTcs ypaBHEHTEM

w(k)+op(K)u(k—1)+.. .4 opn(k)u(k—n) = rp(k)y(E—1)+. . .4 rpn(k)y(k—n), (9.2.6)

IHapaMeTpPbl KOTOPOT'O ABJIAIOTCA PEIIECHUEM JUHENHOTO ELJIF€6pELI/IquKOFO YpaBHEHNA

N(B(k))v(k) =d, (9.2.7)

rae B(k) — BekTop olleHOK mapaMeTpoB obbekTa (9.1.1), moayTaeMbIx Ha OCHOBE PeKYp-
peHTHBIX cooTHotmenwi (9.2.3) ... (9.2.5).

B stux coorHomenusax sektop 8(k), onpenensgenmpiii (9.2.2), mocTyeH HemoCpeIcTBEH-
HOMY M3MEDEHN0. D PH JOCTATOTHO GObIINX 3HadeHn#AX k Bextopbl |[B(k) — B < E. (e

— JOCTaTOYHO MaJlo€ ITIOJIOZKHMTEJIbHOE LII/ICJIO) 1 KOPHHU XapaKTEPUCTUIECKOTO YPpaBHEHN A

cucrembl (9.1.11), (9.2.6) Gyayr 6uusky K 3aJaHHbIM ancaaMm Af (¢ = 1,2n).

Crporasi (popMyIMpOBKa 3TOr0 yTBEPZKJIEHHUA W €ro JoKa3aTeJbCTBO IPUBEJIEHBI B pa-
oore [10.3]. B xmure [6.5] sTH pesysibraThl pasBhHBaroTCA Ha CIydail, Korga A # o0o.
Tam ke TOTYTeHBI aJTOPUTMBI ONTHMAJBHOTO (B cMblce KpuTepues J = 11_1(2 M{y*(k)}
u.J= ]1€1I5_1 M{y*(k) +u*(k)} amanTusHOTO ympaBJIeHus; Kpome Toro, B [6.5] ykasambl myTH
06O0IeHNs Ha MHOTOMEpHbIE CHCTEMBL.

DpuMep. JapaMeTpUdeCKn aJalTUBHasA CUCTeMa yIpaBJjeHUs TUpopaMoii.

DaccMOTPUM MHpOpaMy, THCKpETHAA MOJIETh KOTOPOi onichiBaeTcs ypapHenuamu (9.1.16)

. (9.1.19). DycTb ee mapaMeTpbl H3MEHAIOTCH HENPEABUIAEHHBIM 00Pa3oM. D pUIHHA THX
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U3MeHEeHWH MoxKeT ObITh pasjHdHa. 1ak, Hampumep, npu cOOAX B MUTaHUU THPOMOTOPA
KWHETHYECKUiT MOMEHT THPOCKOIIa OyeT U3MEHATHhCA. D PHU 9TOM CKOPOCTh M3MEHEHUs KH-
HEMaTHIeCKOTO MOMEHTa OyIeT MaJa M0 CpaBHEHHIO CO CKOPOCTAME MEePexoHOrO Mpolecca
B THpOpaMe, MO9TOMY THIOTe3a KBa3UCTalMOHAPHOCTH Oy/IeT BBIIOJHATHCA. JTO O3HAUYAET,
uro MozxkHO notarath B (9.1.16) ... (9.1.19) napamerpst ;;, r; (4,7 = 1,3) nocrosHHbIMHE,
HO HEHW3BECTHBIME BEJTHINHAMMY.

Dpusegem ypasaerua (9.1.16) ... (9.1.19) x sumy (9.1.21) u Gymem mosarath, 9TO CO-
BOKYTTHOCTH BHEITHWX BO3MYIIEHWH 1 moMeX B Tpasoil dactu (9.1.21) ABasgercsa mporeccom
THma OesbIil ym” .

DeryIATOp OMMCHIBAETCA YPaBHEHHEM

u(k) + epi(k)u(k — 1) + @pa(k — 2) + @pa(k)ul(k — 3) =
= rp1(k)y(k — 1) + rpa(k)y(k — 2) + rpa(k)y(k —3),

U3MeHAImnecd IMmapaMeTpbl KOTOPOT'O HaXOAATCA KaK peeHnA yp»ELBHeHI/HL/'I7 ITOCTPOEHHDBIX

(9.2.8)

Ha octose (9.1.25):

—B3(k)epa(k) + Be(k)rps(k) = dg;

—Ba(k)ppa(k) — Ba(k)ppa(k) — Bs(k)rps — Bo(k)rpa(k) = d5;

—Bs(k)ep1(k) — B Bi(k)eps(k) — Bs(k)rpi(k) — Bs(k)rpa(k) — Balk)rps(k) = d;
Balk)pi(k) — Bi(k)ppa(k) + ppa(k) — Bs(k)rpi(k) — Ba(k)rpa(k) = ds;

—Ba(k) = Bi(k)ppa(k) — Ba(k)rpi(k) = d5;

—Bi(k) + ‘Ppl(k) =d

(9.2.9)
Ouenku (1(k) (k= 1,6) mapamerpos oobekTa (9.1.1), Bxogsmme B (9.2.9), onpenens-

IOTCA PEKYPPEHTHBIMIA COOTHOIIEHNAMM:

M@

Bilk + 1) = (k+1)—

Zpu ]
P(k+1) = P(k) — P(R)5(k)8 (k) P(k)h(K)e(k); (i = 1,6) (9.2.11)

= (1 + géf(k)) _1/2; (9.2.12)

] )| B(E)e(k);  (9.2.10)

p=1

k) = 14 h0k) 3 pz»j(k)cx(k)csj(k)] | (9213

1,5=1

rae P(k) — cummerpuanas MaTpuiia pasmepos 6 X 6; (k) — BeKTOp ¢ KOMIOHEHTaMK

5(k):y(k) Oo(k) = y(k — 1) &5(k) = y(k — 2)5 (9.2.14)
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9.2.2 DporpaMmmMHoOe obecrmedeHrne U NPaKTUKYM

TAMMA-qupekrusa: 411 (Apanrusroe ynpasiennue Ha OCHOBE METOJa HAMMEHBLIIHX
KBaJIPaToB).

Wcxonmble nanHbie:

a)dommnombl d(s),k(s) m m(s) 0bbEKTa,KOTOPBIH OMUCHIBaeTCA ypaBHEHTEM
d(s)y = k(s)u +m(s)f. Ero quckpernas mozgenp nmeer sy (9.1.1)

6)Uarepsan muckpernoctn T .

B)Bu BHEITHErO BO3MYTIIEHNA.

r)Kosdpdunnentsr Hagamsbroro perynaropa (9.1.5)(B kadectse stux osddunmenTon
MOXKHO B3ATbH TPOM3BOIbHBIE THCIIA).

1) zKemaemprii mommrom (9.1.11) 3aMKHYTO# CHCTEMBI.

e)/lmurenpHOCTD TIpOIIECCA aAITAIIH.

De3yIbTaThl:

a)l'padukn mporecca aganTanym.

Ucmonbsys qupexktuBy 411 Bermonmasgercs nmpaktukym 9 p.3.4.0nna u3 ero mneseii cocTonT

B UCCIEI0OBaHNU 3aBUCUMOCTH ITpoUeCCa aJallTalliud OT IapaMeTPOB BHEITHETO BOSMYIIEHN A.

I'maa 10 AjjanTuBHOe ynpaBJieHHe ITPU HEU3BECTHBIX, OTPAHU-

YeHHBbIX BOSMYIIIECHMNAX

Daparpad 10.1 mocssen cuaTe3y DYHKIMOHATBHO-ATANTHBHBIX CHCTEM ¢ MITHITMAJTBHO-
pa30BBIMI TUCKPETHBIMI OObEKTAMH OCHOBE METOJIa PEKYPPEHTHBIX IIeJIEBBIX HEPABEHCTB
[10.1].

B §10.2. msmaratorcs mapaMeTpudecKn -aJalTHBHbIE CHCTEMbI,HCITOIb3YIOIIIE TaCTOTHOE
agantusroe yinpasienue [10.3] B kauecrse naeHTH(GUKAIHOHHOINO alrOPUTMa HCIONb3YETCS

KOHEYHO- 9aCTOTHBINA MeTO/ I/I,ILGHTI/IC})I/IKELIJ;I/H/I.

10.1 MeToa peKyppPeHTHBIX IleJIeBbIX HEPaBE€HCTB
10.1.1 DocTaHOBKaA 33Jla4U CHHTe3a aJalITUBHOTO PeryJiATopa
DaccMOTPUM TUCKPETHBIH OObEKT YIpaBJIEHN, OMNChIBAEMbBIH ypaBHEHTEM

y(k+ 1) +ew(k) + -+ ouy(k —n+ 1) =rou(k) + -+ ruulk — ) + f(k)

" 10.1.1
(k=0,1,...; u<n), ( )

nepeMerHad Yy(k) KOTOPOTO JOCTYITHA HENOCPEICTBEHHOMY W3MEPEHWIO, BHEIIHee BO3eli-

cTBHE f(k) ABJIACTCA OFpaHI/IquHOﬁ IIoCJIe10BaTCJIbHOCTbIO HEM3BECTHDBIX YHCEJI

SR < 7, (10.1.2)
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rae f* - 3azaHHOe YHCTO.

DapaMerpbl ©1,...,9n, To,...,7, 00beKTa HemspecTHbI. N3BecTHO sulIb, 9TO 0OBEKT
(10.1.1) ABAAETCA MUHIMAIBHO-(PA30OBBIM. DTO O3HATAET, ITO KOPHH TTOJTHHOMA 7o+ 1A+ - -
+r,A* obmagaror coiictoM |A;| > 1 (i =1,u).

DycTh, KpOMe TOTo, W3BeCTeH 3HaK KOy UIHeHTa 19 W BEPXHAA OlEHKA |rg| — THCITO
¢, B Hepasenctse |ro| < ¢, .

9yCTb neJib YIIpaBJIEHWA COCTOUT B BBINTOJTHEHUN HEPAaBEHCTBA

ly(k+1)] <A, (10.1.3)

rie A -~ 3alaHHOE€ YMUCJIO0, COTJIaCOBaHHOE C YPOBHEM BHEITHUX BOS,I];GIL/'ICTBI/HL/'I.

Hamee 6ymem mosarath, 9TO

A> [ (10.1.4)

Tpebyercst TOCTPOUTD aJalTHBHBIH PEryJIAaTOp, BHIXOAHAN MepeMentas KoToporo u(k)
obecrieqmBaeT gocrmkenne oobextom (10.1.1) mesn yrpasaenns (10.1.3).

OTmeTnM, 9TO B 3aBUCUMOCTH OT (PU3NYECKOH TTPUPOIbl OObeKTa 1 Ha3HATEHUA CHCTEMbI
HeJTH YIPABIEHNA MOTYT OIMCHIBATHCA GosTee CJIOKHBIM BbipakenneM, deMm (10.1.3), wampu-

Mep

e(k+1) < A% (10.1.5)

rie HeBAsKa e(k + 1) ompenensgercsa Kak

elk+1)=ylk+1)+ lec,omy(k — 1) (10.1.6)

=0

~ TIpHU CTaOMIM3AINA € 3aJaHHOi JUHAMUKOM

y(k+1)+ lec,omy(k —4¢)=0 mubo e(k+1)=yk+1)—g(k) (10.1.7)

=0

— TIpY CIEKEHNH 3a 3aJafolnM Boseiictsrnem ¢(k), ambo

e(k+1)=ylk+1) —yulk+1) (10.1.8)

— [IpHu CJIEZKEHNUN 3a 3TaJIOHHOM MOJIEJIbIO, Sa,ILELHHOﬁ YpaBHEHUEM

Yu(k + 1) 4+ oarvm(k) + oo 4+ pany(E —n + 1) = ruog(k) + ...+ ruglk = 1).

Ormernm, 910 pw GE3BIHEPIIUOHHON CTAOMTM3AINN HEBA3KA

elk+1)=ylk+1) (10.1.9)

u torga (10.1.3) cosmagaer ¢ (10.1.5).
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10.1.2 CunHte3 peryaaTopa

DpucTynas K mepBoMy M3 YeThIPEX TAIOB CHHTE3a aJallTHBHOIO PEryJasTopa, OTMETHM,
YTO MPH W3BECTHBIX MapameTpax ¢;, r; (1 = l,n; j = 0,u) obbexra (10.1.1) mocrpo-
eHle aJTOPUTMa PeryJINpPOBaHu#A, TPH KOTOpoM Jocturaercs meiab (10.1.3), ouens mpocto.

ﬂeﬁCTBI/ITGJIbHO, €CJIN TTPUHATH 3TOT aJTOPUTM B BUJIE

w(k) = ri oy (k) + ...+ ony(k —n+1) —ru(k —1) — ... 4 ryu(k — p)],  (10.1.10)

to, nogctasiaaa (10.1.10) 8 (10.1.1) momyanm

y(k+1) = f(k). (10.1.11)

Ecmm Gynxuma f(k) ynosrnersopser Hepasercrsy (10.1.2), o

y(k+ 1) < fr<A (10.1.12)

U, CJIeJIOBATETbHO, TeJb YIIPaBJIEHUA JOCTUTAETCH.
Doustee Toro, KomreHcnpyfotree yrpasierne (10.1.10) ABageTcsa ONTHMATBHBIM B CMbICTE

dyHKRIHOTATA

Ji=lim sup |y(k+1), (10.1.13)
koo | p()|< £

TaK KaK [IPH 3TOM YIIPaBJIEHNN OH TPUHIMaeT HanMeHbIlee 3HaUeHne, pasHoe f* . Ecin mesn
yIIpaBJenns onuckiBaerca HepaBeHcTBoM (10.1.5), B KoTopoMm HeBsisKa (1) ompesernsercs
soipakenuamu (10.1.6) ... (10.1.8), To 3aKOHBI peryaupoBaHW#d, MPH KOTOPBIX ITH IEJH
JIOCTUTAIOTCH, UMEIOT BU/I:

a) IpW CTAOMIIH3AINN ¢ 33 JaHHOI JHHAMUKOT

u(k) =ry’t rf(wﬂ — owi)y(k —1) — Zi: rou(k — j)] : (10.1.14)

=0

0) mpu WIeaThHOM CIEKEHNH 33 3aJafOIIIM BO3IeiiCTBHEM

n—1

g(k) + > winy(k —1) + Zi: riu(k — j)] : (10.1.15)

=0

u(k) =ry!

Dpencrasum 3akon yrpasiaenns (10.1.10) B 6omee kommakTHOi Gopme. i sroro BBe-

JeM N1 —|— ,u -MEPHbIE BEKTOPDI:
8= Ily(k)s- o ylk =+ 1), ulk = 1), ulk— ) (10.1.16)

ﬂ Pn 1 rp,

g ==, S (10.1.17)
To To To To




Torma (10.1.10) mpumer BHI

!
u(k) = B é(k). (10.1.18)
DTO COOTHOIIEHNE HAZBIBAIOT UJEAALHOM 3AKOHOM PE2YAUPOEAHUA, TIOCKOTBKY OH 00ec-
meTrBaeT Oe3yCIOBHOE JOCTHZKEHWe HeTr yIpaBiennd. 3akoHbl peryimposannsa (10.1.14),

(10.1.15) rakzke mpuamMator Bug (10.1.18), ecom momoxkuTe mas (10.1.14)

_ _ !
6*: HS‘QI 99>K17”‘799n S‘Q>Kn7 _7“_17”‘7_7“_u7 (10119)
o To o To
a qs (10.1.15)
8(k) = |ly(k), ..., y(k —n+ 1), ulk —1),..., u(k —u), g(k)|; (10.1.20)
B = ﬂvm,ﬁ,_r—l,...,—r—“JH. (10.1.21)
To To To To

Yaureisasg (10.1.18), sanuiem ypasrernne ooberta (10.1.1) B ciemyroreii SKBUBaIEHT-
moit popme:
y(k+1) = ro[u(k) — 87 8(k)] + f(k). (10.1.22)

BakoH perysnposatusa OyjaeM uckaTh B dhopme, anasorudroii (10.1.18), samensdas Hens-

BeCTHBIIT BekTOp 3™ BEKTOPOM HacTpamBaeMbIXx mapamerpos [3(k), u, Takum obpasom,

u(k) = B'(k)d(k) (10.1.23)

ABJIAETCA aJITOPUTMOM PETYJINPOBaAHWA.

10.1.3 AuaropurM agantanuu 6e3 BHEIIHUX BO3MYIHIeHUt

B coorBercrBun co BTOPbIM W TPETbUM 3TallaMW CHUHTE3a aJallTUBHOTO PETYJIATOPA BbI-
66p6M HpHMOIL/'I AJITOPUTM aJaIllITUBHOT'O YIIPpaBJECHUA, NJIAd IMTOCTPOEHUA KOTOPOT'O UCIIOJIb3YyEM

Fpa,ILI/IGHTHbIﬁ MeTO. 9&CCMOTpI/IM BHa4daJle Cﬂyqaﬁ OTCYTCTBUA BHEITHNUX BOSMyHleHI/Iﬁ

f(k) =0. (10.1.24)

B sTom CJIydae€ 1eJib YIIpaBJ€HWA ITPUHUMaET BUJT

lim e*(k) = 0. (10.1.25)

k—oc0
B COOTBETCTBUU C METOAOM I'paJUE€HTa HallpaBJICHUE NBUKEHUA B ITPOCTPAaHCTBE HaCTpPa-

wBaeMbIX Tapamerpos (k) TpomopIrmoHa bHO TPOU3BOIHBIM (DYHKIHN

2

rg2e?(k+1) = [u(k) — 5*’5(@}2 = {[B(k) — B 8(k)} (10.1.26)

IO HaCTpanBa€MbIM ITapaMETpaM. 9TO O3HaYa€eT, 9TO
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o{[B(k) - B 3(k)}"

Bilk +1) = Bi(k) — ai(k) 50 re. (10.1.27)

Yaursisasg (10.1.22), HeTpysHO BUAETH, 9TO

0
Al 85( i} = 2{[B(k) — BT 6(k)} :(k)rg = y(k + Dyrodi(k),

1, TAKUM 00Pa30M, MCKOMBIH aJITOPUTM UMEET BT

Bilk 4+ 1) = Bi(k) — ar(k)roy(k + 1)6:;(k) (i =1,n+ p). (10.1.28)
Depexo/id K ToCTeHEMY (TeTBEPTOMY ) STally CHHTe3a aJallTHBHOIO PEryaaTopa, COCTO-
AMEMY B ollpejieleHnn mapaMeTpa dq(k) aaropurma (10.1.28), BBemeM obosHadeHe

Torma (10.1.28) mpumer BHI

Bilk +

5:0) = 23(: (10.1.30)

Bi(k) — <>@gww<k+m&@x}
(i =1,n+u)

YrBepxkaenune. Japamerp ai(k) anropurma agantanun (10.1.30), mpu KoTopoMm asa-
nrusHbll peryaaTop (10.1.23), (10.1.30) obecneuamnBaer goctmxkenwe oobekrom (10.1.1)

npu f(k) = 0 nemm ynpasienusa (10.1.25), onpesensercs BblpaKeHHeM

-1

k)=uv [crgéf(k)] L (0<v<?2). (10.1.31)

g mokazarTebcTBa 9TOTO YyTBEPKIEHNA BO3bMeM (DyHKIHIO JlamyHOBA

o(k) = 3 (Bilk) = 37)° >0, (10.1.32)

KOTOpasd BbIpazkaeT ~paccrodrne” HacTpamBaeMbIX TapameTpoB perymaaTopa (10.1.23) or
mapaMeTpoB WIeaJbHOrO 3aKoHa peryianposanus (10.1.18).
Daiigem ycrosnsa yobBanusa seanannbl v(3(k)) BIOIb TPAeKTOPHN JBUKEHUA aalliB-

Hoii cuerembr (10.1.22), (10.1.23), (10.1.30).

s 3Toro paccMOTpUM Pa3HOCTH

Av(k) = v(k +1) —v(k) = [B(k + 1) = g7 [B(k + 1) = B7] = [B(k) — 7] [B(k) — B7].
(10.1.33)
Yanreisasg (10.1.30) u (10.1.26), sanumem npu f(k) = 0, arto
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Bk +1) =BT [B(k+1) — B = [B(k) — ax(k )(Slgnro) (k+1)B(k) — 87 x

x [B(k) — ax(k)(signro)y(k + 1)8(k) — B7] = [B(k) — B (B(k) — B7]-

—ay(k)(signro)y(k + 1){26'(k)[B(k) — B7] — ar(k)(signro)y(k + 1)8"(k)d(k) =
[

(
= [B() = BVIB(K) — 8] — ar(K) s ra)ylh + 1) [~k +1)-
—an(R){sign ro)y(k+ 1)8'(R)8(K)]

(10.1.34)
Doacrasiaa 510 Beipakenue B (10.1.33), momyanm
Av(k) = —ay (k) [2518270 _ al(k)d’(k)d(k)] vk +1). (10.1.35)
To
Derpynno BugeTh, 110 Av(k) < 0, ecam
2 2
0 <ai(k) < (10.1.36)

= S ol R)0 (k) = 60 (k)o(k)

Jns Toro aTobbl obecneanTs crporoe yobsarne Av(k) (mpu y(k+1) # 0), mocratouro

B34ATb
a(k) = —1—— (10.1.37)
o (k)8 (k)
rie
0<y<2. (10.1.38)

Dpu TakoM 3HaTeHNH a1(k) TOMYIHM

py*(k +1)
Av(k) = (k)&(k) < 0, (10.1.39)
r7e p — HEKOTOPOE TOJOKUTETbHOE TUCIIO.
Tak Kak
k —|— 1) v(ﬁ(o)
—— Av(k = < 00, 10.1.40
S2 Ak = 3 e =" (10.1.40)
y*(k+1)
TO 9TO O3HATAET, UTO W — 0, u, cremoBaTenbHO, JOCTUTACTCA IETh aJalTallii

kli)m y(k+ 1) = 0, ecau Tonbko Benuuunbl §'(k)d(k) OyayT ocTaBaThcs OrpaHUYEHHBIMU.
o]

OrpannaeHHOCTh U3MepAeMoro BeKropa 6(k), cocToslero u3 3HaveHWl BBIXOJA W BXOJA
oObeKTa B pa3/InIHble MOMEHTHI BpeMEHH, He ABIAIOTCA O9eBHUIHON. DalpuMep, eCIi pac-
cMaTpHBaeMas CHCTeMa HeyCTOfYnBa MpH Hada hbHBIX 3HAYeHUAX TapaMeTpoB perysaTopa,
TO Ha TEepPBBIX IIaraxX MpoIecca aJalTalii MepeMeHHble 00beKTa OyIyT pacTH. JTO MOBJIe-
geT 3a coboil 3aTOpMaKMBaHle HACTPOIKK 1, BOSMOXKHO, Hapytienue cxogumoctn y(k+1)).
Onnaxo ussectHo [6.5], uro ecin 0ObeKT siBJseTcs MUHEMaIbHO-bazosbiM, To &' (k) (k)

OTpaHWIeHa M, TAaKUM 00pa3oM, YTBEpIKIEHUE JTOKA3aHO.
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10.1.4 AuaropuTM agamnTanuy NpU BHEITHUX BO3MYIIEHUAX

DaccmorpuM Terepb 00bekT (10.1.1) wim skBuBaTeHTHBIH eMy 00bekT (10.1.22) ¢ yaerom
BHEITHUX BO3MYIIEHNIT, yIoBIeTBopAomnX HepasercTy (10.1.2). Daiigem ycrosne yobiBa-
mua “paccroannsa’ (10.1.32) Ha IBMIKEHWAX aJalTHBHON CHCTEMBL. JETPYIHO BHIETH, TTO

tereps B orsmane ot (10.1.35)

Av(k) = —ay(k) lﬁ—d (1 — %) — al(k)é’(k)é(k)] y*(k+1). (10.1.41)

1o BeIpazkerune nouyvaercs, ecan B (10.1.34) samennts 8'(k)[B(k)—F%] ma y(k+1)—f(k),
a e Ha y(k+ 1), Kax O6bLTO paHee.

Femn Bemmauna y(k + 1) mada, a sremnee sosaeiicrsue f(k) umeer nebiaronpuaTHblii
3HaK, To Besmunia Av(k) MOKET cTaTh MOJOKUTENBHON U aJrOpUTM He OyaeT TPUBOJUTD
K JOCTHKEHHIO TIeJTH aJallTallim.

DPpPeKTUBHBIM CIOCOGOM JOCTHKEHNs TeJU yIpaBJIeHUus NMpU JefcTBUM BO3MYIIEHWI
ABJIAETCSA BBEJEHNE B aJITOPUTM 30HbBI HedyscTBuTesbHOCTH. W3 (10.1.41) cnenyer, aro ecm

wsmenaTh (k) Tompro mpu |y(k+ 1)] > A rtak, uro

Bi(k) Hpvz ly(k J)r 1()k| <
s1gn ro)ylk +
Bilk) = v = otk

A (i=1n+p);

Bilk+1) = 1)52»(1{) mpu |y(k+ 1) > A,

(10.1.42)

re

f‘*?
0<1/<2(1— A?)’ (10.1.43)

TO BHOBB, Kak u mpu orcyrcrsun f(k), Oyaer sormonnerno (10.1.40) u, cienoBarenpbro, B
ety orpanmaennoctn 0'(k)d(k) meas (10.1.3) Gymer mocTurHYTA.

DosrydeHHbIE aJITOPUTMBI aJJalITAIIMA B CHCTEMaX Oe3bIHEPIMOHHOMN CTaOMIN3aly JIETKO
06001Iat0TCA Ha CHCTEMbl CTabUTH3allul ¢ 3aaHHOM JNHAMUKON M Ha CJIeIAIIe CHCTEMBI.
HeiicTBurenbHo, ecam HeBsAsKa €(t) ommcbiBaeTcsa Bhipaxkenuamu (10.1.6) au6o (10.1.8), To

ypastenne obbekTa (10.1.1) MoKHO 3ammcaTh B CIeIyoleli SKBUBaJTEHTHOI GopMme:

e(k 4 1) = rolu(k) — 8*0(k)] + f(k), (10.1.44)

rae BekTopel (3* m §(k) ompenmensiorcs coorromenuamu (10.1.17) ... (10.1.21)), u Torma
IS BBIBOJIA anropuT™a aganTtanuni suga (10.1.42) HyKHO TPOCTO 3aMEHNTH BO BCEX COOTHO-
wenn#Ax, HaunHag ¢ (10.1.28), y(k+1) ma e(k+1). Takum obpasom, JoKazaHO ClIeayiolee

HUZKE YTBEPKICHUE.
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YTBepKaeHne. D yCTh HIMeeTCa HeMIHIMaJIbHO-(Pa30Bblii 0ObEKT yIpaBJIeHUs, OACHI-
BaeMblii ypasHeruem (10.1.1), mapameTpbl KOTOPOTO HEW3BECTHBI (M3BECTEH JIMID 3HAK
mapaMerpa o M UHCJIO ¢, B HEPABEHCTBe |rg| < ¢., BHelHee Bo3jeiicTBue Ha 0OHEKT
HEM3BECTHO, HO OrPAHUYEHO M3BECTHBIM duciIoM f*). AmanTusmblii perymsarop, obecre-
quBatoONInii JocTrKenne menn yupasiaenusa (10.1.5) [rae e(k + 1) ompenensercsa ompaum

u3 Boipazkernnii (10.1.6), (10.1.7), (10.1.29)], onucbiBaeTcs ypaBHEHHAME

n4+u

u(k) = 3 Bi(k)3i(h): (10.1.45)

5y mow Je(k+1)| < A (i = T )
Gkt 1) = | Gith) — ST VAN >, (10.046)

cr Z: 52 (k)

re

f2
O<r<2 (1 — P) , (10.1.47)

a KoMmmoHeHTbl 0;(k) BekTOpa (k) onpenenstorca omauM u3 coorHomienuii (10.1.16),

(10.1.20).

Aurropurwm agantannn (10.1.42) BuepBble OBLT MOy T€H Ha OCHOBE METO/IA PEKYPPEHTHBIX
HeJIeBBIX HepaBeHcTB, paspaborantoro B. A. fxkyGosuuem [10.1].

Jas cokpalllennsa n3/I0KeHre COOCTBEHHO MeToa PEeKyppeHTHBIE IeJIeBhIX HEPAaBEHCTB
OBLIO OTYIIEHO, OJHAKO MPOIECC BbIBOIa amropuTMa agantannu (10.1.42) momHocThio Cile-
IyeT WAesAM MeToJa. a OCHOBE 3TOTO MeToIa IMpHBEICHHbIE Pe3yJIbTaThl ObLIH PacIpo-
crpatensl [6.5] Ha ciydaii MHOMOMEDHBIX OOBEKTOB, a TaKzkKe Ha CJIydail 3alasjblBaHus B
W3MEpEeHUN 1 YIIpaBJIeHUH, OTPaHUIeHi Ha yIIpaB/IeHu .

DpuMep. DOCTPOUM AJANTUBHBIH PETYIATOD XHMHUKO-TEXHOJOIHIECKHX IPOIECCOB,

paccmoTpennsiit 8 mpuMepax 6.1.1, 6.1.2, DToT mporecc onuchBaeTCA ypaBHEHUAME
w(k+1) = ax(k) + bu(k)] + L f(k); (10.1.48)

y(k) = de(k), (10.1.49)

B KOTOPBIX mapameTpbl a, b, @ u d nemsBecrubl. B omrmame or mpumepos 6.1.1, 6.1.2

OyaeM nosarath, ato f(k) — HewsBecTHasA MOCTENOBATETHHOCTD. D PH STOM

[f(R) < f~. (10.1.50)

Tpebyercss mocTpouTh AIANTUBHBIH PETYJIATOP, MIPU KOTOPOM JOCTHTAETCH TeJb yIpa-

BJICHU A
[y(k+ 1) —g)° < A% (10.1.51)
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B (10.1.50) u (10.1.51) f*, g, A — 3aganHblEe THCTA.
Barmmrrem sravdase ypasenus (10.1.48), (10.1.49) B dopme (10.1.1):

y(k+ 1)+ pry(k) = rou(k) + f(k), (10.1.52)

re

w1 = —a; ro=db; f(k)=dyf(k). (10.1.53)

ﬂaﬂee 6y,IL€M ImoJjyiaraThb, 9YTO U3BECTHa OLECHKaA

rol < e (10.1.54)

U 3HaK 9HCIa T .
Depexois K IMOCTPOEHUIO allOpUTMa aJalTUBHOTO yIIPaBJIeHUA, BBEJEM B COOTBETCTBUM
¢ (10.1.20) w (10.1.21) Bexropnr B*(k) u §(k) ¢ KoMUoHEHTAMMI

b S‘Q %
Bi= 1 Bi=1 8ilk) = y(k); &a(k) =g (10.1.55)
Torma 3akon peryauposanns (10.1.45) mpumer Buj

u(k) = Bu(k)y(k) + Ba(k)g- (10.1.56)

AJITOPUTM aIallTallii TapaMeTpOB STOTO PETYIATOpa 3amnuireM B coorsercTsru ¢ (10.1.46)

KaK

Bi(k) mpu [y(k+ 1) —g] < A;
fik+1) = Ba(k) — V(81gn ro)[ygk 1) — ]y(k) wpn y(k+1) — g| > A (10.1.57)
(Y2 (k) + 9°)
alk+ 1) { ) ook 4 1) — o (10,159
dk+ 1) = signro)|ly(k + 1) — glg N
Ba(k) — v e (2R + ) mpu |y(k+1)—g| > A.

10.2 YacToTHoe agalTUBHOE yIIpaBJiIeHUE
10.2.1 DocTaHoBKa 3aJa4uu

DaccMOTPHUM MOJHOCTHIO YIPABIAEMBIH, ACUMITOTHIECKH YCTONIUBBII 00BEKT yIpaBJie-

HUA, OMUCbIBAEMbIH ypaBHEHUEM

y™ £ d, Y b dyy 4 doy = k™ - kou + (10.2.1)

B KoTOpOM d;, k; (i = 0,n —1, j = 0,m) — mewsBecTHble uncia, f({) — HewsBecTHa,

orpaHmIeHas (PyHKIHA.
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BELILELLIEL COCTOUT B IMOCTPEHNUN DETYITATOPa, OIIMChIBAEMOI'O, HaYMHad ¢ MOMEHTa BpEMEHN

tn , mudpdpepeHnnaabHbIM Y paBHEHTEM

dp(n—l)u(n_l) + o dp i+ dpgu =k, y(n_l) ot Epy Y+ Fpo Y, (10.2.2)

KOSCbeHHHGHTbI KOTOPOT'O TaKOBBI, 9TO XapaKTepI/ICTI/IquKI/Iﬁ IIOJIMHOM CHCTEMBbI

D(s) = d(s)dp(s) — k(s)kp(s) = D15 -4 Dy (10.2.3)

ObLII OJIM30K K 3aJaHHOMY TTOJIMHOMY

D*(s) = sl 4 d(zn_z)s(zn_z) + -+ dis+ dp, (10.2.4)

KOPHH KOTOPOT'O MMEIT OTpHulaTE/JIbHbIE BEINECTBEHHBIEC TaCTH.

Yrkazanuyio 0an30cTh OygeM XapaKTepru30BaTh HEPABEHCTBAMME

ID; —d7| < e (i=0,2n—2), (10.2.5)

B KotopoM ¢£; (1 = 0,2n) — 3amannble qucia, D; (i = 0,2n) — ko> PpuneHTs XapakTe-
pucTrdeckoro nosmaoma (10.2.3).
AlanTUBHBIA perysIATop, pellarollnii 3Ty 3aJady, omuchiBaeTcs mudQepeHnmaIbHbIM

ypaBHEHWEM € KYCOYHO - TIOCTOSAHHBIME KO3 PUIImeHTaMm

8 ik = M kg, (1026)
rae ¢ (¢ = 1, N) — HOMep WHTepBasa aJanTaiui, {; — MOMEHT OKOHIaHUA | -TOTO WHTED-
BaJjla {; Tak Ke Kak umcia [V, agl, kgi (k=0,n—1, ¢« =0,N) HaxomaATcA B mpolecce

ajanTaiyn, V(1) — WCIbITaTebHOE BO3IEHCTBIE B

9
v(t) =3 presinwg(t —ti21), tiog <t <ty, (i=1,N) (10.2.7)
k=1
¢ 3aIaHBIMA aMILTHTYJaMI pg 1 JacTotami wy (k= 1,0),0 =n, 6o 0 = 2n — 1.
SamMeTnM, UTO B JAEHCTBUTETHHOCTH AMILIUTYIbBl W 9aCTOTHI MCIBITATESBHOTO CHTHAJA

Pa3JIMYHbI Ha Pa3JIMYHbIX MHTEPBaJIaX aJallTalul WU OH OIMUChIBAE€TCA BbIPpazKEHNUEM

0 B B
Vi@ =3 i sinwld(t —t:y), tiy <t <t, (i=T,N). (10.2.8)
k=1

OHako HacTpOKa STUX aMIUIATY/I W JaCTOT Ha PAa3TMTHBIX WHTEPBAIAX JJIA TIPOCTOTHI
HE PacCMaTPUBAETCH, U MTOITOMY Oy/IeM TToJIaraTh STH MapaMeTpPbl HCIBITATETHHOTO CUTHAIA
HEM3MEHHBIMHU Ha HEKOTOPBIX WHTEpBAJaX aJallTalliii, B TaCTHOCTH, Tpu ¢ = | auddepen-

maabioe ypasHerue (10.2.6) 3aMeHAeTcA aaredOpanIecKnM COOTHOITEHTEM

u=v (10.2.9)
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KOTOPO€e ABJIAETCA TaCTHBIM corydaeM ypasrenns (10.2.6), korga dEL = kgi =0, (k=1,n-1
dil =1, Kl =0, (1 €1,N).
B stux crygasx mcmbitaresnubiii curaana (10.2.7) comepzkur n rapMonuk (§ = n), a B

OCTAJIbHBIX caydasx # = 2n — 1.

