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JIABOPATOPHAA PABOTA 1

CUHTE3 OIITUMAJIBHBIX T10 BBICTPOJIEUCTBUIO CUCTEM
YIIPABJIEHMA C UCIIOJIbB3AOBAHMEM ITPUHIIUITA MAKCHUMYMA

Llens pabOThI: MOJIYYUTHh ONTUMAJIBHOE YIPABICHHUE, 00ECIIEUNBAIOLIEE MAK-
CUMaJbHOE OBICTPOJICUCTBUE MPHU MEPEMEIIEHUN OOBEKTa U3 UCXOJHOTO COCTOS-
HUS B Ha4aJlo KoopJauHAT (pa3zoBoro mpoctpaHcTBa. CpaBHUTH ONTHUMAIBHOE IO
OBICTPOACHUCTBUIO YIIpaBICHUE OOBEKTOM C YIIpaBieHHEM, peainzyeMbiM B CAY €

tunoBbIM [IN-perynsitopom.
1 TEOPETUYECKOE BBE/IEHUE

OnTuMaJbHBIMH Ha3bIBAIOTCS CHCTEMbI, B KOTOPBIX MPOLIECC YIPABICHUS
MPOBOAUTCSI HAUTYUIIUM 00pa3oM IO CPAaBHEHUIO CO BCEMU JAPYTMMHU BO3MOKHBI-
MU criocobamu. OLIEHKY JOCTHKUMOCTH 1I€JIM B IIPOLECCE YIPABIEHUS O0BEKTOM,
MPEJCTABICHHYIO B (POPMaAJIM30BAHHOM BHUJIe (QaHAIUTHYECKON (hopMe), MPUHATO
HA3bIBATh KPUTEPHEM ONTUMAJIBHOCTH WK HedeBoii (pynkuueil. PazpaboTka
HAWJIy4IlIell CHUCTEMBbI, YJIOBIETBOPSIONIEH IMOCTaBICHHBIM TpeOOBaHUSM, TPE-
CTaBJIsIeT cO00 3a1a4y CHHTE3a ONTUMAJILHOI CHCTEMBI.

[ToBbiieHre 3PHEKTUBHOCTH PA3IMYHOTO POJAa TEXHUYECKUX YCTPOUMCTB,
MPUMEHSIEMBIX TIPU aBTOMATU3AIIMU TEXHOJIOTUYECKUX MPOIIECCOB, 00YCIOBIUBAET
COKpAIllEHUE BPEMEHU MPOTEKaHUs MEPEXOAHbIX TporieccoB. OHaKko B 1000H pe-
ABPHOU CHCTEME BPEMs HE MOXKET ObITh MEHBIIIE OTIPEIeTICHHON MUHUMAJILHOM Be-
JIMYWHBI B CBSI3U C OTPAHUYEHHOW MOIIHOCTHIO UCTOYHUKOB SHEPTUM, UCIIOIb3Ye-
MBIX B aBTOMAaTHYE€CKHX CHUCTEMAax, a TAK)KE€ B CBSI3U C YCIIOBUSIMU U XapaKTEPOM

paboThl KaKJI0M KOHKPETHOM CUCTEMBI (OrpaHUYEHHS MO MPOYHOCTU KOHCTPYK-

L[UU, HATPEBY).
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JIiist mosmydeHust mpeebHOT0 OBICTPOACHCTBUS (MUHIMYMa BPEMEHHU Tiepe-
XOJTHOTO TMpOIecca) HEOOXOIUMO IMPOEKTUPOBATH ABTOMATHUYECKHE CHCTEMBI C
Y4ETOM OIPaHWYCHUH, HAJIOKEHHBIX HA €€ KOOPAUHATHI, U3 YCIOBUS MUHUMyMa

KpUTEpHS Ka4yecTBa BUJIA:

1)

Cucrtembl ynpaBJieHUsI HA3bIBAIOT ONTHMAJIbHBIMH MO OBICTPOIEICTBHIO,
€Clii OHM O00ECTIeUMBAIOT MHHMMYM BPEMEHH TEPEXOHOrO IMpoIecca ¢ y4eToM
OTpaHUYCHHM, HAJIO)KEHHBIX Ha KOOPJMHATHI YIIPABICHUI U BbIXOAA. DTU CUCTEMBI
SIBJITFOTCST YACTHBIM CTy4aeM ONTHMAIbHBIX CUCTEM.

[Ipu pa3paboTke ONTUMANbHBIX MO OBICTPOACHCTBUIO CUCTEM OOBIYHO HC-
MOJIB3YIOT MPUHIIUIT YIIPABICHUSI O0BEKTOM MPU MAKCUMAILHO JIOIMTYCTUMOM BEJIH-
unHe curHana yrpasieHust /U /= Upay, 3aKOH H3MEHEHHSI KOTOPOTO OLPENCIISIOT
METO/IaMH TEOPUHU ONTUMAIBHOTO yrpaBiieHus. [Ipyu 3ToM OCHOBHBIM METOJIOM SIB-
JsieTcst mpuHIMN MakcumyMa [lonTpsiruna.

[TycTh m3BecTHA MaTeMaTHYECKass MOJCIIb 00bEKTa YIPABJICHHS, HAIPUMED,
B BHJIC YPaBHCHUH COCTOSHUS THTIA

X=A-X+B-u= f(X,u),
(2)
rne A — maTtpuna pasmepHoct (N x N); B — marpuria pazmepHocta (N x r) mpu r
KOOpPJIMHATAX YIPaBJICHU.

TpeGyercs onpeenuts gomycrumeie yrnpasnenuns U°(t) mpu Hammauu orpa-
HUYeHHH / u;(t) /< Uj max, TI€peBOASAIINE OOBEKT U3 33AaHHOTO HadaabHOTO X(1p) B
3aJjaHHOe KOoHEUHOE cocTostaue X(1y), u3 ycnoBus Munumyma pyuknuonana (1).

[Tpu 3TOM KOOpAMHATHI BEKTOPA COCTOSIHHSI X MOTYT OBITh TaKXKe€ OTpaHuye-
HBI: X €R,.

[Ipu pemennu 3a1aum CUHTE3a COCTABISIOT (yHKIMIO ['aMuibTOHA BUA

H(w,x,u)=%wi<t)-fi<x,u)

3)
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M Ha OCHOBAaHHWH YCJIOBUA

max {H[y/(T), X(M1} =1L yo(T)=-1

quRu
(4)
HAXOJIAT 3aKOH yIPABJICHUSI
U7 () = U max - sign(Hy)
()
rae Sign(H ) ={signH " } 1 — MaTpuia-cronGer;
H - oH H - oH

“aul Y A

[Tomy4yeHHbIit 3aK0H yripaBieHus (5) ABISIETCS peJaeiHbIM.

Taxum o6pa3om, 3ajaua HaXOXKACHNU ONTUMAILHOTO YIIPABJICHUS HA OCHOBE
IPUHLIAIIA MAaKCUMyMa CBOJUTCS K CIEAYIOLIEH MOCIe10BATEIbHOCTH:

1. 3anuceIBalOT ypaBHEHHE OOBEKTa B BUJE CHUCTEMbl YPABHEHUU IEPBOTO
MOPSIIKA.

2. CocraBmsiroT pynkiuro amumsTona H(y, X, u).

3. U3 cucrems! ypaBHenuii OH /éu =0 onpegensror 3nauenune U°, mpu Ko-

TOPOM JOCTUTaeTCsA MaKCUMYM (QpyHKIMU H.

4. CocTaBisioT YPaBHCHUA OJIA OIPCACICHUA COIIPAKCHHBIX IICPCMCHHBIX

dl//i :_8H’ IZH
dt 8Xi

(6)

5. HpI/I HN3BCCTHBIX HAYaJIbHBIX YCJIIOBHAX HAXOIAT OIITHMAJIBHOC YIIPpaBJIC-

HUE.

OpHako npHu ONTUMU3ALMKM HEKOTOPBIX OOBEKTOB PEIICHHUE 3a/1a4l CUHTE3a
MOET OBITh YNPOIIEHO, TaK KaK B psle CIy4yaeB He TpeOyeTcs OonmpenesnsiTh MoJ-
HOCTBIO BCrioMoratenbHble GyHKIHU Y;(t), a J0CTATOYHO TOJBLKO 3HATH MOMEHTBI
t, u3MeHeHus 3Haka H,, B pe3ynbrare 4ero MoXeT ObITh COCTaBJIEH 3aKOH peeii-

HOT'O YIIPaBJICHHUS:
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+U 0 pu Zbij")”i(t)>0;

uj(t)= =1

—Upaxr 10U Zbij"//i(t)<o-
i1

(7)
PemnM 3agady onTUManabHOTO OBICTPOAECUCTBUS ISl JTUHEHHON CUCTEMBI,

onucbiBaeMoi qudpepeHnnanbHbIM YpaBHEHHEM BUIA

y(t) =u(t),

(8)
KOTOPOC MOJKHO 3aIlCaTb B BUJC CUCTCMbI IBYX ypaBHGHI/If;I IICPBOTO IIOPAAKA:
Xl == XZ;
XZ = U,
y(t) = X (t).

©)
Jlist aT0#1 cuctemMbl PyHKIMS ['aMHIIbTOHA UMEET BUJL!
H :Xz 'W1+U°W2.
(10)
[Ipy Hanuuuu OrpaHUYEHUs U/ <1 MakCuUMyM [/ pocTUraercs npu

U=signy», a GyHKIMK Y4 U > OIPEACISIOTCS U3 yPaBHEHHMA

= — :0"
dt 8x1
dl//2 oH
= — —w]’
dt 8)62

(11)
oTKyJa cienyer, uto w1 = Cp,a yo = C; — Cy .
CrnenoBaresibHO, ONTUMAJIbHAS TIO OBICTPOJICUCTBUIO CUCTEMa OyleT pelnei-

HOM C 0COOBIM CIICOaJIbHBIM 3aKOHOM IICPCKIIIOUCHUA PEJIC M0 3HAKY BCIIOMOra-

tenpHOU PyHKIIMK Yo = Cp; — Cr .

2 3AJAHUE U ITIOPAIOK BbIIIOJIHEHUA PABOTDI

20



1. ITo 3amanHbBIM B Tabiuile 1 opauHaTaM KpUBOW pa3roHa OOBEKTa yIpaB-
JICHUSI ONpeneNuTh KOd(PPUIUEHTHI epelaTOuHON (PYHKIIUU 00bEKTa MPU MOMO-
i nporpammel «WINMNK)Y na [I9BM. Homep BapuanTta 3a1anusi BbIJaeTCs MH-
JTUBUAYATbHO MPETOAaBaTENIEM.

