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CUHTE3 ONTUMAJIBLHOIO YIIPABJIEHUS
B JUHEMHOM 3ANAYE BBICTPOIENCTBUA
YETBEPTOTI'O NOPAIKA

Ha npumepe u3BecTHON MOj€H, ONUCBIBAIOIIEH ABHXYLIMACA OCUUIIIATOP,
MpeANaraeTcss cnoco® MOCTPOEHHUsi ONTHMANbHOTO YNpPaBJIEHUS MO NPUHUUIY
oOpaTHOi CBsI3¥, OCHOBAHHbIA Ha mepecueTe (KOPPEKIHUH) MPOrPaMMHOrO
ynpaBlieHHs BAONb peanbHON TpaekTopuu. [Ipouenypa Koppekuuu 3akiaroua-
€TCSl B PEIUCHUM CleluanbHoro aud@epeHuuanbHOro ypaBHeHUs 1Sl MOMCH-
TOB MEPEKTOUEHH.

CraThs NMpUMBIKAET K uccnenoanuaM [1-6].

1. ITocranoBKa 3adavM. I/Iccnenye’rca 3ajavya HaHCKOpeﬁIﬂCFO MpUBENCHUA praBHﬂeMOﬁ
CUCTEMBI
X]ZX2, )Q =u, )2732)64, .t4=*X3 +u, lul<1 (11)

B nomoxenue papHosecusa x;=0(i =1, .., 4). B craHpapTHON MaTPUYHOM 3alHCH COOT-
Howenus (1.1) umeroT Bug dx/dt = Ax(f) + Bu. Cucrema (1.1) gBusieTcsi yNpOLIEHHOR
MOJENBIO MasiTHUKA, YIIPABJISIEMOTO CHJIOH, NPHIOXKEHHOR K TOUKe nmofiseca. [Ipyrue mexa-
HHUECKHe MPUMEPbI, ONMHMCAHKE KOTOPBIX NPH ONpPefeIeHHbIX JOMyleHusix ceoautcs K (1.1),
npusenieHsl B [1-3].

Cucrema (1.1) uMeeT iBa YMCTO MHHAMBIX KOPHS U [1Ba HyJleBbIX. Kpome TOro, BbINOI-
HeHO ycnoBue ynpasiasiemoctd. CnegoBatenbHO [7], H3 M060r0 HA4albHOTO MONOXEHUS
Xo € R* gBmKenue MoXeT ObITh NPUBEJIEHO B HYIb 3a KOHeuHoe Bpems T. M3BectHo (8],
YTO ONTHMANIbHOE IIPOTPAMMHOE YIIpaBJieHHe HMEET PENEHHbIN XapakTep (IPMHUMAET TOIb-
KO KpailHue 3HaueHus + 1) u onpejiensieTcss KOHEUHbIM HAOOPOM MOMEHTOB NEPEKITIOYCHHS 1;
U MOMeHTOM oKOH4YaHust T. C TOUKHU 3peHust IPUIIOXKEHAH MO3UIMOHHOE yNpaBlieHue (ynpas-
JIeHHE MO NPUHIHIY OOPaTHOM CBA3M) NPEANOYTHTENIbHEH MPOrPaMMHOTO, TaK KaK o6iafaer
CBOMCTBOM CaMOPETYJIANMA B CIy4asiX, KOT/Ia Ha PealbHYIO CUCTEMY JIEHCTBYIOT (akTOpBI,
He yuTeHHble B Mojienn. [103UIMOHHOE ONTHMAJbLHOE YNPaBIeHHE MOXET ObITh CHHTE3H-
POBAHO NIPH MOMOLIK TOBEPXHOCTH NePeKITIoUeHHs, pasouBatoLel mpoctpancTso R* Ha nipe
vyacTu. B ofiHO# U3 HMX ONTHMANbLHOE YIpaBlIEHUE IPUHUMAET 3HaYeHue — 1, B gpyrou + 1.
O[HAaKO MOBEPXHOCTh MEPEKIIOUYEHHS B IAHHOU 3ajjaue UMEET CIIOXKHYIO CTPYKTYpY [4], nist
ee MOCTPOEHUsT ¥ KCIIONb30BAHUS TPEOYETCs MOILHbIA KOMIBIOTED.

B kauecTBe KOMIPOMHCCHOTO BapMaHTa MOXET CIYXXHTh CXeMa yNpaBJIeHus, B KOTOPOH
IPOrpaMMHOE YIIPaBIEHUE TIOCTOSIHHO KOPPEKTHPYETCS B peallbHOM BpeMeHH. Takoe ynpas-
JTenre o6NafaeT CBOMCTBOM MO3MUHAOHHOTO U HEe TPeOyeT GONbIUNX BbIYHCIATEIbHBIX 3a-
TpaT. B pabore npemnaraercsi METOJ|, PABHO NIPUMEHHMbII KaK st IOCTPOEHUS] ONTHMAJb-
HOT'O IIPOrPAaMMHOTO yIPaBIEHUs B TPOU3BOJIbHOM HAUATBHOM TOUYKE, TaK U €T0 KOPPEKLHH B
peanbHOM BpeMeHH. CHOCOObI KOPPEKLMH [IPOrPAMMHOTO YIIPABIEHHs B 3afavYax ¢ THHEH-
HbIM (DYHKIMOHAIOM Ka4eCTBa U JIMHEHHbIMU OTPaHUYEHUSIMA HA TEPMHUHANIBHOE COCTOSHUE
paccMaTpuBaiuch B [5, 6].
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2. IlapameTpu3anns ONTHMAIBHBIX NpoueccoB. 2./. Mdes napamempuzayuu. Ins nunei-
HbIX cucreM npuHuun Makcumyma JI.C. TToHTpArnHa MOXeT 6bITh MHTEPIPETHPOBAH KaK
Crnoco6 napaMeTpU3aliK CEMERCTBA SKCTPEMAIbHbIX MPOLECCOB, T.€. MPOLECCOB, (DOPMHU-
PYIOLIMX TpaHully 06nacTH AOCTHXHMOCTU. B KauyecTBe nmapamMeTpa CIyXHT FpaHHYHOE
3HaYEHHUE PEUIEHUs COTIPSKEHHOM cucTeMbl. [TocTpoeHUe ONTUMANILHOTO YIIPABIEHHUS 110 CY-
LIEeCTBY CBOJMTCS K OTBICKAHHIO COOTBETCTBYIOLLETO 3HaUeHUs napaMeTpa. COBOKYITHOCTh
3KCTPEMAJIbHbIX YNPABIEHHII HE 3aBUCUT OT HAYalbHON TOUKH.