10.2.2 Depsoiii uatepBas agantanuu (naeHTUdUKAINA 06HEKTA)

Da mepBoM WHTepBaJse ajanTtanii uiaeHTHdumupyerca oobext (10.2.1).

s sroit menm on BO3OYXKTaerTcas MCHbITare bHbIM curHagoM (10.2.7) mpu (0 = n),
W B COOTBETCTBHH ¢ aJropuT™MoM (8.2.1) KOHEUHO- JacTOTHOW WMAEHTH(MDUKAINH HAXOIATCH
otenkn d; = dEl] = di(qr, T5), ;= kl[l] = ki(q, T5) (1 = 0,n — 1) xosdpdbunnenron

00beKTa.

Detrasg TOXKIECTBO Je3y

d[l](s)dg](s) — k[l](s)kg](s) = D*(s), (10.2.10)
n—1
B xoTopom d(s) = s + Z d =s" 4 Z kl[l]si , HaiigeM Ko>(ppuImeHTs pery-

JIATOpa OJId BTOPOIro I/IHTepBELJIEL

2 _ 2
dP(s) = kP (s)y + v, (10.2.11)
vae di(s) = di) S0 i Rs) = R S0 e R

DaccmoTpuM 00beKT ¢ perysaTopom (10.2.11). Uckmogas nepemennyto u(t), 3amuiiem

YpaBHEHNA 3TOI CHCTEMBI B B e

DPN(s)y = k(s)v +dUl(s)f, (10.2.12)

rjie
DB (s) = d(s)d?(s) — k(s)kP(s) = DP_ s>~ 1 4. 4 DI (10.2.13)
Ypasuenne (10.2.12) 6y;LeM paCCManI/IBaTb KaK ypaBHeHHe ~HOBOT0 00beKTa ¢ yIpa-
BJICHHEM V H BO3MYIIEHIEM a A(s)f w mpenTudummposas >ToT "06HEKT”, HCHOMb3YH aJl-
roput™m 10.3.1 KoHeuHO- YacTOTHOH HAeHTHMUKAINK, OY/IeM CpaBHUBATH OINEHKY MOJHHOMA
DP(s) ¢ samannpiv nommnomom D*(s) .
DaccMOTpPUM STOT MyTh OoJiee MoIPOOHO.
HacroTHble TapaMeTpbl 3TOro ~obbeKTa”, Ha3blBaeMble YaCTOTHBIMH TapaMeTpaMu 3a-

MKHyTOfI CUCTEMBbI, OITPENECITAIOTCA KaK

= Rewa(jwr), pr =Jmwa(jwr) (k=1,2n—1), (10.2.14)

rie we(s) — nepemaroTnas GYHKIUA OT V K Y :

wea(s) = = B DR (10.2.15)



Eé mozxHO BBIpa3suTh Uepes mepeaTouHyo PYHKINIO 00beKTa U PETYIATOPa Kak

wa(s) = . , (10.2.16)

10.2.3 Bropoit narepBasa aganrauuu(uageHTHUKALNA 3aMKHYTOI CUCTEMBbI )

Depexois kK naenTudukrannn ~oboberra” (10.2.12) mosropum srams anroputma 8.2.1.
Bosoynnm obbexr (10.2.12) ncnprrarenprbiv curianom (10.2.7), cogepxammm (2n) rap-

MOHHK H IIOJaJKNM €I'O BbIXOJ Ha BXO] CbI/IJIprEL (Dypbe

tl-I—T
2
vi(T) = ,Ok—T / y(t)sinwy(t — t1) dt,
i (k=T2n 1) (10.2.17)
2
pr(T) = ,Ok—T / y(1) coswy(t — t1) dt,

t1
rae 4y = qi15.
Usmepss Bbixogpl Gpuabrpa B MoMmeHThl Bpemern 7 = ¢Ts (¢ = q1 + 1,...) u pemas

HJaCTOTHbBIE YpaBHEHNA

2n—2 2n—2

A A

S Gun)' ki — [e(aTs) — dpa(aTs)] Y (o) DP =

|
<
X
—~
=2
&3
~—
_|_
<.
=
X
—~
=2
&3
Pt
—~
L
(S
ol
~—
3
|
—

(k = 172n)7 qg=q +1,

(10.2.18)

[OJIYyYNM OIEHKH lA)Z[»Z] = DZ[»Z](qT6) (1:=0,2n —2), (¢=q + 1) xospdbunnenror xapakre-
PUCTHYECKOTO TOJUHOMA 3aMKHYTOH CHCTEMBI.

[enenbie HEpaBeHCTBA

PP (qT5) — a

<e (1=0,2n—2) (10.2.19)
MPOBEPAIOTCH JIJIA KazKJIoro ¢ = gy + 1,....

Ecau npu HEKOTOPOM ¢ = @2 9TH HEpPABEHCTBA BBIMOJIHAIOTCA, TO aJalTallid 3aKaHIU-
Baerca, N = 2 W HCKOMbIe MOTHHOMBI peryiaTopa (10.2.2) mvetor Bu

dy(s) = dB(s), kp(s) = k2(s). (10.2.20)

p p

Dpumeuanune. Ecin mepasercrsa (10.2.19) spinonuatores, a ancaa €; (i =0, 2n —2)
COTITaCOBAHBl COOTBETCTBYIOIINM 0Opa3oM ¢ jgomyckamu (8.2.3) Ha TOTHOCTH WAeHTH(MUKA-
WX, TO U3JI0JKEHHOE SABJIAETCS CIIOCOGOM MOATBEPZKIEHUA MOJENH, OJyTIaeMOil B Pe3yJIb-

TaTe KOHETHO- TaCTOTHOW WMIeHTH(UKAINN, PAaCCMOTPEHHON B pa3jese 8.2. |
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Ecau TounocTs maenTHdUKAIINT HETOCTATOTHA, TO HE CYIIECTBYET THCJIA ¢, TIPU KOTO-
pom yeaosus (10.2.19) BpimosHATOTCA. D PH STOM BO3MOKHBI JIBA CITyJasi:

A) cucrema (10.2.1), (10.2.11) — acuMOTOTHIECKH YCTOHINBA,;

D) 5Ta cHCcTEMa HEYCTOHINBA.

B CIYYAE A) OlEHKH TaCTOTHBIX MapaMeTPOB 3aMKHYTOH CHCTEMBI, Oy TaeMbIX B Te-

YeHWW BTOPOT'O WHTEpPBaJa, UCHOJIb3YIOTCA JIJIA YIYUIIEHUA OIEHOK YaCTOTHBIX TTapaMeTPOB
00beKTa, Oy TeHHBIX Ha TTepBOM HHTepBase. [l sroit mesm ncnosb3yercs csasb (10.2.16),

KOTOPYIO HETPYJAHO MPEJCTaBUTh KakK

vk + Ik

) . 1
(v + Jir)wi (jeoy) +

ay + Bk = . (k=T,n). (10.2.21)

Bamenss v, u gy (k=1,n) nxonenkamn vy (qTs) n up(qls) (k=1,n) ¢g=aq+1,...,
BBITHCITAEM 10 STHM GOPMYIHPOBKAM OTEHKH TaCTOTHBIX TapaMeTpoB obbekTa Gy = o (¢Ts)
n 3= BlqTs) (k=Tn, g=q+1....).

Detitas dacToTHBIEe ypaHenns (8.2.9) w mpoBepsas HeobxomMble ycroBn# (8.2.25) momy-
YUM, B MOMEHT BpeMenn iy = g2, B KOTOPBII 3TH YCJIOBUA BBIMOTHAIOTCH, HOBbIE OIEHKH

K03 hummenToB oobeKTa

A

di = d? = di(g,T5), ki = kP = ki(quTs), (i=0,n—1). (10.2.22)

k3

DpH 3TOM HEOOXOJUMO IMPOBEPUTH BBINOIHEHUE YCAOGUT PACUUPAEMOCTIU UHTNEPEANOG
aIalTallin:
G — Qi1 > Gi—1 — Gi—2 + K, 1 =23, (10.2.23)

rie k — 3ajaHHOEe TOJOXKUTEThHOE IET0e TUCIIO.
D10 ycsioBHE JIA paccMaTPUBAEMOTO HTepBaja WMeeT BUI ¢y — ¢y > ¢ + k. Ecian ono
He BBITIOTHAETCHA, TO pelllaeM JTacTOTHbIE YpaBHEHWA /10 MOMEHTa ¢y = 2q; + k.

Ucnonwsysa onerkn (10.2.23), permaemM ToXKIECTBO Je3y

d[2](3)d[3](3) — km(s)k[?’](s) = D*(s) (10.2.24)

n (popMEpPYEM PETYIIATOP /I TPEThEro WHTepBasla aJ alTalliu

dE’](S)u = kE’](S)y + v (10.2.25)

B ¢IVYAE B) BbIixog 00beKTa JOCTHTAET B MOMEHT BpeMeHW { = t* TpeIesbHO JTOITy-

crumoro sHadernd y* (y(t*) = y*), w Torga BTOPOil MATEPBAT 3aKaHINBAETCH, PETYIATOD
(10.2.11) orkmrogaercs W Ha TpeThbeM WHTepBase OOBEKT BO3OYZKIAETCA WCITBITATETbHBIM
curranom (10.2.7) ¢ n rapmonmkaMu (§ = n) W TOBTOPAIOTCA ONEpalNy MEPBOTO HHTED-
Baja. D PH ITOM JJINTETBHOCTD (DPUIBTPAIIH TPEBBIIITAET JJINTETbHOCTD TIEPBOTO HHTEPBAJIA.
HeiicTBUTEIBHO, HECMOTPA Ha TO, ITO (PUSUIECKH JITUTETHHOCTD BTOPOTO WHTEPBATA MOYKET

OKa3aThCA CKOJIb YT'OJHO MELJIOIL/'I7 ImoJjiara€eM, 9TO €ro JUTEJIbHOCTH YAOBJIETBOPAET YCIOBUIO
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(10.2.23) pactmpsemoctu u to = (215) (g2 = 2q1 + k), (pakruaeckn ty = 1*, ograko, ais
COOTBETCTBHA (PU3UTECKOMY CMBICTY MOYKHO Ha WHTepBase [t*, t5] momarars u(t) = 0), m
ToT/IA g3 — G2 = q1 + 2K ).

B pesynprare maenTrduKannm mOIyIAM HOBbIE ONEHKH KO3(MUIHEHTOB 00bhEKTa dES]
u kZ[S] (i = 0,n — 1) u Ha OoCHOBe TOXKJECTBa Je3y MOSYyUUM PEryJsTop JJIs H9eTBepTOro

nHTEPBaJIa

d¥(s)u = kW (s)y + v (10.2.26)

a T.I.

10.2.4 CxoaumMocTb aganTaluu

Ecmm sosmymenne f(1) — crporo @O-dubrpyemo Ha bostee mupokoM Habope wy,
(k = 1,2n—1), To omubKn GHUIBTPALUK TaCTOTHBIX TTAPAMETPOB 3aMKHYTOH CHCTEMBI

Avg(T) = v, — (1), App(r) = pe — pi(7) (k=1,2n — 1) obramaior cBoiicTBOM

lim Awg(7) = T1i_>1(£1o Aug(t) =0, (k=1,2n—1). (10.2.27)

T—$00
Dportiecc aIalTali CXOIUTCH, €CIU JIJTUTETbHOCTh HEKOTOPOTO €ro WHTepBaja OyreT
HoutbIlle TucsTa T, IpW KOTOPOM OIMMUOKK (PUIBTPAIUU OYIyT TaKUM, TITO TEJEBBIE YCIIO-
Bus (10.2.5) moctuxumbl. Kak 6b1 HE Obl10 Bestmko wueao 7%, B cury ycnosus (10.2.23)
pacIInpAeMOCTH HHTEPBAJIOB, BCerla HaligeTcs ¢* -Thlii HHTEpBaJ TaKoil, uTo &; —t;x > 7.

9TO O3HaYaeT CXOIJMMOCTDb aJallTallll.

10.2.5 D porpamMMHOe obecnedeHue U MPAKTUKYM

FAMMA-gupektusa: 311 (HacroTHoe aganTtnsHOe yIpaB/eHue).
Wcxonabre pannble:
a)dommnombl d(s),k(s) mw m(s) oobexrra (10.2.1),

6) DosmaoM [(s) Tpw HCTBITATETBHOM cHUTHATE B peryaaTope (10.2.6),01e Ay mpocToTh

npuaaTo [(s) = 1.

B )Bua BHemnero Bosmyenusi.

0)AMIUTHTYIBI W TacTOTHl WCTbITaTeqbHOr0 cuTHasa (10.2.8),mpuKIaapBaeMoro K 00b-
eKTYy.

J)AMIUTATYIBI W 9acTOTHl HCTblTaTe bHoro curiana (10.2.8),mpuKagpBaeMoro K 3a-
MKHYTOIl cHCTeMe.

e)/lmureabrocTs nporecca uaenTHdGUKALIIN 00beKTa (3a1a€TCs TUCIOM TEPUOJOB MUHU-
MaJIbHOM M3 9acTOT MCIBITATEJbHOTO CUTHAJIA )

x)dnurenprocts nporecca uaeHTH(GUKAIMT 3aMKHYTOH CHCTEMbI (3a1aeTCs THCIOM T1e-
PHOJIOB MUHUMAJTBHOI M3 9aCTOT UCIBITATEIHHOIO CHIHATA)

3)HTepBan IHCKPeTHOCTH 00bHEKTa, 33/ aBACMblil THCIOM JeJeHHUH Meprojia MaKCHMAaJb-

HOIl M3 9aCTOT MCHOBITATEJIbHOTO CHUTHAJA .
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n)HTepBaT JUCKPETHOCTH 3aMKHYTOH CHCTEMBbI,3a/aBaeMblil THCIOM JeJeHnil meproia
MaKCUMAaJIbHON M3 9aCcTOT MCIBITATENbHOIO CUTHAJA .

De3yIbTaThl:

a)l'padukn mporecca aganTanym.

Ucmonbsys qupexktuBy 311 Boimonasgercs nmpaktukyM 9 p.3.5.0nna u3 ero meseii cocTonT
B MCCIIEIOBAHWY 3aBUCUMOCTH Tpollecca aJlallTalliid OT MapaMeTPOB BHEITHETO BO3MYIIEHU A

1 UCIIbITaTe€JIbHOI'O CHI'HaJla

DPpakTuKkym 1

D porpaMMHoe obeclieuyeHre pa3paboTKN CUCTEM yIPABJICHUI

OsHuM M3 BaKHBIX STAlOB MPOEKTUPOBaHus [2.6] KaxK 0l CHCTEMbl aBTOMATHYECKOIO
yIpaBIeHUS ABJIACTCA pa3zpabOTKa aJropUTMa yIpaBIeHEA. D porpaMMHOe obecliedeHne
JIUTST aBTOMATH3AIME 9TOTO dTalla pa3pabaThiBaeTcs yiKe Oojee deThipex JAecATKOB Jer. KK
cepeinHe BOChbMUAECATHIX TOI0B OBLIO pa3pabOTaHO HECKOJIBKO JECATKOB MTaKEeTOB MPUKJIal-
HBIX TporpaMm s adaauza CAY, wienTudukanum, CHHTE3a PErYJIATOPOB W T.J. ITO, B
gacraoctu, oredectsenbie makeTbl: JTNUCIAC [up.1], CAIIAC [np.2] , DAJIUYC-2 [up.3]
, TAMMA [up.4]- [np.6] u 3apy6exubie: IDPAC, CYNPAC, KEDDS, MATLAB. Onucanue
STUX OTEYECTBEHHDBIX MAKETOB UMeeTCs B clipaBounuke [2.6], a 3apybeskHbix - B KHUre [1p.7].

Docaennue gecarsd jer cucrema MATLAB [up.8], [up.9]crana gomunupyrtotieii cpean 3a-
pyOEeKHBIX TPOrpaMM IS pa3pabOTKH aJrOPUTMOB aBTOMATH3AIWNA. ITO CBA3AHO C TEM,
qyro MATLAB ocrnoBan s hekTuBHOM A3BIKE MPOrpaMMHUPOBAHUSA BBICOKOTO YPOBHS, KO-
TOPBI TTO3BOJIAET JIOCTATOYHO OBICTPO pa3pabaThiBaTh MIPOTPAMMHOE obecrieueHe METOI0B
TEOPUH aBTOMATHUECKOTO yIpaBIeHusA. K HacToAleMy BpeMeHH MporpaMMHoe obeciiede-
HEe TPaIuIuoHHbIX MeTogoB TAY | comepiKaliieecss B yKa3aHHBIX BBIIIIE MaKeTaX BOCCO3IAHO
B MATLAB. Kpome Toro, MATLAB comepxut nporpammMuoe obecredenne HOBbIX METOIOB:
D-6eCKOHETHOTO CyOONTHMAIBHOTO YIIPABJICHNs, MIO-aHAJIN3 W CHHTE3 , Ipyboe yIpaB/ieHue
" T,

O Hako, nHZKeHep-pa3pabOTINK peasbHOl crncTeMbl aBToMaTHIecKoro ypasierns (CAY),
KoTopbiii xoTes 6b1 mcnosnb3zoBarh MATLAB s paspaboTKu agropuTMOB yIIpaBIeHW s
CTOJKHETCHA € PAJOM TPYIHOCTEH:a) OH JOJIZKEH TUTyOOKO 3HATH TEOPHIO YIIPABJIEHN, TTOObI
BBIOpATh, NCXOIA M3 €0 3aJa9H, HeolpeTeeHHble TapaMeTPhl HCIOIb3YEMOro MeToja (Ha-
npuMep, mapaMeTpbl KBajparudnoro ¢yuknuonata [Q- u D-6ecKOHETHOH ONTHMU3AINH,
[IPU KOTOPBIX JIOCTHTACTCSA HEOOXOUMas TOTHOCTh PETYIHPOBAHNS, B/, 1 TapaMeTPhl UCITbI-
TaTeJTbHBIX CHTHAIOB TIPH WAeHTH(MUKAINT 1 T.1),0) eMy HeoOX0MMO 3HaTh A3bIK MPOrPaM-
muposarnd MATLAB, 9ro6sr 06bennanTh BHIGpanHble UM mporpaMmbl (pyrkmmmn) MAT-
LAB,B)oH fo/KeH yMeTh co3gaBarTh WHTepdeiic moab3oBaTessa 0 (HhOPMUPOBATH MTPOTOKOI
Pe3yJIbTATOB.

[enn waxkenepa-paspadoranka (CAY) MCKIOIAI0T €ro y9acThe B paboTax MO paspa-
OOTKe TTPOrPaMMHBIX 0beCTIede i (CPEICTB MPOEKTHPOBAHNA ), PEMIAIONINX €70 3a/JaTy. ITa
TpyAHOCTH TipeogoieBaercsa cucrtemoii TAMMA. B stoii cucreme wmrzkeHep-paspaboTInK
CAY BbIbupaer W3 CHUCKa TPOrpaMMy JIJIs PEIIeHHs eTo 3a/adi W BBOJNT IO 3allPOCy CH-

CTE€MBbI: EL) MOJI€EJIb obbeKTa YIIpaBJIE€HN A 60 (GCJH/I OHa HeI/ISBeCTHa) PE3YJIbTAThL WCIIBbI TAHWAMA
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obbeKTa; 6) Texanaeckue Tpebopanna K CAY: momycruMble OIMMMOKN YITPaBJIEHNA, BPEMH pe-
rysmposatusa u T.J. Cucrema paboraer 6e3 ero ydacTus (aBTOMAaTHIeCKn). AHATU3UPYH

IIPOTOKOJI PE3YJIbTATOB OH IMPUHUMAET peEIIEeHNE 00 WX KauecTse.

dp.1.1 CrpyKTrypa nNporpamMMHOro obecriedyeHUusA

Cdopmyaupyem TpeboBaHnsa K MTPOrPaMMHOMY ODECTIETEHNTO /SIS aBTOMATH3AINN TTPO-
eKTHpOBaHW:A (cpeacTBaM TpoekTHpoBann).OHU cocToAT B ciaeayiomemM. 1. Doab3oBaresb
CPEJICTB TIPOEKTHPOBAHNS He JOJKEH YIaCTBOBATh B WX CO3/IaHWM.

2.CpencTBa TPOEKTUPOBAHWSA JOJYKHBI MPETOCTABIATH BO3MOYKHOCTDH ~ €CTECTBEHHOTO
mo popMe U CYIECTBY OMUCAHUA CBOEH 3aIatn.

Has cpeacTs pa3spaboTKH aJrOpHTMOB YIIpaBJICHHsA ~eCTecTBeHHas (hopMa OMHCAHUA
3aJla9¥ O3HATAET HAJMTHE TTOTh30BATENbCKOTO WHTepdeiica, KOTOPBIH MO3BOIAET B TacT-
HOCTH: @) BBECTH MOJENb OOBbEKTa YIPABJIEHHA B HPUBBITHONH (opme - B Buje audde-
PEHITHAJIBHBIX ypaBHEHWH MPOW3BOIBHOTO BHUJa JuOO B (bopMe TeperaToqIHON MaTpPHIIHI.
”EcTecTBeHHHOE ONMMCAHIe 3aJIaTH IO CYIECTBY  O3HAYTAET, 9TO CPEeJCTBA MPOEKTHPOBAHU A
JTafOT BO3MOYKHOCTH PeIraTh 3a1a91 MPOEKTHPOBAHNA, KOT A [IeJIb YIIPABJIEHNS ONMCHIBAETCA
IPUHATHIME Ha TTPAKTHKE HHKEHEPHBIMU MOKa3aTeNAMA (TOMYCTHMBIME YCTAHOBHBITHMHUCH
OIINOKaMU, BpeEMEeHEM PEryJInpOBaHuUsA, 3alacaMil YCTOHTHBOCTH ), & BHEITHIE BO3MYIIEH
1 TIOMEXHW MaJlo W3BeCTHBIEe (PYHKIINH, O KOTOPHIX TaCTO W3BECTHBI JIUIb WX TPAHUIIHI.

3. Bamada mosib30BaTeNA JIOMKHA PEIIATbhCA aBTOMATHIECKH. Y IacTHe MOJb30BATE A
OTPAHMTIEHO BO3MOXKHOCTBIO OCTAHOBUTDH peEIleHNe, eCJTH TPOMEYKYTOTHbIE PE3YIbTAThI BbI-
BOJINMbBIE Ha SKPaH W B TMPOTOKOJ, HE YIOBJIETBOPUTETHHBI.

W3 stux TpeboBanuii ciemyer, 9o mporpaMMHOe obecedeHre TOKHO OBITh JIBYXYPOB-
HEBBIM: TIePBbIil YPOBEHD - CPeCTBa (cpeia) nHKenepa-paspadoranka CAY BTOpOil ypoBeHD
ABJIAETCA WHCTPYMEHTapHeM (Cpefioii) mid pa3spaboTKi W MOJEPHU3AINA EPBOTO YPOBHS.

s yrouHeHnsa cTpyKTYpbl TPOTPAMMHOTO 0DECTIeTeHns BBEIEM HEKOTOPBIE Olpesese-
HUS.

Muorue monatusas TAY mapsamgy ¢ comepKaTes bHBIM ONpeeTeHIeM UMEOT 0NepPauuoH-
Hoe onpedeaerue (onucanue) B Gopme HEKOTOPOI MOCTETOBATENFHOCTH BbITHCIHTETbHBIX
onepannii.

Omneparmortoe ornpeiesieHne MOYKET ObITh HeeeINHCTBEHHBIM. D allpuMep, YCTOHIHBOCTD
JIMHEHHOW CTAllMOHAPHON CHCTEMBI MOYKET OMEPAIMOHHO OMPeIeIAThCA KaK pellleHne ypas-
Henud JIATyHOBa TaK M BBIYUCIIEHTE COOCTBEHHBIX THUCES MATPHUIIHI, OTTHCHIBAOIIEN MOIETb
CHCTEMBI B POCTPAHCTBE COCTOSHMUIA.

Haemernmaproti npoexmmnoti onepayueti Ha3bIBAeTCsA OMEPAIMOHHOE OTIPe/leSIeHne Hele-
JUMOTO (MHHUMAJIbHOTO) cofiepzkaresnbHoro dparmenta TAY. Dampumep, ycToiianBocTs,
yrpasiagemoctb, AKOD (LQ-onmumusarms), D-6eckoHetdHoe cybonTHMAIBHOE yIIPaBIeHNe
ABJIATOTCA JTEMEHTAPHBIMI MPOEKTHBIMH omneparmamu (99 0).

Modyaem nasvisaemes npoepamma miis IBM, peanusytomaz 99 0.
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Jlupexmusa - 10 TporpaMMa, CocTodAlllad W3 TpeX dacTeil: a) Mopyseii; 6) cpeacTs
dbopmupoBaHua WHTEpdeiica TOMb30BATENA W B) CPEJCTB BBIBOJA TPOMEKYTOTHBIX W OKOH-
JaTeTbHBIX PE3YIBTATOB (ITPOTOKOI).

Kakgas nupekTnBa cJIyKUT JJis PEIIeHIs Olpe e IeHHOT0 KIacca 3aad 1Mo pa3zpaboTKe
aJIrOpUTMOB ylipasienus. Kaace 3aday xapakrepusyercs [1] Tpems Bugamu Mogeseil: Moje-
JIbTO Tiestell yIpaBaenns (MoKasaTesreil TOTHOCTH W KadecTBa ), MOJIeJb 00beKTa yIpaBIeHn
W PETYIATOPA, MOJEb Cpebl (BHEIIHIe BOSMYIIEHNA W TTOMEXH W3MEPEHH)

Unrepdeiic mosp3oBaTens cOyKAT s OMHCAHWSA UM KOHKPETHOH 3aJadu W3 Olpejie-
JIEHHOT'O KJIacca.

Cpena nrKenepa-paspadoranka CAY (cpema mob30BaTeN ) COCTOUT U3 TUPEKTHB. D ONb-
30Baresb (WHKeHep-paspaborauk CAY) BbIOHpaeT AMPEKTHBY, BBOJWT, WCIOIb3YA HHTED-
(eiic, onucamnue ero KOHKPETHOH 3aavl U MOCIE PEIEHN aHATH3UPYET TPOTOKOJ Pe3yih-
TATOB. 3ajlada perraeTcd 6e3 ero yIacTus.

Cpea mosth30BaTesst paspabaTbiBaeTcs WCCIe0BaTeIeM, KOTOPBIH 0bIagaeT TiryboKIMI
sHanuaMEu TAY u Biazeer ofHUM W3 A3BIKOB MPOTPAMMUPOBAHUA JIJIA TOTO, ITOOBI CO3Ta-
BaTh MOJYJIH W JTHPEKTUBBI.

Cpenta uccsretoBaTesiss - 9T0 MPOTPAMMHBIE CPEICTBA, € TTOMOIIBIO KOTOPBIX HCCJIET0Ba-

T€JIb CO3Ja€T HOBbIE JUPEKTUBbBI 1 CbOpMI/IpyeT Cpeny mmoJib30BaTeEIAd.

9p.1.2 T'AMMA-239C
Dp.1.2.1 Cpena nonb3zoBarensa(Dda3paboTunka CUCTEM YIPABJIEHNA)

Jupexmusv(Kaacco, pewaemoir 3ada)

Dubmmorexka AMMA-29C coctonT W3 WATH TPYIT OCHOBHBIX JTHPEKTHB:
9D peobpasoBanue BuI0B 1 HOPM MOjeITel

Ananms cucrem

CunTes perysnsaTopos

N nerrndukarmsa

DAl

AanTuBHOE yIpaBJIeHHe

M HECKOJbKUX T'PYII BCIOMOTATE/bHBIX JTUPEKTHB:

6.Maremarnaeckue omeparii (¢ BEKTOPAMU,MaTPHIIAMH, TOTHHOMHAATbHBIMA MaTPHITAMHK
W T.I1.)

7.Da3an4nble omepalnm

Kaxxmas rpymnma cocTOUT W3 OCHOBHBIX W JIONMOJTHUTETBHBIX JIHPEKTHB.

DpuBegeM uMeHa (Habop MUdpP)W KIacc pelraeMblx 3aJad HEKOTOPBIX [THPEKTHB U3
TPYII, KOTOpble OYIYT HCIOIb30BAThCA B MPaKTHKYMe.

3. CunTes perynaropos

111 AmaguTrdecKoe KOHCTPYHPOBAHNE PEryIATOPOB

113 OnrumasipHas cucreMa ¢ HabIOgaTe IeM

131 Hp 4y —cybonrumaiboe ypasiieHue

142 Tounoe ymnpapJieHne
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4. Upentudukarms

111.4 DocTpoenne HEMpPepbIBHON Mo IeTH

121.2 DocTpoenne nucKpeTHON MoIeTH

5.ATanTUBHOE yIIpaBJIeHNE

311.1 YacroTHOE ajlanTUBHOE yIIpaBJIEHUE

314.1 Yacrorusrit aganrusabiit DU /I-peryaarop

1. Ananms cucrem

221 Amanns yupaBIseMOCTH

221.1 Ananns HaOJIIOIaEMOCTH

241 AHasn3 TOTHOCTH W KavdecTBa 0ObeKTa yIIpaBJIEHU

242 AHasn3 TOTHOCTH W KAavIecTBa CUCTEMBI ¢ HETIPEPHIBHBIM PETYIATOPOM

Hrmepdgetic noavzosamens

A). Bampochl cucTeMbl

Dpu 3alycKe CHCTEMbl Ha SKpaH BHIBOJUTCH 3acTaBKa C JABYMsA KHOMKaMW: ~ TTOJTh30Ba-
Tesb” w7 paspaborauk’. s paboThl ¢ TOTOBBIME AUPEKTHBAMHU CJIEIyeT HarKaTh KHOMKY
" TOJTB30BATENH .

Duc. 1.1. 3acraka cucrembr AMMA-29C

Jastee Ha KpaH BBIBOJUTCSA CIHUCOK JOCTYITHBIX TUPEKTHB, pa3OUTHIH Ha IPYTIIBI U TTOJI-
IPYIIbL. DOTh30BATENb BBIOUpAECT HYKHYIO JUPEKTHBY W 3allyCKaeT ee.

Ouc 1.2. Jdupextussr cucrembr [AMMA-29C. I'pynna ”Unentudukanmsa”

D). BBoj MCXOAHBIX JaHHBIX

Docye BoIOOpa IUPEKTUBBI MOABJIAETCH OKHO BBOJA UCXOJHBIX JTAHHDIX.

Duc. 1.3. IpumMep oKHa BBOJA MCXOAHBIX JAHHBIX

Dpu BBOJE JAHHBIX HEOOXOIUMO TIPHUIEPKUBATHCA CJIEIYTOIIAX TPaBHI.

a) Juddepentmanbible n anrebpandeckie ypaBHEHNA 3alUCHBAIOTCA B HX €CTECTBEH-
Hoit popme. Popmar 3amucH ypaBHEHH CJIETYIONTHI:

Yoo =UeY; = jUeV; — (e, =0

iYeYy = 79y — 7119y 9V

IV = KL 99 L[(1999:)]

, TIe Y| - ypaBHEHUe;

iUcY; - qacTh ypaBHeHN#A (J1€Bad WIIH paBasd);

(1Y, - unen ypaBuenus;

iK{ - kKospdutmenT (mesioe WK BellleCTBEHHOE THCIO),

ecim (K = 1, ro jK; B 3anucu wiena ypaBHEHHA MOMKHO OIYCTHTD;

i1/l - maentudukatop (cTpora);

(99 - HOMep mepeMeHHOH (Ieoe TneIo0);

{993, - HOMeD MPOW3BOAHOI (IIesI0€e THCII0),

ecm (99 = 0, To 9D, MOKHO He YKa3blBaTh. alpuMep, j-f MPOU3BOTHAA 1-

il KOMIIOHEHTBI BEKTOpa 7 3ammchiBaeTcA Kak zi(j). JleBble w mpaBble dacTh ypaBHEHWMIT
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pasgenAioTca CAMBOIOM ‘=", 3Hak ‘4’ y HepBBIX WICHOB YpaBHEHHI MOYKHO OIyCKaTh B

JeBOll M HpaBOﬁ HacCTAX. 6) MELTpI/IHEL 3alliCbIBa€eTCA B BUJE ITOCJI€JOBAaTEC/JIbHOCTI LEJIbIX
NJIN BEIIECTBEHHDBIX YU CEJI 11O CTPOKaM, 3JIEMEHTHI O,I];HOIL/'1 CTPOKH OTAENAOTCA APYT OT ApYyTa

cumBostoM 7" CTpOKM oTesAoTcAs ciMBosioM ;7. B) BekTop 3ammchiBaercsa B BHje MOCTe-

JOBATETHHOCTH TETbIX MW BEIIECTBEHHBIX THCEN, pa3JeseHHbIX cuMmBosoM ;7. 1) Hucra
3aIlMCHIBAIOTCH B COOTBETCTBUHU ¢ mpabuiamu: llesble anmcia - B ux ecrecrBeHHON hopme,
Harpumep, 3, 205 u T.. BerectBennble anciia - B popme ¢ GUKCHPOBAHHON WITH TLTaBATOTIEH
TOYKOI, Hanpumep, 7.1264, -8.74F-3 u T.m.

B). Barpyska w coxpaHeHwe JaHHBIX

CucreMa mMeeT BO3SMOYKHOCTD COXPAHEHWA W 3aPY3KH KaK OTJETbHBIX TeMEHTOB (-
ceJl, BEKTOPOB, MATPHIl, yPaBHEHWIT), TaK W BCEX MCXOJHBIX JAHHBIX OJHOBpeMernHo. Jliis
COXpaHEHNs OTIEJTHHOTO dJIEMEHTa CJIeIyeT HaykKaTh Ha KHONKY ~Coxp” chmpaBa oT maHen
BBOJIa 9TOTO JE€MEeHTa, W B OTKPBIBIIEMC: OKHe BBeCTH mMsA pailta. DaxKaB Ha KHOIKY
”3arp”, MOXKHO aHAJOTHIHBIM 00pa30M 3arpy3uTh jJaHHble n3 daiina. /lada coxpanenus u
3arpy3KH BCero HabOpa MCXOMHBIX JaHHBIX CJIEJYeT BOCIOJb30BATHCH ITYHKTAMHU BEPXHETO
mento " CoxpannTs” u ~3arpy3uTh .

I'). BeiBos pesysbpraTosn

De3yabTaThl pabOTHl JIUPEKTUBBI aBTOMATHIECKH BBIBOIATCA B OKHO TMpOoTOKOTa. Jlmsa
COXpaHEHNs MPOTOKOJIa B TEKCTOBOM ailste, HapuMep JIJId TOCTIeAYIOMIe medaTn, caeayer
HayKaTh Ha TYyHKT MeHio ~(CoxpaHuTh” W B OTKPBIBITEMCS OKHE BBeCTH nMsA dailia.

Duc. 1.4. Dpumep oKHa TPOTOKOIA

21 Texnuweckue cpedemsa, zaepyswa cucmemv, u ee ocsoernue Cucrema TAMMA-29C

npegHasHavdeHa jia paborsl Ha mepconasbroit IBM tuma IBM PC AT u coBmecTmmBbIx
¢ meit. Cucrema paboraer noa ynpasiaernem OC Windows 95/98/2000/NT. Dexkomengye-
Moe paspetiierinie sxpata - 800x600 (menkue mpudTol) u Bbie. Jlna mpocmorpa ¢aiiios
CIIpaBKW Ha KOMIIbIOTEpE JTOKHa ObITh ycTanoBieHa mporpamva Microsof Word 97 us ma-
keta Microsoft Office.