2. Ucnonp3ysl TOJNYYEHHYIO TEpPEAaTOvYHyI0 (YHKIHIO OOBbEeKTa BHUAA
W(p) = 1/D(p), Berariciuth KopHU MHOTOWIeHa D(p).

3. Paccunrtarh onTUMalbHbIE 10 CTETIEHU 3aTyXaHUs MapaMeTpbl HACTPONKU
tunoBoro [IW-perynstopa ¢ wucnonb3oBanueMm mnporpammbl « WINMNK)» Ha
[13BM. Crenenn 3aTyxaHus OpuHATh paBHOU ¥ = 0,75 (4TO COOTBETCTBYET MOKa-
3arento kojiebaTenbHocT M = 0,221), Bpems 3ana3asiBanus 7 = 0.

4. 3anyctuts mporpammy «OPTIM» (3amaua OBICTPOACHCTBHS), Ha)KaB
tay.bat. ITpu 3amycke mporpamMmbl Ha dKpaHE IUCIUICS TOSBISICTCS CTPYKTYpHAs

cXeMa CHCTEMBbI yIpaBiieHus! (PUCYHOK 1).

W(p) — mepenarounas pyHkius oobekra ymnpasiaeHus Buga W(p) = 1/D(p);
D(p) — MHOTOWIEH cTeneHu OT 2 JI0 5, HOpMaJIM30BaHHBIA TaKUM 00Pa30M, YTOOBI
HaMMEHbIIIEEe IO CTETIEHH p HEHYJIEBOE CllaraeMoe uMeso Kodppuuuenr 1;
X(t) — BBIXOTHOM CHUTHAT,
x"— BEKTOp HAYAIBHBIX 3HAYCHHIT PAa30BBIX KOOPAMHAT OOBEKTA;
U(t) — ympaBisitoliuii CUrHal, KOTOPbIH BbIpadaThIBACTCs MPOrPaMMaToOpOM U MO-
JKET MPUHUMAaTh 3HaYeHus +M nim —M.
Pucynok 1 — [IporpammHuoe ynpaBieHue
Kpowme Toro, Ha s3xpan BeiBogutcs I IABHOE M];HIO BUJA

pOIPaMMaTop -

Uopmnu

3agava ObICTPOACUCTBUS

—— X(t)
aHue preMehAToB cxeWR) —

CpaBuenue ¢ CAY
3aBHCUMOCTSD 1, OT IapaMeTpoB

Brixon u3 nporpammer — F10
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5. Boibpate komanay «@opMupoBanue 31eMeHTOB cxembl» [JIABHOI'O
MEHIO. Ha nanHom sTane He0OX0IUMO BBECTH:

a) KOpHH P; 1 P, MHOTOWIeHa D(pP), mpenBapuTeIbHO BBIYHCIICHHBIE B I1. 2;

0) orpaHUYeHUE TI0O MOYJIIO YIIPABJISIONIEro Bo3nencTus M = 1,

B) HAYAIbHBIC 3HAYCHIS (pAa30BBIX KOOPAMHAT X1° = | 1 x,° = 0.

[To oxoHYaHWM BBOJA HYXHO HaxkaTh kiaBuiry [End], 4roObr mporpamma
3allOMHWIa BBEJCHHbIC yucna (Uiau kiaBuiny [ESC], ecnu Hy)XHO OTMEHUTH cre-
JaHHbIEC U3MEHEHUS).

6. Boiopats xomanny «3apaua ObicTponeiictBus» ['JTABHOI'O MEHIO.
Meton pemeHus 3agaud OBICTPOJEHUCTBHS OCHOBaH Ha MPUHLMUIIE MaKCUMyMa
JI.C. IlonTpsiruHa. MeTon — UTEPALIMOHHBIN, OLEHKAa BPEMEHU PETYIUPOBAHUS B
IIPOLIECCE CUETa YTOUYHSETCS, MOHOTOHHO Bo3pacTtas. JlJIs KOHTPOJISI 32 CXOIAMMO-
CTBIO BBIYMCIIMTEIBHOIO MPOLECCA HA SKPAH JUCIUIES BBIBOASATCS TPU YMCIIA: HO-
MEp UTEpaly, BpeMsl PEryJIMpOBaHUS M YKCIIO, KOTOPOE CIYKHUT MOKa3aTeseM
CXOJUMOCTH IpoLecca. ITO YUCIO AOHKHO YMEHBIIATHCA 10 HYJIS, HO U3MEHEHHUS
HE 00s3aTeIbHO MOHOTOHHBI. CueT MOXKHO TNpepBarh, HaxaB [ESC], ecinu oH «3a-
LUKJINBACTCS.

ITocne TOro, Kak peleHne MoJy4eHO, Ha KPAHE MOSBIISIETCS MEHIO BTOPOIO

YPOBHS:

3AJIAYA BBICTPOJEMCTBUS
Pesynbrarsl cuera
[Iepexonnslii mporece
@da30BbIN MOPTPET

B rnaBHOE MEHIO

6.1. BeiBecTu ycnoBus 3a7aud U pe3yibTaThl cueTa MPU MOMOIIU KOMaH/bI
«Pesynbratsl cueta» Menio 3AJJAYA BEICTPOJIEMCTBUSI.

6.2. Iloctpouts rpaduk nepexogHOro mnpoiecca B CUCTeMe, BbIOpaB KOMaH-
ny «llepexonnbiii npouecc» mexwo 3AJJAYA BBICTPOJIEVICTBHUAI.

6.3. IlonyunTh (pa3oBbIil HOPTPET, UCTIOIBL3YST KOMaHy «Da30BbIil mOPTPET»
menio 3AJIAYA BbICTPOJIEMCTBUSL.
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7. Boiopats komangy ['JTABHOI'O MEHIO «CpaBuenue ¢ CAY». Ilpu
ATOM Ha JKpaH BBIBOJAUTCS CTPYKTYpHasl CX€Ma 3aMKHYTOH CHCTEMBI C PEryJssiTo-

poM R(p) 1 orpaHMUYNTENIEM YIPABIISIONIETO BO3ACUCTBUS (PUCYHOK 2).

Pucynoxk 2 — Ctpykrypgas cxema CAY l X’

MIoBoi T peyInITop: X(t)
Rl%p) / "P= }(])rpaH YHUTEITh =  W(p)
dpounmentor peryaaropa Ky = €, Kb = G, Ko ¥ ¢, T =0,

TpeBapuTeIbHO HAlICHHBIE B II. 3.

7.3. Iloctpouth rpaduk MNEPEXOJHOTO IMpollecca B CHUCTEME C THUIIOBBIM

[T1-peryaaropoM U OTpaHUYUTETIEM.

3 COAEP)XAHUME OTYHETA

OTyeT 0 BBINOJHEHUH JJaOOPATOPHOU pabOTHI IOKEH COJIEPIKATD:

1. McxoniHbIe TaHHbBIE B BUJIE TAOJIMIIBI OPJIUHAT KPUBOM pa3roHa.

2. CTpYKTYpHYIO CXeMY CUCTEMBI yIIPaBICHHUA.

3. Pesynbrarsl uaeHtudukanuu o0beKTa yImpaBJieHUs, ONMPEACIICHHs ONTH-
MaJIbHBIX nTapaMeTpoB HacTtporku [I-peryistopa.

4. Pacuet kopHeit mHorowieHa D(p).

5. Pacuer ontuManbHOro Mo OBICTPOJEHUCTBHIO YNPABICHHWS HAa OCHOBE
MPUHIIAIIA MAaKCUMYyMa.

6. ['paduku mepexoaHBIX MPOIECCOB:
a) B ONITUMAJILHOM CHCTEME YIIPABIICHUS;
0) B cUcTeMe aBTOMAaTUYECKOro ynpasieHus ¢ TunosbiM [IU-perymnstopom.

/. AHaNKU3 MOTYYEHHBIX PE3YJIbTaTOB.

4 KOHTPOJIbHBIE BOITPOCEHI
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1. Kakue cuctemsl ynpaBieHHUs] HA3bIBAIOTCSI ONITUMAJIbHBIMU?

2. Yto Ha3bIBaETCS KPUTEPUEM ONTUMATIBHOCTHU?

3. ChopmynupyiiTe 3a1a4y CUHTE3a ONTUMAJIbHOW CUCTEMBI.

4. Kakue cucteMbl yHpaBJICHHS] HA3bIBAIOTCS ONTHUMAJIBHBIMHU IO OBICTpO-
JNEHCTBUIO?

5. Chopmynupyiite npunimn makcumyma [lontpsruna.

6. B uem 3axitouaeTcsi CyIIHOCTh ONPEIEICHNs ONTUMAJIbHOTO YIPABICHUS

Ha OCHOBC IIpUHIOUIIA MAKCUMYMa HOHT‘pHFI/IHa?

Tabmuna 1 — McxoaHble JaHHBIC

No Bpems BapuanTsl 3a1aHuil ¥ OpAMHATEI KPUBOW pa3roHa

/11 t,c 1 2 3 4 5 6 7
1 0 0,000 0,000 0,000 0,000 0,000 0,000 0,000
2 2 0,138 0,256 0,243 0,346 0,173 0,156 0,169
3 4 0,387 0,567 0,564 0,611 0,444 0,423 0,431
4 6 0,566 0,765 0,731 0,833 0,643 0,645 0,624
5 8 0,756 0,867 0,876 0,912 0,722 0,712 0,734
6 10 0,824 0,953 0,954 0,954 0,834 0,867 0,856
7 12 0,895 0,972 0,982 0,972 0,913 0,914 0,897
8 14 0,934 0,995 0,991 0,991 0,942 0,958 0,925
9 16 0,959 0,998 0,994 0,994 0,978 0,979 0,968
10 18 0,978 1,000 0,997 0,997 0,999 0,987 0,983
11 20 0,984 0,999 0,996 0,997
12 22 0,996 1,000 1,000 1,000
13 24 1,000