3anuieM OCHOBHOE COOTHOLLEHHUE MPUHIAINA MAKCUMyMa B BUJIE

l'CD(’C)Bu(T—’r)=r|x§1|2)l(l’(l)(‘c)B§ 2.1

3neck T=T —t — o6paTHOE BpeMsl, [ — BEKTOD, UMCIOLIMI T€OMETPHYECKHI CMbICT HOPMaJn
K oGnactu poctukumoctd, P(1) — dyngamenransHas matpuia Koum. Bocnonb3yemcs
U3BECTHbIM NPUEMOM BbINYCKaHMs TPAEKTOPHUI U3 HaYajla KOOPAHHAT B 0OpaTHOM BpeMeHH

dx /[ dt=—(Ax(t)+ Bii) (2.2)

ITpu mo6om T > 0 kaxkgast onTuManbHas TpaekTopus (2.2) COBNAaeT ¢ ONTAMATLHOU
TpaekTopuei (1.1), BeinylieHHON u3 HauanbHOTO nonoxeHust xX(T). Umenno: x(t) = x(1),
u(t) =i(1). TakuM o6pa3oM, [iIsi 3aJlAHHOTO HaYalbHOro coctosius x° TpeGyeTcs HalTH
BEKTOP /, onpefeNsoUni ONTHMATLHYIO TPAaeKTOpHIO (2.2), KOTOpas NpUXOouuT B x0,

O603HauynM p(T) = O(T)B u 3amennm cooTHouleHue (2.1) ypaBHEHUEM JJIi MOMEHTOB
nepexknoYeHus (B 06paTHoM BpeMeHn). [Tomyuum

I'p(t)=0 2.3)

ITpu nocnegHeM nepexofe NOTepsiHa HHGPOPMALHS O 3HAKE YIPABJIEHUs], TaK KaK KOPHH
(2.3) onpepensoT Napy CHMMETPUUHBIX MO 3HAKY ynpaBieHuil. [I09TOMY BBEIEM JONONHE-
TeNbHbIA napaMeTp O = i(+0), KOTOPbII BMeCTe ¢ KOPHSIMH ypaBHEeHUs (2.3) OHO3HAYHO
ONpefenseT ynpasneHne Ha Bcem uHTepsane [0, T]. B pedynbrare nojiyyaem BO3MOXHOCTh
HCIIONIb30BATh NIPOM3BOILHBINA HEHYJIEBOH MPEACTaBUTENDb NPAMON Al, He 3a60TACH O 3HaKe
CKaJIIPHOTO NMpOU3BeeHUs I'p(T) MeXy KOPHSIMH.

ns cucremsr (1.1) uMeem

1 7 0 0 T
01 0 0

)= 0 0 cost sint|’ pmy= sintT
0 0O -sint cost cosT

YpasHenue (2.3) B ckalsipHO# pOpMe NPHHUMAET BUJ
Lt+l +LsinT+l,cosT=0 2.4)

OO6bI4HO, YTO6BI COTNACOBATh KOMHYECTBO CBOGOIHBIX NAPAMETPOB C Pa3MEPHOCTHEO CHC-
TEeMbl, HAKJaAbIBAIOT JONONHUTENbHOE orpannyeHue |/l = 1. B paccMaTpuBaeMoM ciydae
TpeXnapaMeTPHUECKUM 3KBUBAJIEHTOM (2.4) SBISIETCS paBEHCTBO

at+b =sin(t+9) (2.5)

Pewenus ypasnenus (2.5) Ha nmpomexytke [0, T] 1at0T MOMEHTBI TEPEKIIOUYEHHS H
SBJISAIOTCH TOYKAMHU NEPECEUEHUSI CHHYCOUbI Sin(T + @) U NpaMoii at + b. Ecnu cunycoupa u
npsimasi Ha npomexyTke [0, T] He nepecekarTcs, 9TO O3HAYAET, YTO IO MOMEHTA BPEMEHH
T peHcTByeT MOCTOSIHHOE YIIPaBIEHUE, PABHOE O.

2.2. Iapamempusayus npu nomouu momenmos nepexaienus. OOG03HAUYUM YeEpPE3
T(i =1, ..., n) ynopsgo4eHHble KOpHU ypaBHeHus (2.3) na unrepsaine [0, T]. [Ipusenem (Ge3
NOKa3aTeJbCTBA) ABA YTBEPKCHHSI.
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Ymeepxucoenue 1. Tlyctb n 2 3. 3a HCKITIOUEHHEM YaCTHOTO Clyyasi, KOrja paccTrosiHue
MEXJy TIOObIMH iByMSi KOPHSAMH KPAaTHO 2T, MOXHO YKa3aTh TPH Pa3TH4HbIX KOPHS Tys

T;,» Ty (HampuMep, Ba cOCEHUX M M0G0 TPETHIl), TAKHX, YTO BEKTOPI (), p(T;)
p(T;;) MTHHEHHO HE3aBUCHMbL. B BbIIETIEHHOM YaCTHOM Clly4yae ONTHMAIbHOE YNpaBieHUE

MIOCTOSIHHO.