Boeisos m 3arpyska cmCTEMBI OCYIIECTBIAETCH 3allyCKOM TIPOTPAMMBl NEWgalmma.exe.
Hnsa ynoberBa 3amycka peKOMEHIYETCSA CO3/IaTh APJBIK Ha pabodeM CToJle W B MEHIO
”9ch”.

OcBoenne cucrembr mwHKeHepoM-paspaboTankom CAY kpaitte mpocto.Bpems ocBoerms
COCTaBJISIET OKOJIO OJHOTO 1aca ,eCJIN MPUIEePKUBATHCA CIEYIOIIeH TTOCIeT0BATEThHOCTH:

a) BBIOpaTh HEOOXOIUMYIO JAUPEKTHBY,

6) BBecTH 10 3ampocam DBM TecToByto 38121y, HCTIONB3Y A MPUBEIEHHBIE BBIIIE TTPABIIA
BBOJIA,

B)TIOCTIE €€ PellleHts CPABHUTD TTPOTOKOJ PE3YIBTATOB ¢ TIPOTOKOJ PE3YJIBTATOB TECTOBO
3aJ1a"M, KOTOPBIH XpaHuTcs B (baiiyie ¢ paciinpeHnem ...

COBHEL,ILGHI/IG IITPOTOKOJIOB CBUIETE/IIBCTBYET 00 ocBoeHUH AUPEKTUBDI.
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Dp.1.2.2 Cpena uccienosaredisa.(Da3paboTinka JUPEKTUB)

Ocrosnoe komnonenmo, cucmemv, Ctpykrypao cucrema FAMMA-29C coctont us we-

THIpEX B3aMMOCBA3AHHBIX KOMIOHEHTOR:

1. Dubnunorexa mMomyeii.

2. I'padpmaecknii pegaxTop

3.Windows-/lwasor

4. Windows-UucTpymenT

Dubimorexka MomyJell TpegHasHATEHA /I XpaHeHWs WHMOPMAIUU O MOIKJIIOTEHHBIX K
cucteme Moaysiax. (ObecredmBaT BO3MOYKHOCTH J0OABJIEHN HOBBIX MOJYJE, MOmupuKa-
NN W YJAJEeHNs CYIIeCTBYIOMNX, aBTOHOMHOTO WCIIOJHeHns Moytei. ['paduaecknii pe-
JTAKTOp TIpeIHa3HATEH I COCTABJIEHN CTPYKTYPHBIX CXEM M3 MOJYJIEl, comep Kalimxca B
6ubIMOTEKe TyTeM TlepeTacKUBaHUA WX Ha pabotee TOJe W COETUHEHNS COOTBETCTBYOIIUX
BXOJIOB W BBIXOJOB. I porpamma Windows-/lwamor mpegrasHateHa s BBOjA, COXpaHe-
HUSA U 3aTPY3KW MCXOJHBIX JTAHHBIX JTUPEKTUBBI, W [IJIA TPAHCIANNN BBEIEHHBIX TAHHBIX 3
eCTeCTBEHHOTO BUJIa BO BHYTpeHHHUI popmar cucrembl. I porpamma Windows-UucTpyment
obecrievnBaeT BBITOJIHEHTE ITUPEKTUBBI B COOTBETCTBUHU CO CTPYKTYPHOI CXeMoil U aBTOMa-

TUYECKHN CO3Ja€T ITPOTOKOJ pa6OTbI AUPEKTUBDI. CDOpJ\/LCLmbL TPAHEHUA dannwx 6 cucmeme

Da3o0Bble TUNBI JAaHHBIX. B cucreme mcmosb3yoTcsa 5 mpegonpeseeHHblX 0a30BbIX
TUTIOB JaHHBIX: - Jorndeckuii (log); - amcno (val); - BekTop (vec); - marpuma (matr); -
HOJMHOMHUAIbHAA MaTpuia (polmatr);

s Kaxxmoro 6a30BOro THIIA TAHHBIX OMpeeseH cBoil (popMaT XpaHEeHUs PH TepeTate
JTAHHBIX MKy MOJYJISAMHU:

JIOTHIECKHH - COOTBETCTBYET (POPMATY MCIOJb3YEMOMY JJIf 3AIUCH JIOTHIECKOH mepe-
MeHHOi B s3biKe @oprpan: T - ucruna, F - j10xkb;

qUCso (YHCTa) 3alHChIBAETCA B BHJE MOCTETOBATENbHOCTH TENbIX WIH BelleCTBEHHBIX
THCETT pa3/IeSIEHHBIX CHMBOJIOM TI€PEHOCAa CTPOKH WJIN TPOOESIOM. 3 pUMeEp 3alucH ducest: |
1.2 3.e+5;

BEKTOP 3aIMCHIBAETCA B CJIeAyiomeM bopMaTe: B TIEPBOH CTPOKE KOJUIECTBO JIEMEHTOB
HaIWHAA CO BTOPOH CTPOKHU JIEMEHTHI BEKTOPA MOCJIEI0BATEHHOCTD TEJIbIX MJTH BEIECTBEH-
HBIX YHCEJI, pa3/leJIEHHbIX CHMBOJIOM Ipobesia WM CHMBOJIOM MEPEHOCA CTPOKHU. ) PUMEP
3alliCH BEKTOPA!

31.245.34;

MaTpUIa - B MePBOil CTPOKe PasMepHOCTH (2 MeblX [hc/ia, pasIeJeHHbIX TPosesioM),
K03 PUIMEHTHI MO CTOTIOMaM, HadnHasA CO BTOPOH CTPOKH. O pUMeEp 3allUCH MaTPHUIBL: 2 2
1.2 4.5 7.3 5.0le42. DTa 3ammch COOTBECTBYET MATpPHIIE:

1.2 7.3

4.5 5.0le+2
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MOJMHOMHAJIbHAA MATpHIa - B TEPBOH CTPOKe pasMepHOCTH (3 HeTblX wnciaa, pasje-
JIEHHBIX TTPO0EIOM ), HadWHAA CO BTOPOi CTPOKH KOI(PPUIHEHTHI 1O CTOIOTAM (TTOCTETHIM
MeHAETCA WHIEKC CTETeHN). D puMep 3aluch TOTHHOMAATBHON MaTPHIIBL:

222

1.15054.41.0e+4 89

DTa 3amMCh COOTBETCBYET TOTMHOMUATHHON MaTpHIle:

4.4s+1.1 8s

1.0e4+4s+5 9s+5

CocTaBHbIe THUNBI JAaHHBIX

CocTaBHOI THTI JaHHBIX TIpeJICTaBJIsAeT coboil Habop mepeMeHHbIX 0a30BOrO THTA, 0Ob-
eJTMHEHHBIX OOIIMM NMeHeM. B cucTeme ompejiesienbl cjreIyolne coOCTaBHble THTIbL:

ldeqp - Jduddepennnanpubie ypasHeHus obbekTa ympasienns B (opme Jlarpanixa.
Tpancmupyercs B 3 mepeMertble THa polmatr.

ldeqc - Jlud dbepertmanbubie ypaBaenus peryasaTopa B ¢popme Jlarparxka. Tpancaupy-
eTcd B 3 TlepeMeHHble THIa polmatr.

Imvp - VpasHenus nsMepseMbIX TepeMeHHbBIX 00beKTa yipasierns B ¢popme Jlarpanika.
Tpancupyercs B 2 mepeMertble THa matr.

Imv - YpaBHeHus nsmMepaeMbIX MepeMeHHBIX 00beKTa ypabierus B (popme Jlarpanixa.
Tpancmupyercs B8 1 mepemertyto Tima matr.

lev - YpaBHenus peryimpyeMbIx TepeMeHHbIX 00beKTa yipasierns B ¢popme Jlarpanixa.
Tpancmupyercs B8 1 mepemertyto Tima matr.

lu - YpaBuenus ynpasienuit peryiasaropa B ¢hopme Jlarpanxka. Tpancaupyercs B 3 te-
peMeHHbIe THTa matr.

cdeqp - duddepentnanpibie ypapHeHns o0bekTa yipasiaenus B popme Komm. Tparmc-
JIUpyeTCs B 3 MepeMeHHble THITa matr.

cdeqc - uddepentnanpible ypasHerus peryiaaropa B ¢gopme Komu. Tpancaupyercs
B 3 mepemMeHHbIe THTTa matr.

cmvr - YpaBHeHWA H3MepAeMbIX TepEMEHHBIX o0beKTa ypabieHus B ¢dopme Kormn.
Tpancupyercs B8 3 mepemertble THa matr.

ccvr - YpaBHEHHS PeryJimpyeMbIX MepeMeHHbIX 00beKkTa yhpabierus B ¢opme Kormn.
Tpancupyercs B8 3 mepemertble THa matr.

cmv - YpaBHEHUA U3M. TepPEMEHHBbIX 00beKTa yipasienus B ¢popme Kormu. Tpamcn-
pyercs B 1 mepemennyto THITa matr.

ccv - YpaBHEHUA perympyeMbIX TTepeMeHHbIX o0beKTa ympaBienus B ¢dhopme Kormn.
Tpancmupyercs B8 1 mepemertyto Tima matr.

cu - YpaBHeHus ynpasienuii peryiasaropa B ¢popme Koru. Tpanciaupyercs B 3 mepemen-
Hble THATa matr.

vv - Jlud dbepertnmanbabie ypasHeHus obbekTa B (popMe BXOI-Bbixon. Tpanciaupyercs B
3 nmepemennbie Trma polmatr.

Depenadya JaHHBIX MeXKAY MOIYJIAMU CUCTEMbI

96pegaf{a JAaHHDbIX MEXKIY MOAYJ/JIAMU CUCTEMbBI OCYIIECTBJIACTCA YEPE3 Cbaﬁﬂbl. KEL)I(,ILELH
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nepeMeHHas 0a30BOTO WM TPOU3BOJHOTO THIA BO BpeMs pabOThl CHCTEMBI CBA3BIBAETCHA C
daittoM, IMA KOTOPOTO TEHEPUPYETCHA CHCTEMON. DepeMeHHas COCTaBHOTO THUMA JaHHBIX
CBA3BIBaeTCsA ¢ HecKoabKuMu daiimamu. Wmena dailiioB ¢ MCXOTHBIME JTaHHBIME TI€peTa-
foTcsa Moy io B daiiie input.tmp ciemytoriero gpopmata: B MEPBOH CTPOKE YKa3bIBAETCH
KOJTUIECTBO (DAMJIOB ¢ JTaHHBIMHE, jlajiee WIyT nuMeHa dailios.

Dpumep daitra input.tmp:

3

d.tmp

k.tmp

h.tmp

Nwmena daitnos miis pasMelenns pe3yabTaToB paboThl MOy epeatoTcs B (paiire out-
put.tmp. Popwmar daista Takoit xe, kKak u input.tmp. FEcam mMomaysbp mmeeT BO3SMOKHOCTH
aBTOHOMHOH paboThl, To B daiiie result.tmp emy mepenaercs nms daiina 118 BRIBOIA TTPO-
TOKOJTa PaboThl (B BUJe, YIOOHOM MOTb30BATEN0). FCam MOLYIh MCIOMb3yeT KIOUH, OHN
nepegaiorcsa B ¢aiire key.tmp.

B mpomecce paboTsr MOmysIh J0MKeH co3maTh daila ¢ uMeHeM 2.gma W 3amnucaTh B HETO
crenytormii kKom: () - ycmerrHoe 3aBepiienne paboTsl 1 - BBIXOJ IO OITHOKeE.

Eciu Taxoit (dhaits He ObLT cO3/maH, CHCTEMa CIUTAET, ITO MOJIYJIb BBITTOJHAJICS € OMMOKOIA,
HO paboTa JUPEKTHUBHI HE MPEPHIBAETCA.

®Daiisibl HACTPOUKU CUCTEMBI

OcHoBHOIl (aiin HacTpPOEeK Ha3bIBAETCA Newgamma.ini 1 HaXOJUTCH B KaTaJore ¢ CHCTe-
Moit. B HeM MoryT ObITH 3ajaHbl CJIEIYTOIHE TapaMeTPh:

GAMMA = nyTs k xatasory cucrembr TAMMAL-9C

DATA = nyTs K Katasory ¢ ganabiMu 6ubmorexn momysteit TAMMA-29C

DLIST = nytp k Katasgory ¢ dgaiisaMu-cIucKaMu JTHPEKTHB

DIR = nyTh K KaTaJgory co cxeMaM¥ JUPEKTUR

PAGEWIDTH = mupuna daiisa mpoTokosa B ciMBoIax (M0 yMOTIaHwmO - 78)

TIMEOUT = Bpems oXugaHWA MCTOJTHEHUA MOIYJIA B MHHYTaX

DEBUG = pexum ormagku: 1 - BKITOIUTD, () - BRIKITIOTUTb.

Homonuurenbuslit (aill HacTpoeK Ha3bIBAETCHA gamma.ini 1 HaXOJIUTCH B KaTaJoTe CH-
crembl TAMMAT1-9C. On npegnasnaden jqad cosfganusa daiiia gamma.cfg, aedbxommmoro
i paborer Momysteit u3 cucrembl [AMMATL-9C. MoryT 6bITh 3a/aHbl CIEAYIOMINE TTapa-
MeTPBI:

EXEMOD = nyrs x xatasory c umcnorasembiMu daiimamu momyseir; SAVEDATA =
IyTh K KaTaJory IJs coxpanenus u 3arpy3ku Jauabix; TMPDATA = myTs k karasory mis

pasMelenns BpeMeHHbIX (ailion
Hobasaerue noswvix modyaret 6 bubauomery

Dubmmorexka momysteii cucrembl FAMMA-29C pasbura Ha TpyMIIBl B COOTBETCTBUU C
KiaccuduKalmeil peraeMbix 3amad. CylecTByeT BO3MOXKHOCTD J0OABIEHUA W M3MEHEHIA

rpynnbl. Jas storo B Merto 7 ['pymmmsr” He0OX0ANMO BBIOpATh COOTBETCTBYIONIYIO KOMAHIY.
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YianmuTh HeMyCcTyio Tpymmy Helab3sa. Bkiodenne momyieit 8 6ubimorexy 'AMMA-29C
OCYIIIECTBJIACTCA B MpejiesaXx KOHKPETHOH Tpymbl BbiGopoM B MeHto ~Mogyan” KoMamH bl
” 1o6aBuTh”. D pu BBHIMOJIHEHUH STOH KOMAHIBl Ha IKpaHe MOABIAETCH OKHO OIHMCAHUA MO-
JLY LS.

Ouc. 2.1. OkHO onMcanwsa MOIYJIA

Brunouenune Moy st ogpasyMeBaeT 3alodHeHHe OKOH:

- Umst Momyis - uMs MOJYJIsl, KOTOPBIM HAECHTH(MUIIHPYETCA MOAYJIb B OKHE TPYIIIIHL.
JlmiHHOE MMA Pa3AeAoT CABOHHBIM citreM (//), B 9TOM CIydae OHO MEPEHOCHTCA Ha CJIe-
JIYIOIIYIO CTPOKY.

- DoMep - HOMEP MOJYJISA B KIACCHPUKATTHOHHOM CITHCKE

Da3BaHue - Ha3BaHWE MOIYJIA B KIaCCH(DUKATTHOHHOM CITHCKE

- Kirouw - kimiouu, ecim OHE HeOOXOUMBI /Il pabOThI TPOrPAMMbI

- Dporpamma - nM# exe-aiita (6e3 pacnpenns ), 3aMycK KOTOPOTO OCYIIECTBIAET BbI-
moJiHeHne mporpaMMbl. CaMy MCIONHAEMYO TPOTPAMMY CJIEIyeT TOMECTHTD B KATaJIoT, 3a-
Janublii B daiize gamma.ini mapamerpom EXEMOD. O6biuno sto karasor GAMMA /MODULES/.

- Cmpaska - um#a daiira copasku (B dopmare doc mmm rtf) ¢ pacimmpennem. Ecim
baiisn Haxo UTCA He B IVIABHOM KaTaJlore MPOTPAMMbl, TO YKa3bIBACTCA MyTh, HAIPUMeEp
DOC/m010.doc. Beisos cunpasku ocyiectBiasgercs BbibopoM B Merto " Moynn” KoMmamibl
”Crpaska’”.

- Tun Momysst - ycTaHaBJIMBaeTCA MBIIIBIO Ha COOTBETCTBYIOIIEE OKHO

- Bxozpt - B 9TOM OKHe MHUIITYT YHUCIO BXOJOB MOJYJiA, HAIpUMeED 3, 3aTeM HasKHMAaFOT
kuHOTKY ~ Ommcanune” - BBICBETMBAETCH OKHO OTHMCAHUSA BXOJOB.

Ouc. 2.2. OKHO omUCaHUs BXOIOB

31ech: Ha3BaHme - 0003HATEHIE BX0/a, KOTOpOoe Oy IeT nIeHTH(OUITNPOBATD BXOI MOIYJIA
Ha rpadpUIeCKOM H300parkeHN. e PeKOMEHJIYeTCH MCIOIb30BaTh OoJiee Tpex CHMBOJIOB;
OlMCaHne - CMBICTOBOE OlWcaHue Bxofa (Hampumep, "Kod(DMUIHEHTH TOTHHOMA TPH pe-
TyJmpyeMoil repeMenHo#” ); THIT - 0b03HaUeHHe THIa BXOJa, YCTAHABIMBAETCH HazKaTHEM
MBIIIIHIO CTPEJIKK ~BHU3” W BBHIOOPOM 0DO3HAaTCHUsA THIIA.

- BbIXoabl - OKHO oONHCaHUs BBIXOJOB 3alOJHACTCS aHAJOTHIHO OKHY BXOJOB. - Bo3-
MOYKHOCTb aBTOHOMHOH PabOThI - yCTaHABJINBAETCH HarKaTHeM KHOIKH MBITITH. ) OKa3bIBAET,
BO3MOZKEH JIM aBTOHOMHBIH (He B cocTaBe JUPEKTHBBI) 3alMycK MOAyJsid. UToOBl 3amycTHTh
MOJYJIh aBTOHOMHO, HY:KHO B Menio ~Moayan” BeiOpaTh KoMamay ~ BormoannTs”.

Moy MOTYT TIepEeHOCHThCSA B ApyrHe Ipynnbl. JJis 3Toro HyKHO HayKaTh MBIIIHIO Ha
crpesky "BHE3” y okHa ’['pymma” m BeIOpaTh B CIHCKe TPYII TY, B KOTOPYIO JOJIZKEH OBITH
nepenecer MoJIyJib. BKIIOUeHHbIH MOy Th OyIeT UMeTh ¢Boe Ipaduieckoe n300pazkeHH.

Duc. 2.3. Dpumep rpaduIecKoro N300paKeHNs MOILYIIA
Cozdanue Hoswvx dupexmues Co3mamme IUPEKTHBBl HATWHAETCA C CO3JIAHUA BXOIHOTO

(nHTEpdEicHOr0) MOIYJIA, OCYIIECTBIAIONIETO BBOJ MCXOAHBIX JTaHHBIX B JIUPEKTHBY. la-

KO MOAYJ/Ib CO3Aa€TCA KaK ObLJIO OIIMCAHO BbIIIE, MMEPEKIIOIATE b THUIIa MOAYJIA (CM. puc.
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2.1) craBuTCA B MOSOKEHNE BXOAHONW W OMMCHIBAIOTCA TOJBKO BBIXOABl MOAYssA. Jlmpex-
THBa MOYKET UMETh TOJHKO OJMH BXOIHONH MOIYJIh. BBO AUPEKTHBBI 3aK/I0UaeTCA B Habope
crpykTypHoit cxembl B okHe TAMMA-29C. Crpykrypras cxema nabnupaercss W3 BRITOTEH-
HBIX paHee MOJyJell MyTeM COeUHEHN WX BBIXOIOB W BXO/IOB. Dabop CTPYKTYPHOH CXEMBI
OCYIIECTBIIACTCA CIIEAYIOMM 00pa3oM. Moy b MBIIIBIO TEPEHOCHTCS W3 TPYIIIbL, B COCTAB
KOTOpO#i OH BXOJHUT, B Ipadudecknii pegakrop cucreMbl. Jlajee ero He00X0IMMO COETUHATD
C BBIHECEHHBIMU paHee MOITYIAMA. O ayKaTHeM KHOIKW MBIIITH OTMETAIOT COeTHHAEMbIE BXOT
1 BBIXOJI JIBYX MOJyJell. Da sKpaHe CBA3h OTOOpaykaeTcs B BUE MPAMOI JTHHUH T€PHOTO
nBera. (IHOBpeMEHHO Ha KpaHe OTOOPAYKAIOTCHA TOJHKO Te JHHUU, KOTOPBIE CBA3AHBI C
BHIODAHHBIM B JIAaHHBIH MOMEHT MOJYJIEM, OCTaJbHbIE JIHHUU CKPbIBAIOTCA. BBIXOI MOIY/Is
MOYKET HMETh HECKOJIBKO CBs3eil, a BXOJ, - ToJabKo ogny. Jlomyckaercs He 3ajieiicTBOBATH BbI-
XOJIBI MOJIYJIEH, BXOJIBI JIONZKHBL OBITH 3aJaHHbl Bee. FKcim BXoJ ellie He 3ajaH, OH OTMeUYeH
KpacHBIM I[BeToM. Bxombl Tuma ”text” He JOMKHBI OBITH COCUHEHBI ¢ JIPYTUMHA BBIXOJaMHU,
JAHHbIE JIJIS HAX 33al0TCA HAIPAMYIO TPU CO3JaHWH JUPEKTUBBI C MTOMOIIBIO JBOHHOTO
METIKA MBITIHIO Ha MOJYJIE M 3allOJTHEHNA TTOABUBIIETOCH OKHA. ) OCTIEeI0BATETHHOCTD BbI-
HOJTHEHE MOJIYJIel 3aJaeTCs COeJIMHEHIEM CIIeITNaJbHBIX BXOJ0B U BBIXOI0B, 0003HATEHHBIX
pomOuKamu. Takue coeMHUTETHHBIC JUHIH HUMEIOT 3€JICHBI [[BET W MMOCTOAHHO HAXOIATCS
Ha dKpare. BO3MOKHO MHOTOKPATHOE pa3BeTBICHHUE CTPYKTYPBI JUPEKTUBBI ¢ TIOMOIIHIO MO~
nyasa "Ycrosue”. Bxomom Takoro Moiysis ABJdAeTcsA MepeMeHHad Jorndeckoro thmna (log).
Ecim ee sHauenne ApiageTcsa neTuHoi (true), To BBIIONHEHHE TUPEKTHBBI MTPOJOIZKAETCA IO
BETBH OT BBIXOJa, 0bo3HadenHoTo 17, ecm joxsb (false) - To mo BeTsH, 0603HATEHHOI 707,

Ouc. 2.4. Monynb pasBeTBIEeHNA CTPYKTYPBI JIUPEKTHBBI

JLu1st aBTOMaTHUIECKOTO BEIEHU S TPOTOKOJIA JUPEKTHBBI HEOOXOIMMO YKa3aTh, KaKHEe BXO/IbI
1 BBIXO/IbI HYKJIATOTCSA B IPOTOKOJIUPOBAHNHN, U 3a1aTh HEOOXOINMbIE TEKCTOBBIE TTIOACHEHM.
Jlutst 3TOrO HAZO MIETKHYTH MBIIIBIO Ha MOJYJIE U B OTKPBIBIIEMCS OKHE:

- TOCTaBUTh TaJOUKy y IyHKTa ~ J100aBIATh BXOABI W BHIXOABI B (haiil mpoTrokoa’;

- MOCTABUTH TAJOUYKH CJIeBa OT TE€X BXOJOB/BBIXOJOB, KOTOPbIE HYKHO JOOABIATH B IIPO-
TOKOJT;

- 3aJaTh HEOOXOJMMbIE TMOICHEHWS B TEKCTOBBIX MOJIAX CIpaBa OT O0DO3HATEHU BXO-
JIOB/BBIXOJIOB. B MOACHEHNAX MOYKHO MCIOIB30BaTh Cyeyfolye cuMBosbl: ~//” (nBoitHoil
CJISII) - TePEeHOC Ha CIEIYIONIYTo CTPOKY; ” 7 - pasjennTenbHads JTHHUA.

Duc. 2.5. Dpumep oKHa BBOJa KOMMEHTAPHEB

Takke myisg BemeHWsA TPOTOKOTA MOYKHO HCHOJIB30BATh CHEMHAIbHBIE MOIYIH 3 POTO-
KOJT” ¢ PA3IMIHBIM THCJIOM BXOJIOB.

s BBIBOJA Ha SKpaH IpapUKOB HCIOIb3YETCA MOAYIN ~TpaduK’ ¢ pa3sauIHbIM THCIOM
BX0I0B. TekcTOBBIE TIOACHEHUSA K TpapUKaM 3aJal0TCs aHAJTOTHIHO TTPOTOKOJTY.

JIU1s1 OCTaHOBKHM BBITIOJTHEHU JUPEKTHBBI UCIIONb3YeTCs MOIyJib ~ocTtanoB”. B kadecrse
TEKTOBOT'O MOACHEHW K €ro eJUHCTBEHHOMY BXOJY 3aJIaeTcsi COODIIEHIE, KOTOPOe TIPH BbI-
HOJTHEHUH STOTO MOJYJIS BBIBOAUTCS Ha SKPAH.

Takum 0bpasom HabWpaeTcs BCA CTPYKTYpHasd cxeMa. (IPHMepBl CXeM CM. jajee Ha

puc. 2.6, 2.8). [lamee cTpyKTYpHYIO CXeMy MOXKHO COXPaHHUTbh, BbIOpaB B MeHto ~ JInpex-
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THBBI” COOTBETCTBYIOINLYIO KoMaHty. JLis 3amycka JUPEKTHBBI cJeAyeT BbIOpATh KOMAHIy
" BoimmorauTs” . Docite 9TOTO Ha SKpaHe MOABUTCH OKHO BBOJIA MCXOTHBIX JAHHBIX. 3aTOJTHUB
5TO OKHO W HayKaB KHONKY ~ BBITOJTHUTH”, MOKHO 3aIlyCTHTh JUPEKTUBY Ha BBHITOJHEHHE.
st paboThl ¢ BKIITOUEHHOH pafee TUPEKTHBOH HeobXommmo B MeHio ~ JlupekTuBbl” BHIOpaTh
koMauLy "OTKpBIT”. (CTPYKTYpHbBIE CXEMBl XPAHATCH Ha JUCKe B BUje (DAiIoB ¢ pacIiu-

perwem shm). /lupexTnBa oTKpbIBaeTCs O WMEHN BBEJEHHOI paHee CTPYKTYPHOH CXEMBbI.
Hacwuperue meno noavsosamenrs Merto monb3oBarens (OTKpbiBatollieecs TPH HarKa-

THHW KHOIKH ~DosIb30BaTe]h’ MPU 3allyCKe CHCTEMbI) OpTaHW30BaHO B BHje .Ist-aiiios,
XpaHAMNXCA B KaTasjore, 3aganaoM mapaMmerpom DLIST B daitre newgamma.ini. Kaxkmprit
Ust-cpaiisr mpencraBisier coboi CIMCOK MYHKTOB MEHIO, KazK/IOMY W3 KOTOPBIX MOYKET OBbITb
IPOTHUBOINOCTABICHHO HeKoTopoe jeiicrsue. Popmar daiina Takos: DYIKT MEIIO [ =
UM ®ATIA]

Ecmm UM S ®ANJIA nmeer pacimaperme st, To Tpn BBI6Ope 5TOTO MyHKTa OTKPBIBACTC
HOBOE MEHTO, OTicantoe B yKasannom daiire. Fmm UMA ®ANJIA umeer pacmupenwe .shm,
TO TP BBIOOpE STOTO MyHKTa OTKPBIBAETCH COOTBETCTBYIOINAA IHPEKTHBA W BHI3BIBAETCH
OKHO BBOJA Hexoqabx ganmbix. Bean UM OAIJIA me ykasarno, To mepes; TyHKTOM MEHIO
aBTOMATHIECKH cTaBUTCA cuMBos ~[-]”, W HaykaTHe Ha HEro He jaeT HUKakoro sd¢gdekra.
DepBbIM Bcerga oTKpbiBaeTcs dailn start.lst. Dycckme Oyksor B Ist-daiimax moKHB OBITH
B kogmposke Windows

Dpumep lst-daitra:

401 Docrpoenne Henpepbisroil Mogenn (111.3) = d401.shm

402 DocTpoeHne HeMPepbIBHON MojeTn ¢ e moaTsep K erem (112.1)

404 mpextusa 401 ¢ mapubivmu ucmbiranmamu (118.1) = d404.shm

405 Ouerka BepxHeil TpaHUIBI COOCTBEHHBIX TacToT oObekTa (119.1)

406 Docrpoenne mucKperHoil Mogenn (121.2)

407 Upentnduranysa ¢ mapajtenbioil dpuaprpanmeii (131.1)

408 Unentndukarmsa ¢ nociaegoparTeabroil dbuaprpanmeii (131.2)

409 Docrpoenne auckpernoit Mmogenn (211.3) = d409.shm JTODOJIDUTEJIBY bIE TNSEKTUBbBI
= identd.lst BCOOMOT'ATEJIBDbIE TUEKTHUBBI = identv.lst

D PpaKTUKYM 2

OnrtuMaJjibHBIE CUCTEMBbI

Dpaktuky™m Boimoragerca Ha IBM tuna IBM PC (un coBMecTnMBIX ¢ Heil) ¢ nemonb3o-
BarmeM cucrembl TAMMA - 25C.

Ho magasa npakTukyMa HeobxomnMo ocBouTh cuctemy AMMA - 29C.

[Muxit w3 5-tu paboT pasdUT Ha jJBE JacTH. DepBasd TacTh, cOCTosAIad 3 pabor 1 — 3,
TOCBATIEHA ONTHMAJIBHOMY YIIPABJIEHITO, BTOPasd (paborhl 4 u 5) — €€ IpUMeHeHNO 1715 CHH-
Te3a PEryJIATOPOB 10 WHYKEHEPHBIM MOKa3aTelAM TOTHOCTH M KadecTBa (YCTAaHOBHUBIINMCH
OITMOKAM TI0 PETYJINPYEMBIM TTIEPEMEHHBIM, TTOJIOCE TTPOITYCKAHN CHCTEMBI, 3amacaM yCTO-

TUBOCTH ).
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Dp.2.1 AHaJIUTHYeCcKOe KOHCTPYUPOBAHUE ONTUMAJIBHBIX peryiaropos (lu-
pexktuBa 111)

IMenas paborhr:
UccrepoBarue wHKEeHEPHBIX MOKa3aTE el OMTHMATBHBIX CHCTEM B 3aBUCHMOCTH OT CTPYK-

TYpbI ypaBHEHWI 00beKTa yIIPaBJIeHNs, CTPYKTYPbl U KoM DuiimeHToB (byHKITMOHATA OTITH-
MU3alNN.

SagaHus BBITOJTHAIOTCA IO AupekTuBe 111.
Samanue 1
n (0) © _ 10
a) Wsmenssa mapaMmerp (pyHKIHOHAMA ¢, (HAUHHAL C ¢y = , CHHTE3WPOBaTh /I
KazKJIOTO M3 3THX 3HAYEHWH PEryJIATOpP U, MOJENUPYA 3aMKHYTYIO 3THM PETryJIATOPOM CH-
CTeMY, OTIPeIESTUTh WHKEHEPHbIE TOKa3aTeN N (BPeMA PeryIupoBatus ({per) , TEPEPETYIHPO-

BaHWe (0), YCTAHOBWBIIYIOCH OIIAOKY MIPH €JINHUTHOM CTYIEHTATOM BO3SMYIIEHNH, TacTOTY

Cp€3a, 3allacChbl yCTOfIqI/IBOCTI/I) OIITUMAJIbPHBIX CHUCTEM]

0
6) DocTponTh rpadUKM 3aBUCAMOCTH lper, 0 W Yyer) OT q&).
Ncxonubie maHHbIE

Ob6beKT ympaB/ieHNs OMMCHIBAETCH YpPaBHEHUAMMT

Ty =9, o9=1x3, x3=—600x3—F- 18002y +3-10% 4 1.5-10%w

Yy =21, Yz = T2, Y3=I3, <= T,
rae & = 10N , — HoMep BapHaHTa 3aJaHusi, w = [ —BHeIIHee BO3MYIIeHHe, 2 = ) —peryaupyemasd
nepeMeHHasl.

(DyHKHI/IOHELJI OIITUMM3all I

J = / (qﬁ)z2 + u2) dt (9p.2.1)
0

Saganue 2
DOBTOPUTH 3aJaHue | i 00beKTa JAPYToro BUIA
Ncxonuble gaHHbie

Ob6beKT ympaB/ieHNs OMMCHIBAETCH YpPaBHEHUAMMT

T =29+ w, I9=u-+dw,
Y1 =21, Y2 =Ty, 2= -1+ Ta,
e 6 = 10N, N — HOoMep BapuwaHTa 3aJaHMWSI.
DyHKIHOHAJT ONTHMA3ANNK MeeT BT (Ip.2.1)

YrupaxHeHud

1. CdopmuposaTh claeayioline MATPHUIBl 33 a0 ONTUMA3AINK (/T OJTHOTO 3HATEHWA
qﬁ)) U CPaBHUTH WX C MaTPHUIAMH, IPUBEICHHBIME B TPOTOKOJIE JTUPEKTHBDI
a) Marpuny () B ypaBHeHUH DWKKATH;

6) lamuapronman;

B) Marpuuny C ympasienus.
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(0)

. 0
2) CpaBHUTH IpaduKi 3aBUCHMOCTH yCTAaHOBWBINEHCH OMIMOKH OT ¢y, , TOJYUIEHHbBIE B

ABYX 3aJJaHUAX U 00D ACHATD IPpUYMHY CYIIECTBEHHOT'O PA3JINYNA 3TUX I‘pELCbI/IKOB.

9p.2.2 OnrumanbHasa cucrema c¢ Habarogaresem (Jupexkruall3l)

IMenas paborhr:

UccnenoBanme nHKeHEPHBIX MOKa3aTesIedl ONTUMAIbHBIX CHCTEM ¢ HabJfomaTeeM B 3a-
BUCHMOCTH OT CTPYKTYPbI 0ObeKTa 1 HaCTPaWBaeMOTO MapaMeTpa p B ypaBHEHUAX JIUKKATH
JUTS HabJTIoTaTelIs.

SagaHus BBITOJTHAIOTCA IO AupekTuBe 113.

Samanue 1

a) Usmenss mapamerp p (Hadwnas ¢ p = 1), cHHTE3MPOBATH JIJIA KazKIOTO W3 3HATEHMI
p HAOJIOIATETh W, MOJEJUPY S CHCTEMY C STHMHU HAOJIIOTATETAMI, ONPEJETUTh NHKEHEPHBIE
MOKA3aTe T ONTHMATbHBIX CHCTEM;

6) DocTponTh rpadUK 3aBUCHAMOCTH YCTAHOBUBIINXCA OUIHOOK (Yyer) OT p.

Ncxonubie naHHbIE

Ob6beKT ympaB/ieHNs OMMCHIBAETCH YpPaBHEHUAMMT

fl = T9, j/’g = I3, j/’g = —6001’3 — (S . 18001’2 + 3 106u + 1.5 106w

Yy = 21, Z =y,

rie 6 = 10N, N — HOMep BapuaHTa 3aJaHWsd, w = f[-BHEIIHee BO3MYINeHHE,z = 6 —
peryanpyemMasa nepeMeHHasd.