[Tponomxkenue Tadauibl 1
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No Bpewms BapuanTel 3a1annii 1 OpAMHATHI KPUBOW pa3roHa
/1 t,c 8 9 10 11 12 13
1 0 0,000 0,000 0,000 0,000 0,000 0,000
2 1 0,190 0,356 0,256 0,216 0,150 0,065
3 2 0,443 0,652 0,565 0,524 0,380 0,175
4 3 0,631 0,814 0,763 0,765 0,575 0,295
5 4 0,759 0,911 0,874 0,869 0,720 0,415
6 S) 0,842 0,947 0,934 0,931 0,820 0,525
7 6 0,897 0,971 0,965 0,978 0,885 0,615
8 7 0,932 0,985 0,981 0,985 0,930 0,695
9 8 0,956 0,992 0,992 0,997 0,955 0,760
10 9 0,971 0,996 0,996 0,998 0,975 0,815
11 10 0,997 0,998 0,998 0,999 0,985 0,855
12 11 1,000 1,000 1,000 1,000 0,990 0,890
13 12 0,995 0,915
14 13 0,997 0,940
15 14 1,000 0,955
16 15 0,970
17 16 0,985
18 17 0,990
19 18 0,995
20 19 1,000
[Tponomxenue Tadauibl 1
o Bpewms BapuaHTsl 3a1aHN 1 OPIMHATHI KPUBOM pa3roHa
n/n t,C 14 15 16 17 18
1 0 0,000 0,000 0,000 0,000 0,000
2 0,5 0,277 0,167 0,178 0,147 0,060
3 1,0 0,483 0,389 0,382 0,323 0,160
4 1,5 0,599 0,573 0,588 0,484 0,280
5 2,0 0,689 0,634 0,699 0,620 0,400
6 2,5 0,739 0,796 0,749 0,725 0,510
7 3,0 0,859 0,847 0,869 0,805 0,605
8 3,5 0,932 0,924 0,897 0,863 0,690
9 4,0 0,957 0,947 0,948 0,905 0,760
10 4,5 0,978 0,978 0,979 0,935 0,815
11 5,0 0,989 0,982 0,992 0,955 0,860
12 5,5 0,993 0,991 0,995 0,970 0,895
13 6,0 0,996 0,995 0,997 0,979 0,920
14 6,5 0,998 0,998 0,998 0,987 0,940
15 7,0 1,000 1,000 1,000 0,992 0,960
16 7,5 0,995 0,975
17 8,0 0,997 0,985
18 8,5 0,998 0,990
19 9,0 0,999 0,995
20 9,5 1,000 1,000
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JIABOPATOPHAA PABOTA 2

CHUHTE3 1 AHAJIN3 OITTUMAJIBHBIX CUCTEM VYIIPABJIEHNM A
METOAOM IMHAMMNYECKOI'O ITPOI'PAMMIPOBAHNM A

Ilens paGoTHI: M3y4YEHHUE CTYIAEHTAMU CYIIHOCTH METOJa JTHMHAMHYECKOTO
MPOTPaMMHUPOBAHUS;, MTOJTYUYCHHE ONTHMAIBHOTO 3aKOHA YIPaBJICHUS; BBISIBIICHHUE
3aBUCUMOCTH TPSMBIX MOKa3aTejed KadyecTBa U XapaKTepa MEepeXOJIHbIX Ipolec-

COB B cHUCTEME OT KOAPPUIUEHTOB HHTETPAIIBHOTO KBAaIpaTUUHOTO KPUTEPHUSL.
1 TEOPETUYECKOE BBEJIEHUE

3amaya CMHTE3a ONTUMAJIBLHON aBTOMAaTUYECKON CHCTEMBI (ONTUMANb-
HOTO yIpaBisitoliero ycrpoictea (YVY)) MaTeMaTH4ecKu MOXKET ObITh CHOpMYJIH-

poBaHa cieayromumM oopazoM. [1ycTe 00BEKT OMUCHIBACTCS CUCTEMOM
/ = __
X, = f.(X,..,X,,U;,...,u,t), 1=1,...,Nn.
(1a)
3nech Xi,...,Xn — a30BbI€ KOOPJAUHATHI, T.€. 000OIIEHHbIE KOOPAUHATHI, OJI-

HO3HAYHO OMPEACISAIONINE COCTOSIHUE 00BEKTA, Uy,...,Un — MapaMeTphl YIIpaBiICHUS.

BBenst BekTOpHBIE 0003HAUEHMUS
X =(X,-X, ), U=(uy,....,u, ), F=(f,...f),
NPUBEICHHYIO CUCTEMY MOXHO 3alHcaTh B BUE
x' = f(X,U,t),i=1,.,n
(10)
WU B 00Jiee KOMITAKTHON BEKTOPHOU (hopme
X'=f(X,U,t).
(Is)

BekTop X Ha3biBaeTcsi (pa30BbIM BEKTOPOM UM BEKTOPOM COCTOSI-
HMA, 2 U — ynpaBJ/ieHueM Wil BEeKTOPOM YIIPaBJICHUS.
bynem mpeanosnarate, yTo ypaBHeHHUs (1) onuchIBalOT BO3MYIIEHHOE

IBIKeHUE, (a3oBble KOOPAMHATHL X, (I = 1,...,n) XapaKTepHU3yIOT OTKIOHEHHE 00b-
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CKTa OT HPOrpaMMHOI0 ABHUKCHHUA HJIA I10JIOKCHUA PABHOBCCHAI. Torz[a Ha3Ha4dc-

HUE PETyJISITOpa COCTOUT B TOM, YTOOBI MPUBECTH €T0 B KOHEYHBIIT MOMEHT BpeMe-
— 0
uu t; B monoxenne X(t; )=0, B kakom 6b1 cocTosiHru X' HE HAXOIMUICS OOBEKT B

HavyalbHbIN 1y, JIpyrumu cioBamu, B MOMEHTHI tp U t; (Ha30BbIi BEKTOp JTOJKEH

YIOBJIETBOPSATH YCIOBUSIM:
X(t, )= X°, X(t, )=0.
(2)

OTH yCIOBUS HA3bIBAIOTCA KPAEBBIMHM WM TPAHNYHBIMH YCJIOBUSIMH.
B o0miem ciyuae napameTpsl ypaBieHUsI CTECHEHBI HEKOTOPBIMU YC-

JIoBUAMH. YacTo OHH BBIPAXXAKOTCA B BUJIC HCPABCHCTBA

a; <u; <., j=1,...,m.
(3)

Ot YCJIOBHA HAa3bIBAIOTCS OrPAaHUMYCHHUEM HA YIIPABJCHHE.

KadecTBO aBTOMaTHYECKOW CUCTEMBI B TEOPUHU ONTUMAIBHOTO YIIPaB-

JICHUS XapaKTepU3ylOT PYHKINOHAIOM:

I = 1(u(®), x(t)).
(4)
B o6mem ciydae ¢pynkmuonan (4) MOXKET 3aBUCETh OT MOMEHTOB ty 1

t;, r(paHUYHBIX 3HaYCHH (ha3oBoro BekTopa — X (1) u X (). dyHkimonan (4), xa-
PaKTEePU3YIONMINI Ka4eCTBO CHCTEMBI, Ha3bIBACTCS KPUTEPHEM ONTUMATBHOCTH.

dopMynHpoOBKa 3a/1a4M CHHTE3a ONTUMAJIbHON CHCTEMbI (ONTUMATBHOTO
VV) cocrout B cnenyroniem. Jljig 00bekTa, onuchBaeMoro ypaBHeHusimu (1), Haii-
TH Takoi anroput™ ympasienus U = U (X, t), nmpu kotopom coOJromaercs: orpa-
Hu4YeHUE (3), BBIMOTHSAIOTCS KpaeBble ycinoBus (2) u pyHkiuonan (4) npuHUMaeT
MUHHUMAaJILHOE 3HAYCHUE.

B Hacrosmiee BpeMsi M3BECTHBI Pa3IUYHBIC METOJBI PEIICHUS 3a7a4 ONTH-
MajbHOTO ympaBiieHus. OIHUM W3 HUX SBISETCS METOJ JHHAMHYECKOTO TIPO-
rpaMMHPOBAHUA.

OCHOBHBIM yTBEP)KJICHHEM, HA KOTOPOM 0a3UPYETCss METOJ TUHAMUYECKOTO
MIPOTrPAaMMHUPOBAHMS, SBISICTCS MPUHIUAI ONTHMAIBHOCTH. [IpUMEHUTENBHO K 3a-

JlayaM ONTUMAJILHOTO YIIPABJIEHUSI €r0 MOKHO C(POPMYJIMPOBATH CIEAYIOMIUM 00-
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pasom.
Mpuaoun onTumManbHocTH. OnTuManbHoe ynpasienue U(X, t), to<'t
<t;, obnamaer TeM CBOMCTBOM, YTO KAaKOBBI Obl HU OBLIM HAayaldbHOE COCTOSHUE
X(tp) m HagapHOE ynpasiienue U(X, t), to<'t <t; (ynpaBieHue Ha HAYaJIbHOM OT-
pe3ke <t <13, t; — MPOU3BONBHBIN MPOMEKYTOUHBIH MOMEHT), MOCJEAYIOIIEe
ynpasienue U(X, t), t;<t <t;, T0IPKHO COCTaBIATh ONTHMAILHOE YIIPABIICHUE OT-
HOCHUTEIBHO cocTostHUSA X(11), B KOTOpOe mepeBOAUTCS 00BEKT HAYaJbHBIM YIIPaB-
JICHUEM.
Hcnonb3ys NpUHOUIT ONTUMAIBHOCTH, MOYKHO IIOJYy4YUTh ypaBHEHUE beiui-
MaHa, KOTOPO€E HEIOCPEICTBEHHO UCIOJIB3YETCs IIPU PELICHUU 3aJ1a4 CUHTE3a Oll-
TUMAaJIbHBIX YY.