Ymsepicoenue 2. Y4acTok Tpaektoput X(1), 0 £ T < T3, NPHHAAIEXUT MOBEPXHOCTH
HEPEKITIOYCHUSL.

Beegem napamMeTpu3alHiO ONTHMANbHbIX MPOLECCOB, Ifl€ B POJU NAPAMETPOB BBICTY-
MNalOT MOMEHTHI nepekmoyenns. ITycrs n 2 3. PaccMorpuM Tpu KopHsi ypaBHenus (2.3).
O603HauYnM uX Ty» Tip» Tjy W CUATAEM, YTO BEKTOPbI p(‘c,-] ), p('c,-2 ), p('ti3) JIMHEHHO

He3aBUCUMbI. Torfga HeHyneBoO# MpeAcTaBUTENb NPsAMON Al MOXeT ObITh BbIpaXKeH Yepes

Tip» Tiy» Tiy- CoxpaHnsist crapoe o603HaueHue [, utMeeM

4
l= Eldet(P(Tq » P(Ty), p(Ti), € )e;

3nech €; (k = 1, ..., 4) — opTOHOpMEpPOBaHHbI# Gasuc npocrpanctea R?, det — onpegenurens
MaTpHlbl o cronbuamu p(T; ), p(T;), p(T;,), €. YpaHeHue (2.3) npuHuMaeT BN

g(D&det(p(t;), p(1;)), p(T;,), p(1) = 0 2.6)

MomeHTsI T =1, ,1;,,T;, SBIAOTCS KOPHAMHU ypaBHeHus (2.6) aBToMaTniecku. Ocranb-

>

HbIC MOMEHTbI [IEPEKIIIOUCHHAS CTAHOBSITCS HESIBHBIMHU (DYHKIMAME T;, Tj,
YCIOBHSI TEOPEMbI O HESIBHOW (PyHKUMM He BCerja BbIMONHEHbI. B CBsi3M ¢ 3THM BBeieM
KJTacCHPUKALMIO ONTUMANLHbIX IPOLECCOB.

KopeHs ypaBHeHns (2.3) Ha30BeM peTyIsIpHbIM (MU NEPEKITIOUCHUEM), €CIIA OH OTITHYEH
ot 0, T u umeeT kpaTHOCcTb 1. KopeHb ypaBHeHus (2.3) cuuTaeM HEPETYNSIpHbIM, €CIIH OH HE
ABIAETCS PETYISPHBIM.

Onrumanbhbiil npouecc (OIT) Ha30BeM pPerynsapHbIM, €ClH 1 2 3 ¥ Bce KOPHH YpaBHEHHA
(2.3) perynspusbl. [Tpu n 2 3 OIT cuntaeM HeperyIsIpHbIM, €CITH CYUIECTBYET XOTs Obl OJUH
HEPETYJSAPHBIA KOpeHb ypaBHeHHus (2.3) Ha otpe3ke [0, T]. K HeperyaspHbIM OTHeceM
takke OIT, Ist KOTOPBIX KOMNYECTBO KOpHeN ypaBHeHust (2.3) MeHbLIEe TPexX.

B perynspHoM ciiyyae B KauecTBe NMapaMeTpPOB MOXHO GpaTh Mt06ble TPH NEpeKiIoye-
HMs. YpaBHEHHE [JIsl ONpEAeeHNs] BCeX MOMEHTOB NEepeKIoueHus umeeT Buf (2.6).

ITopmHoxecTBO HeperynapHbeix OIl gonmyckaeT crneyuanbHyO napameTtpusannio. Ilpn-
BeJleM COOTHOLUCHHS, 3aatolue osynapamempuyeckue (ipu pukcupoBaHHoM T) ceMericTBa
OII c opHUM HeperyNsapHbIM KOpHeM. VIMEHHO OHHU BaXXKHbl C TOYKH 3PEHHS YHCICHHBIX
nocrpoenuit. OcranbHble clyyan (ABOHHas, TPOHHAsI HEPETYIAPHOCTb) MPH BHIYACIEHUAX
MaJIOBEPOSATHBI, IO3TOMY UX ONHCAHHUE B IAHHON CTAThe HE MMPHBOJUTCS.

ITycte n 2 3. TpeanonoxuM, YTO UMEETCS HE MEHee JBYX NMEepPEeKIIOYCHHN U ONMH He-
perynsapHbli KOpeHb. Hanmume HeperynasipHOro KOpHs HaKJaAbIBAe€T JOMONHHUTEIBHOE
orpaHHyeHHe Ha BeKTOp /. YTOOb! BbIJENUTh BEKTOPDI [, OTBeYaOLHe HEPETYISPHBIM IPO-
ueccam, 6yeM UCNONb30BaTh HEPETYNSPHbINA KOPeHb B BbipaxkeHuu st /. CeoBaTenbHo,
Hapsjy ¢ o01uM cooTHOWEeHHeM (2.6), oxBaThIBarolUM Bee 6e3 uckmodenus OT1, ais He-
perynsapHbix OIT noxyuum crieyuanbHbie aHanoru (2.6).