QyHKIMOHAJ oNTHMHu3alnu nMeer Bum: J = [ (10022 + uz) dt
0
Saganue 2

BormonHseTca aHaJIOrHYIHO TTPEJBIIYINEMY 3aJlaHuio Tpu HadaiabHoM p = 100 .
Hcxonnbie maHHbIE

Ob6beKT ympaB/ieHNs OMMCHIBAETCH YpPaBHEHUAMMT

fl == —51'3 + Su + w, J:’z =1 — 2511’3 — 5u, j/’g = X9 — 6.21’3,
Yy = T3, Z = —I3
e 6 = 10N, N — HOoMep BapuwaHTa 3aJaHMWSI.

QyHKIMOHAJ ONTUMHU3AIUN UMeeT Bu: J = ?(1000022 + uz) dt
0

YrupaxHeHud

1. CdopmuposaTh ciepyrole MaTPHUIBl (1A OJHOTO 3HATEHWA p ) W CPABHUTH X C
MaTPHUIAMU, TPUBEJCHHBIMI B TIPOTOKOJIE JTUPEKTHBDI

a) Marpuny () B ypaBHeHHH DUKKaTH JJIf HAOIIOJATENH;

6) lammapronnan s HabITIOTATEN S,

B) Marpuupt A,, B,, C, — peryaaropa.

2) CpaBHUTH TPaQUKA Yyer(p) B pe3ysbTaTe BHIMOJTHEHNA MEPBOTO M BTOPOLO 3aJaHUA.

Ob6bsACHUTD TPUIWHY WX CYIECTBEHHOTO PA3JININS.
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9p.2.3 H., —ontumanbHoe ynpasienue (Jupexktusa 131)

IMenas paborhr:
UccienoBanne nHKeHEPHBIX MOKa3aTeslell CUCTEM, PEryJIATOPbl KOTOPBIX TOJTYyYeHbl Ha
ocHOBe Tporeaypbl H,, —CybomTHMAThHOTO YIIpABICHUS.
SagaHus BBITOJTHAIOTCA IO AupekTuBe 131.
3aganue
Nsmensis mapamerp %, cUHTe3MpOBaTh JJIs KasKJOrO M3 3HaYEHU PerysisTop U ompe-
JIeJIUTh MUHUMAJIbHOE 7, TTPH KOTOPOM OH CYIIECTBYET.
WUcxonubie nanabie
Hcxonnble mamHble COBMAJAIOT ¢ UCXOJHBIMY JTAHHBIMU JIUIA 3aJanuit | u 2 3aHATHA.
YrupaxHeHud
1. CdopmuposaTh claeayioline MATPHUIBl 33 a0 ONTUMA3AINK (/T OJTHOTO 3HATEHWA
¥?) W CpaBHUTbH WX C MaTPHUIAMH, IIPUBEJEHHBIMA B TPOTOKOJIE THPEKTHBHL:
a) Marpuupt, mesapucsamime or P w P., B ypaBHeHUAX IUKKATH JJIA yIPABIEHAA W
HabJIo1aTe ;]
6) laMuaIbTOHMAHB! JIJTA pellleHns ypaBHEHWH DMKKATH;
B) Marpuupt A,, B,, C, — peryaaropa.
2. CpaBHuTb Tpaduryu {pe(y?) MM 5THX ABYX 3ajaHuil W OObACHATH TMPUIHHY WX
pasIMIns.
3. Uccnenoarh BiMAHNE U3MEHEHUA Y B OKPECTHOCTAX Ymin :
a) N3MeHAs ¥ B OKPECTHOCTAX Ypmin MCCIETOBATH 3aBHCHMOCTH MATPHIL PETYIATOPA
OoT 73
6) O6bACHATh TPUIHNHY CYIIECTBEHOTO BJIMAHNA TaKUX 7 HA MATPHIBl PETYIATOPA;
B) YOenuThcs, ITO STH W3MEHEHNA MATPHI] PEYIATOPa CIabo BINAIOT Ha WHKEHEPHBIE

IIOKa3aTeJIN.

9p.2.4 CuHTe3 TOYHOrO ympaBiieHUsA IJjiga 00bekToB Broporo Buga (/lu-

pexktuBa 113)

IMenas paborhr:

CuHTes3 perysigaTopoB IpH pas3THTHBIX TPEOOBAHMAX K TOTHOCTH, & TaKKe aHAJH3 0 JIPY-
UM WHYKEHEPHBIM TOKa3aTelAM: BPEMEHU PeryJMpOBaHU:A, MepeperyJIupoBaHuio, 3amacaM
YCTOWYUBOCTH.

Bagamne BLIMOJHACTCA O JUPEKTHBE 142,

3aganue

a) 3amaBadgch TpebOBaHUAMN K ToTHOCTH 27 = z5 = z* (0.5, 0.05, 0.005, 0.0005 ), cun-
TE3UPOBATH JJIA KaKJIOI0 W3 3TUX 3HAUEHUH PETYIATOP U, MOJETUPYH CUCTEMY 3aMKHYTYIO
STUMU PETYIATOPAME, ONMPEIESUTh WHKEHEPHBIE TOKA3ATE N CUCTEM.

WUcxonubie nanabie

DaccMOTpUM THPOILIAT(OPMY, OMUCHIBAEMYIO ypaBHeHuAMEI 7]

207



i+ 400G) + 0.342d5 + 0.94¢s — 9405 + 324, = 0,

iis + 4004 + 0.8664s + 0.54 — 500¢s + 8664 = 0,

0 - 803¢; + 154¢9 + 100g5 + 7H4qs + 1130q4 = uy + wy,
§ - —T1861 — 10706 + 20164 — 867qs — T54qs = ts + 109,

T7e ¢, 2 — YIJIBI MPENecCHr THPOCKOTIOB; (3, (3 — MPOEKINH abCOMIOTHON yIJIOBOH CKO-
pOCTH TIIOMIAJIKM Ha €€ OCHM; Uy, W%y — MOMEHTBI JABWTaTeseil; wy, wy — BO3MYIIAIONINe
MOMEHTBI. JeryJupyeMble U H3MepseMble MepeMeHHbIE COBIAIAIOT W CBA3AHBI ¢ (pusmte-

CKUMU IMMEPEMEHHBIMU COOTHOUMIEHU AMM

21 =1 =4q, Z2=Y2= Q2.

wy W Wy — ToNHUrapMoHuYecKne GYHKIUM, OrpaHndeHHble dnciamu w; = w; = 700,

wi(t) = 410sin(50)t + 565 cos(78)t, wq(t) = H565sin(Hd)t + 410 cos(7)t. wy m wy MoryT

OBITH TaKyKe CTYyHEeHIaThIMHU (DYHKIUAMH € BeJUTIHHONW ~cTyneHbku wp = we = 700,0.
d=10N, N — HOMep BapuaHTa 3aaHUs.
YrupaxHeHud

VYkazanue Marputipl u mapamMeTp p B ypaBHEHWH IUKKATH JJIf HAOJIOTATEs TPUHATH
cnenyiomum: Q. =0, V=F, p=10°.

1. HWecmonb3ys MpOTOKOT JUPEKTHBBI, YOEIUTHCH, UTO OOBEKT yIpaBJIeHUs 0OJajaeT
CBOHCTBaME, HEOOXOJUMBIMHE I HCIOIB30BAHUA STHX JTUPEKTHE.

2. DocTpouTsh MaTpuill (Jo, ()1 B ypaBHEHHAX IJUKKATH W CPABHUTD WX C MATPUIIAMH,
HPUBEJCHHBIMH B TPOTOKOJIE JUPEKTHBHI.

3. O6T)HCHI/ITB 3aBUCHUMOCTDb MHZKEHEPHDBIX moKa3aTesell oT 3HadeHnit 2% .

Dp.2.5 CuHre3s TOYHOrO ymnpaBjeHHUs Ajsa o0bekToB obinero Buna (du-
pexkTuBa 144)

IMenas paborhr:

DaiiTn MITHIMAJbHOE 3HATEHNE TOKAa3aTe s YCTAHOBUBINEHCA TOTHOCTH TP PA3IUTHBIX
3HAUEHUAX MMapaMeTpoB « u [ B ypaBHEHWAX JWKKATH W OMPEIETUTb IIPHU STOM 3HATEHIH
WHZKEHEPHbBIE TTOKAa3aTeJIH.

Bagamne BHIMOJHACTCA O AUpeKTuBe 144.

Samanue 1

BormonanTs 3amanne npeablyinero 3anaTua 4, uccieiysa 3aBUCHMOCTh BPEMEHU Pery-
JMUpOBaHUs OT apamerpa (32.

Saganue 2

Usmenss mapamerpsl o« u [ (Haumwas ¢ o = 10 w § = 10), cuATesnpoBarh mis
KayKJIOTO W3 3HAYEHUN PEryIATOD U, MOJIEJUPYA CUCTEMY 3aMKHYTYIO STUMHU PETYIATOPaAMHA,
olpeleTNTh WHKEHEPHbIE TTOKa3aTe/ Il ONTHMAJbHBIX CHCTEM.

Hcxonnbie maHHbIE
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DaccMOTpUM ypaBHEHWSA MTPOIOJBHOIO BO3MYIIIEHHOTO IBU:KeHHA BepToseta MU- 6 B

CTPOIO B OJHOM U3 PEXKUMOB ITO0JIETA.

8- G+ 0.0316y — 0.0034ds + 3.4ds + 9.8¢5 = —1.04uy — 15uy — 0.155ws,
5 - Gy — 0.049, + 0.626 + 0.3G5 = —Tduy — 4Tus + 0.254w,,
g3+ 0.77-1072¢; + 0.0047¢; + 0.32¢3 = —uy — 3.3uy — 0.385 - 102 w3,
Yyr =41, Y2 =42, Y3=4s
21 =41, 22 =4(qz, Z3= (s,
rae ¢;(t) (1 = 1,3 — npoekunm BeKTOpa paccTOAHUA BepToseTa oT Beaymero, w;(t) (1 =1,3
— MPOEKIINH BEKTOPa BO3MYIIeHHi — cTynendarbie pyrarmmn w;(¢) = 5-1(¢) (i = 1,3 (nopsis
Berpa), 6 = I0N, N — Homep BapuaHTa 33 aHMA.
Marpuisr, Bxogsmue B ypastenusa Dukkarn Q) = diag [100, 15625,6718.62] , QW) = diag[1, 1,1]
YrupaxHeHud
1. Docrpouts mMarpunbl (Yo m ()1 B ypaBHeHHAX JUkKatu 170 w 27 3amanuit m cpas-
HUTHh WX C IPUBEJIEHHBIMA B MPOTOKOJIE JUPEKTHBHI.
2. O6bACHUTD 3aBUCHMOCTD BpeMeHH PeryJupoBatis oT HapaMeTpa (3% B HepBOM 3aa-

HUUN.
D PpakKTUKyM 3

I/II[eHTI/ICbI/IKaHI/IH N aJalITUBHOE YIIpAaBJICHUE

D PaKTUKYM COCTOUT W3 MUKJIA 5-TH 3aHATHI TT0 pasjiesaM udeHmugpurauus m adanmus-
HOE YNPaGAEHUE KyPCa.

D1u paborsl BhinoaHATCA Ha IBM Tuma 9C AT (1 coBMecTHMBIX ¢ Heil) ¢ HCTOTB30-
BamneM crucreMbl AMMA- 25C.

[leb 5THX 3aHATHH COCTOUT B UCCJIETOBAHUH BJINAHUSA HEOTPEIETCHHBIX, OMPAHHIEHHBIX
BHEITHUX BO3MYIIEHUH 1 TTapaMeTpPOB aJIlOPUTMOB Ha TPONECChl HACHTH(DUKAIINN W alanTa-
U,

[leas pabor 1 u 2 cocTONT B MPaKTHIECKOM OCBOCHHH METOJOB W MPUOOPETEHUH OTIBbITa
UACHTH(DUKAIINHN, & TaKKe CPABHEHUSA JIBYX METO/IOB UACHTH(DUKAIUL: 4ACTMOMHO20 MEMOdaQ
0 MEMOI HAUMEHDWUT KEAIPATOG.

Junamuaeckuii 0o6beKT HMATHPYETCs TporpaMMoii pettienus JuHeiiHoro aud depentm-
aJIbHOTO ypaBHEHW#A, CTPYKTYpa (CTeleHb UHCANTENs W 3HAMEHATeNd ero mepesaTodHoOl
DYHKIWMN) 1 TapaMeTpbl KOTOPOTO HEW3BECTHBI 00y TaeMOMY.

9 porecc naeHTH(MUKAIINA MOKHO Pa3IeJUuTh Ha CJIEIYIOIHE STAIlbI.

1. DanmpoBaHue SKCIEPUMEHTOB.

(a) Bpibop BXOmHBIX (MCIBITATENBHBIX) CHIHAIOB.
(b) Ompenenenne BHIOOPOTHOTO WHTEPBaTa (HHTEPBAIA JIUCKPETHOCTH) — fi .

(¢) Boibop gnmTesbHOCTH MCTBITAHUT — 6 .
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2. BbIbop cTPYKTYPBI MOJIEIIH.

(a) Bpibop cremeneil unciuTens  3HaMeHaTeA TTePeTaTOUHON DYHKIMN 00beKTa.

(b) BsiGop Buma Momesn 00beKTa: HeMpepbiBHAA MOIeNb (omuchiBaeMas auddepen-
[UAThHBIM ypaBHEHHEM) JHO0 THCKpeTHAsA (OMHChiBaeMasd PasHOCTHBIM ypaBHe-

HUEM ).

3. Boibop meToma onpenesienns TapaMeTpPOB.

4. DoarBepKaeHne MOIEIH.

9& 9TOM 3Tall€ CPpaBHUBAIOTCA BbIXO/IbI 0b0beKTa 1 I/I,ILGHTI/IC})I/ID;I/IPOBELHHOIL/'I MoOIeJIn |

AEJIACTCA 3aKJIIOYEHNE O 3aBEPIICHNI (I/IJH/I HpO,ILOJI)I(eHI/II/I) I/I,ILGHTI/IC})I/IKELHI/H/I.

9p.3.1 KoneuHno- yacrornasa naenrudpukanusa (qupexkrusa 111.3).

IMenas paborbi

Dabora HalpaBeHa Ha TPaAKTHIECKOE OCBOCHHE YaCTOTHOTO METOIa WACHTH(MUKAINNA W
npuobpeTeHre onbiTa WACHTHMUKATIN PUIHIECKOTO 0ObEKTa, OMUCHIBAEMOTO BBIXOIHBIME
1 BXOJHBIME CHTHAJAMH.

Tpu Buga momesieit oobekTa

MoXKHO pa3auduTh TpHU BUIa Mojeeil o0beKTa: MperosaracMyto, JefcCTBUTETbHYIO
UACHTHDUITHTPOBAHHY IO MOEJIH.

Hpednoaaeaemas modeav OMUCHIBaeTCA B 33JaHUU Ha JTabOpaTopHyto padbory (Tabsmia |
IPUITOKEHNH ).

Ueticmeumenvras modeas popmupyercss IBM Ha ocHoBe mpejmosaraeMoil MOIETH My-
TEM W3MeHeHUs eé Ko DUIUEHTOB ¢ TIOMOIIBIO TeHepaTopa CIyUallHbIX duces B Ipeaesax,
yKazaHHbIX B Tabsute | mporentos. Komamoit Ha gopMupoBaiie AeiicTBUTENBHON MOIETH
ABJIAETCA 3aJlaHie peRnuMa paboThl 0ObeKTa (HoMepa BapuaHTa). Ecim sTorT HOMEp paBeH
1, To BBeJeHHasA W3 TAOJMUIBL | MOIesb (IpeanoaraeMasn MOJIEJb) OcTaeTcs Ge3 H3MEeHEH .
Ecim HoMep pexxuMa paBeH 2, To ciydaifHbiM 00pa3oM GopMupyercs HoBas (IeiCTBUTENb-
Has) MoJesb. Ecim HoMep pexuMa paBeH 3, TO mapaMeTpbl chOPMHUPOBAHHBIE B PEKIME
2, U3MEHATOTCA CIyIaiiHbIM 00pa30M B TIpeieax yKasaHHbIX B Tabaure 1 mporeHToB u ...

Hoernmuguyuposanras modeas — 370 MOJEIb ToNydaeMas B pe3yJabrare HAeHTH(HKA-
U,

D ociie10BaTEIbHOCTDb YKCIEPUMEHTOB

Dporiece BHITIONHEHIA JTabopaTOpHO paboThl COCTOUT W3 TPeX Cephil IKCIEPUMEHTOB.

[lenbio nepsoti cepuu IKCIEPUMEHTOB SABJISAETCH OTPEIeIeHIe TTapaMeTPOB HCIBITATE b=

HOI'O CUT'HaJla.

u(t) = Zpi sin w;t (9p.3.1)
=1

210



rae p; (i = 1,n) — ammmmTyasl, w; (1 = 1,n) — 9acTOTBl HCIBITATENHHOTO BO3AEHCTBH S
(715 TPOCTOTHI, fajiee Wy < wy < -+ + < Wy ), N — MOPATOK MOJETH O0BEKTa. JKCIEPHMEHTH
9TOH Cepumu BBITTOJHAIOTCA C TTOMOIhbio nupekTus 116.2 n 116.3.

Bmopaa cepus sxcriepuMeHTOB (MojeTnpoBaHie Mpoliecca MIeHTHMOWKAIN ) TpeTHa3Ha-
TeHa JIJTA Ollpe leSIeHn sl HHTepBaja IUCKPETHOCTH — h , W3MEpPAEMOTO TUCIOM JTeJIEHnH mepu-
oJla HanbOJTbIIIEH TacCTOTHI W, , JITUTETbHOCTH 3aJIep KK Hadasda (DUIBTPAIMH U JJIHTETb-
HOCTH (PUIBTPAIIANA U3MEPHAEMBIX THUCIOM MEPUOJIOB HaWMeHbInell JacToThl wy . Jlia sToit
cepuu ucnosnbsyercsa aupektusa 111.4 (pexwmm 1).

Tpemva cepua SKCTEPUMEHTOB — 9TO UAEHTHPUKAINA, KOTOPad OCYIIECTBIAETCH C IO~
MoTIbio aupekTuBbl 111.4 (perkuM, yKasaHHbI B 3aIaHIH).

Takum obpas3oM TepBbie JBe CEPUH ABJIAIOTCH MOATOTOBUTETbHBIMI IS TPEThel.

B niepBoit n TpeTbeil cepusx UCHOIb3yeTCA AefCTBUTEbHAT MOJIESb 00bEKTa, & BO BTOPOi
cepum — mpejinosaraeMas MOJIeNb.

MeTtonuka 3KcnepuMeHTOB

DepBasa cepus 3KCIEePUMEHTOB

/s BBITIOSTHEHN A TIePBOil cepry SKCIEPUMEHTOB HCTIOTb3yeTcA AupekTnBa 116.2 (ompe-
JeJIeHre TacTOT MCITbITaTebHOTO BO3IelicTBIA) W aupekTrBa 116.3 (ompegesenne aMminTy 1
HCIBITATETHHOTO BO3/AeHCTBIA). DKCIEPUMERTHl TPOBOJATCA HAJ JefCTBUTETHHON MO/Ie-
JIBIO.

s onpenesieHns 1acTOT UCIIBITATETHHOTO BO3AEHCTBIA OOBEKT BO3OYKIA€TCA CTYTIEH-

HaTbIM CHUT'HaJIOM.

u(t) = a-1(1), (9p.3.2)

B KOTOPOM aMILUTHTYJa U BBIOMpaeTcs TaK TITOOBI MOXKHO OBLIO BHU3YaJbHO OIIPEIESTUTH
BpeMs TePEXOHOTO TIporiecca 1. Dpu 3TOM U JIOTKHO OBITH TAKOBBIM, TTOOBI ITPOIECCHI
npu « =0 u u # 0 ormmaaanch He bostee TeM B 1.5 pasa.

I/ICHOJIBSyH ITOJIYHIEHHOE 3Ha9YCHUE T olpejejraemM

3
OcrasbHble HCIBITATETbHBIE TaCTOThl w; (¢ = 1,n) JOJZKHBI OBITH KPATHBI Wy :
w; =kwy, 1=2.n (9p.3.4)

rae ki (1 =2,n) — 1eJble TOMOKATETbHbBIE THCIIA.

1 .
3aMeTHM ITO STH TaCTOThI ZKeJIaTeThHO BBIOMPATh OJTU3KIUMHI K THCTaM T (t=1,n<n),
i
rae T; — mocTosiHHas BpeMeHU 3HAMEHATEN s TePeTaTOTHON (DYHKITIH TTpeImoiaraeMoil Mo-

JTeJTH.
Onpedenerue amnaumyd p; (i = 1,n) wcnbitarensroro curiatga (7?7) ocyliecTBiageTcs
C MCTOTb30BaHeM TUpeKTUBHl 116.3.
O6bekT BO30Y K Taerca BosaeiicTBrueM (?7) ¢ olpeeleHHBIMA BBIIE TacTOTAMH.

9pI/I 9TOM IIOKa3aTeb A = 0 AJIA ACUMNIMOMUYECKU ycmoﬁ%usmx 00BEKMOG6.
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B skcnepumvenTax o ompeesieHuIo anmIaTy p; (1 = 1,n) BHaUasIe BBIOHPAIOTCA MaJIble
WX 3HaueHHsA M 3alloMuHaeTcA Bhixos oobekta yM(1). Dra dynkuua cpapaubaeTcs ¢ GyHK-
mmeit y,—o(1) (KoTopas spnmercs BbIxogoM obbexTa mpu u = 0), ecm yM(1) u 1yu=o(l)
OTIMYAIOTCA MeHee 9eM B 1.5 pasa, TO SKCIIepUMEHT ITOBTOPAETCA /1 OOMbIINX 3HaYeHM il
pi (i =1,n) nsanomunaerca rpadux y (), koTopslii cpapHuBaercs ¢ y,—o(t). Ecim onm
pasamuatoTcs 6otee uem B 1.5 pasa, To p; (1 = 1,n) — yMeHbIIaeTcsa u T.1.

Bropas cepus sKcrepuMeHTOB

DTa cepusA OCYIIECTBAAETCA HaJ, MPeANoaracMoil MOJEIbIO ¢ MCIOTh30BaHUEM JTHPEK-
tuBbl 111.4 (pexum 1). Ecm naentudunnpyemas Moaesb HIIETCA B HEMPEPbIBHON hopMme,
TO B HadaJe OlpejeseTcs MUHUMaIbHO JIOYyCTHMbIH HHTEpBaJ JIUCKPETHOCTH /i, IPH KO-
TOPOM JMCKPETHOCTh NMpaKTHYeCKH He HCKazKaeT HelpepbiBHOi Momesn. /s onpenenenns
TaKOTO h HEOOXOIMMO 3aaThCs HEKOTOPBIM THCIOM Jeneruii ( [V ) meproga MaKCHMaTbHOI
UCITBITATEIbHOI YacTOThI, YHCIaMU TEPUOJIOB 3a1epKKN 1 (PUIbTpallu paBHbIM | 1 Ha9aTh
MOJIeTMpOBaHue Mpolecca naeHTH(DUKAIIAN.

Ecan Tabmunpr 2 w3 mpoTokosia JUPEeKTHBBI TOKa3bIBAIOT YOBIETBOPUTENbHYIO OJIH-
30CTh TOMMHOMOB deon () W d(8), keon(s) m k(s), TO mpomecc MoJeTMpOBaHUA MTPOJOI-
JKaeTCs, B IIPOTHBHOM CJIydae OH IPEKPallaeTcs W Ha9MHAETCA CHOBa MPH OOJBIIEM THCIIe
negenuit N .

D polece MOIeTUPOBAHNA 3aBepinaercsa TpadukoM 3 (D oaTBepIKIeHe MOIENH ), Ha KO-
TOPOM TIPHUBEJEHBI PE3YJIbTaThl MOAEIUPOBAHUSA TIpEIIoJaraeMoil 1 naeHTH(UINPOBaHHOI
mogesn mpu u(t) = 1(¢) mw f(¢f) = 0. Ecim BBIXOIBl 9THX Mojesell JOCTaTOTHO OIN3KH
TO 9TO O3HAYAET, UYTO 3HAYEHH MEepHooB (PUIbTPAIlUK, IPUHATHIE B 3TOM SKCIEpUMEHTE,
MOT'YT OBITh HCIOIb30BaHbl B TpeTheil cephuu SKCIEPUMEHTOB.

B mporusHOM cirywae (Korja BBIXOABI MOJeJIeH CYIECTBEHHO OTIMIAI0TCH ) HEOOXOINMO
MOBTOPUTD SKCIEPUMEHT yBEJMUNBasA THCIO0 YUCIO0 TEPUOI0B (DUIbTPAIUH.

Tperbs cepus KCIEePUMEHTOB

DTa cepusA OCYIIECTBIAETCA Hall JefCTBUTENbHOR MOJENbI0 ¢ MCHOJIh30BAHUEM JTHPEK-

tuBbl 111.4 (pexxuM, yKa3aHHBIH B 3aJaHNM).

Dp.3.2 NpenTudukanusa HA OCHOBe MeTOAAa HAUMEHBIINX KBAApaToB (au-
pexktuBa 211)

B s1oit pabore HEOOXOMMMO HCCTETOBATH BIUAHUE HATAJIbHBIX YCIOBWUH PEKYPPEHTHBIX
ypasaennit MO K wma mimrenpHOCTD Tpoliecca MaeHTUPUKAIINN, a TaKyKe ONPEIeSUTh Hal-
MEHBIITYTO aMILTHTY Iy TaPpMOHUIECKOTO BHEIITHET'O BO3SMYIIEHW S, TP KOTOPOH OIMTUOKN HIeH-

TI/IC})I/IKELHI/H/I BbIXOJAT 3a JOIIYCTUMbIE ITPpENECIIbI.

9p.3.3 YacroTrHoe aganTuBHoe ynpasienune (nupekrusa 311)

IMenas paborbi
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UccnenoBath BAMAHWE apaMeTPOB aJCOPUTMa aJIalTallii Ha MPOIECC YacTOTHOTO ajla-
ITUBHOTO yIpaBJIeHNA. DapaMeTpaMu aJrOpUTMa CIyZKaT aMIUTATYIbl U TaCTOThI MCIIBITA-
TeJIbHBIX BO3IeHCTBUIT, TPUKIIAIbIBAEMBIX K OOBEKTY W 3aMKHYTOH CHCTEMe, a TaKKe BepX-
HIEe TPAHUIIBI PA3HOCTEH TEKYIMUX TaCTOTHBIX TapaMeTPOB, OMNOOK MIAeHTH(DUKAINN U T.II..
Dportiecc aIanTHBHOTO YIIPABJIEHUA XapaKTEPU3YETC:H €ro IJTUTETbHOCTHIO W MaKCHMaJb-
HBIMHU OTKJIOHEHMAMH BBIXOJIOB O0OBEKTa U PETYJIATOPA.

D JIaHUpOBaHUE YKCIEePUMEHTOB

9 pu WIAHWPOBAHUH SKCIIEPUMEHTOB HEOOXOIMMO BHIOPATH aMILTHTYIbl W TaCTOTHI MCITHI-
TaTEJbHBIX BO3MEHCTBUI U MEPBOTO dTalla aJalTaldd, B KOTOPOM HCIOJIb3YETCH OObHEKT
yIpaBJeHnsa (s TPOCTOTHI, HATAJbHBIH PETYJIATOP Ha STOM dTalle HE HCIOTb3YETCH) W
BTOPOTO 3Talla, KOTjia OObEKT 3aMbIKAETCH PETYTIATOPOM.

Dpu mx BbIOOpE WCMONB30BaTh pekoMmenmarnu 11.3.2.4. McnbitaTtenbable 9acTOTBI BTO-
poTO dTama ONpeJeNAloTca KakK BellleCTBeHHble KOPHU JKeJaeMoro MosimHoMa (a B Crydae
KOMIIJIEKCHBIX KOpHe# 3T 4acTOThl paBHBI MOJOBWHE W YIBOCHHON YacToTe MHUMBIX dacTelt

STUX KOpHEit).

9p.3.4 ApnantuBHoe ynpasisieHue ¢ ucnoiab3oBannem MDK (mupexrusa
411)

Heﬂb pa6OTbI COCTOHUT B MCCJICJOBaHNN BJIMAHNA Ha9aJIbHbIX yCJIOBI/Iﬁ AJId PEKYPPEHTHDBIX
ypaBHeHI/Iﬁ I/I,ILGHTI/IC})I/IKELHI/H/I 1 BHCHIHHUX BOSMyHIeHI/Iﬁ Ha CXOJUMOCTDH aJdallTallli, & TaKZKe
B olipeJeJJ€eHNN aMIIJINTY bl TapMOHWUYECKOI'O BHEIITHET'O BOSMYIIIEHN A, IIPpH KOTOpOfI Irponecc
aJallTallli1 He Be,ILéT K OeJn aJallTallun, BprEL)KGHHOfI KeJla€MbIM ITOJIMHOMOM SaMKHyTOﬁ
CHCTEMBI.

,ZLJIH IJIaHUPOBaHNA SKCIIEPUMEHTa UCITOJIb30BaTh PEKOMEH Al pa3Jcjia 3.3.

9p.3.5 AnanTuBHOe yIpaBJieHHe ¢ 3TAJOHHON Momesbro (nupektuBa 511)

IMenas paborbi

W3yuuTh mpotecchl aJalrTHBHOTO YIIPABJIEHN € STAJOHHON MOIEJIbIO W HCCIIETOBATH BJIH-
SHUS BHEITHUX BO3MYIIEHWH Ha MPOIECC aalTallii.

Bapuantbl 3amanuii Kk paboram 1 — 4

Ta6mauma 1 !

!Bapuanun ko3 bHITERTOB 03HATAIOT pasIndne Ko3(pUIHeHTOB IPeAIoNaraeMoii H JeficTBUTeNbHOMH
Mogeeit 0O beKTa U BO3MYIIIEHUA.
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NN
3a- Hpenamnonaraemas Breninee Howmep
JTa- MOIeTh 00BeRTa BO3MYIIEHHE BapHWaHTA
Huit
1 (s 4+ 65+ 25)(hs+ 1)y = 10sin6.1¢ | 1 Bap. — pexxum 3
=25(-0.4s+ Du+ f 2 Bap. — pexxuM 4
Bapuaimmu xosdpdpuiineHToB:
(5) = 70% 80%
2 (1000s 4+ 1)(50s + 1)y = sin 0.025¢ | 1 Bap. — pexum 3
=5(=50s+ l)u+ f 2 Bap. — pexum 4
Bapuaimmu xosdpdpuiineHToB:
(1000) : 70% 80%
3 | (1000s+ 1)(s? 4+ 0.3s+ 0.25)y = | 5sin0.31¢ | 1 Bap. — pexkum 3
=bu+ f 2 Bap. — pexum 4
Bapuaimmu xosdpdpuiineHToB:
(1000) : 70% | s0%

KejaemMble MOJUHOMBI AJIA 3aHATUN 3, 4

Tabauna 2

N

3a1a- Kenaembrit mosmmaOM

HUSA
1 (s+1)(s+2)(s+3)(s+4)(s+5)
> (100s + 1)(150s + 1)(200s + 1)(250s + 1)
3 (505 + 1)(100s + 1)(150s + 1)(180s + 1)(200s + 1)
4 (s+1)(s+2)(s+3)(s+4)(s+5)

Bapuantbl 3amanuit Kk pabore 5

Tabauna 3

3aganue 1:

Ypasrenue obsexma: (s* — 1)y = (s+2)u+ (s +2)f;
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Ypasrerue modeau: (s* +5s+6)y = (s+ 1)g;
Bud u napamempo snewnezo sosmywenua: Hsin 20t ;

Bud u napamempo 3adaroweeo sozdeticmeusa: 20 cos 2.5t + 20 cos 5t .

3aganue 2:
Ypasrenue obsexma: (s* + 10s* 4+ 20s + 20)y = (s? +5s + 4)u + (s + 5s +4) f ;
Ypasrerue modeau: (s* 4 6s? + 11s + 6)y = 2(s* + 4s + 3.75)g;
Bud u napamempoe snewnezo sosmywenua: b cos 25t ;

Bud u napamempuot 3adaroweeo sozdeticmeusa: 10sin 2.5¢ .

3aganue 3:
Ypasrerue obsexma: (s° + 7s* +5s +2.25)y = (s +4s +3.75)u + (s* + 4s + 3.75) [ ;
Ypasrerue modeau: (s 4 6s? + 11s + 6)y = (s* + 4s + 3.75)g;
Bud u napamempo snewnezo sosmywenua: 3 sin 30t ;

Bud u napamempo 3adarowezo sozdeticmeua: 5sign(sin0.75¢) .

Saganue 4:
Ypasrenue obsexma: (s* + 125> +8s +5)y = (s> +3s 4+ 10)u + (s* +3s 4+ 10) [ ;
Ypasrerue modeau: (s* 4 6s? + 11s + 6)y = 2(s* + 4s + 3.75)g;
Bud u napamempo snewnezo sosmyuwenua: H01(t);

Bud u napamempo 3adarowezo sozdeticmeua: 10sign(sin0.5¢).

3aganue 5:
Ypasrerue obsexma: (s* + 14s* +40s + 20)y = (s +5s + 4)u + (s> + 5s +4) f ;
Ypasrerue modeau: (s 4 6s? + 11s + 6)y = (s* + 4s + 3.75)g;
Bud u napamempo snewnezo sosmywenua: 10sin 50t ;

Bud u napamempuo 3adaroweeo sozdeticmeusa: 10sin 2.5t + 20 sin 5¢ .

3aganue 6:

Ypasrenue obsexma: (s> —0.5)y = (s +5)u+ (s+5)f;
Ypasrerue modeau: (s* +5s+6)y = (s+ 1)g;
Bud u napamempo snewnezo sosmyuwserus: 10 sign(sin 0.125¢) ;

Bud u napamempuo 3adaroweeo sozdeticmeusa: 20sin 2.5t + Hsin 5t + 2.5sin 10¢ .
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omoanenue 1

DJIeMeHTHI KJIACCUYIeCKOTO BApPpHUAIIAUOHHOTO NCYNCJIEHN A

Hon.1.1 Co3nanne BapuarlMoOHHOTO UCYUCIEHUSA

B 1696 r. mosBumiach samerka W.Deprysmm, osarsmasiennas ~DoBasd 3ajada, K perre-
HUIO KOTOPOI TPHUIJIAIIAIOTCA MaTeMaTuku . B Hell craBmiach ciemyroinas 3amada. B
BEPTHKAJIBHON TocKocTH Janbl gse Toukn A u B (puc. 2.1.1). Omnpenmennts myts AMB,
OITYCKasfCh MO KOTOPOMY MO JleficTBHeM COOCTBEHHON TaXKecTH, Teso M, Ha1aB JBUTATHCH

n3 TouKu A, goiimer go Touknm B B KpaTuaiitiiee BpemMs’ .

XA A

Duc. 2.1.1

Detrenwe 3Toi 3ajaqdn ObLTO ToyUeHO camuMm V. Deprysmm, a takxke ['.Jleiibrumem,
A.Deprynan u . 9piororom. Oxaszanoch, 9o JHHAEH HancKopeifiero crycka (Gpaxucro-
XPOHOIT) ABJIAETCH THUKIOWAA. DOCHTe STHX PabOT CTaJi MOABIATHCA W PElIaThCs MHOIHE
3ajlaqn TOTO ke Tuma. . DepHysum mocrasmi mepes csonM yaerukom JI. Ditrepom mpo-
OsieMy HafTH OO IyTh UX PEIIeHHs.