[IycTh KpUTEPHI ONITUMATIBHOCTH UMEET BUJL:
t
| = j f.(X,U,t)dt.
t
BBenem B paccMoTpeHue QyHKIUIO

L
S(X,t)=er€|§r21tjfo(X,U t)dt,

Ha3piBaeMyro (pyHkiued bemimana. 3neck (2 0003Ha4aeT MHOKECTBO 3HAUCHUI
YIIPaBJICHUS, ONPEACIISIEMOTO OIPAHUYEHUEM Ha YIPaBJIECHHUE, B YACTHOCTH, YCJIO-
BueM (3). Ecnu gyHkuus bemmana HenmpepblBHA O COBOKYIHOCTH apryMEHTOB
X1,...,Xn, 1 1 00Ja71a€T HEMPEPHIBHOW MOJHOM MPOU3BOAHON 10 {, TO 1JI ONTHUMAab-
noctu yopasnerns U () =U" (X" (t),t) u coorsercrayromeii tpackropun X (1)
HE00X0AMMO, YTOOBI UMEJIO MECTO YPaBHEHHUE

dS(X"(1),p) _

dt

in[ f,(X U t)+ ds(ﬁft)’t)] ~0

f, (X7 (1), U (1),H) +

c3

()

IIpHU TPaHUIHOM YCIIOBUH

28



S(X(t; ),t; )=0.
(6)

VYpaBuenue (5) HazpiBaeTcsi ypaBHeHueMm bemnmana. Ecnu ¢ynkuusa benn-

MaHa O6JI3I[&€T HCIIPCPBIBHBIMHU 4YaCTHBIMU IIPOU3BOOHBIMU IIO Xj,...,Xn H t, TO

ypaBHeHHE belsiMana MOKHO 3alucaTh B BUJIE:

oS . n oS
== min[ f,(X,U ,t)+i§6—xi f,(X,U,t)],

(7)
rre f;(X,Ut), i=1,..,n_ npaBble yacTu ypaBHeHUi (1) oObekTa.
Ecnu BeIpaxkeHue B KBaJpaTHBIX CKOOKax ypaBHeHus (7) nuddepen-

OUpyEeMO 110 Uy,...,Un H MHOXXCCTBO Q OTKPBITO, TO U3 3TOTO YPAaBHCHHSA CIICAYCT:

oS n S
2 = (X UL+ 2 (XU L),
o = o ) Eaxi ( )

of,( X,U ’t)+i oS ofi (X U,t) _
ou, i=1 OX; ou

J

0, j=1,...m.
i
(8)

[Topsinok pemieHus: 3a1adynd CUHTE3a ONTUMAJIbHOM CUCTEMBI YNPABJIECHUS C
ITOMOIUIBIO0 YpaBHEHUS belsiMana ey ommii:

1. CocraBnsiercs ypaBHeHHe bennmana U U3 yCIOBUHM MHUHMMYyMa €ro mpa-
BOM 4aCTH HaXOAMTCS yIpaBieHHe Kak PyHKIus oT S — ¢pyHkiuu bennmana.

2. [logcTaBuB HaiiIeHHOE yIpaBJICHUE B ypaBHEHHE beuiMaHa U peiuB ero,
onpeznensercs pyHkuusa bennmana.

3. [lomyuennas ¢ynkius bemnvana moncTaBisieTcss B BBIpAXKEHHUE IS
YIPaBJIEHHUS, ONIPEAEIEHHOE B COOTBETCTBUU C II. 1.

PaccMoTpum mpuMep CHHTE3a ONTHUMAIBHOW CHCTEMBI, KOTJIa 0OBEKT

OMUCHIBAETCS YPABHECHUEM X' =u

WJIUM CUCTEMOM B HOpMaJIbHOU (popme
I _y oyl —
Xl —_— X2 y X2 - u’

9)

Y KPUTEPUU ONITUMAIIBHOCTH UMEET BUJL
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ty
| = j(xl2 + X2 +ru® )at.
b

(10)
CocraBuMm ypaBHeHue bemnmvana. Tak Kak NpaBble YacTU HOPMAJIBHBIX

ypaBHEHUN 00BEKTa YIIPaBICHHUS
f.XU,n)=x,, ,(XU,H)=u
Y TIOJIbIHTErpaibHast PYHKIIHS
f,(X,U,t) = xZ +qgx2 +ru?
os

HC COACPKAT ABHO BPCMs, TO IIPOHU3BOJHAA — 0 . CJIGI[OBE[TGHI;HO, JJIAA pac-
ot

CMaTpUBaEeMOTO Cllydyas ypaBHeHHEe beiMana npuHUMaeT BU/I
: oS oS
min{ (x> +qgx5 +ru® )+ —-x, +—-u +=0.
Uea OX, OX,
(11)
[TponsBoaHyO IO U OT GUTYPHOH CKOOKHM MpHpaBHUBAEM K HYJIO U HaxXo-

mam orrtumansaoe yipasiaenne U (1) B pynkiun or Os / Ox,

i{}: ory +- 5 =,
ou OX,

OTKyJa

(12)
HO)ICTaBI/IB 9TO 3HAYCHUC B YPABHCHHC BCJ'IJIMaHa, IMoJIy4Yum

1 oS 1, 0s
X2+ QxZ - — +— X, -—(=—)*=0
1T 4r(8x2) ox, 2r(8x2)

WIIA, TIPUBCIA HO)IO6HBIC YJICHBI,

1, 0s oS
X2 +0gx? -—(— )Y +—x,=0.
1A% 4r(ax2) ox, -
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(13)

Pemenue ypaBuenust bemnmana (13) OyzneM uckath B BUIE KBaJIpaTUUHOM
bopMbI

S(X) = kyyX; +KypX, X, K0 X5
(14)

BorurcnuB nmpou3BoAHbIE U TOJCTaBUB MX B ypaBHeHHe bemnmana, mytem
pUpaBHUBAA K HYJIO BceX Ko puiinenToB npu (Ha3oBbIX KOOpAUHATAX, TOTYUYUM

CHCTEMY ypaBHEHHMIA AJis1 onpenesieHus: KodhduimeHToB Ky, Kip 11 Ko,

’ _k_122_0.
4r k., =2+/r;

1
<q+ku—;ké=0:<kn=JNQ+2JFx

1 ky =g+ 24T,
2k11_Fk12°k22 =0; %

"

(15)
CrnenosarenbHo, pyHk1us bemimana npuHUMaeT BU/L:
S(X):\/q+2\/F -xf +2\/F-x1-x2+\/r(q+2\/F)-x22,
(16)

d OIITUMAJIBHOC ynpaBneHHe
u (X)=-(kx; +Kk,x, ),
(17)

re

=L, = VA2
l - — s

T

CrpykTypHas cxema ONTHUMalIbHON CHUCTEMbl YIPaBICHUS MPEACTaB-
JieHa Ha pUCyHKe 1,a, cxema MOJEIMPOBAHUS, COCTABJICHHAS C HCIOJIb30BaHUEM

nakera MATLAB, — na pucynke 1,6.
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u
Froducti =ain3

6)

X
> oy >
yy <
a)
1
Scope
/
K, , x(0) , x(0)
kzx 1 X=X1 =X2 1 X1=Xx
oK r@ e I . T »
>ain klx Integratort Integratar Scope
l ki
x|-’G.ain1
2 .4 2
2
- X2 qx t: o
Froduct G aing ; Prnducﬂ—‘
———|
H - 1; | min +|:|

Integrator? Minhax1 Secopez

I :J'(xl2 +qx? +ru®)dt — min
0

Pucynoxk 2 — CtpykTypHas cxeMa ONTUMAITbHOW CHCTEMBI YIIPaBICHUS

2 3BAJAHUE U ITIOPAIOK BbIIIOJIHEHWA PABOTDI

HccenenoBars oNTUMAaIbHYI0 CUCTEMY YIIPABJICHUS, CTPYKTypHas CXeMa Ko-

TOpOM mnpecTaBieHa Ha pucyHke 1. OObEKT ympaBieHHUs ONMUCHIBACTCS CUCTEMOM

B HOpMaJibHOU (hopMme

[ — . v/
Xl_XZ’XZ

rac

=u,
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u=-(kx, +k;x, ),

klzi kzz\/%(q+2\/?).

[TocTostHEBIC I' ¥ ( ABJISIOTCSA KOd(DuImeHTaMu KBaApaTUIHON ¢op-

MBI B UHTETPATbHOM KPUTEPUU
| = I(Xf + Qx5 +ru” )dt.
0

Wx yucnenHele 3HaueHus mpuBeneHsl B Tadnuue 1. Homep BapuanTa
3aJ1aeTCs YCTHO MPENOIaBaTEIEM.
HccnenoBanrie MpOBOAMTCS B CIEAYIONIEH MOCIEA0BATEIBHOCTH:
1. Paccuurats st 3ajanHOTO Bapuanta ko3hdurmenTsl Ky u Ky (3TOT myHKT
BBIIIOJIHAETCS IIPU IOATOTOBKE).
2. CobpaTh CTPYKTYpHYIO CXEMYy CHUCTEMBI ympaBieHus (pucyHok 1) c uc-
nosib3oBanueM nakera MATLAB.

3. Ycranosuts Havansueie yenosust x(0) = x,(0) = 1 u x/(0) = x/'(0) = x,(0) =

4. OnpenenuTh NepeperyIupoBaHUEe U BPeMsl PEryJIUPOBAHUS MPU KAXKIOU
Mape MOCTOSIHHBIX ( U I.

5. Haiitu cpeau uccieoBaHHBIX 3HAYeHHA Kod(durrenToB K; u K, takme

smauerns K, u K | IIPY KOTOPBIX BPEMS PETYIUPOBAHUS MTOTYyYAETCS MUHUMAJb-

HBIM, a IIEPEPETYIUPOBAHNE — MAKCUMAIIBHBIM.

3 COAEP)XKAHUE OTUHETA

OT4eT 0 BBINOJIHEHUH Jab0OPaTOPHOM pabOTHI JOHKEH COJEPIKATD:

1. WcxomaHble TaHHBIC, pacdeTHBIE (DOPMYJIbI, CTPYKTYPHYIO CXEMY CHCTEMBI
YIPABJICHHS M CXEMY MOJICITUPOBAHMUS.

2. Pemenue 3amaun CUHTE3a ONTUMAIBLHON CHCTEMBI YIIPABJICHHS METOIOM
JTUHAMUAYECKOTO MTPOTpaMMHUPOBAHUSI.

3. Tabnuiier co 3HaueHusIMH K; 1 Ky, COOTBETCTBYIOIIMMHU 3aaHHOMY BapH-

AHTY NOCTOSIHHBIX I U1 (.

33



4. I'paduku mepexoAHBIX MPOLIECCOB, MOJYUYCHHBIE MPU KaXAO0H mape mo-
CTOSIHHBIX I' ¥ Q.
5. BbIBOIBI 0 3aBUCHMOCTH NIPSIMBIX ITOKa3aTesnel kadecTsa ty, o u xapakre-

pa mepexoAHbIX MPOLECCOB OT KOIPHUIIMEHTOB KBaJAPATUIHOTO KPUTEPHS.
4 KOHTPOJIBHBIE BOITPOCHI

1. Uto Takoe omTMMalibHasi aBTOMAaTHYECKas CUCTEMa ympaBJe-
Hus?

2. UTo Takoe orpaHuyeHue, KpaeBble YCIOBUS U KPUTEPUM OMNTH-
MaJIbHOCTH?

3. Kak craButTcs 3amaua CHHTE3a ONTHMAJIbHOM aBTOMATHYECKON
CUCTEMBI yIIPaBJIEHUA?

4. Kak popMynupyeTcst IpUHITUAIT ONITUMAJIBHOCTH?

5. Kak 3anmceiBaercs ypaBHeHHe besiMana v 4To OHO BhIpakaeT?

6. Kak ompenensercss onTUMaldbHBI QJITOPUTM YHNpPABICHUS JIH-
HEUHBIM OOBEKTOM C MHTEIPAJIbHBIM KBAJPATUUHBIM KPUTEPUEM OMNTHU-

MaJIbHOCTHU?