B cnyuyae, korga T = 0 sBiasieTcs KopHeM, GepeM He IHOOYI0 TPOWKY BEKTOPOB,

OpTOTOHAaNbHBIX [, a TPOHKY, BKIrOUawiuyo Bektop p(0) u gBa BekTopa p(T), p(%) c

Ty - Onnako,

peryiIsipHbIME KOpHsIME T, T. CooTHOLIEHu e (2.6) MPUHAMAET BHJ

det(p(%), p(7), p(0), p(t)=0 2.7
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AHaTOTHYHO ANt KOpHA T =T
det(p(T), p(T), p(T), p(1))=0 2.8)

B cnyuae, korga HeperyIsipHOCTb OOYCIOBIIEHA HATHYHEM KPATHOTO KOPHA Ty (CHTyauus
KacaHHUsI CHHYCOH/IbI M TIPSIMOI1), BEKTOp [ OpTOTOHANeH p(Ty) H p(T.). B34B 3Ty napy Bek-
TOPOB H BEKTOP p(T) C peryasipHbIM KOPHEM T, MONY4UM

det(p(®), p(t.). p(t.). p(1))=0 2.9)

CootHowenus (2.7)—(2.9) 3ajatoT napamerpusaiuto Heperyasphbix OTT ¢ ogHoi ocoGeH-
HOCTBIO. [TOOGHBIM COCOGOM MOXHO MONYUYUTh COOTHOUICHHS ANs HeperymspHbix OIT,
KOTOPbIE Xap2KTEPHU3YIOTCSl HATHUNEM IBYX U GoJiee 0COOEHHOCTEH.

3aMeTuM, UTO NpH /1 = 3 B PEryIsPHOM U ONHCAHHBIX Bblille HEPETYMAPHBIX cayyasx OIT
COOTBETCTBYET €IMHCTBEHHOE HarNpaBlicHHUE /.

ITyctb n =2 u KOpHH Ty, T, peryasipHbie. Takomy OIT ¢ 1ByMsi nEpEKITIOUECHASIMH COOT-
BETCTBYET ABYMEPHbI KOHYC BEKTOPOB /, JI7Isl KaXKA0T0 U3 KOTOPbIX ypaBHeHue (2.3) umeeT
OJIHY M Ty € Tapy peryisipHbIX KOPHEH Ty, T,. JIpyrux KOpHeEH HET, ECNH BEKTOP [ ABJsl-
ercsi BHyTpeHHuM. 11151 06pa3yroLuX KOHYca MOSBISIETCH TPETHI KOPEHD (TPH 9TOM CTPYK-
typa OIT He mMeHsieTcst). OaHOM U3 06Pa3yIOUIMX KOHYCa COOTBETCTBYET MOSABJICHAE HEpEry-
nspHoro kopust max{0,T,,}. gpyroit oGpasyouieit — kKopus min{7T,T,,}. 31ech T,; U T,y —
pellieHHs] ypaBHEHHs

det(p(t)), p(T,), p(1.), p(1.))=0

COOTBETCTBEHHO OnmmKaiiluee cieBa K T; U Onmxkaiiiee cnpasa K T,. Kom6unauus T, >0,
Ty < T HeBO3MOXHA. TakuM 06pa3oM, Kaxkiasi KOHKpeTHasi mapa Tj, T MOXET ObITb JI0-

MOJIHEHA TPETHLUM KOPHEM, MpHYeM [IByMs crnocobamu. [IpyruMu crnoBaMm, paccMaTpu-
paemblit OTT onuckiBaeTcst AByMsi u3 coorHowenuit (2.7)—(2.9). B (2.7), (2.8) B kauyecTe

T,T GepyTcs MOMEHTBI T; 4 Ty, B (2.9) B KauecTBe T, T, — MOMEHTBI Ty B T,q(T,y).

Wrak, BBefieHa mapaMerpusauus peryiasipubix OIT u [BynapaMeTpHUeCKHX HEPETYISIP-
HbIX OTIT yepe3 MOMEHTBI IEPEKIIOUYCHUS.

2.3. Ocodble nosepxuocmu. Ecnu Hapsay ¢ H3MEHEHHEM NapaMeTpoB T,T BapbHPOBAThb
T, To xoHup! X(T) HEPETYISAPHBIX TPACKTOPHIL, 3aaBaeMbIX (2.7)—(2.9), o6pa3yroT cucreMy
0COBBIX TPEXMEPHBIX MOBEPXHOCTEN, pa3buBatowux R* na o6ractu perynspubix OI1. B
4YacTHOCTH, 0cO0ast NOBEPXHOCTH THMA (2.8) ecTh MOBEPXHOCTD MepektoueHns. Ecnu nepe-
rynspubiit OTT onucbiBaeTcst cooTHoweHneM (2.8) i UMeeT Gonblle ABYX NEPEKNIOUYEHUH, TO
COOTBETCTBYIOLIAS TPAEKTOPHs MPOTbIKAET MOBEPXHOCTb NMEpeKIrouyeHust B MomeHT T,
nepEeXo/s MpH 3TOM U3 OJJHOM PeryJIsipHOI o6racTu B APYryro. Bo Bcex OCTanbHbIX CIIyvasx
HeperyJsipHble ONTUMaNbHbIC TPACKTOPUH UAYT MO OCOOLIM MOBEPXHOCTSIM.

Touku mepeceyeHus JIByX TPEXMEPHbBIX OCOObIX MOBEPXHOCTEN Pa3HbIX THIOB (B YacT-
HOCTH, TPACKTOPHUY C OJIHUM NEPEKITIOUCHAEM YIIPABIEHNUS) MOPOXAAIOT ABYMEPHbIE OCOObIE
MHOTo06pa3sus. [TocnenHue conpsAratoTcst Ha 0coObIX MUHUSIX. B yacTHOCTH, 0CO6OI NHHUEH
SIBJIAIETCA Mapa TPACKTOPHIl, OTBEYAKOIMX MOCTOAHHOMY ynpasieHuto u = t1. Panee! nog-
POGHO ONHCAHA CPYKTYpa TPEXMEPHON NOBEPXHOCTH IEPEKIFOYCHASA N OCOOLIX MHOTO00-
pa3uil MEHBIINX pa3MEpHOCTEl Ha Hell.