B 1744 ©. Boimen tpyn Ditnepa "Metoa HaxoXKjgeHWs KPWBBIX JUHUH, 00JIaTafoNInx
CBOMCTBaME MaKCHMyMa W MHHHMYyMa WJIH PEIIeHUs W30MePpUMEeTPUIeCKOl 3a/1aui, B3ATOMH
B CaMOM IIIWPOKOM cMbIcTe”, a B 1759 r. mosBmirach pabora Jlarpanxka u c Heil HOBble Me-
TOJIBI MCCIIEIOBAHN A, KOTOPbIE COCTABUJIM HOBBIH pa3jesl MaTeEMAaTHKH, Ha3BaHHBIH Diliepom

BAPUAUUOHHBIM UCHUCAEHUEM.

Hon.1.2 DoHATNA BapUAIIMOHHOTO NCYUCIEHUA

Depemennas Bemwanna J[x(t)] HasbIBaeTCH PYHKUUOHAAOM, 3ABUCATINM OT (DYHKIHH
x(t), ecom ka0t pynrumn x(¢) (13 HEKOTOPOTO KiIacca GYHKINIT) COOTBETCTBYET THCIO
J. Anajormaro onpegenstorcs pyHKIMOHAbI, 3aBUCAIINE OT HECKONbKUX (DyHKITHIA.

Oyuxunonan J[z(¢)] nocruraer va x°(t) MUHUMYMa, ecJm ero 3HaUEHNE Ha 000 GIr3-

koit k x°(t) xpusoii T(t) He menbie, wem .J[z%(t)], T.e.

8. = J|z(t)] — J|2°(t)| > .
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AHaJIOrFIHO oIlpeieifeTcs KpuBasd, Ha KOTOPOil peaJn3yerca MaKCHMyM. B sTom crydae
§J <0 mus Bcex KpUBBIX, OaU3KMX K Kpuboii x°(1) .

YTouHuM noHATHE GJH30CTH KpUBBIX. Kpusble x(t) u (1) GJaU3KHM B cMbIcse OJIH30CTH
HYJIEBOTO TIOPAIKa, €CIH MOyJIb pastoctn () — z(t) man. Kpusbie () n 2(f) Osnmskm
B cMbicse Gmsoctr 1-ro mopsaka, ecm Moyn pasnocteit x(t) —z(t) w @(t) — z(t) massr.
Kpusbie z(t) w Z(t) 6mmskm B cmbicae 6imsoctn k-ro mopsmka, ecan |z'(t) — z4(t)] < ¢
(i =1,k), 2'(t) — i-a TpoM3BOAHALA, & — AOCTATOYHO Masoe dicao. Da puc. 2.1.2 m306pa-
JKEHbl KpUBbIe, OIU3KHE B CMbIC/Ie OIH30CTH HYJIEBOro MOpsiika (KOOPAHHATHI UX OJU3KH, a
HalpaBJIeHN A KacaTelbHBIX CYIIECTBEHHO Pa3indatorcs), a Ha puc. 2.1.3 mpuBemeHbl KpH-

BbIE, OIM3KWe B CMbICIe OJIM30CTH 1-TO IIopAIdKa.

1

Duc. 2.1.2

X

Duc. 2.1.3

Ecnn dbyrkmumonan J[x(t)] mocruraer ma xpusoit x°() MUHUMYMa MM MaKCHMyMa IO
OTHOIIIEHHIO KO BCeM KPUBbIM, OumsknuM K x°(1) B cMblcsre GJIM30CTH HYJI€BOTO TIOPSAIKA, TO
TaKOH MUHUMYM (AT MAKCUMYM) HASBIBAETCH CUALHBIM.

Ecmm dyukmmonan J[x(t)] mocruraer MuHUMYMa (MM MaKCHMyMa) JTHIIb O OTHOIIe-
Huto K KpuBbiM (1), Gamskam kK 2°(¢) B cmblcae GamsocTH 1-ro mopsiKa, TO TaKoH Mu-
HUMYM (FITH Makcumym) HasbiBaeTcsa caabvim. OUEeBUIHO, ITO €I JOCTHTAeTCsA CHITbHBII
MUHIMYM (MaKCHMyM ), TO JocTHTaeTcA ¥ caabbiii. Jlasee, ecm #e oroBopeHo MpOTHBHOE,
OyJeT ToApa3syMeBaThcs Caabblii MUHIMYM (MaKCHMYM ).

Daszrocth bysrmmi (1) — x(t) = dx(t) HasbBaeTca sapuayuell (TPUPAIIEHTEM) ap2y-

merma x(t) pynxyuornara Jx(t))].
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Hom.1.3 Bapuanuonnasa 3agada ¢ 3aKpeNJieHHBIMH T'PDAHUYHBIMH TOYKaMMH.

DepBoe HeoOXonMMOE yCjioBHe 3KcTpemyMa (ypaBHeHue Diijepa)

Uccnenyem wa sxkcTpeMyM (MaKCHMYM HTH MUHAMYM ) (yHKIHOHAJT

J[e(t)] = /¢0[t, e(t), #(1)] dt, (Jlm.1.1)

rae @olt, x(t), @(t)) — wempepbiBHa#g W TpKAbl auddepenimpyemMas GYHKIMA CBOUX
apryMeHTOB.
Uckomas pynkims (115 KOTOpoii 3TOT GyHKIMOHAT MPUHAMAET SKCTPEMaIbHOE 3HaUe-

HI/IG) YAOBJIETBOPAET KPa€BbIM YCIIOBUAM

x(tg) = xo, x(t1) = 1. (Jm.1.2)

Bagata 0 HaxoXKIeHUN SKcTpeMyMa dpyuKimonata (/Am.1.1) mpu yeaosuax (Jn.1.2), B

KOTOPBIX To M T1 — 3aJaHHble YUC/Ia, Ha3hIBAETCA 6aPpUAUUOHHOT 3a0a4eli ¢ 3aKPENAEHHBIMU

2PAHUMHLLMU MoYyKkamu. DenpepbiBHO nnuddepentmpyembie GyHKINN (1), ONpeTeTeHHble

wa [tg, t1] u yaosaersopsiomue yeaosuam (/lm.1.2), maspBatorces donycmumvimu Gyrriu-
AMU.

Depexois K pelleHnto BapuallioHHOH 3a/1avH, JOIMyCTHM, 9TO ee pellenne — Kpubasd (1)

— maiigeno. Bosbmem mHekoropyio dbyHkuuio T(l) W BKIIOYHM €€ B OJHOMAPAMETPUICCKOE

ceMelicTBO KPUBbBIX

e(t, a) = (1) + ale(t) — (1)) (JIn.1.3)
rjge a — HeKOTOpoe YHCJIO.
Kon1pl BapbUpyeMbIX KPUBBIX €CTECTBEHHO TaK:Ke 3aKpemiaTh B Toukax (/m.1.2) (puc.

2.1.4), u mosTomy

x(tg, a) = xo, x(t1, o) = 1. (Jm.1.4)
Xit)
) xi(a,t)
/Z’a‘%maﬂbﬂt)
2 == ::::1\\\
X
ty i E
Puc. 2.1.4

DaccMOTpUM 3HavueHn#, KoTopble puHnMaer dyukinonan (Jm.1.1) Ha KpuBbix cemeli-

crBa (Jm.1.3),
J(a) = /c,oo[t, () 4+ adx(t), i°(t) + adi(t)] dt, (Jm.1.5)
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rae dz(t) = z(t) — 2°(t), dx(t) = z(t) — 2°(¢).

DerpysHO BUIETH, uTO NMpu u3becTHbIX Kpubbix z’(t) m z(t) dbynkmmonan (/Im.1.1)
craHoBuTCA (pyHKIHUEH «. DTa PYHKIUA JOCTHIaeT CBOero skcrpeMyma npn « = 0, Tak
Kak, no onpenenennto, x(t, 0) = 2°(¢).

D eobXoMMBIM yeIoBHeM dKcTpeMyMa yuKmun J(a) mpn o = 0, ABagercsd, KaK W3-

BECTHO, PaBEHCTBO

LA (JIn.1.6)

do =0

DoacraBnAa B 310 ycaosue Bbipazkenwe (Jm.1.5), momyaum

dJ(a) B 7 0o 0z (1, a) N 0o (1, . o) oo =
do | _, B ; Jdr  Oa 0  OJda =0
t1
0o 8990 : Do Do :
CR8i(t)| dtlmo = [ |0 bty + T2 Sin)| dt =0,
/[ a0 s = [ || set)+ 5| stn] =0
Doc/ie MHTErpUPOBAHUSA 110 TaCTAM
8990 8990 =h d 8990
—=6x(t) dt = ——6 ——=dx(t) dt
; 0 (*) 0t w()t:to dt 0 @(t) dt,
u torga samuineM (/In.1.6) okoHTare bHO ¢ yaeToM KpaeBbiX yeaoBuii dx(ty) = dx(ty) = 0
B BHJIE
[ (0p0 dD
%0 %0
—— — ——— | dx(t) dt = 0. 1.
/(8:1; dta:}c) wlt) di =0 (An.L1.7)
B 8990 d 8990 0
STOM BHIPAKCHHH COMHOKHTEND —= — — —-= ABIACTCA Ha kpusoii z°(t), peasnn-

3yIolllell SKCTPEMYM, 3aJaHHOl HepepbIBHON GyHKIMel, a BTOPOH coMHOKNTENb dx(f) —
IPOU3BOIbHAA (B CHIY IPOU3BOJIa TpH BbiObope pyHKINN Z (1)) auddepentupyemas GyHK-
A,

Dpu stux yeaosuax us ([An.1.7) cremgyer Toxmectso

8990 d 8990

KOTOpOe BBITIOJHAETCA Ha KcTpemanax x’(t).
Hoxkazarenbcrso Toro, aro (Jn.1.8) caemyer us (/n.1.7), onupaercsa Ha OCHOBHYTO A€MMY

6APUALYUOHHOZ0 UCHUCAERUA, KOTOPas GOPMYTHUPYETC TaK: €CJIN I8 KayKJI0H HempepbIBHON

dbyurmm n(t) (yaosrersopstoieil yerosuto n(tg) = n(t1) = 0)
t1
[ttt dt =o, (J1.1.9)
to
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rae n(t)— HempepbiBHasA Ha oTpeske [lg, 1] dbyHKImA, To N(t) =0 Ha TOM )Ke OTpe3Ke.
Jloist ToKa3aTeIbeTBa JIEMMbI IIPE/IIIOI0KAM (B IIPOTHBOPETHH C €€ YTBEPZKICHHEM ), ITO
B Touke | € [tg, ¢1] smauenne n(t) # 0. Torga npumem K TPOTHBOPEUUIO ¢ YTBEPZKICHHEM
aemmbl. JeficrBurensno, us nenpepbiroctn dhyukuuu 1(t) caeayer, uro ecnu n(t) # 0, To
p(t) coxpamser 3HaK B HEKOTOpOii okpecthocTn g < ¢ < {; Toukn {. Buibupas dpynkmuuo
n(t) coxpamsromeii 3nax Ha orpeske [lo, t1] € [to, {1] ¥ paBHOii HyJIO BHE 9TOrO OTpPE3Ka,
3aKJIo"aeM, 9To npoussegenue f(t)n(t) coxpamser 3Hak Ha orpeske [lo, {1] M paBHO HYJIIO

BHE 3TOT'O OTPE3Ka U, CJIeJOBATEJIbHO,

11 t1

[ttty dt = [ () de 0,

to 1)

a 9TO TMPOTHBOpEYHe W JIOKa3blBaeT JeMMy. Takmm obpasom, z°(t) sBasercs perreHnem

ypaBHEHUA
8990 d 8990
Pro L% _ 1.10
or _ dt 9x (Hr.1.10)
KOTOpOe Ha3blBaeTcs ypasHeruem Hirepa.
9pI/IHI/IMELH BO BHI/IMELHI/IG7 9T0O
d Dpo(t, z(t) 21(t))  dpo = o . o ..
dl i = t0: T owort T ron

samuteM (JIn.1.10) B passepryToii dpopme:

82990 . 82990 . 82990 6990 _
B R T TS T P (Zlu1.11)

Ero permennsa x(t, ¢icz2), Toe ¢; W ¢y — TOCTOSAHHBIE, ONpeIeIAeMble KPAeBbIMU YCIIO-

suamMu (/1.1.2), Ha3BIBAIOTCA SKCMPEMAAAMU.
Dpumep. aiizem xpusyto x°(t), TpoxXoAsAlLyIo Uepe3 3aJaHHble TOYKH To W Ty B

MOMEHTBHI BpeMeHHU to W {; Ha KOTOPOI JIOCTHUTAeT IKCTpeMyMa (hyHKITHOHAIT

t1
J= /(:1;2 4247 dt, (Jln.1.12)
to
rje T — 3aJaHHOe THCIIO.
B paccmarpusaemom ciiydae o = 22 + 7232, mosTomy
8990 8990
= =2 = =27%
Ox " Ox
W ypaBHeHue Dilepa Ny sKcTpemadeit dynxmmonana (/m.1.12) nmeer B
Lo L
T-e= 0. (Jm.1.13)
DellleHneM STOTO ypaBHEHW:A #ABJAeTcA (Kak HETPYAHO MPOBEPUTH HEMOCPEICTBEHHON

MOJICTAaHOBKO} ) KpuBas
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: _t
x(t) = crem + cpe 7. (Jm.1.14)
Ncnonb3ys rpaHrdHble YCJIOBU, OMPeIe M 3HaYeHnus IOCTOAHHBIX ¢; U C; U3 ypaBHe-

HUM

20 _ 0 N _ 1
Top=Cr1e7 + € T, Ty =c1e7 + e T

_u _k o s

ot T — 1€ T 1€t — Tg€E T
to—t1 to—t1 y G = to—t; to—t] * (,HH115)

e r —e T e r —e 7

C1 =

Hon.1.4 YpaBHeHUua diijgepa-yaccoHa

Uccnemyem ma sxcTpeMyM pyHKITHOHAT

J = /c,oo(t, «(t), @(t), #(1) dt, (1In.1.16)

B KOTOPOM (PYHKIIHIO g OyjeM cautaTh jiuddepennnpyemMoiil o cBOUM apTyMeHTaM HeoO-
XOJIUMOE YHCIO pas.

9yCTb I'PaHUYHbIE YCJIOBUA MMEIOT BU

x(tg) = xo; @(to) = :1;81); x(ty) = xq; @(t) = :1;(11), (Jm.1.17)
(1)

rae vo, TS, 1, ¥ , — 3aJaHHbIE THCTA.
DeTpyaHO MOKa3aTh, MOBTOP:AA M3JIOKEHHOE TPHU BBIBOJE YpaBHEHH: Jilslepa, ITO IKC-

tpemasu dpyrxmmronana (Jmn.1.16) asidorcs perrerneM ypaBHeHN

8990 d 8990 d2 8990 .
0r “di oz Taror (Zln.1.18)

KOTOpoe Ha3blBaeTcs ypasHenuem Hinepa-Hyaccona. ITo ypaBHEHME T€TBEPTOTO TOPAIKA,

ero perenne x(ty, ¢1, €3, €¢4) COAEPIKUT mocroAnuble ¢; (i = 1,4), KOTOpbIE OMpPEIETATOTCS
w3 rpannaHbix yemosuit (Jm.1.17).

Dpumep. Jaiigem sKcTpeMann HyHKITHOHATA

J/:L'—I—T:L' ) dt

pu rpaHnasbix yeaosuax (Jm.1.17).

BBI“H/ICJH/IM BHa4YaJie
8990 8990
= =2, = =274
dx T 0% ’

TOTIa ypaBHEHHe Dililepa - JyaccoHa WMeeT BUIL
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T+ A2V = 0.

XapaKTepuCcTuIecKuil MoJIMHOM 3TOIO YpaBHEHUA

d(s) =is' +1 = (%% — V2rs + 1)(r%* + V215 + 1).
Ero xopun

1 1 1 1
-t =t
Y e Y R o

U, takum obpaszom, sxcTpeMasb (PYyHKITHOHATA TMEET BT

1 . 1 . 1 . 1 .
2(t) = cre” V) e om0 e o7 ) c4eﬁ(1—1)7

rae ¢; (1 =1,4) onpenenstorcs w3 rpanundubix yeaoswit (. 1.17).

Hon.1.5 Bapuanuonublie 3aa4u ¢ NOABUKHBIMU TPAaHUIIAMU

Jo cux nop npu uccaegosannu gyukimonasta (/n.1.1) mpeamonararocs, 9To rpanudHbIe
touku (g, xo), (1, x1) 3amambl. Temepp Oygem monaraTh, 9To OfHA WK 00€ TPAHUIHDIE
TOYKM MOTYT IlepeMelnarbca. Kiacc JOMyCTHMBIX KPHBBIX B 3TOM CIydae PaclIupseTcs,
TaK KaK KpOMe KPHBBIX CpaBHEHWs, HMEMOIIHX O0IIre I'paHHYIHbIE TOUYKH C HCCIETyeMoil
KpWBOii, MOKHO OpaTh KpHBBIE CO CMENIEHHBIMHU I'PaHWYHBIME TOYKAMHU. ITO O3HAYAET,
4TO ecam Ha Kakoi-HuOyab KpuBoil xo(t) dymkmmonan (/n.1.1) gocruraer skcTpemyma B
3ajlade ¢ MOJBHKHBIMM TOYKaMH, TO SKCTPEMYM TeM 0Gojee JOCTHIaeTCs MO OTHOIIEHHIO
K Goslee y3KOMY KJIacCy KPHBbBIX, HMEIOIIHX 0oOIIMe IpaHudHble Toukn ¢ Kpusoit x°(t), u,
claeoBaTenbHo, (1), momKHa ObITh perrerneM ypasHenns Ditrepa (/m.1.10).

Obree pemenne ypaBHeHHs Diiepa cOAep:KUT JBE MPOU3BOJbHbIE TTOCTOSHHBIE, KOTO-
phle HaXOMATCA IPH 3aKpelJIeHHbIX TPaHUIax W3 TPaHUIHBIX YCIOBHIl, a IIPU IIOJBUZKHBIX
IpaHUIaX — U3 YCA06Ull MPAHCEEPCANLHOCTIU.

9TI/I yCaJ1oBuA MMET BU

oot a0, ) — i 2B TN g S g )
(oot 2(1), () — () 22t 3;(;)’ #H1)] -0 % =0 (Mnl2o)

Ecmm mpasas rpanwdsas Touka ({1, 1) JOMKHA MEPEMeINaThCsA MO0 HEKOTOPOH KPUBOii

x1 # p1(t1), 1o ycrosus (Jm.1.20) npuaEMaioT BT

polt, z(t), (1) + (% N Cjz_f) Oolt, a;(;), a?:(t))]

=0.

=t
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Ananormanstii i npuHIMatoT yerosnd (Jm.1.19), ecom eBas rpannanas Touka (g, o)
mepeMelaeTcs o KpuBoil xg = po(to).

Cootrommennsa (Jn.1.19), (JIn.1.20) npeacraisator coboii deTbipe ypaBHEHWA I OMpe-
JleleHnsT 9eThipeX HeM3BEeCTHBIX: (g, {; W IIPOM3BOJBHBIX ITIOCTOSHHBIX €1, C3 , BXOUSAIIAX B
obriee pererne ypasHenna Ditnepa. Hacro wmena tg w ty 3amasbl, T. e. TouKn (tg, ¥o),
(t1, x1) MOTYT mepeMeInaTbcs TOTbKO BepTHKaIbHO, W Torga ycrosus (/m.1.19), (/1m.1.20)

IIPUHUMAOT BUT

Deoll, (1), (1))
oz

Dol (1), (1))
oz

t=to

=0, (Hdm.1.21)

=t

Boisog coorrorennit (/[n.1.19) ... (JIn.1.21) npusenen B [2.2].

Dpumep. Daiinem skcrpemand dyrxmronata (Jn.1.12) mpu saganubix tg u {; mpowns-
BONBHBIX xg W x1. Wcmompsya (m.1.21), momyanm
8990

=27%0 () = 0; ==  =27%(t) = 0.
0z =ty

00
0

t=to

DojacraBiAaa B 3TH paBeHcTBa pernerns (Jm.1.14), mveem

1 w 1w I u I _o
cg—em +c—e 7T =0; ¢g—e7m +c—e 7 =0.
T T T
Orkyrma crenyer, 9To ¢ = ¢ = (, W TakKIM 00Opa3oOM, 3KCTpeMaJblo HKIIMOHAJTA
2 2 2

(Jdm.1.12) ¢ mogBuKHBIME Ipanutamu asiagerca x(t) = 0.
Ecnu mpemonoXuTh Temeph, 94To HapALy ¢ Tg, €1 HepUKCHpPOBaHBI W 4HucIa lg, t; TO,

ucnonbsya (Jm.1.19), ([dm.1.20), momyanm

22 (to) + T2 (to) — 2(t0)27%2(t0) = 0; 272%2(t) = 0;

2 (t) + TPa(ty) — @(t)27%x(t) = 0; 27%%(t;) = 0.

U3 stux paBeHcTB caenyer, 910 x(to) = x(t1) = 0 He3aBHCHMO OT fo W 11, W HOITOMY
w3 (Jn.1.15) momyanm BHOBE ¢; = ¢ = 0. Takum obpasom, W B 9TOM CJIyTae IKCTPEMATbIO

apagerca x(to) = 0.

Hon.1.6 Bropoe Heobxonumoe yciioBue skcrpemyma (yciaoBue Jlexkanapa)

Drcrpemann dyukinonata (/Im.1.1) ¢ 3akpeneHHbIMI KOHIAMHA yIOBIETBOPAIOT YPaB-
werwio (/Im.1.10), KoTopoe BbIpazkaeT mepBoe HEOOXOANMOE yCIoBHe KCTpeMyMa. OJHAKO
OCTaBaJIOCh HEACHDBIM, JOCTABIAIOT Jin onu dyHKmonary (/Im.1.1) Makenmym win MuHU-
myMm? OTBeT Ha 3TOT BOIPOC maeT TeopeMa JlexkaHIpa, BhIparKatolias 6Mmopoe Heobrodumoe
yeaosue axempemyma: 1y roro arobsl pyrakunonan (Jm.1.1) B 3agate ¢ 3akpeneHHbIMI
IPAHWUIAMI JOCTUTAJ Ha KPUBOH x1(1) MUHMMYyMa (MaKCHMyMa), HEOOXOINMO, TTOOBI BIOITH

3TON KpI/IBOfI BBITTOJTHAJIOCH YCJIOBUE
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Ppolt, x(1), #1)) _ (6%0@ w(1), #(1) O) . (JTn.1.22)

dx(t)0x(t) 0(t)0x(t)
Dpumep. Nccrenyem, Bpimontsgercs i 510 yeaosue qis sxerpemaneit (Jm.1.14) Gynk-
monasta (Jm.1.12).
DeTpyHO BUJETH, YTO B PACCMaTPHBAEMOM CJIydae
o 2
— =7 >0
0z0x

u, ciaegoBarenbro, Ha Kpubbix (Jm.1.14) dyrakumonan (Jn.1.12) nocturaer MuanMyMa.

Hon.1.7 BapuainnoHHble 3aJadi HA YCJOBHBINI 3KCTpeMyM. Y paBHeHUA Dii-

gepa — Jlarpanxka

BaprannonubMu 331291 Ha YCA06Hb dKCmpemym (CBASAHHDBIH SKCTPEMyM) Ha3blBa-
IOTCS 3aJa49d, B KOTOPBIX TpeOyeTcs HafiTw KpHBblE, JTOCTABJAIONINE SKCTPEMYM (pyHKIH-
OHAJIy, IPH 3TOM IIOMHMO TPaHHYHBIX YCIOBHUIl OHHM JOJZKHBI YJOBJIETBOPATH HEKOTOPBIM
CBA3AM (yCIOBHUAM). DalphUMep, STH KPHUBble JONKHBI HMETh 3aJaHAyfo JINHY (M30Teph-
MeTpHuYecKast 3ajaua) Jubo yI0BIeTBOPATH HEKOTOPOil 3ajannoii cucreme auddepenimans-
HBIX ypaBHeHHii (3amada Jlarpanzka), b0 JTekaTh Ha HEKOTOPOI TTOBEPXHOCTH.

DpuBejieHHasA B MEpBOil IIaBe 3ajada 00 ONTUMATHHOM MPOIPAMMHOM JBUKEHUH SBJLSA-
eTcs o MaTeMaTHIECKOMY CoJeprKaHnio 3aJadeil Ha yCIOBHBIL SKCTpEMYM, B KOTOPOil Tpe-
Oyercs Haiity BekTOp - pyHKIHM X(1), u u(?), gocrasasomme dyrxmmonany (1.1.4) mu-

HAMYM, TPUIEM 3TH (DYHKITUH JTOJZKHBI yI0BJIETBOPATH T hepeHTnaIbHOMY Y PaBHEHIIO

X = (%, u, t), (Jm.1.23)

a Tak:Ke WHTerpaJbHbIM cBaA3aM (1.1.7) mw orpanmaennam (1.1.5). Omycrum moka STH CBA3H U
OTpaHWIEHNSA U JJId YI00CTBA W3JIOKEHN BBeIeM B (DYHKITMOHAJ TPOU3BOHBIE TEPEMEHHBIX
COCTOAHUSA W yIPaBJIEHUN.

Wrax, Tpebyercs HaiiTn skcTpeMasn dyHKITOHATIA

t1
J = /¢0(x, %, u, , 1) dt, (Jln.1.24)
to

YAOBJIETBOPAOIINE I'PaAaHUYHbBIM YCJIOBUAM
x(to) = x; (M. 1.25)
x(t) = xW (JTrr.1.26)

W ABIAONINeCA pelnerneM ypasrennit csaseit (/Im.1.23). Dra 3amada HasbiBaeTcA 3ada-

wet Jlaepanorca. Ormernm, ato ecan B dyrxmmonase (Jn.1.24) orcyrcrByer nponssogHasd
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KaKOH-Tu00 M3 KOMIIOHEHT BEKTOpPOB X HWJIKM U, TO, €CT€CTBEHHO, YTO I'PpaHUYHbIC YCJIOBUA
JJIA Hee He 3aJaloTCA.

Depexoisa K pelrennio, BBeIEM B PacCMOTpeHNe HOBBIH (DyHKITHOHAJT

t1
J = /¢o(x, %, u, , ¥, 1) di, (Jli.1.27)
to
B KOTOpOM

Po=o(x, X, u, 0, 1) + ¢ ()% - P(x, u, 1)], (H.1.28)
rae ¥'(1) — n-MepHBIl BEKTOD, KOMIIOHEHTAMH KOTOPOTO SABJAIOTCSH TIOKa HeolpejlesieHHble
dyHKIINN, HaszbiBaeMble MmHoocumesamu Jlaepanoca. C TOMOIIBIO STUX MHOKHTEJNEH 3a-
Jada 00 yeaosHOM sKcTpeMyMe dyuKnonata (Jn.1.24) csomures K 3a1ate Ha 6€3yCTOBHBIH
srerpemyM yrakumonata (Jn.1.27). YpasHenusa Dilinepa mia 6e3yCIOBHBIX dKCTpeMasei

dbynuxmmonana (/n.1.27) umeror Bu:

oo & nOe o d| dpo| _ o o .
- Y052~ o+ 52 =0 (=T (.1.29)
dy " dp; ddp
6—1£_Z¢j(t)8—1ui_aa—1£:0 (k=1,m); (Jm.1.30)
7=1
0% _ im0 (i=Tm) (JTn.1.31)

Ypasuenns (Jn.1.31), ([Am.1.29), ([In.1.30) obpasyior cucremy u3 2n + m ypaBHeHW,

KOTOpPbIE Ha3bIBAOTCA YPAGBHEHUAMU Hﬁ./LBpCL - ﬂaepcmofca, AJId OIIpeNEJIEHNA TaKOT'O ZKe

qrcsa HemsBecTHBIX 2;(t), (1) (1 =1,n), ux(t), (k=1,m).

Ecau xpusbie z;(t), ug(t), (1 = I,n;k = 1,m) mocraBnsior 6e3ycloBHBL SKCTpeMyM
dbyurmmonany (/Am.1.27), To Ha HUX JocTHTaeTcAs W YCIOBHBIH SKCTpeMyM (DYHKIHOHATA
(Jdn.1.24). JleficTBuTenpro, ecau Ha YKa3aHHBIX KPHUBBIX JOCTHTAETCHA OE3YCTOBHBIH IKC-
tpemyM dpyrKimonata (Jmn.1.27), ro onn ymosiaersopsior ypasaernam Diinepa (/m.1.31),
(Jm.1.29), (Mm.1.30). D10 osnawaer [cm. (Jm.1.28)], 910 Ha TaKWX KpPHUBBIX 3HATEHHE
dbyukumonana J; = J. U ecnim ornm gocTtaBiasior 6e3yc/OBHBIH dKCTpeMyM (byHKIMOHATY
(J1m.1.27), To oHM OyIyT JOCTABIATH SKCTPEMYM W B Goslee Y3KOM Kjracce KPUBBIX, YIOBJe-
TBOPAIONNX ypasHeHuAM cBsaseil (/lm.1.23).

O6patHoe yTBep:Kaenne o ToM, uro Gyukmuu z;(1), ui(t), (1 = 1,n;k =1,m), nocra-
BJIAONINE YCIOBHBIH dKcTpeMyM dyukunonany (/In.1.24) npu nammaun caseit (/mn.1.23),
OVIYT ABIATHCA GE3YCTOBHBIME dKcTpeMaaavu Gyrakunorata (1m.1.27), naer crepyrormas
TeopeMa.

Teopema.(Teopema Jlarpamxka) Ecaw dyakumm z,(¢), ug(t), (i = I,n;k = 1,m)
JocTaBigrorT sKcTpemyM ynakumonany (/1n.1.24), yaoBreTBopAtoT ypaBHEHUAM CBA3H
(Jdm.1.23) u kpaesbim yerouam (Jm.1.25), (JIn.1.26), To cymuecTByoT Takne MHOKH-

Testnt P1(1), ..., ¢¥,(t), 910 3TH DYHKIINK yIOBIETBOPAIOT ypaBHeHHAM Dilstepa (Dittepa

— Jlarpanxka) miusa dyskimonata (/m.1.27).
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JlokazaTeabcTBO TeopeMbl ipuBegeHo Huzke B Jlom. 1.9.
K 3amatam Ha ycJIOBHBIH 9KCTpEMYM OTHOCHUTCH TaKXKe UIONEPUMEMPUYECKAA 3adaya,

KoTopas (popMyJUpyeTcs TaK: Cpelu BCeX KPHUBBIX, YIOBJIETBOPAIOIIAX TPAHHIHBIM YCI0-
suam ([n.1.25), (JIn.1.26) u paBeHcTBaM

t1
/zi(x, i ou, i, ) dt=J; (i=T,a),
to

rpe li(x, &, u, u, 1) — sagannple dynxuun; J; - samanmpble dncita (i = 1, o), Tpebyerca

Haiitn kpusble (1), ug(t), (¢+ = l,n;k = 1,m), Ha KOTOPHIX JOCTHTAETCHA IKCTPEMYM
dbyuxmmonara (/m.1.24).

Nsonepumerpuyeckas 3ajada CBOAUTCHA ITyTE€M BBEJEHWSA BCIIOMOTATEbHBIX MHOKHTE-
neit ;, (3mech tb;, — Hexoropble umcaa, 1 = 1,n) K 3agade Ha 6e3yCJIOBHBII KCTpEMyM
dyHKRIHOTATA

t1

Ji :/(¢0+§:¢ili) dt.

to

Dpumep. Daiimem sKcTpeMasn GyHKIIHOHATA

J = ]1(q:1;2 +u?) dt (g >0) (Jm.1.32)
Ha CBA3AX ’
= ax + bu ([Am.1.33)
[pU TPAHUIHBIX YCIOBUAX
x(tg) = xo; x(ty) = 1. (Jm.1.34)

B cooTBercTBUN C METOAOM pPEIEHNA 3aJa91 Ha yCJIOBHbeI IKCTPEMYM COCTaBUM BCITO-

MOTATEJbHBIH (DYHKITHOHAIT

t1

I = /[q:z;2 Fu? 4 B(t)(¢ — ax — bu)] dt = /¢o(x, w, ) dt. (ITm.1.35)

to

Ypapaenus Jitnepa (Diiepa — Jlarparka) 171 6e3yCIOBHBIX SKCTpeMadieil 3Toro (hpyHK-

IDMOHaJla UMEIOT BH ]I

00 d0G_ O d0n_ Da 40 |
ox dt 9 ' Ou dt du 7 9o dt aq'b -
90 _ 990 Do

DpuHnMasg BO BHUMaHHE, UTO = 0, —— = ) 3amnuiIeM 3TH ypaBHEHU:

du — p di

COOTBETCTBEHHO B BUJIE,
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b= —ap+2qr; 2u=bg; i=ax+bu. (Jm.1.36)

Uckitouas nmepeMeHHYIO %, TOJYYUM CHCTEMY M3 JIBYX YpaBHEHW

1
T =—ar+ §bz¢; ¢ = —a¢p+ 2qx.

Hudbdepennmpys mepBoe ypaBHEHHE ¢ yIETOM BTOPOTO, HMEEM

1
r=—ax+ §bz(a¢ + 2qx).
Ncknoyas U3 3TOro ypaBHEHHS IIepeMeHHYTO

1
0, 5b2

TOJIY TMM OKOHYATENbHO ypaBHEHHe Jijid SKcTpeMaan (1) :

b=

(l‘ - Cll'),

T — (a2 + qbz)x = 0. (Jm.1.37)

9€IH€HI/I€ 9TOI'0 ypaBHEHUA MMEET BUJL

x(t) = cle% + cze_é, (Jm.1.38)
1

Ucnonwsysa rparnaasie yeaosus (/Im.1.34), nonyanm moctosHuble ¢; U Ca.

roe 7 =

Hon.1.8 3amauu Maitepa u DosibIiia

B 6omee obtiem coryaae dynkunonan (/m.1.24) u rpanwansie yeaosus (n.1.25), (Jn.1.26)
IMEIOT BH/

t1
J = ql/%(x, u, %, 4, 1) dt + guo(xV, 1), (JIm.1.39)

to

vio(x, 1) =0; va(xV, 1) =0 (j=T,5<n; i=1,p < n), (Jm.1.40)

rae vo(x(V, 1)) — samammas GymxumA; ¢ m ¢ - wsBecTHple uwncna. Bemm B (Jn.1.39)
¢ # 0, ¢ # 0, T0 3a7a7a 0 HAXOXKIEHWH SKCTpeMasell 5Toro (GyHKIHOHATA, YIOBJIe-
TROpAfONX ypaHenuaMm cBasn (Jn.1.23) u rparnansiM yemosuam (Jn.1.40), waspiBaeTcs
sadavei Hoavya. Femm B (An.1.39) ¢ = 0, 1o oHa HasbiBaercsa sadawel Matiepa. Dpw
g2 = 0 310 3amaqa Jlarpanixa.

DokaykeM, 9TO 3ajadn Josblla u Jlarpanxka comaTca K 3agade Maitepa. JleficTBu-
TeJIbHO, €CJIi JOTOTHATH ypasherns (/In.1.23) ypasHeHmeM &g = @g, a IpaHUIHBIE YCTOBUHA
(J1m.1.40) — paBencTtBOM 20(t0) = 0, TO pynkunonan (JAn.1.39) mpumer sun J = qrao(ty)+

q2vp. Bepuo u obpatHoe. JleficTBUTENBHO, PAaCCMOTPUM BMECTO (DYHKITHOHATA
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J =u(xW) 1) (JIm.1.41)

B 3amade Maitepa pyHKIIMOHAT

Jl = Vo(X(l), tl) — Vo(XO, to) (,ZLH142)

Dockonbky vo(x?), o) —usBecTHaR BemunHa, TO SKCTPeMann Gynxmuonanos (/. 1.41)
u (/m.1.42) coBmagaror.