Ta6J'II/IHa 1 — 3HayeHue NOCTOSHHBIX I' U ( MHTCTrpaJIbHOI'O0 KBAaAPATUYHOI'O KPHUTE-

pust
Ne 3HaueHue NOCTOSIHHBIX I' ¥ (| HHTErPaJIbHOTO KBAJAPATUYHOTO KPUTEPUs
BapHaHTa | JKCepuMEHT | DKCIIEpUMEHT 2 OKCIEpUMEHT 3 DKcrepuMeHT 4
r q r q r q r q
0 0.04 0.05 1 1 10 10 50 50
1 0.04 0.09 2 5 8 8 40 40
2 0.04 0.08 0.2 0.2 4 4 20 20
3 0.04 0.07 0.1 0.1 2 2 10 10
4 0.02 | 0.008 0.3 0.3 3 3 30 30
5 0.03 0.03 0.6 0.6 6 6 60 60
6 0.05 0.04 0.5 0.5 5 5 25 25
7 0.06 0.06 0.4 0.4 14 14 56 56
8 0.07 0.07 0.7 0.7 7 I 70 70
9 0.08 0.4 0.8 0.8 12 12 80 80
10 0.09 0.6 0.9 0.9 9 9 90 90
11 0.05 | 0.001 4.0 4.0 16 16 64 64
12 0.01 0 0.6 0.9 8 10 32 32
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13 0.02 0.01 0.8 0.6 9 8 45 45
14 0.03 0.07 0.9 0.1 5 4 95 55
15 0.04 0.06 0.4 0.2 10 2 75 75
16 0.05 0.05 0.2 0.4 2 1 26 26
17 0.06 0.04 0.1 0.3 1 9 15 15
18 0.07 0.1 0.3 0.5 6 3 36 36
19 0.08 0.3 0.5 0.7 3 4 27 27
20 0.09 0.5 0.7 0.8 4 5 62 62
21 0.02 0 4.0 2.0 18 18 72 72
22 0.03 0 6.0 3.0 12 16 86 86
23 0.04 0 9.0 4.0 20 22 94 94
24 0.05 0 8.0 5.0 15 15 95 95

JIABOPATOPHAA PABOTA 3

CHUHTE3 OIITUMAJIBHOI'O II1-PET'VJIATOPA

L[@JIB pa60TBII IMOJIYYUTD OINTHUMAaJIBLHBIM 3aKOH YHpaBJICHUSA MCTOJO0M JIWHA-
MHUYCCKOIr'0o IIporpaMMupoOBaHmuA; HCCIICAOBATbL KAaUCCTBO IIPOLECCa PCTYJINPOBAHUA

B cUCTeME ¢ onTuMaibHbIM [1/[-perymaropom.

1 TEOPETUYECKOE BBEJIEHUE

CyImHOCTh TEOpUN aHAIUTUYECKOTO KOHCTPYHUPOBAHUS PETYISTOPOB COCTO-
UT B TOM, YTO 3aKOH M3MEHEHHS YMPaBISIEeMOW KOOPAWHATHI M YIPABISIOLIETO
BO3JICUCTBUS 3a/1a€TCS aHAIMTHYCCKH B BHIC HeKoToporo ¢ynkimonamra J(X,U),
KOTOPBIA HYXHO MUHUMU3UPOBAThH MOJIO0POM YIIPABIISIFOIIETO BO3ACUCTBUS. 3HAs
anroput™ yrpasieHust U(t) umu U(X), KOHCTpYHPYIOT perysTop.

Oco0oe 3HaYeHHE TPU AHATUTUYECKOM KOHCTPYMPOBAHHH PETYJISTOPOB
IPUHUMAET BBIOOP KPUTEPUEB ONTUMAIBHOCTH. OOLIMX KPUTEPUEB ONTUMAIBHO-
CTH IS JTIOOBIX OOBEKTOB yMpaBiieHUs ObITh HE MOKeT. Kaxplil 00beKT yrpas-
JIeHUs] UMEET CBOM KpuTepuu KadecTBa. Kputepuil kauecTBa JOHKEH MOJHOCTHIO
COOTBETCTBOBATh HaWIyulliel paboTe 0ObEeKTa U B TO K€ BpeMs ObITh JOCTAaTOYHO
MPOCTBIM JIJISl TOTO, YTOOBI BapHalMOHHAs 3a7a4ya HE OKa3aJach CIUIIKOM CIIOXK-

HOH MJIM BOOOIIC aHATUTHYCCKHA HEPa3PEIIMMOi.
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B xauecTBe kpuTEpHUEB ONTUMAIBLHOCTH MOXHO BBIOpAaTh MUHHUMYM KBajpa-

TAYHOU ONIHOKHU
J, = szdt
0

1)

VI MUHUMYM a0COJIFOTHOM OIIHOKH

J, = | |x[dt.

O =8

2)

Opnnaxko onerku (1) u (2) He yYUTBHIBAIOT TOTO, YTO B CHCTEMAaX UMEET MECTO
OTPaHUYECHHE MOUIHOCTH YIPABIISIIOLIETO CUTHAJA, a TAKXKE €r0 HACBIIECHUE MPHU
OTPENICICHHBIX 3HAUYCHUSX OIIMOKM. DTHU OTPaHUYCHHS MOXKHO 3aJaTh B WHTE-

I'paJJbHOM BHJIC.

N

Jy=[urdt<L;
0

©
J, =[ufdt<L.

0 J
3)

Takum oOpa3zoM, cTaBUTCS 3a7a4a oOecrieueHuss MuHumMyma (1) wium (2) npu
3a/IaHHBIX UHTETPAIbHBIX OrpaHudYeHUsX (3).

Kak u3BecTtHO, MUHMMU3AIUs KpuTepueB J; u J, npu ycinoBuu (3) OTHOCHUT-
Csl K PEILICHUIO 33J1a4M Ha YCIOBHBIM AKCTPEMYM BapuallMOHHOTO ucuucienus. [1o-
sTomMy (yHKIMOHAGI (1) 1 (2) Mpu HAIMYMK OTPAHWYCHUIN Ha YIpaBJICHUE U Ha

KOOPJIMHATHI MPUBOJIUTCS K ogHOMY (yHKIMOHay. Hampumep,
J(U)= [ (X +cu]xt,
0

(4)

50)0%1

36



J(U):T(x2+c|u|)dt, 5) J(U):J'(x2+cU2)dt,

(6)

NnIIn
o0 2
J(U ):j(x2+cU2+c1U +...4+C (UM) t,
0

(7)
rie ¢;— MHoxutenu Jlarpanxa.

OrpaHnyeHue ynpapISIONIEro CUTHajla NPUBOJUT K OTPAaHUYECHHUIO BCEX KO-
opauHaT o0bekTa. [l03TOMy CUCTEMBI, CHHTE3UPOBAHHBIE 110 3TUM OLIEHKAM, 00ec-
NE€YHUBAIOT IJIABHBIE MTPOLIECCHI ¢ HEOOIBILIUM NEPEPETYIUPOBAHUEM.

IIpuMeHeHne KBaJApaTUYHBIX OLICHOK JAET B pe3yibTaTe pacyeToB JIMHEH-

HBII 3aKOH yNpPaBIICHUS

U :Zn: Pi Xi
i=1

(8)

II0ODTOMY CUCTEMBI, YAOBJICTBOPSAIOIINE MUHUMYMY
J(U ):j(x2 +cU 2 )dt,
0

9)

HA3bIBAIOTCS JIMHEHHBIMUA ONTHMAJILHBIMHM CHCTEMAaMM, 2 ONPEACICHUE 3aKOHA
ynpasieHus, goctapistoniero MUuHUMyM J(U), — aHAJMTHYECKHM KOHCTPYHPO-
BaHHMEM PeryJsiTopa.

AHAJIIUTUYECKOE PEIICHHUE 3aJa4l CUHTE3a ONTUMAJIBHBIX CUCTEM BBIMIOJIHS-
0T METOJIJaMHi TEOPHUH ONTUMAJIBLHOTO YIpaBlieHUs. B maHHO# paboTe nmpousBeaeM
AHAJIUTUYECKOE KOHCTPYMPOBAHUE PETYJISITOpAa METOJIOM JAWHAMUYECKOTO Mpo-
IrpaMMUPOBAHUSI.

[TycTh OOBEKT ympaBieHHUS MPEACTABICH HOPMAJIbHOM CHUCTEMOU ypaBHe-

HUU:
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dx,
_ = XZ’
dt
dx,

dt )

(10)

[IpumeM KpuTEpU ONITUMATIBHOCTH B BUJIE!
ty

J =j(x2 +u?)dt.
tH

(11)
Tpebyetcs onpenenutsb 3akoH ynpasierus U = f (X, Xp).

CocrtaBuM (I)YHKHI/IOHaJIBHBIe YpPaBHCHHA bennmana:
s os
X, +U% + X, — +(a,X, +a,X, +U ) — =0;
OX, OX,
oS

2u+—=0.
OX,

(12)
N3 BTOporo ypaBaenus cuctemsl (12) onpeaenum U:

1 o0s

2 o,

(13)
UtoOs! onpenenuTh 3aKOH yIpaBieHus U Kak (GyHKIIMIO KOOPJIUHAT Xj, HYK-
HO HaiiTh ¢yHkuuto S. [TogcTaBuM B mepBoe ypaBHEHUE cucTeMBI (12) BeipakeHUe

s U 3 (13):

2
2 oS os 1 os
X" +X,—+ (X +a,X,)—==| — | .
OX, oX, 4\ 0x,
(14)
[Tonyunm HenuueiHoe auddepeHnrnanbHOe ypaBHEHHE B YaCTHBIX MPOU3-
BOJHBIX.

JIist muHEHHBIX 0OBEKTOB YIPAaBJICHUS M KBAJPATUYHBIX KPUTEPUEB OMNTH-
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MaJbHOCTH (QYHKIUS S MpeAcTaBisieT co00il MOM0KUTENBHO ONPEICICHHYIO KBa-

paTuyHyo ¢popMmy BUIa

2 2
S = Allxl + A12)(1)(2 + A22X2 .