PaccMoTpuM TpexMepHYIO 0COOYK) NMOBEPXHOCTb KaK T'PAHHUIY MEXAY NBYMsI pery-
nspHbIME oGnacTsamu. OnuileM BapuaHThl H3MEHEHUs! KOJTHYECTBa MOMEHTOB IMEPEKIIIOUe-
HES TIPH Tepexofie Yepe3 0coOyIo MOBEPXHOCTh. DTH CBEACHUS NOHAAO0ATCA B CIEAYIOLIEM
paspene. Eciu KONUYeCTBO PEeryisipHbIX KOPHEH Ha TOBEPXHOCTH DOMblIE ABYX, TO B OHOM
00aCTH HEPETYISPHBIA KOPEHb CTAHOBUTCS PEryisipHbIM (B ciyvasx (2.7), (2.8)) unu mo-

U Benoycosa E.P., 3apx M.A. TIOBEpXHOCTDb IEPEKNIOUEHUs B JIMHERHOM 3apade ObICTpOAeEil-
cTBHS YeTBepToro nopsinka. Exarepnu6ypr. 1992. 30 c. — den. 8 BUHWTHU 24.07.92, Ne 2442-B92.
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POXJaeT napy GJIU3KHMX PETyIsipHbIX KOpHEH (B cnyuae (2.9)). Bo Bropoit o61actu Hepery-
NSIpHBbIA KOpeHb ucye3aeT. CuTyanus, KOrjaa KOJTUUYECTBO PETYISIPHbIX KOPHEH PaBHO JIBYM,
XapakTepu3yeTcs HaluuheM JBYX ('3aMeHstouux" APYr pyra) JONOJHUTENbHbIX HEPETY-
JNApHBIX KOpHe# (3To nubo 0, T, nmubo 0, T.,, mbo 1., T). [Ipu nepexoge 4uepe3 ocobyro
MOBEPXHOCTh OIUH U3 HEPETYISIPHbIX KOPHEN HCYE3aeT, a BTOPOI CTAHOBUTCS PETYNAPHBIM.

OTMeTHM, U4TO NpeIoKeHHAs apaMetrpusaius (2.6)—(2.9) MoxeT ObITh HCIOJb30BaHA U
AJIsL IPYrUX ynpasiasieMbix cucteM. OHa COKpaUlaeT YMCIO MCPEeMEHHbBIX, YUaCTBYIOILMUX B
cnegudukauyu OIl, a Takxke sSBASETCS YIOOHLIM MHCTPYMEHTOM ONHUCAHUS HEPETYISAp-
HOCTEH.

3. IIpouenypa Koppekuun. Paccmorpum perynapubiil OIT ¢ nepeknarovyeHusamu Ty, ..., T,
Ha npoMexxytke [0, T] u 3HakoM G ynpasieHus i Ha npomexytke (0, T;). Tlo dopmyne
Kouu umeem

n+l LT
¥=xXT)=c X (-1 [p(t-Tdr; 1,=0, 1,,=T 3.1

= Tl

CootHouieHnst (2.6), (3.1) NO3BOMNSIOT BbIUUCTUTD Bapualuu KoHua Tpaekropuu x(7) u
MOMEHTOB NEPEKIIOUCHHS NPU BAPLUPOBAHUY NMAPAMETPOB Ty, Ty, T3, T*

dx = MCds, dS = Cds (3.2)

s=(1,,%,.73, 7Y, S=(1y.....T,, T)

1 0 0 0
0 1 0 0
9% j=1,...n+l 01 0
- o § , C= 0 k=1.2.3
a1, a1;
Tlg=1,..., — 0
aTk i=4...n
0 0 01

dx /9T = —(Ax + Ba(T)), i(T)=(-1)"o

9% /at; =(-1Y20p(t; - T), j=1,....n

ot; /9ty = —det(p(1)). p(t,), p(T3), p(t;)/d

ot,; /91, =—det(p(1;), p(T;), p(13), p(t;)/d

91,/ 9ty = —det(p(1)), p(1,), p(t3), plt.)/d

d=det(p(1y), p(12). p(13), p(T;))

st perynsipHoro npouecca Mmarpuua MC HeBbIpoXaeHa, noaToMy u3 (3.2) cienyer

ds =C(MC) ' dx (3.3)

TTepeiiieM K MOCTPOEHUIO ONTUMATLHOTO MpOrpaMMHOTo yrpasneHus (OY) anst npous-
BOJILHO 3aJlaHHOM HauaJbHOM TOUKH xo € R*. ByaeMm cuntarh, 4TO M3BECTHO HEKOTOPOE
(HMKaK He CBSI3aHHOE C Xg) TPOrPAMMHOE yIPaBJICHHUE HA HEKOTOPOM NMPOMEXXYTKE BPEMEHH
[0, Tool, 3amanHOE BEKTOPOM S(( M MApaMeTPOM Ggg. I1epBbie 1 KOMIOHEHT BeKTopa Sog
JOJIKHBI ObITH KOPHAMHE ypaBHeHus (2.6), ipyrux KopHe# Ha npoMexyTke [0, Tgo] ObiTh HE
pomxkHo. ITycts xyy = X(Ty, ) — HauanbHOE TIOJOXEHHE, pacCunThiBaemoe no gopmyne (3.1)
u orBevarouiee atomy OY. TTorpebyeM, yToObI BapuaLysi KOHLA TPAaeKTOPHHU Obija Halpas-
JeHa K TOuKe Xg. [IJs 3TOro npejcraBuM dx B BUJE

rae L — ckamsip, napaMeTpH3YIOUHUI OTPE30K [Xgg, Xol: X(U) = Xgp + KXo — Xgp), 0 S <1,
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x(0) = xgg, X(1) = xo. [ToncraBus BbipaxkeHue (3.4) B cooTHouenne (3.3), MONy4YnM ypas-
HEHHe

dS ! du=C(MC) " (xq = xg0) (3.5)

Eciu oTpe3oK [Xgo, Xo] HE MepeceKaeT 0cobble OBEPXHOCTH, TO, IPOMHTETpAPOBaB (3.5) ¢
HavadbHbIM ycoBueM S(0) = Soo, HaiifieM ans Toukn xy OY, 3afaBaemoe napoit Sy = S(1),
Gy = Ogo. [Tpu unTerpupoBannn ypasuenus (3.5) matpuupl C 1 M nepecuuThbIBalOTCA Ha
Ka3K[IOM I11are 1Mo siBHbIM popMyIaM.