C ppyroit cTOpoHbBI, HETPYIHO BUIETH, TTO

t1 t1

D= | g, 1 dt:/(é

to to

81/0 8990
axigﬁo(x, u, t) + W) dt,

a 3a7ada 00 IKcTpeMyMe 3Toro pyHKIHOHATa Ha cBa3ax (JIm.1.23) — s1o yxe 3amaga Jla-
rpaHzKa.
DoKarkeM TakzKe, 9TO 3ajada JoJblla SKBUBAJIeHTHa 3aade Jlarpanxa. B cBasm ¢ srm

sanumieM gyrakumoran (Jm.1.40) kak

t1
J = /(611990+C]251?n+1) dt,
to

nonoaanM ypastenns (/n.1.23) ypasrenunem @,41 = 0, a Kpaesble ycrosns (Jn.1.40) — pa-
o

BEHCTBOM xn+1(t0) = . Torya w3 ypaBHeHUsA CBA3U CIeyeT T,41 = const =

1 —to ty—to
W, CJIeIOBATeThHO, 3aJadu JoJiblla W JlarpaHka SKBWBaJEHTHBI. BbiOOp TOH WM WHOM
G opMBI BapHAIMOHHON 3a/Iah ONPEeIEAeTCa COO0paKEeHUAMNI yI00CTBa ee (POPMYITHPOBKH.

B zaxustogenme sToro maparpada oTMETHM, ITO B CBA3U C 3a/la9aMU ONTHMAJIbHOTO yIIpa-
BJIEHW S B TIOCTIETHIE JECATUIETH YpaBHEHUA Dilstepa, Diliepa — Jlarpamka 6bL1H TOTY IEHBI

JUIs JUCKPETHBIX cucteM [2.4] u cucreM ¢ pacnpeesneHubiMu napamerpamu [2.5].

Hon.1.9 /lokazateabcTBO TeopeMbl JlaHrpaHka

DoBTOpAA paccyKIeHN, TpuBeKeHHble BHadase (§2.1), moxyanm anarsornanoe (/m.1.7)

PaBEHCTBO

t1
~(Ovo A 0%\ s 50 d 0% _
/ lZ (9% dl 092:2') it 2 (0uk "G, ) 0] =0 (/lm.1.43)

to =1 k=1

O,ILHELKO K 3TOMY PaBE€HCTBY HE€JIb3d NPUMEHUTH OCHOBHYIO JIEMMY BapWalHWMOHHOI'O HC-

TUCIERnA, TaK KaK Bapuanun ox; u duy (1 n; k = 1,m) HempowWsBOJbHBI W BJIOJb

=1,
BapbUpyeMbIX KpUBBIX T;(t) = x;(t) + d;(t), ur(t) = up(t) + dur(t) (1 =1,n; k=1,m)
JOJIZKHBL yA0BJIeTBOpAThCA ypasHerusa (/1m.1.23). Docrennee osHataer, ro

T+ 02 = pi(ay + 821, .. 20 + 02y, UL+ 0Ty, Uy + Suy) (1= 1,n0). (Jm.1.44)
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Borawras w3 stux ypasHenwit ypasuenus (JIn.1.23), mosydanm, moBTOpAA M3I0KEHHOE
B §1.2, ypaBHeHUs MepBOro NpUOIUZKEHUs Ui BapUaldil [ypaBHEHU BO3MYIIEHHOIO JIBU-
Kennd, ecin cautath dug(t) (k= 1,m) TpoN3BOIBHBIMU BO3MYIIEHUAMHE, & IKCTPEMATH -

IporpaMMHBIM ,ILBI/DKGHI/IGM]l

Sii= Y 225 + Z a% “Sup (i =Ton). (/Tr.1.45)

=1
YacTHble TPOU3BOJHBIE B ITUX YPABHEHUAX BBIUMCIAIOTCH BIOJIL dKCTpemaneii z;(t),
ur(t) (t=1,n, k=1,m).

YmuoKan Kazkaoe us >Tux ypasrenuit (/Im.1.45) ma ¢;(¢), (¢ = 1,n) u uaTerpupys,

HOJTY UM
8 iy 0p;
/qb [ “0 Z L 5uk] dt = 0. (/Ir.1.46)
UrTerpupys nepsoe craraemoe no 9acTAM I yIHTbIBadA, 9To dx;(t)],_, = dzi(t)],_, = 0,
HOJTY UM

t1

/ [—@5:1;2 b Z 6%5:1;] b Z Opi 5uk] dt =0 (i=1,n). (Jm.1.47)

to

CrrozkmMm mowrerHo Bee ypasHerus cucrembl (Jm.1.47), Torga

t1

/[_iéi(sxi_i@ (28%5 +Za%5uk)] dit =0

to

NJIn

/ [ Z@csx] -y (Z gf}@ Se;— Y (Z 27@;@) m] dt=0.  (Jdm1.4s)

to 7=1 \i=1 k=1 \u=1

Cymmupys# sro ypastenne ¢ (/m.1.43), momyanm
t1
| 9po doi  \ _d Do
/Z l( - Z axﬂ) m (% T s, )| 0T At
dpo dgi dpo
+/,;Kauk_;auk¢l) (au Sug dt = 0.

Boibepem muoxuTenn ¢;(t) (1 = 1,n) Tak, 9T00bl OHH yAOBJIETBOPAIN I (EpPEHIH-

(Jm.1.49)

AJIbHBIM YPpaBHEHUAM

00 _ 3 Oi, _ (qba 850) —0. (JIn.1.50)

Ox, ‘= Oz,
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Hpyrumu cioamu, mycers () (¢ = 1,n) asasaorcs permenuamu cucrembl (Jm.1.50).
DTN peleHns 3aBUCAT OT 1 MPOU3BOJbHBIX TOCTOSHHBIX.

Dpu TakoM BeIGOpe MHOKUTesel Jlarparika paserctso (Jn.1.49) npumer Bug

n

t1
. % 8992' ' i % B
/kz::l [(%k -2 auﬁbl) Cdl (auk)] duy dt = 0. (JIm.1.51)

=1

Baech Bapuannu dug(t) (k = 1,m) mpowssosbHbl, n modTOMY, npuMensasa K (Jm.1.51)

OCHOBHYIO JIEMMY BapWallMOHHOI'O UCHUCJICHUA, ITOJIYIUM YpPpaBHEHNA

dpo = Jys ' d dpo —
Tm_;auk T =0 (k=1,m). (Jm.1.52)

Taxmm obpazom, TeopeMa JoKa3aHa.
omnoanenue 2

Metoa nuHAMUYECKOTO IMTPOTPAMMUPOBAHUSA AJIA JIMCKPETHBIX CU-
creM. UmnciienHoe periieHue (pYyHKIIMOHAIHLHOTO YpPaBHEHUA

Jnsg ymobcTBa M3JI0KEHUA CYTIECTBa METOJa OTPAHUIUMCH BHATAJE TaCTHBIM CJIyTaeM
STO 3aJadd, KOTJa OObEKT ONWChIBaeTCs ypaBHEHHEM TEPBOrO Mopaika & = o, u).
Kpowme Toro, samennmM mpubJIMIKEHHO 9TOT HEMPEPBIBHBIH O0OBHEKT AMCKpPETHBIM. B cBA3M
¢ sTuM pazobbeM wHTEpBaT (fo,%;) Ha N* paBHBIX YTaCTKOB JOCTATOYHO MAJIOM JJIHHBI

T w 6ymeM paccMaTpUBaTh JIHIIh JAuCKperHble 3Hadenna (1) = x(kT) uw u(t) = w(kT),
— ti — 1
(k=0,N-, N~=——"2

t=to+ (N*—=1), t =to+ N*T coorsercTBerHo (masnee OyaeM mosarats to = 0).

B MOMeHTHI BpeMmenn t = to, t =to+ 1T, t =19+ 2T, ...,

Hud depennmaaphoe ypaBHEHIE MOXKHO MPUOJNKEHHO 3aMEHUTh YpPaBHEHNEM B KOHET-

HBIX PaSHOCTAX

z[(k+ D)T] — «[kT]
T

= ¢lz[kT], [KT1]

NJIn

v(k+1) = @alz(k), u(k)], (k=0,N7), (Hm.2.1)

rae ¢, = x(k) + Tolx(k), u(k)], n Kpome ToTO, 37€Ch U Hajee HUKHWH WHIEKC B 0003Ha-
YEeHWN @, , a TaKyKe 9ucao 1 OImyIIeHsl.

SaqaﬂbeIe yajaoBuA OJIdAd 3TOI'O Pa3HOCTHOT'O YpaBHEHUA OCTAIOTCA NMPEXKHUMMU:

2(0) = . (Jm.2.2)

s ynobersa msnoxenus mpumeM o(x, u, ) = q(x(t)) + p(u(t)), toe g(x), plu) —
3ajaHfble PYHKIUH. 3aMeHnM TPHOJIHKeHHO HHTerpast (2.3.3) cyMmmoi
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I = T Y Aala (k)] + plu(R)]} = 7 {q[x<o>] + Ylale ()] + el = L] + u[u(M)]} -

Dpurnmas Bo BauManwe, 910 u(N) =0, a 2(0) u T cyTb KOHCTaHTHI, 3amuIIeM QyHK-

IMOHaJI KadeCTBa B BHIEC

Iy = Z_:{Q[l'(k)] + plu(k = D]} (Hm.2.3)

Banaua . Onpemennrd DYHKIUIO yIpaBIEHIA

u(k) = rp[z(k)] (k=0,N*—1), (Jm.2.4)

TaKkyio, 9T00bl Ha pernenuax cucrembl (Jm.2.1), ([m.2.4) npu 1106bIX HaTIa bHBIX YCIOBHAX
(J1n.2.2) murnmmsuposatach cymmva (/m.2.3). Dpu sroMm mckoMas GyHKINA JTOTKHA Y0
BJIETBOPATH orpanudenuto u € U .

s ompenenennocTn 6yeM mojiaraTh, 9TO 9TH OTPAHUYEHUA Ha YIPABIEHUS UMEIOT

BUT

lu(k)] <1 (k=0,N-—1). (JI.2.5)

CdopmynnpoBantas 3ajada ABJIAETCHA, B CYITHOCTH, 3ajadeil yCJOBHOTO SKCTpeMyMa

dbyurmm ([1n.2.3). Jesapucumbivm nepemerabiMu apisAtorcs qaucaa w(0), u(l), ..., u(N*=1).

,Z[Ol'[.2.1 CuHTe3 HAa OCHOBE KJIacCUIeCKUX MeTOOdO0B MaTeMaTNn41eCKOI'o aHaJIn3a

Ucnonwsysa casu ([An.2.1), ucxaroanm x(1), x(2), ..., x(N) wu3 (Jn.2.3), Torma

I = plu(0)] + qlelx(0)], w(O)]] + plu(1)] + qlelplz(0)u(0)], u(1)]]+
(J1m.2.6)
+pu2)] + .+ glelel . w(NT = 2)], u(NT = 1)) + plu(N™ = 1)].

Ecmm abcomorabit MuanMyM sroii Gyrakumn N* mepemenubix w(0), ..., u(N* —1)
nocruraerca npu |u(k) < 1, 1. e. BuyTpu MuOXKecTBa {/, TO HEOOXOAUMbBIE YCJIOBUI OT-
HocuTesnbHoro sKcrpemyma dbyukunu (Jn.2.6) sanucbiBatorcs cucremoii N* menmHeHHbIX
anrebpamdecKknx ypaBHEHH

OJn- _ 0; In- _ 0; & = 0. (Jn.2.7)
0u(0) Ju(l) Ju(N* —1)

K coxamenuto, momoOHble cucTEMbBI HEJTMHEHHBIX YPaBHEHUN TPYIHO PENIUTH JazkKe MpPH

cpaBHUTEbHO HeOobIHx N* = 10...20.
OTrakeMcsa OT aHAJIUTHIECKAX METOJIOB U OOpPATHMCH K MPAMBIM THCTEHHBIM METOIaM.
Dycre N* = 10. Dygem ompenenars MuanMyM dyukimmn (An.2.6) myrem mojgcdera ee

3HavYeHuA Iph pasananbix sHadernax w(0), u(l), ..., u(9).
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Dazobbem wHTepBa [—1, 1] Bo3sMoxkHBIX 3Hauennit u(k) Ha 10 wacreil w mogcanTaem
SHaUYeHNsA [ KazKJIOTO W3 MOTYyIeHHBIX TakuM obpasoM 10 wabopos snavenuii u(0), ...,
u(9). Ecim Bprancamrenproil Matmiie Tpebyercs 1 ¢ Ha Bbranciaenne ¢yukimnm (1m.2.6) B
oHON TOUKe, TO s Bbrauciaenus ee sHadennit B 10'° morpebyercs 2,77 muH. u (Gosee
10 ser). Takwm 06pasoM, W TOT MOAXOJ OKa3bIBAETCA MAJO TPUTOIHBIM [T DEITeHU
sagaun (Jm.2.1). Dosee Toro, ecim 6bl gazke st myTH W npusesan K ducaam u(0), u(l),

., u(N*—=1), mpu xKoropbix yukuus (/m.2.6) mpuHIMaeT HanMeHblllee 3HAUEHNE, TO STH
Yncaa He paspernin Obl mosHocThio 3agady (/n.2.1), nockonbky B mocaenneii Tpebyercs
Hadith dyrxmmio (/n.2.4), sapucanryio or Tekyumx sHadennii (k). DorydeHnble Ke TncTa

u(0), ..., u(N*—1) sasucar roapro or (0).

Hon.2.2 CuHTe3 Ha OCHOBe MPUHIIUIIA ONTUMAaJbHOCTH

Dyaem mogarath, 9To N He PUKCHPOBAHO, M PACCMOTPUM PA3JIUIHbIE CIYIAW 3aaTh
Hom 2.1, cooTBeTcTByIOINE Pa3IUIHBIM 3HATEHWAM mHapameTpa [NV, XapaKTepHU3yIOIIero
BpeMs, B TedeHre KOTOPOTO MCCIIEIYeTCH KaTeCTBO MPOIECCOB B CHCTEME.

DT TacTHbIE ciaydan OygeM Ha3biBaTh [N -TITArOBBIME TIPOIECCAMM.

O6osHaunM vy 3HadYeHue PyHKIHOHATA KadecTBa (/1m.2.3) mpu N -mraroBom onTuMaltb-
HOM TIpOTIeCCe.

Byctb N = 1. Jlas sroro ogHotrarosoro mpotiecca ypasuenns (Jm.2.1) n pynkunorasn

(J1m.2.3) mmeror Buj
(1) = ¢[(0), u(0)]; (Hm.2.8)

Jy = qle(1)] + plu(0). (JIn.2.9)

DeTpyaHO BUIETH, TITO

nfa(0)] = min {ale(L] + pfu(O)]} = min {alele(O)), w(O)] + pfu(0)]}.  (An210)

u(0)eU

OmmieM BBIYACIATETLHYTO POy DY Ollpeie/eHnsA onTHManbHoro yipasaernsa u)(0) =
r(D[2(0)] B omHOMIATOBOM TpOTIECCE.
s pon
BproUEAYPA 1. Donoxum x(0) = 2*(0), rme 2*(0) ecth HeKOTOpOE (PUKCHPOBAHHOE

gucyo. Torna

I = qlpla™(0), u(0))] + ulu(0)) (JTn.2.11)
2

Dazobbem nmaTepBas [—1, 1] gomyctumMbix msmenennit «(0) Ha ¢ OTPE3KOB JJIMHON — W
i

BerarcsnM 3Hadenne Gyukinn (m.2.11) B Toukax pasomenns. D pu HEKOTOPOM 3HATEHWUH
25
—) — 1] . 3amoMHUM

i = j dTa GYHKINA TPUHAMAET HanMeHbllee 3Hatenne J; = [27(0), (

u*(0) = (2—]) —1.

4
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Donoxum renepb x(0) = **(0). Torma J; = ¢p[=*(0), u(0)]] + p[u(0)]. Dpu HERO-
TopoMm u**(0) = — — 1 s7a GyHKUNA TPHANMAaeT HanMeHblllee 3HATEHHeE.
?

Takwm 0bpasom, 3agaBasich pasananbiMu 3Hadenuamu @(0), moryanm suadennsa u(0).
DTa 3aBUCHMOCTD ONTHMATbHBIX 3HadeHnil «(0) or HagasbHbIX ycrosnit x(0) u ABIAeTCA

ncKoMoit (pyHKITHEH

uM(0) = rW[z(0)], (JIm.2.12)

3aJaBaeMOil TabINIHO.

Ucnonbsys a1y HyHKINO, TOIYIUM HanMeHblllee 3Hadenne Gynkunonata (Jm.2.9):

vrle(0)] = qlele(0), M e(0)]]] + ulrM (0] ([m.2.13)

DaccmoTpuM Teneps JIBYXIIATOBHN MPOLECC N = 2. B stom ciaygae
(1) = ¢[x(0), u(0)]; 2(2) = @lx(1), u(1)]; (Jm.2.14)

Jy = qle(1)] 4 plu(0)] + qle(2)] + plu(L)]. (JIn.2.15)
Ipencranin Jy = Jy + JY, vae Iy = qla(1) + plu(1)]: 5 = qle(2)] + plu(1)].

Buauenne Jy sapucnt or spibopa w2 (0) u w@(1). Dpusrom J; sasucur or u(0),a JY
—or u(0) m u(l), rak Kak (2) 3aBucur or (1), KOTOPOE B CBOIO OYEpENb ONMpeIeAETCA
BoIGOpOoM u(0) .

Donoxum u(0) = uP*(0), rae u2*(0) — HexoTopoe npomsBOIBHOE, HO BUKCHPOBAHHOE
qucio. DTo ympasienue orkiaonsger (1) ma semmumny *(1) = p[z(0), u2*(0)].

DouTH OYEBHUIHO, YTO eCITH TPEOYETCA Oy YHTh HauMenbliee sHadenue Jo npu u?(0) =
u@*(0), To neobxomumo BeGuparh u?(1) Tak, uTo6H JY MpEHEMANO HaEmMeHbIIee 3Hate-
HIE.

Vupasaenne u2)(1), nocrapnstomee MuHuMyM JY | ABIACTCA YIPaBIeHHEM B OJHOIIA-
rosom mporecce (tax xax u'?(0) saduxcnposano) u ompenenserca dopmyoit (J1m.2.12),

T. €.

uP(1) = rW[2*(1)]. (JIm.2.16)

Dpu sTOM

u{gl)i(rll) JV = v [2*(1)] = v1[(0), u2*(0)]. (Jm.2.17)

Brauenne Gynxmmonana (/1n.2.15) mpu u2(0) = u2*(0), u@(1) = «@*(1) = rO[2(1)]

OlIpeJeId€TCAd BbIpazKEHNEM

Jy = qla(1)] 4+ plu®(0)] 4+ v [e*(1)]. (JIn.2.18)

MuHUMU3UPYH 9TY CYMMY IO u(2)(0) , TTOJTY UM

233



wale(0)] = min {glple(0), w®(0)] + ulu®(0)] + vilple(0), wP(O)]}.  ([n.2.19)

u(2)(0)eU

Boipazkenue B bUrypHBIX CKOOKax AB/sercsa dbynKuueil oanoit nepementoii u(2(0). Ue-
nop3ys npoueaypy 1, nomyunm dynxmmo u2*(0) = r2[2(0)], npu koTopoii 310 BHIpaKe-
HIe TpUHUMaeT HauMeHbIllee 3HaTeHHe.

Taxum O6pEL30M7 OIITUMAJIbPHOE YIIpaBJI€EHNE B JBYXITarOBOM ITpoHecCceE MMeEET BU T

u?(0) = r@2(0)]; «@(1) =+ [z(1)). (J1m.2.20)

DpH 3TOM KCTpeMasbhioe 3Haderne Gynkunonata (/1m.2.15)

vs[2(0)] = gllx(0), rOLe(0)]]] + ulr® [2(0)]] + vrle[x(0), r[z(0)]]. (m.2.21)

bycts N = 3. [us storo ciyyas

2(1) = ¢[2(0), u(0)]; 2(2) = ¢lz(1), u(1)]; =(3) = ¢[z(2), w(1)]; (Hm.2.22)

Js = qlz(1)] + p[w(0)] + ¢[z(2)] + p[u(1)] + q[z(3)] + p[u(2)]. (Mn.2.23)

Dpencrasum J3 = J+ JY tae Ji = qlx(1)] + pfu(0)].

Dyers u®(0) = u®*(0), rae u®*(0)-npoussonbroe, Ho bUKCHpOBaHHOE THCIIO.

JI1s onTHMaIbHOCTH YIpPaBJEHHsA B TOM TPeXIIarOBOM IpOIecce MPH yCIOBHH, HTO
yIIpaBjeHne Ha IepBoM mmare pukcuposano, Heobxommmo ompegenats w3 (1) u u®(2) Tak,
arobpr JY = q[x(2)] + plu(1)] 4 q[z(3)] + p[u] npurumano nanvenbiiee sHadenme. s
ompenenenna u® (1) u u®(2) Bocnombsyemcs pesyIbTaTaMu, TOMYYEHHBIMA JJIA JBYXITa-
roBOro Hpoliecca ¢ HavalbbiM yeaosneM (1) = @[z(0), u®*(0)].

Da ocrose (/11.2.20) momyanm

(1) =P (1)]; «P(2) = rO[2(2)]. (Jm.2.24)

Buauenne dynxmmonana (1m.2.23) npu ynpasaennn (/1.2.24) v (0) = u®*(0) onpe-

AEJIACTCA BbIpazKEHNEM

Js = qla™(1)] + ulu(0)] + va(a™(1)]

Munnvsupys ero no u®(0) , momyamm

vafe(0)] = min_ {qllx(0), «®(0)]] + u[u®(0)] + aliple(0), (O]} (Ln225)

w3 (0)eU
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Boeipakenne B purypHbix cKOOKax gBiadgeTcH DYHKINEH OTHOMN TepeMeHHOH u(3)(0) . Ue-

oTb3Y s TIpolieaypy 1, Haxonmm

u@(0) = r@[2(0)). (J1m.2.26)

Takum 0bpasoM, onTHMAJIbHOE YIIPaBJEHHE B TPEXIIaroBOM IPOIECCce ONUCHIBAETCHA BbI-
paxenwamu (/m.2.24), ([1m.2.26).

DoBTopsasa 3tu paccykaerna mia N = 4,5, ..., TOIyIUM COOTHOIIEHHE

onfe(0)] = min {ale{o(0), O] + plu™(0)] +ovalele(0). « (O}, (In2:27

KOTOpPOE ABJIA€ETCA beHKHI/IOHELJIbeIM YpaBHEHNEM 14 JUCKPETHBIX CUCTEM.

Bwrson sToro ypapaenus onupasica Ha NPUHIIUIT ONTUMAJBLHOCTH, KOTOPbBIH MOXKHO
nepedopMyIIPOBATh TaK:

ONITUMAJIbHOE YpaBHEHHUE 00IalaeT TeM CBOWCTBOM, KAKOBBI Obl HU OBLIN HaTaJIbHOE
cocrosinme (yCJIoBUe) W YIpaBIeHre Ha TTePBOM Iare (MM HECKOJBKHUX TE€PBBIX Iarax),
yIpaBJIeHre Ha MOCTe Ty TOIMUX MTarax JOJKHO ObITh ONTHMAJTbHBIM OTHOCHTEIHHO COCTO-

AHWA, BOBHUKIIETO B PE3YJIbTaTE YIIPaBJI€HNA Ha IIEPBOM IIare.

Kakwne Ke TpymHOCTH B pemennu 3agadn Jlom.2.1 MBI mpeogosenn, NCIoab3ys MOIXOI,
OCHOBaHHBI Ha MPHHIHIE ONTAMaIbHOCTH! [aBHO TPYIHOCTHIO ABJIAIACH MAHUMHASAIH
dbyurmm N* mepemenunix (/1n.2.6). @ynkumonansroe ypastenne (/1n.2.27) mossosnnio
cBecTH 3aJady MUHNMyMa pyHKIuE N IIepeMeHHBIX K 3HaTHTeIhHO Gojlee IIpoCToil 3amade
MUHIMA3AIR (DYHKIWH onHoil nepementoii. [leiicrBurensro, ncnonssysa (1m.2.27) npu

N =1,2,..., nonyunMm pyHKIAN:

] ’ I
N7 0) = ¥ DLa(0): oy (0] (¥ = N 1) 22
u™M(0) = rM[2(0)]; vn[z(0)] (N = N*)-
Ormernm eme pas, uro dyrkuun u)(0) = rD[2(0)] (1 = 1, N*) nomydenst B pesy.ib-

tare MuaEMusainn Gysxman {g[elx(0), ()(0)]] + p[uD(0)] + V 1[e[2(0), ©(0)]] onmoit
nepemennoii u(9(0) .

B samade 9.3.1 tpebyerca naiitn yupasienne suga (/1m.2.4)

u(0) = role(0)]; w(l) = rife(D)]; u(2) = rafe(2)],. ...

()LIGBI/I,I];HO7 YTO MCKOMbBIE U TIOJIYHIEHHDBIE YVIIpaBJI€HNA CBA3aHbl COOTHOIIEHUAMMT

VIO u(1) = (1)
WV =D[2(2)], .. u(N* = 2) = rO (N = 2)); u(N* = 1) = rO[z(N* = 1)].
(/. 2.29)
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Takum obpasom, nckoMble PYHKIINN YIIPABIEHUA

rele(k)] = p(N"=k) [x(k)] (k=0,N*—1). (J1m.2.30)

BTOPOII BAPUAHT NPUMEHEHUS NPUHIOUIIA OIITHUMAJIBHOCTH. 9pI/IB6,D;6M enle
OJHY CHCTEMY pPacCysKJeHWiH, OCHOBaHHBIX Ha IPUHIIAIE ONTHMAIbHOCTH, MO3BOJIAFONIIX
onpenennth yupasiaenns (Jm.2.29). Onpesgenenne STUX ynpaBieHnii HaTHEM ¢ MOC/IETHETO
waTepBata Bpemenn [(N* — 1), N*| mpennomaras, aro cocrosume x(N* — 1) msBecrHo.
CoracHo MPUHIAITY ONTHMAIBHOCTH, yiipaBierne u(/N* — 1) Ha 9TOM WHTepBaJse JOTKHO

MUHUMU3APOBATH YaCTUIHYIO CYMMY, COOTBETCTBYIONIYIO 3TOMY WHTEPBAJIY:

O = gle(N)] + plu(N* = 1), (In.2.31)

Yaureisas, aro x(N*) = p[z(N* — 1), u(N* —1)], momxyaum

TV = glple(N* = D), u(N* = D]+ plu(N* = 1)]. (Hm.2.32)

D70 BbIpayKeHWe ¢ TOYHOCTHIO J10 obosHaueHnil copmagaer ¢ (Jm.2.11) u nosromy, mpu-

MeHAA Tpoleaypy 1, morydaemM onTHMaTbHOE YITpaBIenne Ha MOCTeIHeM yIacTKe:

u(N* —1)] = rWz(N* = 1)). (JTm.2.33)

Murnmanbhoe sHavenne (/111.2.32) onpesgenserca BblpaKeHHeM

o (V= 1)) = glela (N = 1)), POV = )]+ el Ve(V = DI (1n.2.34)

DaccmorpuM uHTepBas Bpemern [(N* — 2), N*|, cocroAtuii u3 MOCTETHETO W TIPEITO-

CJIEAHETO NHTEPBAJIOB. 9TOMy MHTEPBAJY COOTBETCTBYET YaCTUYHadA CyMMa

JOU gl (N — 1) 4 plu(N* — 2)] + qla(N7)] + plu(N™ — 1)] =

= q[x(N* = )] + plu(N* = 2)] + JO=D, (J1m.2.35)

Cocrogrne x(N* — 2) Gymem mpennosaraTth u3BecTHbIM. U3 IpuHIAHTA ONTHMATBHOCTH
*
cepyer, uro Jmimb coctosume x(N* — 2) u menb ymnpasienus (mummvusamaa J NV )
OTIPENIENIAIOT ONTHMaJbHOE yTipaBJerne Ha naTepBage [(N* —2), N*].

(N*-2)

Daitgem MmuruMyMm J no u(N*—1), u(N* —2). Yarem npu sT0M

nin T = (V1] = oD (V7 - 2], w(N = 2]

Depsble nBa ciaaraembix B (/1m.2.35) e 3apucar or u(N* — 1) u nosromy
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(N*=2) — . (N*=2) — * o
v L NrylgeU{q[ ple(N* = 2), u(N" = 2)]]+

bulu(NT = 2)]+ | min Al (N = 1), (N = D]+ fu(N" = D]} =
= min dalele PN 2), (D (V24 oIV ), w2},
(1n.2.36)

DpuMeHsA K MOCIeHEMY BbIpazKeHHI0 B (PUTYPHBIX CKOOKaX, COBMaJaoIeMy ¢ TOUHO-
crbio o obosradenwit ¢ (JIn.2.19), npouenypy 1, mosyauM onTHMasibHOE YIIpaBJeHHe Ha
npeanociaeseM natepsate [(N* —2), (N* —1)].

Dpu sTOM

u(N* = 2)] = rP[a(N* = 2)], v(N* = 2) = oD [g(N* = 2)]. (Jm.2.37)

Depeiinem Temeps K nHTepBasy Bpemenn [(N*—3), (N*)], cocrostemy n3 Tpex mocie-

HUX WHTEPBAJIOB. 9TOMy MHTEPBAJY COOTBETCTBYET YaCTUYHadA CyMMa

JN =) = gle(N* = 2)] 4 plu(N* = 3)] + JOV2), (J1m.2.38)

Dpennonaras cocrogune x(N* — 3) u3BecTHbIM, onpegenuM ynpasienusa u(N* — 3),
u(N*—=2), u(N*—1), murnmusupytorme cymmy (Jm.2.38). B coorBercrBum ¢ mpuHIHIOM
ONTHMAJbHOCTH, 3TH YIPaBJEHAA SABJIAIOTCA ONTHUMAJbHBIMA [JIA TPeX MOCIeTHUX HHTEep-
BaJIOB BPEMEHN [BUZKEHMUS.

YaureiBasd, 9T0 MEpBble nBa caaraeMbix B (J1m.2.38) He 3aBucaT or u(N*—2), u(N*—1),

3allniaieM
(N*=3) — . N*-3 — . * *
v in Ln {alp[x(N™=3), u(N" = 3)]]+
u(N*=2)eU

u(N*—3)el

* . (N*=2) — *
N =3+ mip S = min {alele(N = 3), u(N - 3]+
w(N*=1)eU

Hufu(N™ = 3)] + oV D ple(N7 = 3), u[(N" = 3)]]}.
(J111.2.39)

DpuMeHsAA mpoleaypy 1, mosryanM onTHMaIbHoe yIpaBieHne Ha wHTepBate [(N* — 3),

(V™ —2)]

w(N* = 3)] = rPa(N* = 3)], v(N* =3) = oI [z(N* = 3)]. (J1m.2.40)

D pojiosizKadg STOT MPOTECC, TMOJYINM OOIIYI0 PEKYPPEHTHYIO hOPMYITY

(V*=K) — i (N*—k) _ . _
v L N@IQEU{Q[ ple(N* = k), w(N™ = E)]]+
W(N*-1)€U (Hm.2.41)

Fu[u(N* = k)] + o Voo (N* = k), u(N* = k)]]} (k =1,N).
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Ucnonbsys nmpoteaypy 1, moaydaem onTuMaibHOe ypasHeHWe Ha nHTepBaste [(N* — k),

(N* — &k —1)]:

w(N* — k)] = rPg(N* — k) (k=T1,N). (Jm.2.42)

D10 BBIpaxkenne conagaer ¢ (Jn.2.29), a dynkunonanproe ypasterne (JIm.2.41) mpu

k=N cosmagaer c (Jm.2.27).
omnoanenue 3

AnamnTmyaeckoe KOHCTPpYHUPOBaHHUe peryjdiaTopoB JUCKPETHLIX CHU-
CTeM

DycTh 0OBEKT PETYJINPOBAHNS ONUCHIBAETCH YpaBHEHHEM

=[(k+ 1)]T = ®(kT)x(kT)+ R(ET)u(kT) (k=1,n). (Jm.3.1)

Tpebyercs onpemennts Marpuiy C'(kT) xKosdpduiinenToB peryiaaropa

u(kT) = C'(KT)x(kT) (k =T, N), (/Im.3.2)

TaKyio, 9100l Ha aBrKeHnaX cucreMbl (/m.3.1), (/m.3.2), Bo30yKI€HHBIX TTPON3BOTBHBIMH

Hav9aJIbHBIMU YCJIOBUAMN, MUHUMHWU3UPOBAJICA beHKHI/IOHELJI

N
J=>"x )x(KT)+u'[(k — )Tua[(k—1)T]. (J1m.3.3)
k=1
Baece ®(ET), R(EKT) (k= 0,1,...) — 3amaHAble MATPUIBI PA3MEPOB N X N, N X M
coorsercrenno; Q(kT') — HeorpuiaTesbHas onpeaeJgeHHas U3BECTHAA MaTPHUIA PA3MEPOB

nxXmn.

Jlnst pemrenust Toi 3ajauu NPUMEHHM NPUHIIMAI ONTHMAJbHOCTH. YIpaBieHue Oyaem
OTIpeNIeNIATh, HaUMHaA ¢ TocaeaHero naTepsaia spemenn [(N — 1)T, NT]. Da srom unTep-

Baste ¢ yaerom (/Im.3.1) nmeem wacTHaHyIO CyMMy

JN7L = X (NTYQ(NT)x(NT) + W/[(N — D)T]u[(N — 1)T] =

= {Q[(N = DT[(N = DT] + R[(N = D)T]u[(N — DT]} Q(NT)x (JTn.3.4)
X {R[(N = DTx[(N = 1)TT+ R[(N = D)TTu[(N — 1)T]} + h
+u'[(N = 1)T]u[(N = 1)T).
OHyCKaH APTYMEHTDBI, 3allUIIEM €€ HauMEHbIIIEE SHAYECHNE
VD = uglvi_nl)[x’qmgx + 2%x'®QRu + 0 (R'QR + E)ul. (JTm.3.5)

DOJIOKUM PaBHBIM HYJIIO IPajMEHT [0 U OT BbIPAyKEHHH B KBaIPaTHBIX CKOOKaX:
2x'O'QRu +2u'(R'QR + E) = 0. ([m.3.6)
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9&3})61[1&2[ 9TO ypaBHEHUE, IIOJTYHYUM OINITUMAJIBbHOE YIIPpaBJIE€HUE Ha MMOCIENHEM YYIaCTKeE

u[(N - 1T] = —{R'[(N = )T]Q(NT)R[(N — 1)T] + E} ™' x

XR[(N —1DTIQ(NT)®[(N — )T]x[(N — 1)T]. (u.3.7)
Taxmm obpaszom,
u[(N - 1)T]=C'[(N - 1)Tx[(N —1)T], (J1m.3.8)
rjie
CI(N = 1)T] = — {R(N = WTIQINTIRI(N — )T] + E} ™" _—
X RN = DTIQ(NT)O[(N — 1)T7]. .