(15)
Jns onpeneneHuss ko3hUITUEHTOB 3TOH (POPMBI COCTaBUM  CICAYIOIIYIO
CI/ICTCMYI
0s )
—=2A X, +A_X,;
axl All 1 A12 2
a e
S
~ 2A22X2 + A12X1-
OX, ]
(16)

[MoncraBum 0S/ OX; B (14) 1, npupaBHSB K HYJIH0 KOYP(OUIUEHTHI IPH COOT-

BCTCTBYHOIIUX CTCIICHAX X; M X, COCTaBUM CHCTCMY aﬂre6panqecm/1x ypaBHeHI/Iﬁ

J1s1 onipeniesieHust Aqy, A1p 1 Azy:

4+4a,A,- A, =0;
A12 + 2a2A22 - A222 =0;
2A11 + 2a1A22 + a2A12 - A12A22 =0.

Vo

(17)
N3 cucremsl (17) onpeaenum:
A,=2a +2\a°+1;
(18)
Ay, =4, i\/azz + Ay,
(19)
1
A= E(_ZalAZZ — A, + A12A22)-
(20)

N3 BO3MOXKHBIX perieHuit A1y, A1 U Ay, BEIOUPAEM TOJBKO MOJIOKUTEIIbHBIC

3HAYEHMsI, TaK KaK AJisl MOJIyYeHUs YCTOWYMBOrO pemeHus QyHKIusS S J0DKHA
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OBITh MOJIOKUTEIBHO ONPEICTICHHOM.

3Haa Aq, Ao U Ay, OTIpENEIeM 3aKOH YIIPABJICHUS:

1 o0s 1 z

U=———=——(AX +2A,X, ):Z PiX; .-

2 0OX, 2 =
(21)

B oTnnume OT KJIacCMYeCKOro BAapUAIMOHHOTO HMCUWCICHHMS W TPUHIIHUIA
MakCHUMyMa, METOJl AMHAMHYECKOTO MPOTrpaMMHUPOBAaHUS IO3BOJSET IMOJIYYUTH
peleHue cpasy B 3aMKHyToU (opme, T.e. B Bujae U = f (X;), uTo sBIsIeTCst ero Joc-
TOHMHCTBOM.

OnHako MpUMEHEHHE PTOr0 METoja Takke TpeOyeT 00JbIIoro 00bema Bbi-
YHUCIICHUH, CBA3aHHBIX C PEIICHHEM CHCTEMbI alreOpanvecKuX ypaBHEHUN TS OTI-
penenenus ko3(GUIMEHTOB Ajj KBagpaTu4HOU (opMbl S. B aHanuTudeckoM Buze
3TO HE BCErJa BO3MOXKHO CJEJIaTh U MOATOMY IPUXOIUTCS MPUMEHITh METOJ MO~
Oopa 3HaYeHUN Aj;.

Kak BugHO 13 (21), ontuManeHas no MUHUMYMY QyHkuuoHana (11) cucre-
Ma JIOJKHA pean30BbIBaTh [1/[-3ak0H peryinpoBanus.

CTpyKTypHas cxema ONTHUMAaJIbHOM CHCTEMBbl yIpaBJI€HUS MpEICTaB-
JeHa Ha pucyHke l,a, cxema MOJETUPOBAHUS, COCTaBJICHHAs C HCIIOJIb30BAHUEM

naketa MATLAB, — na pucyske 1,6

u
oy *

A 4

v

yy

A
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(1/42)
zaing

U = -p1x-pox| X1=X
|
Scoped .x‘f (I/Az)u (Al/Az)xZ (I/Az)xl
(1/42) . XO (0
v 1 —X1 TR X1~
> - ot -
Galn D1 aind (I/Az) A /Agjfvgratm*l Integratar Scope
1 2
Gainf
X2
Zain (Al/Az)
2
SN e I | & :
- I o X

Froducti
Productz

_W 2 2 H
6) I—!(x +u* )dt »> min

. oo | min || ]

IntegratorZ Minbdax1 Scopez

Pucynoxk 1 — CtpykTypHas cxeMa ONTUMaIbHOU CUCTEMBI YIIPaBICHUS

[T/I-perynsitop UMEEeT TOT HEAOCTATOK, UTO MPU HAIMYUHU MOCTOSIHHBIX BO3-
MYIIAOMINX BO3JEUCTBUI CYLIECTBYET cTaThueckas ommOka. OJIHaKo, 3a cyer
BBEJICHUSI B 3aKOH PETYJHUPOBAHUS COCTABISIONIEN MPOMOPIIMOHATIBHOW CKOPOCTH
OTKJIOHEHUSI PETYJIUPYEMON BEIIMYMHBI OT 3aJIAHHOTO 3HAYCHUS, PETYJISATOP HAUYHU-
HaeT BO3JICUCTBOBATh HA OOBEKT YK€ TOTJa, KOT/Ia HapyIIeHHe pekuma (PyHKIIHO-
HUPOBaHUS 00BEKTA CO3AJIO MPEANOCHUIKU JJIsl OTKJIOHEHUS PEeryJIupyeMoro ma-
paMeTpa OT 3aJaHusl, XOTS 3TO OTKJIOHEHHE €Ille HE OTclexkeHo. [loaTomy perynsi-
TOPBI, 00JIaJIat0IMe TaKOW CIIOCOOHOCTBIO, HA3bIBAIOT PETYJISITOPAMU C TIpeaBape-
HHeM. biarogaps NpUMEHEHHIO JTOTIOJHUTEIIBHOTO BO3AECUCTBUS 110 TPOMU3BOTHOM,
BpEMsI IEPEXOTHOTO TMPoIiecca U aMIUTUTY/a KOJICOaHU peryIupyeMoi BETMUNHbI

CYmECTBCHHO YMCHBIIAIOTCA.

2 3AJAHUE U ITIOPAIOK BbIITOJIHEHNA PABOTDI
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Pabota BeimonHsercs Ha [I9BM kaxapIM CTyA€HTOM CaMOCTOSITENBHO.

1. Ilo 3amanubM B Tabnune 1 mabopatopHoil padotel Ne 1 opauHatam Kpu-
BOIl pa3roHa OOBEKTa YIpaBJICHUS ONPEAEIUTh KOI()(PUIMEHTHl MepenaTOYHON
¢bynkun oobekra npu nomorm nporpamMmmbl « WINMNK» na IITDBM. Howmep Ba-
pUaHTa 3aJ]aHusl BBIAAETCS MHANBUIYAJIBHO NPENOJAaBATEIEM.

2. Ilony4nTh ONTHUMAJBHBIA 3aKOH YNPABJIECHUS METOAOM AUHAMUYECKOTO

MIPOTPaMMHUPOBAHUS U3 YCIOBUS MUHUMYMa (yHKIIMOHAIA
t
J:ju2+u2mt
tH

JUTS 33JIAaHHOTO YPaBHEHHMSI IBHYKEHUS 00BhEKTa
axMt+a x4 tax+ax=bu™+b u™Y+  +bu+hu

u uHTepBayia t, <t <t, mnpu Hammuum orpanmucHui Buaa x(t) € Gy, u(t) ¢ G.
3nech Gy u Gy — 3a7aHHBIC JAONMYCTUMbBIC OOJIACTH JUIS KOOPAWHAT COCTOSHHS U
yIpaBJICHU.

HauansHele ycnosust 3aass! B ue: x(0) = 1; x'(0) = 0.

Koopaunara ymnpasieHus He OrpaHUYCHA.

3. IlocTpouTh KpHBYIO MEPEXOTHOTO MPOIecca ONTUMAILHOW CHCTEMBI C
ucnosnb3zoBanueM nakera MATLAB.

4. OnpenenuTh MpsMbIC TOKa3aTeIM KadecTBa MO rpaduky KpUBOH Tmepe-
XOJIHOTO TIpoIiecca.

3 COAEPX)XAHUE OTYHETA

OT4eT 0 BHINOJHEHUH Ja00paTOPHOUN pabOTHI JOHKEH COJEPIKATD:

1. Ucxonnble faHHBIC B BUJI€ TaOIHIIBI 3HAYCHUN OpJIMHAT KPUBOM pa3roHa.

2. Pemenue 3aaun aHaIUTUYECKOTO KOHCTPYHPOBAHMS PETYISATOPA METO-
JIOM JUHAMHYECKOTO MTPOTPaMMHUPOBAHUSA.

3. CTpyKTYypHYIO CXE€MY ONTUMAaIbHON CUCTEMBI YIIPABIICHUS U CXEMY MOJIE-
JUPOBAHUS.

4. I'paduk KpUBOI MEPEXOTHOTO TIpoIIecca.

5. 3HayeHuns MoKa3aTesiel KayecTBa NpoLecca peryJupoBaHusl.

6. AHanu3 MOJIydeHHBIX Pe3yJIbTaTOB.
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4 KOHTPOJIbHBIE BOITPOCHI

1. B yeM cymHOCTh TEOPHUHM AHAIUTUYECKOTO KOHCTPYUPOBAHHS PETYISATO-
pa?

2. Kakue KpuTepuu ONTHMAIbHOCTH MNPUMEHSIOTCS MNPH aHATUTHUYECKOM
KOHCTPYUPOBAHUU PEryIIATOpa?

3. Uto HaA3BIBAIOT JIMHEHHON ONTUMAJIbHON CHCTEMOI?

4. Kak pemraercsi 3ajjaya aHaJUTAYECKOTO KOHCTPYUPOBAHUS PETYJsATOpa
METOJIOM JTMHAMHYECKOTO ITPOrpaMMHUPOBAHUS?

5. Kakoii 3aK0H peryJupoBaHHs IMOJIYYEH MPH BHITIOJIHEHUHU J1Ta00paTOPHOI

paboThi? B yem ero npeuMymiecTBO U HEIOCTATKHU ?

JIABOPATOPHAA PABOTA 4

CHUHTE3 OIITUMAJIBHOI' O ITUA-PET'YJIATOPA

Llens pa®OThI: ONpeNenuTh YPABHEHHUE PETYJATOPA U3 YCIOBHS MUHUMU3A-
LMW KPUTEPUSI ONTUMATBHOCTH; MOJYyUUTh rpaduK KpUBOM NEPEXOAHOTO MpoLecca

B ONTUMAaJILHOM CUCTEME U pacCUnuTaTh MPAMBIC ITIOKA3aTCIIM Ka4CCTBA.