Pa3ymeeTcsi, alpHOPH HEM3BECTHO, MEPECEKALT JIM OTPE3OK [Xgg, Xo] 0COObIE MOBEPX-
Hoctu. [ToaTomy, uuTerpupys (3.5), cleyeT KOHTPOTUPOBATh BbIXOA Ha 0COGYIO MOBEPX-
HOCTb H, niepeceKas ee, TpaHcOPMHAPOBATL BEKTOP S B COOTBETCTBUH CO CXEMOI, H3TOXEH-
HOM B 1. 2.3. B ciyyasx, KOrja MOMEHT MEPEKIIYEHUs YXOMUT WK NOABJIAETCS B HYJIE,
3HAK O MEHSETCs Ha MPOTHUBOMOJIOXHbIMH.

3ameuanue. 3a UCKIIOUYEHUEM CIELHANBHO MOAOOPAHHBIX CIy4aeB, BEPOATHOCTb TOTO, ITO
OTPe3OK [Xgg, Xl MepecekaeT ocoboe MHOTOOOpa3nue pasMEpHOCTH MeHblleld, ueM 3, paBHa HYJHO.
VIMeHHO MO3TOMY B M. 2.3 GO AaHO OMMCAHUE TONBKO TPEXMEPHbIX 0COOBIX MOBEPXHOCTEN.

IpogeMOHCTpUpYeM paboTy alropuTMa Ha npuMepe noctpoexust OY iy HaYaNbLHOTO MOJI0-
xenus xg = (0,05; 0,50; 6,00; —2,00)’. B kauecTBe HCXOJHOrO ynpaBJICHUs OblJIa HCMOJb30BaHA
napa Sgo = (2,00; 5,00; 7,50; 8,00)", 6o = +1. Eit oTBE"aeT HavajbHas TO'KA Xop = (4,75; -1,00;
4,80; —0,87)’, npocuuranHas no ¢opmyine (3.1). Ynpasnenue Sgo, Ogp ONTUMAIBHO JJISL TOUKH Xo0,
MOCKOJIbKY TOJILKO MOMEHTBI 2; 5 1 7,5 SIBNSIOTCS KOPHSAMU ypaBHEHUS (2.6) na orpeske [0, 8]. Ha
¢ur. | npencTasneH rpaduK H3MEHEHHs KOMIOHEHT BEKTOpa S BOJb OTPE3Ka [x00, X0l OTpe3ok
[Xoo» Xo] MEpecekaeT gBe 0CoGbIe MOBEPXHOCTH, MPH MEPEXOje KaX/Ioi U3 HAX 106aBISIIOCh HOBOE
nepekmoueHne. BhIXxon Ha moBepxHOCTb (ukcuposancs pasenctsom g(0) = 0, a HepaBEHCTBO
T, > 0 yKa3blBaJIoO Ha TO, YTO HYJIEBOI KOPEHb OJKeH ObITh BKIIHOUEH B BEKTOP S. B pesynbrare
pa6oTbl anroput™a nonydeso OY juist Ha4aIbHOrO MOJIOXEHUS Xo, 3alaBaeMOC napoit Sg = (0,57;
2.53; 6,06; 9,82; 11,52; 12,08)", 6y = +1. Bpema onTUManbHOTO NEPEBOJA U3 X B HYJIb PaBHO 12,08.

B KauecTBe BTOPOIl MIITFOCTPALKK PAcCMOTPHM 3ajady nocrpoenus OY s HaYaJbHLIX TOUEK
Ha npsmoit Xy = {(x; 0;0;0)% x; € R!}. Beuto ycranosneno [ 1], uto mpu xj # = 4n%k2 ke N, OY
UMeeT TPH MEPEKIIoYEHNs, pHIeM

=T2, 13=T-7 (3.6)

Hus x; = 412k OY uMeeT OfHO nepekmouenue Ty = 27k, a BpeMs nepesoaa T = 4nk. Ilpen-
TOXEHHBIA paHee [1] croco6 OTBICKAHWS MOMEHTOB Tj, Tp, T3, I B o0lueM cnyuae CBOAUTCH K
PElIEHNI0 HEKOTOPOTO TPAHCUEHAEHTHOTO YPaBHEHUS OTHOCHTENBHO T.

Crnefys NOAXONY, MPEANaraeMoMy B HacTosilell paGoTe, BbIBeACM NHppepeHLHanbHOe ypas-
HeHme, omuchiBaroulee u3menenne OTI npu "JABMKEHMH' HAYalbHON TOUKHU BJOJb MPAMOMH X.B
pesyJbTaTe peleHus ypaBHeHus nonyuum OY Kak QYHKUHIO OT Xj.

JInst IpOleccoB ¢ TpeMmsl MepekioueHnsMu Matpuua C — eMHHYHAs U, CIEN0BaTeIbHO, COOT-
HoweHue dx = MCds u3 (3.2) npu © = —1 NpUHUMAET BU]

—('t] -T) (TZ -T) —(T3 -7 0 dr, dx|

-1 1 -1 1/2 | fdt,f dxs a7
—sin(t, -T) sin(1,-T) =-sin(t13-T) 0 dus| |dx; '
—cos(ty=T) cos(ty—T) —cos(t3—=T) 1/2 || [dT| |dxs4

PaccmoTpuM Bapuauun Buna dx = (dx(; 0; 0; 0)’ u noncrasum B (3.7) BbIpaXeHHs] (3.6) nnst Ty, T3,
a TakXe aHAJOTMuUHbie BbIpaXkKeHus s AuddepeHnuanos diy, dTz. JOCTaTOUHO HCNONB3OBATH