Doacrasnasa ([An.3.7) B ([n.3.5), noayanm MuanMa btoe 3Hadenue cymmbl (/Im.3.4):

vV = X'PQx — 2X'P'QR[R'QR + E]™' R'QOx+
+xX'®QR(RQR+ E)™  R'Q¥x = x'[(N — 1)T]A[(N — D)T)x[(N — 1)T],

re

A[(N =1T] = @'[(N = DTT{Q(NT) — QINT)R[(N — 1)T]x
<RI(N = DTIQ(NT)R[(N — 1)T] + E]” RI(N — TQ(NT)} x (/Ir.3.10)
< ®[(N — 1)T).

(N-1)

Takum obpasoM, MUHUMAJIbHOE 3HATEHHE U ABJIAETCA KBaJPATUIHONH POpMOil OT

x[(N — 1)T7.
OHTI/IMELJH)HOG YIIpaBJIEHUE Ha IMPEAIIOCTETHEM Tare onpeigerdeTcd Ha OCHOBE COOTHOIIIE-

s (/1m.2.36), KoTopoe mpuHUMaeT B pacCMaTPUBAEMOM CJIyTae BHJIL

VN min XN = DTIQUN = DTN = DT+

+W[(N = 2)Tu[(N - 2)7] + vV D} =
= {xT(NV = DTQIUN = DT]) + A[(N = DT[N = )T+

u[(N-
T} = min {({O[(N —2)TIx((N —2)T]+

+u'[(N = 2)TTu[(N —2)
+R[(N =2)Tu[(N = 2)TTY [Q[( )T]) + AN = DT

B[N = 2)TIX[(N = 2)T]} + RN — 2)T])u[(N — 2)T]}+
AN = )TN = 9T]}} = | min (P + Al

+2x'®'[Q + A]Ru + u'[R'[Q + A]R + E]u}.

(dm.3.11)

O pupaBHUBasA HYJIIO TPAJUEHT MTOCTETHETO BbIPDAXKEHNA B PUTYPHBIX CKOOKaX, TTOJTyTaeM

u[(N = 2)T] = C'[(N — 2)T]x[(N — 2)T], (/I.3.12)

re
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C'UN =2)T] = —{R[(N =2)T)[QI(N — )T]+
+A[(N = DTIR[(N = 2)T]] + B} R[(N - 2)T]x ([n.3.13)
AQUN — DT+ AN = DTT}O[(N —2)T].
Ormernm, aro mocreanee pasercTBo B (/m.3.11) coBmamaer ¢ TOTHOCTHIO 1O 3aMeHBI
@ wa (Q + A) c Bpipazkenmem B mpasoii qactu (/m.3.5), mostomy (/m.3.13) cosmamaer ¢
(J1n.3.9), ecoin B nocenrem 3amernth () Ha Q@+ A,a N —1 wma N —2.
Doncranaa ([An.3.12), (JIn.3.13) B (Jn.3.11), nomydaem MuHEMaIbHOE 3HATEHNE Ta-

CTHYHONI CYMMbI Ha ITOCJIEAHUX JNBYX WHTEPpBaJaX YIIpaBJI€HWA

vV = X[(N = 2)T]A[(N — 2)T]x[(N — 2)T], (JIm.3.14)
rie
AN ~2)T) = 0N =TI — 207)+ AN 1))
QN — V)T] + AN — DT]] x RI(N — 2)TI{R(N — 2)T]x )
CQUN — T] + AN — DTTR(N — 2)7] + E-' (Ho3.15)

X R[N =2)TNQUN — DT+ A[(N = DT[N — 2)T7.

D poioIKas ITOT TPOIECC, ONpeIenM yipasienne Ha narepsase [(N—7)T, (N—j+1)T]

n3 yCcJiopudad MUHUMYMa HpaBOﬁ HJaCTHW COOTHOIIEHNA NMPpUHIOWIIa OIITUMAaJIbHOCTH

o (N=3) in XN =+ DTIQUN =5+ DTN -5+ DT]+
W[(N=H)T 4 (J1m.3.16)
+ [N = )TN = j)T] + V=D,

KOTOPOE€ MOZKHO IMPEACTAaBUTDh KaK

p(N=9) = [(mm | xX'[(N—j+DTIQUN —j+ 1)T])+

T
FAIN = j + DT[N = j+ DT]+ w[(N = j)TTul(N - )T} =
= nin {QUN = )TN = )71+ RN = HTRl(N = )T (n3.07)
<[QUN = j + 1)T]+ A[(N — j + DTHOI(N — T[N — ))T]+
FRIN = HTI[(N = HTI} + o [(N — )TN ~ HTI}.

D pupaBHWBasA HYJIO TPAJIUEHT MO U TOCJTEIHET0 PABEHCTBA B (PUIYPHBIX CKOOKax, TO-

JTYUUM

ul(N = )T = C'[(N =) T[N = )11, (Hm.3.18)

re

C'[(N = 3)T) = —{R[(N = )TNQUN — 5 + )T+
+A[(N — 5+ DTNR[(N — )T+ EY 'R[(N — 5)T] x (1m.3.19)
XAQIN =7 + DT+ A[(N — 5+ D)T}O[(N — 5)T7T.
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Doncranasa ([An.3.18), (1n.3.19) 8 (/An.3.17), nomyanm
oWV = X[(N = J)TIA[(N = T[N = )11,

re

AN = )T = (N = j)THQIN — 5 + 1)TT+
N = )T =@ [(N = ) THOIN =5 + DT+

(N =5+ 1)T]
+A[(N — 5+ 1)T]
+A[N =+ DTNRIN = §)T] + E} R[N = j)T]x
X[QUN =5 + DT+ A[N — 5 + )TN —5)T].

(J111.3.20)

(m.3.21)

Boipaxenuns ([n.3.18) ... (Jn.3.21) copasemusbr s Beex ¢ = 1, N (A(N) = 0) u,

TakuM obpasoM, Beipaxkenus (/1m.3.20), ([m.3.19) apadtorcsa peKyppeHTHBIME COOTHOIIEHT-

AMM JJIA I10CJIe JOBaTEeJIbHOI'O BbIYHMCJICHM A HCKOMOM MaTpUI bl

C'RT) = C'[(N = HT) (j=T,N).
omoanenue 4

MonasbHOe yIpaBJjieHue

DycTh 3aJaH MOJHOCTHIO YIPABIAEMbIHi OOBEKT, OMUCHIBAEMbIH ypaBHEHTEM

x = Ax 4+ Bu
Tpebyercs maiitn marpuiy ' yopaBieHns
. 7
u=0%
TaKyI0, 9T00bl XapaKTepUCTHIECKH MOJUHOM CHCTEMBI

D(s) = det(Es — A — BC")

MMeJT 33JaHHble KOPHU (MOIBI) Ar, ..., A, .

(1m.3.22)

(Jm.4.1)

(Jm.4.2)

(Jm.4.3)

9TEL 3aJJa"da Ha3blBacTCAd Sa;Laqeﬁ MOJAJIbHOT'O YIIPAaBJIEHWA. OHI/HHGM €€ peluleHne ajia

CKaJIAPHOTO YyIIpaBJIEHNA.

B srom ciyaae B ([m.4.1) u (JIn.4.2) B=b, C =c,tae b 1 ¢ — n-MepHble BEKTOPBI,

1 nponeaypa nmoCrTpoeHmda MOJaJIbHOI'O YIIPaBJIEHNA COCTOUT U3 CJICAYIOMINX OHepELHI/IfL

1. Dpusenem ypasuenne (JIm.4.1) k popme Ppobennyca

5'<:A)V<—|—E)u,

re
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0 :1 0: 0
0 :0 ... 0 0
A= D E,_, . b= : (dn.4.5)
0 Ta e 0
—dy —dy ... —d,_y 1
FE,—1 —eamanaran Marputia pasMepos (n—1)x(n—1); do, dy, ... dy—; — K03DPuTIERTD
XapaKTepUCTUIECKOro ypasHenus obobekTta (Jm.4.1);
D(s) =s"+ dy 18" V4. 4+ dys+ dy. (Jm.4.6)
Depexoy or ypasHenusa (3.2.19) x ypasuenuio (/In.4.4) ocyimecTisgercs ¢ MOMOIIHIO
mpeoGpa3soBaHUs
x = U7'%, ([l.4.7)
rie
W, = ||b Ab,..., A|| [[b, Ab..... A" (JTm.4.8)

DeTpysHO BUAETH, UTO I MOJTHOCTHIO YIpaBageMoro oobekta (/m.4.1)

det ¥, # 0. (Jm.4.9)

2. Us crpykrypsl marpunpl A cienyer, aro ypasrenue (JIm.4.4), paspenienHoe oTHOCH-

TeJIbHO TIEPEMEHHON T , IMeeT TocJIe TTpeobpasoBanns ero 1o Jlamiacy BuI

D(s)i = u. (Jm.4.10)

CpasHuBas 310 ypasHenue 1 3aganubiii momuaom D*(s) = [J(s—A7) = s"+d5_;s" ' +. ..

+dis + dfy nmomyaunm

u(s) = = (605" 4ot Gos 4 &) i, (Hm.4.11)

re

¢y =d; —d; (1=0,n—1). (Jm.4.12)

DpuHIMas BO BHUMaHWe, 9T0 $i; = @41 (1 = 1,n — 1) nmeem

u=—Y &i; = —¢'% (n.4.13)

(rme €' — n-MepHBIH BEKTOD UHCE).

3. Bosmpaiasich K NpeKHUM MepEMEHHBIM, TIOJYIUM HCKOMBIH BEKTOD
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¢ =—&'v, (Hm.4.14)

obecreTnBaONINiT 33 JaHHblEe KOPHH XapaKTePHCTHIECKOTo ToJdnHOMa crcteMbl (3.2.19), (3.2.20).
DaccMOTpUM Tereph CIydail, KOrJa COCTOAHUA OObeKTa He JOCTYIHBI M3MEPEHWo, a
n3MepsaeTcd mepeMerHas y.B sTom ciayaae Oyjem ucmonb3oBaTh omucanne o0beKTa B (popme

"BX0J, - BbIXON !

(3” +d, 8" dys + do) y=(kns™ + -+ kp s+ k) u. (Jm.4.15)

Dyaem nckaTh K03 DUIMHEHTHI PETyIsaTOpa

(dnpsnp +- 4 dp s+ dpo) u = (kpmpsmp + -k s+ kpo) Yy (Jm.4.16)

Tak, 9T00bl XapakTepuctudeckuii momnaoM cucteMbl (Jm.4.15), (JIn.4.16) nmen 3amantble
KOPHH.

s obrHOCTH Oy IeM ToTaraTh, ITO THCIO STUX KOPHEH PaBHO N. W OHO He 00A3aTeIbHO
COBTIAJIAET C N .

Cdopmupyem KesTaeMblil TOJTTHOM:
Ne

D*(s) = H (s = A7) =s" + Y L R dis + dj. (Jm.4.17)

=1

XapaKTepI/ICTI/IquKI/Iﬁ IIOJINHOM paCCMELTpI/IBELGMOﬁ CHCTEMbI

D(s) = d(s)dy(s) — k(s)kp(s). (Jm.4.18)

Cdopmvupyem mooscdecmeo Hesy:

d(s)dp(s) — k(s)kp(s) = D*(s). (Jm.4.19)
CpaBHuBas Ko>(D(QUIMEHTHI TIPH OJMHAKOBBIX CTEIIEHAX S B MpaBOil W JIEBOH YacTAX

9TOI'0 TOXKIECTBa, MOJNYIUM CUCTEMY JUHENHBIX ELJII‘66pELI/ILI6CKI/IX ypaBHeHI/Iﬁ

N(d, kv =d", (J1m.4.20)
T
e v = {dpo, o lpnyy Fpgs e, kpmp} — Np+mp—+1r -MepHBII BEKTOP HCKOMBIX KO3h ]uiu-
T
enToB perynaropa (Am.4.16) d* = {dé, di,..., dzc} — BEKTOp KO3 DUIMMEHTOB KETAeEMOT0O

nomunoMa, N(d, k) — KBagpaTHas MaTpuila, COCTABICHHAA U3 W3BECTHBIX KO3(DDUINEHTOB
ooberTa (/Jm.4.15).
UsBecrho,[6.5] aro

det N(d, k) # 0, (Jm.4.21)

ecyid 00BEKT IIOJTHOCTBIO YiapaBJA€EM, a CTE€IIEHU ITOJIMHOMOB pPETyJIdATOpa YAOBJIETBOPAIOT

OJHOMY W3 CJEAYIOUINX JIBYX yCa0Buit
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n, <m, m,<n. (Jm.4.22)

Dpumep. Daccmorpum caydait n =2, m =1, n. = 3.

B sTom CJIydae 00BEKT OIUCHIBACTCA YpaBHEHUEM

(32 +dis + do) y = (k1s + ko) u, (Jm.4.23)
a JKeJIaeMbIil TTOJTMHOMOM HMeeT BILI

D*(s) = s5 4 d§32 +dis+ dp. (Jm.4.24)

DyaeM BCKaTh PeryJasaTop B BUIE

(de + dpo)u = (kpls + kpo)y-

ToxmecTBO De3y nMeeT BUI

(32 + dis + do)(dp, s + dpy) — (k1s + ko) (kpys + Epy ) = 504+ d§32 + dis + d.

CpasuuBas Ko3PQUIHEHTHI TPU OJMHAKOBBIX CTETIEHAX S , TOJYIUM CUCTEMY yPaBHEHH

dodpo - kokpo = dé, dOdpl + dldpo — kokpl — klkpo = d’l‘
dldpl ‘|‘ depo — k‘okpl = d; d2dp1 = di;) .

DeTpyaHO BUIETH, 9TO B PACCMATPUBAEMOM CJIytae

dy 0 —kg 0 dy, s
N(d, F) = dy dy —ky —ko - dy, g d
dy dv 0 —Fk Epg dy
0 d 0 0 ko, 1
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okazareabcTBO 1
BrIBOo/1 OCHOBHOTO COOTHOMIEHMS TIPUHITAIIA MaKCUMyMa

Dpu JoKazaTehCTBE MPUHIMINA MaKCHMyMa OTPaHUIUMCS JIA MPOCTOTHI CJydaeM CKa-
agproro (m = 1) ynpasmenns u(t) u Oygem nonaraTh TaKzKe IIpaBblii KOHEI| TPACKTOPHUH
CBOGOIHBIM, T. €. GyJeM MmoJjaraTh, 9To 4ucaa r;; (i = 1,n) He 3aJaHbl.

Dycrp HaiigeHbl onTuMaabHOe ynpabaerne u’(f) W COOTBETCTBYIOIIHE STOMY yIIpaBJIe-
nuto Tpaektopun x9(t), x(t), ..., 22(¢), naumnatomuecs B Touke (2.2.3).

Da puc. I.2.1 npuBesileHa KpUBasd, KOTOPAH COAEPKHUT KOHETHOE THCJIO TOUEK C Pa3pbl-

BaMW II€pBOro poaa.

PDuc. 9.2.1

9&CCMOTpI/IM OIITUMAJIbPHOE YIIpaBJIEHNE Ha 0ECKOHETHO MaJIoM IIPOMEKYTKE BpEMEHN

T—e<t<r, (J1.1.1)

rge ¢ — OeCKOHEYHO MaJas ITOJOKHTEeIbHasd BeauduHa, a 0 < 7 < ¢;. MsMernMm Ha 3ToMm
POMerKyTKe BpEMEeHH ONTHMaJbHOe yIIpaBJeHHe /10 HEKOTOpO#l BequduHbl U # u’, mpn
stoM u € U. Da ocranpubix naTepBasax (0, 7 — &) u (7, {1) OCTaBAM yIpaBJeHHe He-
wsmeHHbIM 1 paBHbIM u’(¢). Taxas Bapmanwms skcrpemann u’(f) wHocuT HasBanwme “ueoab-
wyamott” eapuayuu. VrompyaTas Baphalysa NPUHIUIAAIBLHO OTIMYAETCSA OT IPHMEHSIEMOit
B KJIaCCHIECKOM BapHallHOHHOM HCYUHCIEHNH, TJe BapHalul dKCTpeMaJreil mpeIroaaraloTcs
HeIpepbIBHBIMA B HEOOXOIUMOE THCJI0 Pas3 HEIPEPhIBHO AudpepeHInpyeMbIM.

0

OTmernm, 4To BeTMYMHA NPUPAIIEHHs U — u° Ha paccCMaTpUBAeMOM HHTepBase [T—&, 7|

MOZKeT OBITH JII0OOH, JINIIH OBl BEeJWUWHA U He BBIXOAWJIA W3 JOMYCTHMBIX IpPEIesoB. a-
mpumep, ecn —u* < u < u*, TO MOAYJIb pasHOCTH U — u’ MOMKeT JeKaTh B Ipejesax OT
0 mo 2u”.

s urospuaToil BapHaldd XapaKTepHO, 9TO, HECMOTPs Ha KOHEUHYIO BEJHUIHHY pas-

moctn 4 — uY

, BIMAHAE 3TOil BapHalliyi Ha IMOCTeIylollee IBUKeHHe 00beKTa OeCKOHEeTHO
MaJlo, TaK KakK IWIomaah uMiryabca (U — u’)e GeckoHewHO Masa. YO6eauMcs B 5TOM.

B pesysbraTe msMeHeHHsA ympaBIeHHA Ha OECKOHETHO MaJOM MHTepBajtge T — & <t < T
JasbHeiiree nBnKenne o(t), x1(t), ..., x,(t) mpw ¢ > T OoTIMIAETCA OT ONTHMATHHOTO

(puc. 9.2.2).

245



Duc. 9.2.2
Ouesugno, uro X°(7)—x"(1—¢) = e [X°(7), u°(7)]; x(7)—%(7—¢) = ep [x°(7) u’(7)].

DpurnMas Bo BHUMaHMe, uTo X(7 —¢) = X°(7 — ¢), noayunm

x(r) = x°(r) = e {@ [x(r), al(r)] — ¢ [x°(7), u’(7)]}. (JI1.1.2)
9Ta pa3sHOCTh HECKOHETHO MaJja, HO OTJIHMYHA OT HYJIA,  MO3TOMY Hpu ¢ > 7 Oyaer cy-
eCTBOBATh PacXoXKJIeHne MEXKIY TPaeKTOPHUAMH X(t) n Xo(t). OmHako 970 pacxox jienne

TakzKe OygeT 6eCKOHEeTHO MaJlo.

Beenem Bekrop Bapmanmn 6x(t) ¢ xoopauHatamu dx;(t) (¢ = 0,n) ompenensemblii Kak

ox(t) = x(t) — x°(¢). (J1.1.3)

Dpu sToM Ha ocHose (J1.1.2) MoKHO 3amicaTh HaTaJIbHOE 3HAUEHNE STON BapHallin

ox(7) = e {@[x(r), u(r)] — ¢ [x(), w’(7)]}. (71.1.4)
Domaras kKpusyio X°(¢) "nmporpaMmuoil” TpaeKTopHeil, COCTaBUM ypaBHEHHE BO3MYIIEH-

HOTO JBUZKeHWA aisa cucrembl (2.1.1).

9T0 ypaBHEHNE UMeEET B TEPBOM MPUOTMKEHUH BUI

0

d(dz;) Y M dx; (i =0,n). (/1.1.5)

dt - Z al']‘

i=0

DellleHnsa TUX ypaBHEHWH TpW HadabHbIX yeaosuax (J1.1.4) omncpiBator pacxox peHne
tpaexktopuit z9(¢) u z,(¢t) (1 =0,n) mpn ¢ > 7.

Benwanna dxo(t) mpencrapiser coboil m3Menenne ¢ HanMeHbIEro (OMTHMAJTBHOTO)
sHaveHnsa pyHKuHOHaTa (2.1.5), BBI3SBaHHOE HTOIBIATON BapHalneil.

Tak Kak onTHMaJIbHOe yIpaBiernne u(t) obecreqnBaeT HanMeHblllee 3HaTenwe J , TO Tpw

JFOOOM JIPYTOM YIIPaBIeHUH Xo(f1) MOZXKeT JIHIIb yBETHIHBATHCHA, TTOITOMY

QGPGHI/HHGM 9TO COOTHOIIECHHUE B BHIEC

5T = —daolty) = [0x(t)] (1) < 0, (JL1.7)

rie 1 (t1) — BeKTop, mojobpaHHbIit Tak, 4ToOBl mpomssenenme [0%(1)] ¥ (t1) GbLTO paBHO

dxo(ty) .
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OueBumno, aTO

W(t) ={-1,0,0,...,0}. (JI.1.8)

Dpu u(r) = u’(7) npupamenune (—§J) mocTETaeT cBoero HamGOIBIIETO 3HATEHUS,
paBHoro HyJsO, a coorHotiernne (/1.1.6) osHadaer, uro M06OE HEONTHMAIBHOE yIIPaBJIEHHE
"xye”, 1eM ONTHMaJIbHOE: OHO JaeT MEHbINHH 3(pdeKT, TeM onTuMaIbHoe.

Bnavtenne u(7) JOMKHO BHIOWpaAThCA TaK, ITOOBI cleqaTh BenInHy (—d.J) BO3SMOKHO

6OJH)IH€IL/'I7 1 4J1:d HeOIITUMaJIbHbIX prELBJIGHI/Iﬁ 9Ta BEJIMYMHa paBHa

—5J = [6x(t)] ¥ (). (J1.1.9)

BamMeTnM ofiHO BasKHOE 0OCTOATETHCTBO: 3HaUeHWe U(T) MOYKHO BBIOHPATH HE3aBHCHMO
OT IIpolecca yIpaBJIeHHs, IIPeIIIecTBOBaBIIero BpeMeH: T, W 3TO 3HadeHne JOJKHO BbI-
OMpaThCA TaK, 9TOOBl MaKCHMU3WpOBaTh BesnnanHy (—d.J), ompenensgeMyto BbIpazkKeHHEM
(J1.1.9).

Ucnonwsosanue (J1.1.9) asa eibopa u(7) TpeacTaBiseTcs 3aTpy/THATENbHBIM, WOO I
porancaenns [6x(t)]) ¥ (t;) meobxommMo TponHTeTpHpoBaTh ypaswenne (J1.1.5) mpn naTah-
wbix yeaosuax (J1.1.4) u naiitn §x(f1) B 3aBUCHMOCTH OT TUX HaYaJIbHBIX YCJIOBHIT U yTIpa-
Benns u’(7).

B cB#A3u ¢ 3TMM TIOKazKeM, 9TO BeKTOp (1), ABaAfomniica perrerneM ypasaenus (2.1.9),

YAOBJIETBOPAET COOTHOIIEHWTO

ax (D] (1) = [ox(t)]' (1) 7 <1< 1. (1.1.10)

Torpa mpu { = 7 TOJIyYUM paBEHCTBO

[6x(7)] (7)) = [6x(t1)] ¥(t)) T<t<t. (J1.1.11)

Tenepb MoKHO cyauTh 0 Beauamae ¢.J II0 JI€BOil 9acTH 3TOrO paBEeHCTBa, KOTOpas sABHO
sapucut ot u’(7T).

N3 (J1.1.10) crenyer, aT0

[6x(t)]" 4 (t) = const (7 <t <ty), (J1.1.12)

I TOTJa

= {Bx] ()} =0 (r<t<t), (J1.1.13)

NJIn

S0 + (e U <o

BELHI/HHGM 9TO PaBEHCTBO B Pa3BEPHYTOM BHUJE
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0
Ucnonpsys (2.1.9) u (JI.1.5), momyanm

Zn: [Z 0p; 5%] (1) — Z [Z ij qﬁj] Sz = 0.

=0 |5=0 =0 [7=0
Takwum obpaszom, coorromrenne (J1.1.10) mokasamo.

Temeps MoxHO paccMarpusarh Bestnanny —dJ = [dz(7)] (1) < 0.

DpencraBuM 310 coorHotrerne ¢ yaerom (/1.1.4) B Buge

_ _ !
e {9 [x(), a(r)] — ¢ [x°(7), u(7)|} () < 0. (J1.1.14)
3 (/1.1.2) crenyer, uro pasrocth X(7) — X°(T) TO BEKTOP, KOMIIOHEHTBI KOTOPOTO
ABJAIOTCH BETUIUHAMHU TOTO 7K€ MOPAJKA MAJOCTH, 9TO U €, W TOSTOMY BEKTOp X(T) B
(/1.1.14) moxHO 3amennTh Ha X°(T).

Cokparmas (/1.1.14) va £ > 0 n yunTbiBad Bbipazkenune (2.1.7), 3akioTaeM, 110

H (¢, x°, a) < H (¢, x°, u°). (J1.1.15)

910 o3Hadaet, uTo GyHKIHA [ mocThraeT MakcmMyMa TIpH U = u’ W, TAaKHEM obpa3oM,

ocHOBHOe yTBepKaerne (2.1.13) noxazamo.
dokazareabcTBO 2
BriBoa anrebpanmdecKoro ypaBHeHUsS DUKKATH

Barmmrem ypasterns (3.1.1), (3.1.2) u pyukmmonan (3.1.3) B pasBepryToii dpopme:

=) airy+ ) b (i =1,n); (H.2.1)
7=1 k=1

chkxz =1,m); (J1.2.2)

J :/ D qirivy + g | dt, (/1.2.3)
0 7,j=1 k=1
rie Z qi;jvix; > 0 nus Beex sHavenuit x; (i = 1,n).

1,5=1

YpaBHeHUsA B 9aCTHBIX Mpon3BoAHbIX (2.3.11), (2.3.12) uMeror B paccMaTpuBaeMoM CJTy-

Jae BUJ,

ov

TR SO

+ Z gijric; + Zuz (J1.2.4)
k=1

n
=1 1,5=1
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"0
Z a—;bik +2up =0 wm up = ——Z 8:1; ;i =1,m). (J1.2.5)

=1

Uckmogas u, (k= 1,m) us (/1.2.4) ¢ momormpio (J1.2.5), moryunm HesmreiiHoe ypas-

HEHNE B YaCTHBIX IMTPOU3BOJHBIX

ov & v m o1 [ o 2 .
TR Z (Z a”x]) - Z 1 (Z a—xbzk) + Z gi;vi ;= 0. (/1.2.6)

2:1 Ly k=1 =1 7,j=1

Deltrrenre 3TOT0 ypaBHEHNA OYIeM UCKAaTh B BHIe KBAJIPATHIHON (POPMBI

v = Z qi; TiT 5. (ﬂQ?)

1,5=1

Doncrasnssa soipaxenne (J1.2.7) B (/1.2.6), momyanm

2

1 e
Z —|— Z qijl'il']‘ = 0 (ﬂ28)

Zn: (anpiﬂj) (]Z: az’j%‘) - i [Zn: (Zn:pijl'j) bix

=1 \y=1 k=1 |:=1 \y=1

9TO PaBEHCTBO MOZKHO 3alliCaThb B BUJIE

£ (Sr) (S0 15 5 (£ o]

a=1

x [Zn: (Zi: Do ak) :1;] + Z gijrir; = 0.

=1 1,5=1

D pUpaBHUBaA HYJIO COBOKYITHOCTD KO3 MUIMEHTOB IpW MpOU3BeIeHnaAx ;2 , (1,7 = 1,n)

n(n+1)

1 YYHUTBIBasd, YTO T;T; = T;T; , HOJIYIUM CHCTEMY W3 T anrebpamIecKnX ypaBHEHU

JJIA onpefenenns Koddduimentos p;; (1,7 = 1,n):

Z (Pailaj + GojpPai) — Z (Z paibak) (Z pajbak) +¢q; =0, (1.2.9)
a=1

a=1 k=1 a=1
[IPH STOM Pij = Pji -

Doacranaa ksagparuanyio Gopmy (/1.2.7) B (/1.2.5), momyanm

—ZZ: (épmbak) vi (k=1,m). (/1.2.10)

Ecmm cucrema anrebpantveckux ypasaennii (/1.2.9) umeer cBomM pelienneM XoTs Obl
o Habop uncen p;; (i,7 = 1,n), npu koropom dhopma (/1.2.7) ABiageTcs moroKuTETBHO-

onpeneaeHHon,

Z Py > 0

7,75=1
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ans Beex x; (i = 1,n), To nckomoe onrumasbroe ypasuenne (J1.2.2), paspemaoriee 3a1a1y,
mveer Bua (/1.2.10) u, cienoBaresnbHO, cKoMble KO3 duumentsr ¢, (1 = 1,n; k= 1,m)

paBHbI

Cip = — Zn:pmbak (t=1,n; k=1,m) (J1.2.11)
a=1
Barmmcesad (/1.2.9) u (/1.2.10) B marpuanoii Gopme, nomyanm (3.1.15), (3.1.16).
JlokazaTenbcTBO 3
BI:)IBO,Z[ ypaBHeHI/Iﬁ OIITUMAJIBHOTO Ha6JII'O,Z[eHI/Iﬂ

1. DaiieM BHauaje ypaBHeHWA s OMMOKM (e = X — X) Habmiogernsa. Jlud sroro

BBIUTEM W3 ypaBHeHW:A o0bekTa (4.2.1) ypasrenune nabmogarens (4.2.6), Torga moayanm

e =[A(t) = K(1)D(t)] e — K(t)x + U(D)f; e(to) = e©. (I1.3.1)

2. Tenepp Boramcnm 3Hadenne kputepus (4.2.7) Ha pemennsax (/1.3.1). B cBaAsn ¢ stum

BBEJIEM 0bo3HATCHUA

e(t) = M {e(1)}: (11.3.2)

Pe(t) = M {[e(t) — e(t)][e(t) — e(t)]'}, (/1.3.3)

rae e(t) - MmaTeMarndeckoe oxkuganne; P.(1) - Marpuia gucrnepcnii ommboK HaOJIIOIeHNA.

DeTpyaHO BUIETH, TITO

P.(t) = M {[e(t) — e(t)][e(t) — e(t)]} =
— M {e(1)e(1)} — M {e(t)} €(1) — e(t)M {e'(1)} + {e(t)e'(1)} = M {e(1)e(1)} — e(1)e/(1).
(J1.3.4)

Orcroma cemyer, 1TO

M {e(t)e'(t)} = P.(t) + e(t)e'(t). (JL.3.5)

Marpuna M {e(t)e'(t)} HasbiBaeTCA Mampuyed MOMERMOE 6MOPO20 NOPAIKG. De-

menThl MaTputibl (e(1) = M {e(t)e'(t)} onpenensatorcsa BblpaKeHUAME

g(t) = M {ei(t)e;(1)} . (/1.3.6)

Takwum obpaszom, (/1.3.5) MoKHO 3amucaTh B BHE

G.(t) = P.(t) + e(t)e'(1). (/1.3.7)
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YrBepxkaenune A. Cpestee 3HaUeHre KBajpaTa ONMOKa BoccTaroBIeHns (4.2.7) BbIpa-
JKaeTCA Iepe3 MaTeMaTHIecKoe OXKHUIaHue W MATPHUILy JUCTEPCHiT OMMOOK HaDIIOMEHISA

CJTEIYTOITAM 0OPA3OM:

M (e (DA(D)e(1)} = tr [P.(1) + A(1)] + @(1)A(1)e(1). (13.5)

JlokazaTerbcTBO TOTO COOTHOIIEHN A oy daeM, ecan ¢ yaerom (/1.3.6), (/1.3.7) samuimem

MW@WMMZM{i&N) }—Za]M@><%=

7,75=1 7,75=1

'i&ﬂmewMW%mszWEwwwwﬁz

= tr [P.()A(1)] + € () A(1)e(t).

Hanee nns npocrorsr momaraem A = diag |[[A, ..., A\, A >0, e=1,n.

3. Depexond K MuHUME3annK Kputepus (4.2.7), 3amernm, 910 B coorsercrsun ¢ (/1.3.8)
BTOPOE cJlaraeMoe JOCTHTaeT MUHMMyMa, Korya €(f) = 0. DaiigeMm ycaoBus, Mpu KOTO-
PBIX BBHIMOJTHAETCA 9TO paBeHCTBO. B coorserctsum ¢ dopmystoii Kommm (1.3.18) permene

ypasrenns (/1.3.1) umeer Bua

e(t) = [:](t, to)e(to) + / [:](t, W (r)f(r) — K(7)x(7)] dr, (/1.3.9)

rie H (t, to) — HOpMHUpOBaHHasA (pYHIaMEHTaJIbHAasA MaTPUIAa PeIleHui 0JHOPOIHOTO YPaB-

HeHun:A

e =[A(t)— K(t)D(t)]e(t). (/1.3.10)
Dpurnmas Bo auManme, 9ro M{x (1)} = M{f(¢)} = 0, nomyunm wa ocrose (/1.3.9)

M{e(t)}y = H(t, to)M{e(ty)} wmx e(t) = H(t, to)e(to).

D70 o3HaTaeT, UTo €(f) ABIAETCH PElleHneM ypaBHEHUA

é = [A(t) — K(t)D(t)]e. (J1.3.11)

Ecim 3a/laTh HaYaJIbHOE YyCJIOBUE HEL6JIIO,ILELT6JIH

}A((to) — 5((0),

To €(tg) u, ciaemoBaTesbHO, perierne ypasrerns (/1.3.11)
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e(t) =0. (/1.3.12)

Takwum 0bpaszom, npokazaro coorrorrerne (4.2.11).
4. Daiigem yciaoBus, TPU KOTOPHIX JOCTHTAET MIHIMYMa MTEPBOE CJIaTaeMO€e B BbIparKe-
mun (/1.3.8). Jlas sroro moctponm BHadase ypaBHeHHe, KOTOPOMY YIOBIETBOPAET MaTPUIA
nucrnepcnit ommnbok Boccranopienns P.(t). Takoe ypaBHeHne HeTPY/IHO 3amucaTh, €CTH

BOCIIOJIB30BATHCS CJAECAYIONUM yTBep K aeHueM [3.7].

YrBepxkaenune . Eciaun x(1) - peterne ypapHeHws

X = A(t)x + U(OF(t), x(to) = x, (J1.3.13)
(rme f(t) — "6emprii mym” unrencusnoctn RM(1); x(©) — croxacrmueckuit sekTop, He
sapucaumit or (1) co cpemnmm X u marpuneit guenepenii R = M{[x(® — x(©)]

[x©) — xO] 10 Marpuna gEcnepcmii

Po(t) = M{x(t) = x(0)][x(t) =x(@)]'}  x(t) = M{x(t)}

YIOBJIETBOpAET MaTpuIHOMY I PepeHnnasbHOMy ypaBHEHHTO

P(1) = A(t)Po(t) + PoA'(1) + U(RW()W'(1), Pu(ty) = R, (J1.3.14)

Jlns mokasaTebcTBa TOTO yTBEPXKIEHWA 3amuiineM BHadate B coorsercrun ¢ (/1.3.5)

P.(t) = M{x(t)x'(t)} — x(t)X'(¢). (/1.3.15)
s seravcoenns snadenna Marpunsl M{x()x'(1)} Bocmomb3yeMcs BblpazKeHHEM I

pertennsa ypastenns (/1.3.13):

x(t) = H(t, to)x(to) + / H(t, ) U(r)f(r)dr. (J1.3.16)

Torna
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M{x(1)x'(1)} = M{H(t,1,)xOx O H'(1,1,)} +
}+

- i (J1.3.17)
+M{ /H(t, () (r)dr | 2O H (1,10) ] } +

—|—M{H(t,t0)x(0) [ / H(t, 7)U(r)(r)dr

—|—M{ / H(t, 7)U(r)(r)dr

L to J

[ [ . T)\I/(T)f(r)dT] }

Bropoe i TpeThe ciaraeMble B 3TOM BBIDazKeHHMH PaBHbI HYJO, TaK Kak BexTopbl X(°)
f(t) nesasucmmbr u M{f(t)} =0.