1 TEOPETUYECKOE BBEJAEHUE

3ajaya omnpenereHus] YpaBHEHWM PpEryssaropa W3 yCJIOBUA MHHMMH3aLUU
KPUTEpPHSI ONTUMAIBHOCTH HA3bIBACTCS AHAJUTHYECKHM KOHCTPYHPOBAHHEM
peryasitopa. [Ipu 3Tom npeamnosiaraior, 4To ypaBHEHUE AUHAMUKUA OOBEKTa 3aja-

HO. OOBIYHO UCTIONIB3YIOT KPUTEPHUH ONITUMATILHOCTH B BUAC (DYHKITMOHAJIOB:
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J =[(ax* +cU?)dt;
0

1)
3 = [(alx| + Ut
(2) O
J= T(axz +cU|)dt;
3) O
J :T[ax2 +c U +c,(U) + ...+cm(U(m))2}it.
(4) 0

Meronuka ornpeiesieHds 3aKOHA YNPAaBJICHHUsS OT M3MEHEHUs (yHKLIHUOHAaJa
HE U3MEHSIETCS.

Crabunu3anus CUCTEM OTHOCHTEIHHO TMOJIOKEHHUSI PABHOBECHS C TIOMOIIBIO
3aKOHOB YIIpaBJIeHUs, oOecreuynBarmmMx MUHUMYM (1), Ha3bIBaeTCSI ONTHUMAJIb-
HOM cTa0uMiIn3anuei.

Ha xoHKpeTHOM mpuMepe pacCMOTPUM MOATAITHO CUHTE3 ONTUMABbHOU CTa-
OMITM3UPYIONIEH CUCTEMBI METOJOM JUHAMHYECKOTO IPOrPaMMHUPOBAHUSI.

[Tycts nBmwkeHue oObEKTa yrmpaBieHHs 3aaHo B BUae 1uddepeHnanibHoro
ypaBHEHHUS BTOPOTo Nopsiaka 0e3 3ana3ablBaHus:

x"+15x"+05x =u.
(5)

Kpurepnit onTimManbHOCTH UMEET BUL:

| =j(x2 +0,2X'2 +0,1u? +007u’? )dt.
0

(6)
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Koaddummentrr pynknronana (6) BIOpansl Ha 0a3e apUOPHBIX CBEICHUIMA
00 HcciIeIyeMOM TeXHOJoTuIeckoM mporecce. HeoOxoamMo HallTH ONTHUMAaTbHBIN
3aKOH yrpasjieHus U = y (X).

[IpencraBum auddepeHimanbHOe ypaBHEHHE B HOpMaibHOU (dopme, I

yero 0003HauYMM X = X, X1/: Xo, XZ/ = X3, X3= U, TOTAa

r 3

X, =X, —15x, —0,5X,;

Vo

X, =U".
(7)
C ydetroM mpuHATHIX 0003HaUeHu PyHKIMOHAT (6) IpeoOpa3yeTcs K BULY
K 2 2 2 12
= [(%°+0.2%," +0,1x,° +0,07u" )dt.
0
(8)

3aKoH yIpaBlIeHHs OYLeM HCKaTh B BUIe U ' = y (X1, Xp, X3). OYHKIHOHAND-

HOC YPaBHCHHUC bennmana ML pacCMaTpruBacCMOIo IIpuMEpa IMpuMET BU:

(%, +0.2%,° +0,1x,°> +007u'? )+ X, -§+(x3 —15x, —05x, )-§+u'-@ =0.
OX, OX, OX,

(9)

Huddepenuupys (9) mo u ! noJiy4yaem

u'=-714 a2 :

OX,

(10)

Takum 006pa3oM, JJis OnpeeeHNs ONTUMAIBLHOIO PETyIsATOpa HE0OX0UMO

0S

MOMYUTE oy st atoro noactaBum (10) B (9) u mocie nmpeoOpa3oBaHuid MOJY-
3

YUM:
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2
&?+02&f+01&2—&57£§— +xf§i+0g—L&g—05&y§i:O.
OXq 0%, OX,
(11)
Kpagpatuunyio dopmy S(X;) s Tpex MEPEMEHHBIX X3, Xz, X3 MOYKHO 3aIlv-
caTh B BHIIE
S(G) = Ay +AXy Ak’ + ALK X, + AgXXg + AggXyXs.
(12)
oS
OnpenenuM MpOU3BOJIHBIC 57 '
oS |
8_ = 2A11X1 + A12X2 + A13X3 ;
Xy
0S
5_ = 2A22X2 + A12)(1 + A23X3;
X,
0S
8_ = 2A33X3 + A13X1 + A23X2-
X )
(13)

0S

[ToncraBum 3HaYEHUSA Ox. B YpasHeHue (11). ITocne packpbITHsi CKOOOK U
i

I'pynInrupOBKH OTHOCHUTECIIBHO Xj IOJIYYHM:

x2 (=3,57A% —0,5A, +1) + x2(-357A% —3A,, + A, +0,2) + x?(-14,28A% + A,, + 0,1) -
+ X X, (_7’14A13A23 _1’5A12 - Azz + 2A11) + X1X3 (—14,28A13A33 - O'5A23 + Alz) +

+ X, X5 (—14,28A,,A;; —15A,, + 2A,, + A;) =0.

(14)
Bripaxenue (14) MmoxkeT ObITh paBHO HYJIIO TOJIBKO B TOM CIIy4ae, €CJIH €ro

Ko2(PUITMEHTHI paBHBI HYIIO, OTKYJAa UMEEM CIEAYIONIYI0 CUCTEMY anredpande-

CKUX YPaBHECHUM:

46



(~357A%—0,5A,+1=0;
~3,57A,-3A,,+A,+0,2=0;
J=14,28A5 + A, +01=0;

- 7’14A13A23 _115A12 - A22 + 2A11 =0;
~14,28A,A,, ~05A,, + A, =0
~14,28A,,A,,—15A,, + 2A,, + A, =0.

(15)
Pemias 3Ty cucteMy, MOXHO ONPENEIUTh UCKOMBIEC MEepEeMEHHbIC As3, Ai3,

A23, 4, CJICOJOBATCIIbHO, U 3aKOH OIITUMAJIBHOI'O YIIPABJICHHA B BUC

u'=-7 ,145—S =—7 14(2 A%, + AX + AX, ).
XS

(16)

['maBHass TPYJHOCTh NPH CHHTE3¢ ONTHMAJILHOrO peryistopa B Buae (16)
3aKJII0YAETCs B PEIICHUH CUCTEMbI HEIMHEWHBIX aJireOpanyecKuX ypaBHEHUMN BUJA
(15). Pemas sty cucremy Ha [I9BM, HalijieM HCKOMBIC ITEPEMEHHbIC:

A1 =1,2555390; A, =0,99085839; A;3=0,37594728;
Ay, =0,31336186; Ay3=0,26503677, Asz3=0,15988370.
CrienoBarenbHO, 3aKOH ONTHMAJIBHOTO YIIPABJICHHS IIOCJIE ITOACTAHOBKHU

YUCJICHHBIX 3HAUYCHUN A3, A3, U A3z IPUMET BUJL;

U =—7 14(2A,%, + AX, + AyyX, ) =—14 28 A, x, 7 144, x, —7 144, x, =
= -2.28x, —2,68x, —1,89x, =—2,28U — 2,68x —189x . (17)

[ToacTaBuB U U3 UCXOJHOTO YpaBHEHHUsI IBU)KEHUS 00beKTa (5), Hallaem:

u'=-228-(x"+15x"+05x)—268x— 1,89x, =-228x"-531x"—382x.
(18)
[IpounTterpupoBas Beipaxkenue (18) mo BpemeHu B npezaenax or ty gotc

y4eToM HauyalbHBIX yeiroBuit (X(t,) = 1; X (t,) = 0; u(t,) = 0), moxyumm:

t t t t
j u'(t)dt=-2,28 j x"(H)dt —531 j xX'(t)dt —3,82 j x(1)dt,
t t, t, t,

H
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u(t)—u(t )=-2,28-(x'(t)-x'(t, ))—=531-(x(t)—x(t, ))—3,82jx(t)dz

u(t) = —2,28-x’(t)—5,31-x(t)—3,82jx(0dt +531,

t

(19)
YTO COOTBETCTBYET ypaBHEHHUIO ontuMansHoro 11 /I-perymnstopa.
CTpyKkTypHas cXxemMa ONTUMAaJIbHON CUCTEMBI YIpaBJIEHUS MPEICTABICHA HA

PHUCYHKC l,a, CXeMa MOICIIMPOBAHUA, COCTABJICHHAA C HCIIOJIB30BAHHCM IIAKCTAa

MATLAB, — na pucyske 1,0.

u x
> oy >
vy «
a)
u
U’ =x3'= -7.14(2A33x3+ A1+
+A23x2) = -2.28x3-2.68x1-1.89x; x7 = U-1.5x2-0.5x1
u(t,) A, X))
X7 "A U=uxs3 X X1 =X X1=Xx
X1 X3
(x3)°
U=x3
48 (x2)? ' =x,

0.1(x3)?

YaAY:



> L] Gaind

Scape D'E}‘
F Y
1 1 1 ]
| o >

Integratort Integratorz Integrator Scope

zain2
Gainb

225 ﬂ

Froductd

L
®
—-

Froducts

x _+IBF____+ _+.%_+mm_{t%

Product1 S3ins IntegratorZ  Minhdax1  ScopeZz

v

Froduct?
.‘_
1 |q— bt —

Pucynox 1 — CtpykTypHasi cxeMa ONTUMaIbHOU CUCTEMBI YIIPaBICHUS

2 3BAJAHUE U ITIOPAIOK BbIIIOJIHEHWA PABOTDI

Pa6oTa Beimomnnsiercs Ha [I9BM kaxapiM CTyI€HTOM CaMOCTOSITENIBHO.

1. Tlo 3amanubM B Tabmune 1 mabopatopHoit pabotel Ne 1 opauHatam Kpu-
BOM pasroHa OOBEKTa YIPaBIEHUS OMPENeIuTh KOI(PPUIMEHTH TepelaTOuHON
¢bynkunn oobekTa npu nomou nporpamMmmbel « WINMNKy na [I9BM. Homep Ba-
pHaHTa 3aJ]JaHus BBIJACTCS UHANBUIYATbHO NPENOJaBaTEeIEM.