JMIIbL OfHY CTPOKY MaTpH4HOro paseHcTsa (3.7). BbiOpaB TpeTblo CTPOKY H Pa3peLINB €€ OTHOCH-
TeNbHO dTy/dT, nonyyum

dt, 1 dT = (sint, —sin(T /2))/[2(sin(t) = T) +sinT;)] (3.8)

HeTpynuo nposeputhb npu nomotu gopmyist (3.1), uto OTI Sgo = (W/2; 7; 3n/2; 2m)’, Ogp = -1
OTBEYAET HAYaJIbHOMY MOJIOXEHHIO Xop = (m%/2; 0; 0; 0)’. 3HAUMT, B KAYECTBE HAYAIHLHOIO YCIOBUS
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st (3.8) MOXHO B3Tb T1(21) = n/2. TIpounterpuposas (3.8), nonyunm T, = 7,(T). C yuerom (3.6)
umeeM Ty = Tp(T), T3 = 13(T). Pasenctso (3.1) paer x; = x((T). OTcropa MOXHO BbIpasuTh T uepes
x1. Ha dwur. 2 npepcrapnens! rpacduku dhyHKumit Ty, Ty, 13, T OT X).

TaknMm o6pasom, ypasrenue (3.8) nosponser HaxopuTb OY cpa3y iuisi Bcex TOUEK MPAMOi X|.

4. KoppexTupyiomas obparnas cBsi3b. Byjem reneps paccmarpusath cuctemy (1.1) xak
UACANU3NPOBAHHYIO 3TAIOHHYIO MOJENb, CIYXallylo JJisi BbIpaOOTKH yNpaBlieHUS B
peabHOM CUCTEME, ONIUCAHUE AMHAMHKH KOTOpOi otnuyaetcs ot (1.1) (Hanpumep, BXoxpe-
HueM nomexu). Yepes x(¢) 0603HaYNM NONOXKEHHE 3TATOHHOM CHCTEMbI B MOMEHT f, YEPE3
X(t) — monoXXeHue peabHON cucTeMbl. PasMepHoCTH BeKTOPOB X(f) M ¥(¢) CUMTaEM OfMHA-
KoBbIMH. [TycTh HauanbHOE nosoxenue x¥ peanTbHOTO U 3TAJOHHOTO ABHXKEHHI B MOMEHT
to = 0 onHO 1 TO Xe. 3agaguM napameTp € > 0, NIpK NOMOIK KOTOPOTO GyfeM OINpeNensiTh
MOMEHTbI KOPPEKIMH B pealbHOU cHcTeMe. B MOMEHTBI KOppeKLH# MOIOXEHHE 3TalIOHHOM
CHUCTEMBI MEHSIETCS CKAYKOM.

Haiigem OY S(x%), 6(x°) u, cnefosarensHo, aTanoHHoe Bmxkenue x(-) cucremsl (1.1) u3
Touk# x0. DTAIOHHOE TPOrPaMMHOE yIIpaBIIeHHE JEHUCTBYET B PEalbHON CHCTEME 10 EPBO-

o * o
ro MOMeHTa #;, Korja | x(t]) - X(t)I= €. OY ans nonoxeHus x(t; ) TaJOHHO! CHCTEMbI U3~

BECTHO: S(x(tl* )= S(xO ) , o(x(t)) = o(x°). Boimonuus MpoLefypy KOppeKIuH,

[0.7:%)~1]
Tie B KauecTBe Xgg, Xo B (3.5) ciaepyer B3sTh TOYKH x(¢) H f(tl*) Hadnem OY pns
COCTOSIHHS )'c(tl’k ). CnefoBaTenbHO, MOJNYYEHO HOBOE 3TAJTOHHOE ABUXKEHHE M3 TOYKH J?(tl* ).
Haiinennoe OY peficTBYeT B peasibHOI CHCTEME O CIEAYIOIEr0 MOMEHTA KOPPEKLHH 15,
Korma Ix(t; )— 3c'(t§k =€, uT.g.

Br160p MOMEHTOB KOPPEKLHA MOXKET OCYLIECTBIATLCA APYTUMH CIIOCOOAMH, OTIHYHBIMA
oT onucaHHOro. Hanpumep, KOppeKius MOXET BBIMOTHSITHCS € 3a[JaHHBIM 1AaroM A 1o Bpe-
MeHu. [Tpu A — 0 mepexofnM B peXXUM HENpPEPLIBHON KOPPEKIHH.

3ameuanun. 1°. B ciyuae, Korga B BEKTOPE S(x(tf)) 0CTaJ0Ch MEHbIIE TPEX MOMEHTOB

*
NEPEKTIOYCHHs (T.€. TOUKa X(f; ) HAXOAUTCS HAa MOBEPXHOCTH MEPEKTIOYEHHMS), BBOASTCS HOMOJ-
HUTEJILHBIE MOMEHTRI NIEPEKITIOUEHHS C LEbIO MOMYYEHUs! Ha BXOAE MPOLEAYPbl KOPPEKLUHH pery-
o o *
asipHoro OIT ans HeKOTOPO# GMU3KOM K x(f; ) TOUKH.
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Ecnu B BekTOpe S(x(tf )) ocTanoch OfHO MEPEKIIOYEHHE Ty, TO JONOJHUTENbHbIE NMEePEeKIIoYe-
uusi GepyTcs B Buje Ty — O, Ty + 0 (8 — Manoe nonoxurensHoe uucno). Ecnu B BekTOpe S(x(t]))
[Ba NMEPEKIIOUeH s Ty, Ty, TO BBOAATCA NGO iBa AOMONHUTEIbHbIX NepeKIoueHus T, — 8, T, + 8
(t, € (0, T))), TMOO OJHO NOMONHATEILHOE MEPEKIIoUeHHe & (B MOCIENHEM CIy4Yae napaMeTp ©
MeHSeT 3HakK). MOMEHT T, M MOJAXONSLIMHA BapUaHT M3 [ABYX YKa3aHHBbIX OMpERENsIOTCH MO
npaBuny, onucaHHomy B m. 2.2. Ecnu B BekTOpE S(x(tf)) Her mepekarOveHmHl, TO pac-
CMaTpHBAKOTCS MOMEHTBI nepekiodenus T — 38, T— 28, T - 4.