D peobpasyem mocienHee ciaaraemoe ¢ yaerom (4.1.3)

M { [ J . r>w<r>f<r>dr] [ Je n)q’(n)f(n)dn] } -

to

= [ [ H W) M{E(r) £} )l drdy = (J1.3.18)

= [ H(t, 7)) RO ()W (1) H' (1, 7).

Doncrasasas (/1.3.17) 8 (/1.3.15), moayaum ¢ yaerom (/1.3.18)

t
P.(t) = H(t,t0)G oo H'(t,to) —|—/H’(t, )W (r)RY(r) W (7)H'(t, T)dr—
to
_H(tvtO) X(O)‘%(O)/H(tvtO)v
rae G = M[x©x©].

Ananormano (/1.3.7) momyanm

Py(t) = H(t, to) R H'(L, 1) —|—/H(t, )W () RO ()W (r)H'(t, 7). (/1.3.19)

to

(Derpyano suuers, uto P,(ly) = R©). Juddepennupys 510 paBeHCTBO ¢ ydeTOM

cooTHOIEeHnA
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W) aym, (J1.3.20)

1 paBEHCTBa

H(t, t) = B, (J1.3.21)

noayanM (J1.3.14), n Takum 0bpasoM, yTBepKaeHre D JTOKa3aHO.
Ucmonb3yst 3170 yTBEpIKIeHUE, 3aIUIIEM ypaBHEHWE I MATPUIIBl JUCTIEPCHI ONTHMOOK

BOCCTaHOBJIEHM A

(J1.3.22)
FE (RO (K () + W (t) RO ()W (1)
P.(to) = RO, (J1.3.23)

5. CdopmynupyeM OIHO YTBEPKIEHWE, KacafoIleecs CBONHCTB pelmeHnil MaTpUIHOTO
nud depernnanbHoro ypasHenna Yukkarn (3.1.37).

Ormern™M BHaTaJIe, 9TO B cooTBeTcTBN ¢ (2.3.14) dyHKIMA

o(t) = X' () P(H)x(1), (11.3.24)
ABJAKOMaACA pEIIEHNEM YPaBHEHUA METOJa JUHAMHUYECKOT'O MPpOrpaMMUPOBaHNA, BO3SHUK-

IIeTo B CBA3H ¢ 3ajadeil o MuanMyMe pyrakunonanta (3.1.30) va casax (3.1.29), nossosser

BBITHCIINTH 3HadeHne Gynkumonata (3.1.30) Ha oNTHMaTbHBIX TPAEKTOPHAX. ITO 3HATEHIE

min.J = v(to) = x'(to) P(to)x(t0). (/1.3.25)

Borancomm snavenne dyukinnonana (3.1.30) mpu HeONTHMAIBHOM yTIpaBIeHUH

u=C'(1)x, (J1.3.26)

rae C(t) — npousBosbHasd, HO PUKCHPOBaHHAA MaTpulia (DYHKIMH BpeMeHH, 33 JaHHBIX Ha
unTepsase [to, 11].

O6wbekT, 3aMKHYTHI yrpasiernem (/1.3.26), onucbiBaeTcs ypaBHEHHEM

x = A()x;  x(lo) =x, (J1.3.27)

re

Aty = A(t) + B()C'(t), (J1.3.28)
a gynkunonan (3.1.30) npuHEMaeT B

J = / xOxdt + %' (1) PWx(t,), (J1.3.29)

to
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re

Q=Q()+ M)

(11.3.30)

Nrak, HeoOxoaMMO BBITHCIUTH 3HadeHne dyHKmonana (/1.3.29) Ha pemtenunsax ypashe-

mua (/1.3.27).

De purcupy# moka to, 6ymem nckarh sHadenue dynknnonata (/1.3.29) kak

t1

x'(1)P(1)x(t) = /x’(t)@(t)x(t)dt+ x'(t1) PMx(1y).

t

W3 sToro BbIpazK€EHA Cj1eayeT, B 49aCTHOCTHU, YTO

P(ty) = PO,

Huddepenunpys obe qactu (J1.3.31) ¢ yaerom (J1.3.27), momyanm

x'(D)[A'(t)P(t) + P+ P(HA)]x(t) = =x'(1)Q(t)x(1).

Orcroma ciemyer ypaBHeHne

—P(t) = P()A(t) + A1) P(t) + O(t).

D10 ypasrenne ¢ yaerom (/1.3.28), (/1.3.30) npumer Buj

—P(t) = P(HIA) + BOC (O] + [A) + BOC' 0] P(1) + Q1) + C(1)C'(1).

N3 (J1.3.31) nomyunm sHavernne dpyukimonata (/1.3.29)

(o) = x'(to) P(to)x(to).

OueBumno, aTO

0(to) > v(to),

Tak Kak v(fp) — 3HaUeHne STOro (PYHKIHOHATA TTPH ONTHMATBHOM YITPABJICHIH.

(J1.3.31)

(J1.3.32)

(11.3.33)

(J1.3.34)

(11.3.35)

Ns (/1.3.34) crenyer, [arto p(to) > P(to), mockonbKy BeKTOp X(1o) MTPOM3BOIBHBIIL.

Kpowme Toro, ncnonb3ys mpon3BOIbHOCTD g, 3aK/IIOUaEM, ITO

[P(1) — P(1)] > 0.

Takum obpas3oM, TOKa3aHO CJIENYIOlIee YTBEPIK TeHTe.
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YrBepxkaenune B. Marpuunoe ypasuenme (J1.3.33) ¢ xpaesbim yciosuem (/1.3.32)
nMeeT pelllerne, yaoBreTsopsoiiee HepaseHcTBy (/1.3.36). DTo HepaBeHCTBO 0Opala-

€TCA B paBEHCTBO, €CJIN

C(t) = —P(t)B(1). (]1.3.37)

Ecmm dynxumonasn (3.1.30) wmeer ug (3.1.42), o ypasuenue (/1.3.33) npuanmaer Bua

—P(1) = [A(t) + ( )C* (DY P() + P(O[A() + B()C'(1)]+ (11.3.38)
Q+CHRW)C;(t),
a MaTpulia
C(t) = —P()B(H)QW. (/1.3.39)

6. Beenem (mosaras gasbime aisa mpoctorhl to = 0) B paccmorpenne anddepenimaib-
Hoe ypaBHeHue JJA HEKOTOPOU MaTpUIlbl S (t) (pasMepoB n X n ), KOTOPOE TOJNYIAeTCA W3
ypasaennsa (/1.3.22) obpaienneM BpeMeHW TyTeM BBeJeHWA T = {1 — ¢ W HOCTeAyomed

3aMeHBbl T Ha t:

—S(t) = [A(ty —t) = D'(t; —)K'(t; = )]'S(t) + S(H)[A'(ts — t)—

—D'(ty = )K" (t; — )]+ K(ty — ) RO (ty — ) K'(t; — t) + Uty — )RV (¢, — 1)V (8, — t);

(J1.3.40)
S(t) = R (J1.3.41)

Ouesnro, aro pemenns ypasrenuii (/1.3.22), (/1.3.40) cBasanbl paBeHCTBOM
P.(t) = S(t, — 1). (J1.3.42)

DpumMeHnM Tenepb yreepikierne B K ypasrenwuto (/1.3.40). Marpuna S(¢) mocturaer

MWHUMYMa, €CJIN MaTpHulla

K(ty —t) = S()D'(ty — t)RP ™' (t, — 1). (J1.3.43)
HeiicrBurensro, ypasuenne (/1.3.40) conamaer ¢ ypasuenmem (J1.3.38), ecom B mocstes-

HeM monokuTh B(t) = D'(t — 1), C’( H)y=—K(t; —1).

Aty = Aty — 1), Q(t) = W(ty — )R (ty — )W (¢, — 1),

QW) = RA(t, — 1),
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u Torga Ha ocHose (J1.3.37) momywaem (/1.3.43). Doncrasnas (/1.3.43) 8 (/1.3.40), momyanm

ypaBHEHHe JIs HAHMEHBIIErO SHATCHHsA MaTPHIbL S (t)=5(1):
—S(t) = Aty — )S(t) + S()A'(t, — 1)—
—S(H)D'(ty — YRP =Yty — )D(t; — 1)S(t) + W(t; — 1) (J1.3.44)

x ROt —)W'(t, —t);  S(t) = RO,
Demenns ypasrennii (/1.3.40) w (J1.3.44) y10BIE€TBOPAIOT YCIOBHIO
[S(t) = S(1)] > 0.

Ob6parmas Bpems B ypasuennu (/1.3.44), sakmovaem, aro

[P.(t) — P.(t)] > 0. (J1.3.45)

rae P.(t) — pemrenne ypasuenus (4.2.9), koropoe cosmagaer ¢ (/1.3.44) noce obparerns

BpEMEHN.

Ns (J1.3.45) crenyer

tr [P(O)A(L)] = tr [P()A(L)],

u nosromy marpuna (/1.3.43), copnagatornasn mpu g(t) = S(t) = P.(t) ¢ marpuueit (4.2.8),
MUHAMU3HAPYET HaOIoJaTelb, I TaKAM oOpa3oM, yTBepzKaeHne 4.2.2 1oKasaHo.

OTmeTnM, 9TO TIOJMyYeHHbBIH pe3ysbTaT He 3aBUCUT OT KOHKPETHOI'O MOMEHTa BpeMeHH
t, KoTopblil BbIOpaH mas MuHHME3anuw Kpurtepusa (4.2.7) w Bbibopa Marpuust A(t), mo-
stomy Marpuna (4.2.8) munumusupyer (4.2.7) ogHOBpeMeHHO miA Beex 1 > 1o ¥ JIHOOBIX

3HAKOOIpe/efenHbx Marputl A(t).
dokazaresgbcTBO 4
JlokazaTebCTBO TeOpeMbl pa3/ieJIeHn s

Barmmmrem dyrkunonan (4.2.5) ¢ yueroM KOMMYTATHBHOCTH Oepalii HHTETPHPOBAHIA

1 MaTeéMaTHYeCKOI'O OZKIJaHnA B BUJE

J = / M A{X'Q(t)x +w'u} dt + M {x'(t;) PWx(t)) } (J1.4.1)

U paccMOTPUM

+MAX(H)Q()x(1)}
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rJe X — BEKTOD MePEMEHHBIX COCTOAHWA ONTHMasbHOro Habmomaresnsd (4.2.6), B KOTopom
marputa K (1) ompenmensercsa coorHouenuamu (4.2.8) ... (4.2.9).

B coorsercrsum ¢ (J1.3.8) marpuiia gucnepcnii ommOKH ONTHMATBHOTO HAOTIOIEH A

M {[x(t) = %(6)] Q(1) [x(t) — %(1)]} = tr [P()Q(1)], (/1.4.3)

TaK KaK MpH ONTHMaJbHOM BoccTaHoBsennu €(t) = 0, a P. = P., rme P. — pemenne
ypasHerus (4.2.9).

Bropoe craraemoe B (/1.4.2)
M {[x(t) = %(1)] Q1)k(1)} = 0 (J1.4.4)
B CHJLYy CJI€IyIOIIero yTBep K IeHNUA.

VYrBepxkaenue A. Bekropor e(t) = x(t) — %x(¢) u x(t) He Koppenuposanbl. Jlokasa-

TEJIbCTBO 3TOT'0 YTBEPZKACHNA 6y,IL6T IIpUBEIEHO HUZKE.

Taxmm obpaszom,

M X ()QHx(1)} = tr [P()Q()] + M X (1)Q(1)%(1)} (/1.4.5)

Donaras B 9TOM BblpazkeHun t =t; u 3amenas Q(f1) Ha P | nomyamm

M A/ () PO ()x(h) | = tr [P(t)PY] + M {& (1) PI%(1)} - (J1.4.6)

Ucnonbsys smn Beipakenns, samuineM GyHkunoran (4.2.5) B e

J = M{ /1[§<’Q(t)§< +u'u] dt + fc’(tl)P(l)(t)fc(tl)} + tr { /Pe(t)Q(t) dt + Pe(tl)P(l)} :
’ ’ (J1.4.7)

BELMGTI/IM7 4YTO JBa MOCJEeJHUX CJIara€MbIX B 9TOM BbIPDazKEHWNN HE 3aBUCAT OT YIIpaBJICHUA.

Banuirem Tereps ypaBHEHHE ONTHMaIbHOTO Habmomaresns (4.2.6)

x = A%+ B(tyu+ K1)y — D(t)%]. (J1.4.8)

YTBepkaeHnEe . Da3HOCTH

a(t) =y — D(H)k (J1.4.9)

ABJAACTCA CIydaiiHBIM TIpoIeccoM THIa ~Gebrii mym” ¢ maTencusrocTbio R (1).

D paBJOMOJOOHOCTD STOTO yTBEPXKAeHNA caenyeT u3 (4.2.2), KOTopoe MOXKHO 3alicaTh
Kak X =y — D(1)x.

YrBepxKaeHusas A n D MO3BOMAIOT CBECTH 3aady ONTUMAIHHOTO B CMbIc/Ie (DYHKITHOHAIA
(4.2.5) ympaBieHus Tpu HeMoNHOH WHMOPMAIN 0 cocToAHuAX obbekTa (4.2.1); (4.2.2)

3aJJa4e OIITUMaJIbHOI'O B CMbICJIE beHKHI/IOHELJIEL
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J= M{ /1[§<’Q(t)§< +u'u] dt + ﬁ(’(tl)P(l)fc(tl)} (J1.4.10)

to

CTOXaCTHUIECKOTO YIIPpaBJICHUA s~ 0O0beKkTa”

X = A()%X + B(t)u + K(t)a(t), (J1.4.11)

BO30YKJEHHOTO CITyTailHbIM IpolieccoM (), ABIAIOMINMCA ~OeTbIM Ty MoM” .

Dellrenne >Toil 3a1a4un

u = (D%, (J1.4.12)

rae marputia C'(t) onpenensercs spipaxkenuamu (4.1.7), (4.1.8), u Takum 06pasom, Teopema
pasleTeHs ToKa3aHa.
Jlns moKasaTeabCTBa YTBEpKAeHHA A 3almuineM ypaBHEHHs CHCTEMBI ¢ ONTHMAJbHBIM

HabII00aTeIeM:

x =A(t)x+ B(t)u+ ¥()f; y=D(t)x+ x(t); (/1.4.13)

% = A()%x + B(t)u+ K(t)[y — D(1)x]. (J1.4.14)

Borawras us mepsoro ypasuenus cucremst (J1.4.13) ypasnenne (/1.4.14), momyaum

e = [A(t) — K(t)D(t)]e + T(t)f — K(t)x. (I1.4.15)

Doncrasnsasa B (J1.4.14) Beipaxenne (/1.4.12), sakmoTaem

% = [A(t) + B{O)C(D)]% + K(H)D(te + K(t)x. (J1.4.16)

DaccMoTpuM pactiupernblii BekTop col ||e(t), X(t)|| , koropsrit yaoBieTBOpsAeT audde-

peHIIMaJIbHOMY YpaBHEHUTO

e

¢

A

X

_ H A(t) — K(t)D(3), 0 H

U(t) —K(t
KDL, A@)+ BOC() H*H 0

Sl e

>

C Ha9aJIbHbIM YCJIOBHUEM

(J1.4.18)

|-
X(to)

Obo3HaTIM MATPHUILY JUCIEPCHI PACITHPEHHOTO BEKTOPA Iepes

X(to) —X(O)
%(0)
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e(t) — M{e(t)} ) -
M{H x(t) — M{x(1)} H H — M{e()}]', [x(t) — M{x(1)}]

(J1.4.19)
_ H Pu(t), Pu(l) H
Pl(t); Pa(t) |
Huddepennnanbhble ypapHenus qiis onpeeaenns marput] Pii(t), Pia(t), Pa(t) mMoxwO

TOJIY IUTh, UCTIONb3y A yTBepK aenne J1ok.3.9. Tak, nogcrasias marpuiy ypasrenus (J1.4.17)

B (/1.3.14), nosmyanm, B wactHOCTH, fAuia MaTpul, Pii(t) w Pia(t) ypasHenus:

Pu(t) = [A(t) = K(8)D(6)] Pu(t) + Pua(t) [A(t) = K(6)D(1)) +

FU (RO (1) + K(HRP (1K' (1); (/1.4.20)
Pro(t) = [A(t) = K(1)D(1)] Pra(t) + P11( )D'(1)K'(1)+
+ P (1) [A(t) + B(t)C'(1)] — K(H)RP (1) K'(t); (1.4.21)

C Ha9aJIbHbIMU YCJIOBUAMU

Pi1(to) Pi2(to)
H Piy(to)  Paalto) H

. { e((ttoo & } H | Te(to) — e(to)}] [%(to) — X(t0)] H} = (/1.4.22)
:M{ O(to)_mo H H (to) —x©] "0/ }: H R(()O) 8 H

Takum obpasom, Pii(te) = RO, Pyy(te) = 0.
DerpynHo BugeTh, uro ypasrenne (J1.4.20) copmagaer ¢ ypasnennem (4.2.9), ecnin K (1)

onpenenserca Ha ocHose (4.2.8). CremnoBaresbHo,

P (t) = P.(1). (/1.4.23)

Doacrasiasa 310 Bbipaxkenne B (J1.4.21) u mpuanMasn Bo auManme (4.2.8), 3aK/I09aeM,
aro cnaraembie Py (1) D' (1) K'(t) u —K({)RP(1)K'(t) B ypasnenmn (J1.4.21) p3anMuo yHu-
qroxkatorca. (QcTaBiasgcd 9acTh ITOrO ypaBHEHWSA SABJIAETCA ONHOPOIHBIM Ind pepeHiu-

aJTbHBIM ypaBHEHHEM ¢ HadaldbHBIM yeiaoBueM Pia(tg) = 0, KoTopoe nMmeeT perrerue

Do onpenenennio (/1.4.19) ¢ yaerom (/1.3.12) momyanm

(1) — M {x(t)}] [e(t) — e(t)]' } = M {[k(t) — M {X(t)}] (1)} =
= M {x(t)e'(t)} — M {x(t)} & =



1 TaKMM 0Opa3oM, yTBepKieHne A JoKa3aHo.

,ZLOKELSELTGJIBCTBO YTBEPZKIAEHN A 9 AHaJIOTMYHO, €CJIN BBECTU B PaCCMOTPEHNE YPaBHEHUE

s=y— D)k = D(t)e+x; s(to) =0 (J1.4.25)

W paccMOTpeTh ero coBMecTHO ¢ ypasherneM (/1.4.15). Copmuposas pacimpeHHblil BEKTOD
col |[s(?), e(t)]|, 3amnuem ypaBHeHWe JJisf MaTPHIBl JUCIEPCHil PacCIIIPEHHOTO BEKTOPA.

AHasm3 5TOr0 ypaBHEHUA MPUBOINT K YTBEPIKIEHUIO .
lokazarejabcTBO 5

CpoiictBo H,, HOpPMBI

Da ocrose (5.1.14) samumiem

0to~ = iaiz(wf). (1.5.1)

D70 BbIpazkeHne MOKHO 3amucarh ¢ yaeroMm (5.1.11) kax

a2 = 0107 = £ TT (—ju")T(ju")E®. (J1.5.2)

K3

o

Il
—

K3

Baduxcupyem w! = w

* s,

, TOT Ia IIO TEOPEME 96.112[—91/11];& nMeeM HEPaBEHCTBaA

5T (D) TG < Apax (G )E €2, (J1.5.3)
1€ Amax(jw!) — MakcuMambHOE cObCTBeHHOe Uie10 SpMuToBoil Marpuipl 17 (—jwl )T (jw!),
oMy — - -
()\max(jw*) = max {Al(]w*), ey A (Wl )D :

)0 OIpeIeNEHIIO CHETYIAPHOTO Trcta MaTpuisl 1(jw!) sammmmenm opax(jw!) = A2 (jw!),

max

2

W TOT/Ia JIJIA IPOU3BONBHBIX w/ mMeem HT(jwf)H = Sup  Amax(jw’), mmostomy (J1.5.3)
0 0<wf<

IpUHUMaeT BUJL =T

£ T () T < TG £ r. (IL.5.4)
YaursiBasg Bbipaxkenne (J1.5.2), mosmyanm nckomoe CBOHCTBO.

dokazareabcTBO 6

Derynarop, obecneunBaromuii H,, HOpMy
Y106l J0Kaz3aTh, aT0 peryadaTop (5.2.6) — (5.2.8) obecrieunsaer H,, , OrpaHUIeHHYIO
, cbopMyIIPYeM JIEMMY, Ha KOTOpOil OymeT 6a3upoBaThcs JOKa3aTeIbCTBO.

B cBsAsm ¢ aTuMm PacCMOTPUM CUCTEMY

x=Ax+Uf, z= Nx. (J1.6.1)

JIemma. Ecau cymiectByeT HeoTpuiaTesibHO onpeenernnoe peierne P (P > 0) ypas-

HEeHUA JUKKATH
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PA+ATP 4~472PU0TP + NTN =0, (J1.6.2)

To Marputia A — rypsunesa, n H,, HOpMa mepegaTOTHON MaTPHIIBI Tzf = N(Es — A"t

YJOBJETBOPAET HEPABEHCTBY

Tyl < (/1.6.3)

o0

JokazaTejbcTBO. DpnbaBUM W BBIYTEM W3 JIEBOIl 9acTW ypaBHEHHA DUKKATH TPOU3-
Beslerie sP w ymMHOKAM pesymabrar ciea fia W1 (—Fs — AT) a cipasa ma (Fs — A)7'W.

DosTopsasa npeobpasosanns (3.3.7) n npubassas K obonm gacTaM v E MOTydnM TOXKIECTBO

(B = TH=s)"?[E = T7(s)] = v*E = TT(=s)T_;(s), (1.6.4)
B KOTOPOM

T(s) = Ay (Es — A)7N, (/1.6.5)

Dpu s = jw TOIYINM, B CUJIY HEOTPHUIATENHHOCTH JIEBOH TacTH, CJIeIyIolnee HepaBeH-

CTBO

T (—jw)T.5(jw) < B, (J1.6.6)

3 KOTOpOoro cjaeayeT, Imocjie HECITOZXKHDBIX HpeO6pa30BELHI/HL/'I7 CBA3aHHBIX € KBaJpaTUYHbBIMHA

dbopmamu, orpannaenne (J1.6.3). I'ypsuneBocts Marpuiisl A ciienyer w3 BTOPOro MeToja

Jlanyrosa, ecaw sammcars (/1.6.2) B Buge

PA+ ATP = —Q, (J1.6.7)

rae Q = —NTN—42PUUTP — peorpurarenbHo - onpeselennas MaTPHIa i IPeIoNaraTh,
aro mapa [N, A] — nomHocTsio Hab/IIOAEMA.

D pUMEHUM JIeMMY [T JoKa3aTeslbcTBa HepaBeHcTBa (5.2.12) B corydae, Korja BEKTOD
cocTosnusA 0bbekTa X (1) TOUHO m3MepseTcs. B 3ToM cirydae perysisaTop OmUChIBACTCHA CO-

orHotenuAME (5.2.13):

u=C"x; ¢T=—-BTP, (/1.6.8)

a ypaBHeHHsA DUKKaTH nMeer Buj (5.2.9)

PA+ATP—PBBTP +~47PVU P+ N'N =0. (/1.6.9)

Dynem uckath MaTpuny C7 peryaaropa Tak, 9ToObI BBIIOIHAIOCH PaBEHCTBO

1
P(A+ BCT)+ (A+ BCH)'P+ POV P+ N'N +CCT =0. (J1.6.10)
v

D peobpasyem ero K BUIY
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1
PA+ATP+ PWU'P — PBB"P+(C+ PB)(C"+ B"P)+ N'N =0.  (J1.6.11)
v

Ouesngro, 4uTo, ecnu Marpuna C7  yroBleTBopseT paBeHCTBY (/1.6.8), To mociennee
ypaBHeHWe coBIaIer ¢ ypashaernem (J1.6.9).

Fcam obozraunTs

. N T
A=A+BC";, N=[NT ], (J1.6.12)

to ypasrenue (/1.6.10) cosmamaer ¢ ypasuenmem (J1.6.2).
C apyroit croponbl, oobekT (5.1.1), samrryThIil peryaaTopom (J/1.6.8), ommchiBaercs

ypaBHeHueM

T

x=(A+BCTx+f; z= 07, u"] =|(Nx, )" ((JTX)T]T = [NT, C]x, (]1.6.13)

KoTOpble mpn obosHadenusax (/1.6.12) mpuanmaror Bu

u, caegosarenbro |1, ¢|| < .

Depexossag K 0OIIEMY CIydaio, BBEJIEM BEKTOP COCTOAHUA PAacCMaTPUBAEMO CHCTEMbI

(5.1.1), (5.2.7), (5.2.6)

x =[x, eT}T, (J1.6.14)

rje e = X, — X, ¥ 3allilleM 3Ty CACTeMy, 3aMeH:AsA B Heil X, Ha X + €, U Ha CTXp u f,

Ha K (X, , B BUIE

X = Ax+ Uf, z= Nx, (J1.6.15)
rae
I A+ BCT BCT - [w o] - [N 0O
B UKy A+VYK;,—KD| | -0 K|’ ot et

JleiicTBUTENIBHO, B HOBBIX TlepeMeHHbIX ypasHeHue (5.2.6) ¢ ydaerom (5.1.1) mpuaEMaeT

BUT

ée=-x+Ax+e)+BCT(x+e)+ UK (x+e)+K(Dx+a)— KDx+e)=
— UK;x+ (A+ UK, — KD)e — Uf + Kz.

Kpowme Toro, nmeem
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2= o7, W] = CoFx

(Nx)” ((JTXP)T]T _ [(N:z;)T, ((T(x+e))

B cootsercTBum ¢ yrBepKaenuem 5.2.2 myxwo mafitn marpunst O K; mw K Takwe,

1TO00BI cylecTBOBaTa Marputia PP > 0, yjgoBieTBop4oNias ypaBHEHNIO JUKKATH

PA+ ATP 44 PUUTP = —NTN. (J1.6.16)

9y,IL6M HNCKaTh pelIeHne 3Toro ypaBHEHNA B BUIE 6JIOLIHO—,I];I/IELI‘OHELJIBHOIL/'I MaTpUI bl

P = [ ]03 ]21 ] : (J1.6.17)

Ypasuenne (J1.6.16) B passepryTOil popme mmeeT BI

T
[ P 0 ] [ A+ BCT BC! ] (A+BC) (WK y
0 P VK, A+VUK;— KD (BCT)' (A4 WK, - KD)

P 0 L[P 0 U0 gt 9T [P 0
X -I— Y . =

0 P1 0 P1 U K 0 P1 0 P1
[N O N 0
a o c||ct T’

(J1.6.18)

JleBbiii BepxHUIi OJI0K dTOrO ypaBHeHn#A coBmagaer ¢ ypasaennem (J1.6.10) u 10 moka-
3bIBeT cooTHoIerne (5.2.7).

Bepxmuit mpasbrit 6,10k nMeeT BU

PBCT + (WK +472P00T P = —CCT, (J1.6.19)

Yaursisasd (5.2.7), moayanm

K, =~720Tp. (/1.6.20)

DuKHWit mpasblii 60K ypasrenns (/1.6.18) umeer Bu

P A+ WK~ KD)+(A+ WK, — KD) +472 20 (007 + KK") P, = —CC". (]16.21)
YaureiBasd Beipaxkenns (5.2.7) u (/1.6.20) samuimem

PA+ATP 4 472P 0T P 4 A2 POt Py 472 P (0T - KK P —
—P KD —-D"K"P, = -PBB'P.

CrozkmMm s1o ypasrenne ¢ ypasternem (J1.6.9) u Torma
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(P, 4+ PYA+ AT(P,+ P) + v %P, + P)YUT (P, + P) + vy *PLKKT P —
~PKD — D'KTpP, = —NTN.

9TO YpaBHEHNE MOXKHO IIPEACTaBUTH B BUJE

(P, 4+ PYA+ AT(P, + P) +y72(P, + P)YUT (P, + P) —y*DT D+

.6.22
+(yDT =y 'PK) — (yD =y ' KTP) = =NTN. (11.6.22)
D pumeM MaTpHIly K03} UIHEeHTOB HabIOIaTEd TAKOH, TTO
PK =~°D. (J1.6.23)
Ywmuoxnwm (/1.6.22) cipasa u ciaesa #a (P + P) u nonyanm ypaBHEHHe
APL+ P 4+ (PL+ Py =P+ P DT DR+ Py 4+ 00Ty =
(J1.6.24)
= (P + P)"'"NT'N(P, + P)"".
Bsenem marpuiy
Y =~%P + P)". (/1.6.25)

Dopcrasass B (/1.6.24) (P, + P)™' = Y~y™? u ymHOXKas pesyabraT Ha > moTydmM,
nosarag Y = P. ypasrenne (5.2.10).

Daiisem Temeppb yCIOBUA, IPH KOTOPBIX MaTpUlla F| ABJAETCH TONOKUTETBHO OIpPeIe-
JIeHHO.

Banumewm (/1.6.25) kax Y(P 4+ Py) = E4*, orciona Py = +*Y ™! — P.

s yenosus 42Y ™1 — P > 0, cinenyer nepasercrso PY < E~%, xoTopoe ¢ TOYHOCTHIO

1o obosradenusa Y = P., sksusasenTro yeaosuio (5.2.10).
lokazareabcTBO 7
BriBoa anropurMa HacTpPOWKHM IMapaMeTpPoOB peryJjadaropa

Omnuriem BHaTaste OObEKT YIIPABJIEHNA € aJallTHBHBIM PETYJIATOPOM. D€ Tepssd ODIIHO-

CTH W3JIOXKEHHUA, 3alHIIeM ypaBHeHNe 00beKTa, IMEOIIYIO lepearoanyio dhyuKimmo (77) B

BUIE
% = Ax + bu; y = dx, (J1.7.1)
rie
; gf d=|1, 0 ... 0];
A= HO_E;—l b= ; : : (J1.7.2)
| a o]



Temeps obbennanm ypasuenns (/1.7.1), (7.2.2), (7.2.10):

W =l bdi o || v +] o] 8 (J1.7.3)
v 0:0:F|f v® b
y:af(.

Domaras

B(t) =B"+ (1), (H.7.4)

rae 3" — HeKOTOPBIH mocToAHHBIH BekTOp, 3amuimeM (/1.7.3) u (J1.7.4) kax

Xe = AcXe + b [g + @' (1)8]; y=dexe, (J1.7.5)

re

b

Ac=| . bd i I i 0. ; be= 0. ([.7.6)
b

Ecm @(t) =0, 8 = B7, 1o (J1.7.3) MoxKeT OBITH MCIOIB30BAHO A HAUCAHWA STa-

JIOHHOH Mogenn. JleficTBUTENbHO, yCTh Xy — BEKTOP COCTOSHES HEMHHHMAIbHOTO IPE-

CTaBJIECHUA MOJIEJIN,

Xue = AcXue + befB05 Y = deXe, (J1.7.7)
K= i s d= 1 0 0]

Ecrecrserno, mockompky marpuiia A u BeKTOp b HemsBecTHBI, STaJOHHAA MOJENb HE
MOXKeT ObITh peasmsoBata B Buge (/1.7.7), omHaKo sl TOCTEAYIONIETO W3JTOKEHUA JTOCTA-
TOYHO YCTaHOBJIEHHOTO paHee (pakTa CyIIeCTBOBaHM:A BeKTopa (37, MpH KOTOPOM Iepeja-

TovyHad HYHKINA, CBA3BIBaONIad nepementble y(s), ¢g(s) ypasuennit (/1.7.7) copmagaer c
ki3,
k

W) .

Borawras us (J1.7.5) ypasuenwe (/1.7.7), monyunm ypaBHeHH A

é=Ace+b.[p/(1)8]; e=d.e, (JI.7.8)

re
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ereXO,D;H HETTOCPEACTBEHHO K NOKA3aTEJIbCTBY YTBEPZKACHN A 722, HELIL/'I,D;GM BEKTOP QO(t) 5
IIPpU KOTOPOM BBIITOJIHAECTCA HEJIEBOE YCIIOBUE lime = 0. ,ZLJIH 9TOr'0 UCITOJIb3YyEM beHKIJ;I/HO
t—00

Jlamyrosa

v=2&Pe+ T >0, (/1.7.9)

rae P — nosoKnTebHO-OpefesileHHas MaTphia pasMepos (3n — 2)(3n — 2) , Apastormasacsa

pellleHrneM MaTPpUIHOrO ypaBHeHu:A JIdamyHoBa

AP+ PA, = —Q, (1.7.10)

B KOTOpOM Q — HEKOTOpPad IMOJOZKHUTEIbHO-OIIPpEACJICHHAA MaTpHlla. 90JIHELH IIPpOU3BOAHAA

dbyuxmm (/1.7.9) B cuny ypasuenns (/1.7.8) mveer Buj

v= (Al +bp'd) +Pe+é&P(A+b.pd)+ple+eTp=

~1 " DX - e . .11
=—e'Qe+ (0'b.Pe+ T+ ¢ (e'Pb.d+T). (A )

Ecmm cymecrsyer marputia (), Takas, 9o pemenne ypasuenus (J1.7.10) yaosrersopser

YCJIIOBUIO

Pb, =d., (1.7.12)
TO, IIoJiara#d
$=—I"ed.§=—TI"d (1.7.13)
MOJAYYHAM, YTO
v =—&Qe<0. (1.7.14)

Jlns jokasaTesbcTBa CYIIECTBOBaHUA TaKO MaTpHIbl () wucmnoibiyeMm Jemmy [6.5], B

COOTBETCTBHU C KOTOpOfI NCKOMad MaTpHulla CYIIECTBYET, €CJIN TEpeaaTOIHaA beHKHI/IH

k

-1
w(s) =dc(Es— Ac)™ be = —wy(s)
Fous
ABJIAETCA CTPOrO MaCCHBHOIL.
DOCKOIBKY wy(s) — cTporo maccmBHa MO MOCTpoeHWo, To w3 HepabeHcrBa (/1.7.9),

(J1.7.14) carenyer, aro 7511}1&(1 e(t) = 0. Depasencrso (/1.7.14) soinonHseTcs, ecim ¢(t) ompe-
nesero ypasrenneM (J1.7.13), koropoe mpu yuere () = 5(t)+ 3" coBmagaer ¢ aIropuTMOM

HacTpoiiku (7.2.16).
dokazareabcTBO 8
BriBos aJiropuTMOB HACTPOUWKM peryasaropa

DpencrasumM yrpasiaenne (7.2.25) ¢ yaerom obosnavenns (7.2.27) ypaBHEHHEM B BIIe
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u=B"0+ (1) + ¢ =B"5+ ¢ (C+nC) + ¢ ¢C=B"5+(s+n)e'¢C.  (J1.8.1)

D OJTHOCTHIO TIOBTOPHAHA JIOKA3aTETbCTBO YTBEPIKIeHUsA (.2.2 TpU YCIOBUH, ITO U OIpe-

nensercs Boipaxkernnem (J1.8.1), momyanm

e=Ae+0b.[(s+m)p(], e=de. (J1.8.2)

9TI/I YpaBHEHNA MOZXKHO IIPEACTABUTDh KaK

6= Al +bp'¢, e=d.e, (J1.8.3)

| o

rie [dc [Fs — AC)_I bc} (s +1m0) = —wy(s+1n0) — crporo maccuBHas mepegaToTHaA GHyHK-
. ™
Ucnonwsysa dyraxumio Jlamyrosa (/1.7.9), sakmroqaem, Kak u paree, 910 aaroputm (7.2.28)

066CH6“H/IBEL6T BBITTOJTHEHME MEJEBOIO YCJIIOBUA hm € = 0 .
— 00
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