2°. Cunras, uTO peajibHOE [BIXKEHHe onucbiBaeTcs AuddepeHuranbHbIM ypaBHEHHEM C H3-
BECTHOH MJIM TOUHO U3MEPSEMOI NPABOH YACTHIO f, MOXKHO BBITHCATh yPaBHEHHE HENPEPLIBHOM
KOppeKLun

dS1dt=C(MC)™ (f - (AX + Bu)) 4.1

Ypasuenue (4.1) UMeeT KIaccHUECKOe PElICHHE B PErylspHbIX o6nacTsax, npeobpasyeMoe npu

nepexope uepes ocobble nopepxHocTH Tunos (2.7), (2.9). Ha nosepxHocTH nepekimoveHns pelie-
Hue onpepensiercs no A.®. dununnosy [9].

JInst Koppekuuy B PeryasipHOil o61acTu ¢ MajbIM waroM A u3 (4.1) umeem
S(t+A)=S(t)+ C(MC)™ (X(t+A)~ x(1+A4)) 4.2)
Takum o6pa3oM, nmonyuund Gopmysay, COBOAfAOLIYIO C OHOLIATOBbIM PELIEHHUEM YPaBHEHHUs

(3.5). Ons peanusauuy BbIYKCIEHUH 1O 3TOH (hOpMyJie UCMONL3YIOTCH COCTOSIHUS X M X B QRHUC-
KpEeTHblE MOMEHTbI BPEMEHH.

B cnyuae, korga oTpe3ok [x(1+A),X(r+A)] nepecekaeT oco6yl0 MOBEPXHOCTb B HEKOTOPOM
Touke x(f + A) + WX + A) — x(t + A)), 0 < u < 1, coorHowenue (4.2) 3amenseTcs Ha iBa

Se = S()+uC(MCO) N (Z(t+A) - x(t +A))
S(t+A)=S5* +(1-)CMC)  (R(t+ M) - x(1+4))

* 9
TAE€ BEKTOP S* npeo6pa3yeTcs{ B S B COOTBETCTBHUU C nepecexkaeMou 0COOEHHOCTBIO.

TIpoaeMoHCcTpHpYeM paboTy KOPpEeKTUpPYIolLel 06paTHOH CBS3M Ha "peanbHOR" CHCTEME, ONu-
CbIBAEMOM YPaBHEHHEM

dx = _J0,1(1, 1, sint, cost)’, t€[0,3xr]
i Ax(t)+ Bu+v (1), v(t)= {0’ 5 Bt

rae MaTpuubl A, B takue xe Kak B (1.1), a u(f) unTepnpeTHpYETCS KaK HEKOTOpas nmoMexa.
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t,- S(x(£)) S(X(17))

1,41 (0,565 2,53; 6,06; 9,82; 10,67) (0,70; 2,71; 6,17; 10,06; 10,88)
2,84 (0,70; 2,71; 6,17; 9,46) (0,84; 2,88; 6,21; 9,63)
4,24 (0,84; 2,88; 6,21; 8,23) (0,93; 2,98; 6,20; 8,33)
5,64 (0,93; 2,98; 6,20; 6,93) (0,99; 3,05; 6,18; 7,00)
71,06 (0,99; 3,05; 5,58) (1,07; 3,21; 5,67; 5,76)
8,45 (1,07; 3,21; 4,37) (1,14; 3,32; 4,47, 4,63)
11,32 (1,14; 1,77) (0,56; 1,62; 3,33; 4,11)

PaccMoTpuM HauanbHyio Touky x0 = (0,05; 0,50; 6,00; —2,00)’. DTanoHHOE RBUKEHHE ISl Hee
HaiieHo B pa3f. 3. Ha ¢wur. 3 noka3aHbl 3TaJOHHOE ONTHMANIbHOE NPOTPAMMHOE yNpaBJIEHUE ISt
x% (cnmownas nuHuMA), peanbHoe ynpaBlieHHE, CHHTE3UPOBAHHOE KOPPEKTUPYHOLEl 0GpaTHOM
cBsI3bl0 (wTpuxoBas nuHusA; € = 0,3; MOMEHTb! KOPPEKUUH OTMEUYEHbI CBETJIbIMH TOYKAMH), H
peanu3auus yrnpaBJeHus, NOJYUYEHHast B Pe3yJbTaTe HENPEpbIBHOH KOPPEKUUH (LUITPUXIYHKTHUD-
Hasl JIMHUS; MOMEHTBI KOppekuuu BbiOupanuch ¢ waroM A = 0,05; yuactok, rae u3obpaxeHa
HaKJIOHHAs LITPUXOBasi JIMHUS, OTMEUEHHAs KPECTUKAMH, COOTBETCTBYET CKOJb3SILIEMY PEXHMY).
B Tabnuue pns cnydas € = 0,3 npeacraBieHbl MOMEHTbI KOPPEKUMH, BXOJIHbIE M CKOPPEKTH-
poBaHHbIe BeKTOpbI nepekiaroueHuit. TTocaenHsss Koppekuus BbINIOJHEHA TOCIE MpeKpaiieHus
neiicTBusl moMexu. Bece IBHXKEHHS NPUXOAST B Hauano KOOPJAUHAT.

Astopsl 6narofapst B.C. TTauko 3a o6¢cykieHre paboThl ¥ 3aMeaHuS.
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