2. [Momy4nTh ONTUMATBHBIM 3aKOH YMPABICHUS IS 3aJIaHHOTO YPaBHEHUS

NBIDKEHUS 00HEKTA B BUJIE:
ax™+a x"Vi +ax+ax=bu™+b u™ 4. +bu+bu

U3 yCIOBUS MUHMMYMa (yHKI[MOHAJa
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J :'[(x2+u2+u’2 )dt
0

u uHTepBaia t, <t <ty npw Hanmmuuum orpanmycHui Buma x(t) ¢ Gy, u(t) e G.
3necy Gy u Gy — 3amaHHBIC JAONMYCTHUMBIC OOJACTH U KOOPAWHAT COCTOSHHS U
YIPaBJICHHAMN.

HauassHsle yenous 3axausl B suze: X(t,) = 1; x ' (t,) = 0; u(t,) = 0.

3. TlocTpoWTh KPUBYIO MEPEXOAHOTO MPOIEcca ONTHMAILHOW CHCTEMBI C
ucrnoas3oBanueM nakera MATLAB.

4, OnpenenuTh MPsSMBIC TOKa3aTeIM KadecTBa MO rpaduKy KPHBOH Iepe-

XOJIHOTO IIporecca.
3 COAEPXAHHUE OTUETA

OTyeT 0 BBINOJHEHUH JJa0OPATOPHOU pabOThI IOKEH COJIEPIKATD:

1. UcxonHble JaHHBIE B BUJI€ TAOJIMIIBI OpJIUHAT KPUBOM pa3roHa.

2. Pe3ynbrathl uaeHTUGUKAIIME O0HEKTA YIIPABICHUS.

3. Pemienue 3agaun aHATUTUYECKOTO KOHCTPYUPOBAHMS PETYISITOPA METO-
JIOM JUHAMHUYECKOTO MPOTPaMMUPOBAHUS.

4. CTpyKTYpHYIO CXE€MY ONTHUMAJIbHOW CHUCTEMbI YIIPABICHUS U CXEMY, CO-
CTaBJICHHYIO C Ucnoyib3oBanueM nakera MATLAB.

5. I'paduk KpuBOM MEpEX0HOTO MpoIIiecca.

6. 3HaueHus NPSIMBIX MMOKAa3aTelIeld KayecTBa Mpouecca.

7. AHanu3 MOJy4YEHHBIX PE3YIBTATOB.
4 KOHTPOJIBHBIE BOITPOCHI

1. Yto Ha3bIBaETCS aHATTMTUIECKUM KOHCTPYHUPOBAHUEM PETYISTOPOB?

2. Kak BnusieT BUJl PyHKIIMOHAJIa HA METOJUKY OIpeeICHUs 3aKOHA yIpaB-
neHus?

3. Kak B nanHoi1 1abopaTopHOii paboTe MPOU3BOIUTCS CUHTE3 ONTUMAILHOMN

CTAOMIIM3UPYIONIEH CUCTEMBI METOJIOM TMHAMHYECKOTO MPOTPAMMUPOBAHUS?
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4. Kakoil kpuTepuil ONTUMAIBbHOCTH KCIIOJI30BAH MPHU BBIMOJIHEHUU J1a00-
paTopHoOi padoThI?
5. Kakoli 3aKOH ONTHMAaJIbHOIO YNPABICHUS OOBEKTOM ObLI MOIYYEH MpPU

BBITIOJTHEHUH J1a00paTopHOil paboThi? B uem ero npeumyiiecTBa U HEJOCTATKH?
JIABOPATOPHAA PABOTA 5

CHUHTE3 U AHAJIN3 OITTUMAJIBHBIX 110 TOUHOCTHU CUCTEM IIP1
JNETEPMHWHNPOBAHHbBIX CUT'HAJIAX C IIOMOIIbIO
YPABHEHUM PUKKATHU

Lenp paboThI: U3ydyeHUE METOAA ONPECICHUS YIpPaBIeHUs, 00eCIIeunBaro-
HIEr0 ONTUMAIBHYIO CTAOWIU3AIUI0 peKrMMa padOThl OJJTHOMEPHOTO OOBEKTa, U3
YCJIOBHSI MUHUMM3AITUN KBAJIPATHYHOTO (PYHKITMOHAIA TIPU JTETCPMUHUPOBAHHBIX

CUTHAJIAX.
1 TEOPETUYECKOE BBEJIEHUE

W3BecTHBI TPAaJUIIMOHHBIE 33/1a4 pa3paO0OTKA aBTOMAaTUYECKUX CUCTEM: IS
3aJJaHHOTO O0OBEKTa YIPaBJICHUs METOAMU TEOPUN aBTOMATHUECKOIO YIPaBICHUS
OTIPENETSAIOT CTPYKTYPY U MapaMeTphl PeryjsiTopa, 00eCIeunBaIOIIEro 3aaHHbIe
3HAYEHUS TOUYHOCTH, MEPEPEryIUPOBAHUS, KOJIEOATEIbHOCTH U BPEMEHHU MEPEXO0-
HOTO Tporecca. OTHAKO CUHTE3UPOBAHHBIE IIPH 3TOM THUIIOBBIE PETYISATOPHI C pas-
JU4HbIMU 3akoHaMu peryiupoBanus (I1-, IIA- u [IN/I-perynaropsi) B OONbIIMH-
CTBE CJTy4aeB HE 00€CIeUNBAIOT ONTUMAIILHBIX PEKUMOB pabOThl 00BEKTA.

JlanbHeillee pa3BUTHE METOJOB CHUHTE3a aBTOMATHYECKUX CHUCTEM
OCHOBAHO Ha MPUHIUIIE ONTUMAJIBHOCTH, YTO MO3BOJISET MOCTaBUTH OOIIYIO 3aj1a-
qy: HaiiTH 3aKkoH onTuMambHoro ympasmerus U’(X), obecreunmBarommii Hanmyd-
IIMe PEeKUMbl pabOThl 00BEKTa MO 3aJaHHBIM KPUTEPHSIM KauyecTBa. 3aKOH OITH-
MaJbHOTO YIIPABIEHUS ONPENESETCS METOAAMH TEOPUU ONTHUMAJIBHOIO yIIpaBJIe-
HUSL.

TpeOoBaHUsI K TMOBBIINICHUIO KAaueCTBA ABTOMATHUYECKUX CHCTEM B

OOJBIINHCTBE CJIy4acB CBOJATCA K YBCIMYCHHUIO TOYHOCTH. OnTumainbHBIE TI0 TOY-
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HOCTH aBTOMAaTHYECKHME CHCTEMBl PACCMATPHUBAIOT MPU JETEPMUHUPOBAHHBIX WU
CIIy4alHbIX CUTHaJax.

OnTuManbHbI€ 10 TOYHOCTHA CUCTEMBI IIPU IETEPMUHUPOBAHHBIX CHUT-
HaJIax UMEIOT MUHUMAJIbHYIO TUHAMUYECKYIO (MHTETPaJbHYI0) OMIMOKY 32 BpeMs
nepexoaHoro mpoiecca. [lpu 3ToMm obecrieynBaeTCsi MUHUMAIbHOE OTKJIOHEHHE
KOOpJIMHAT OOBEKTa OT 3aJaHHBIX 3HAYEHUU C YYETOM OIPAaHUYEHUs CHUTHaja
ynpasienus. [lo tepmunonorun akan. H. H. KpacoBckoro B Takux cucremax
oOecrieynBaeTcs ONTUMAJIBHAS CTAOWIM3ANUs pe:KUMOB padoThl. CUHTE3 pac-
CMaTPUBAEMBIX CHUCTEM MOKHO BBIINOJIHATH JIFOOBIM METOJIOM TEOPUU ONTHUMAJIb-
HOTO YIPaBJIEHUS C MCIOJIb30BAaHUEM KBAJIPATUUHBIX MUHUMHU3HPYEMBIX (DYHK-
LIOHAJIOB.

[Tpu onTMH3aIK OOBEKTOB IO TOYHOCTH OOBIYHO UCTIOJIB3YIOT:

¢ KBaJPATHUYHLIC MHTCTPAJIbHBIC OLICHKH THUIIA
tK

| = j g2 (t)dt,
to
(1)
rae &1) = yz; — y(t) — oTKIIOHEHHME BBIXOAHOM mepeMenHoi Y(t) oT 3aaHHOro 3Ha-
YeHHUS Y3, XapaKTEPU3YIOIINE KaueCTBO MEPEXOIHBIX MPOIECCOB (TIEPBhIA YaCTHBIM
KpUTEpHil);

e (yHKIIMOHAJIBI THIIA

| = tfu (t)-i(t)dt = tj ru’ (t)dt,

(2)
rae U(t) u i(t) — HanpsbkeHne U TOK Harpy3ku Uctounuka; I = 1/R — xoadunment
POTIOPIIMOHAIILHOCTH, TIPUYEeM R — CONPOTUBIICHUE IEKTPUIECKOM ETH, XapaK-

TEPU3YIOLIME PACXOJ] SHEPIHMHM Ha yhpaBlieHHE (BTOpPOM YaCTHBIM KpUTEpHil), a

TaKX€ HAKJIaJIbIBAIOT OTPAHUYECHHUE HA BEKTOP YIIPaBJICHUS ‘U‘ <U jax .

B 3aBucumoctu ot TOT'O0, KaKM€C M3 9THX YaCTHBIX KPHUTCPUCB OIITH-
MaJIbHOCTH IIPUHATHI IIPU OIITHUMH3AIHUU 10 TOYHOCTH, MOTYT OBITh Pa3IN4YHbIC 3a-

Jadu:
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® BCKTOPHOW ONTHUMU3AIMH, €CIU HCIOJIb30BAHBl KBAJIPATUYHBIC WHTETPAIIb-
HbIE OIICHKH M ()yHKIIMOHAJIBI TUTIA (2);

L CKaHHpHOP'I OIITUMM3AlU, C€CJIN HUCIIOJb30BAHbI KBAJAPATHUYHBIC HMHTCTPAJIb-

HBIC OLICHKH 1 HAJIOKCHO OI'PaHNMYCHHUC HAa KOOPAHWHATY YIIPABJICHUA ‘u‘ < U max -

YToOBI MOIYyYUTH ONTUMATIBHBIC IETEPMUHUPOBAHHBIC TIPOIIECCHI TIPU
HAJIMYUHU U3MEPSEMBIX BHEITHUX BO3MYIIIEHUH, HEOOXOMMO paccMaTpUBaTh 3aja-
4y BEKTOPHON ONTUMHU3AIUH 10 YaCTHBIM KpuTepusam tuna (1), (2).

[TycTh 3a1aH 0OBEKT ONTUMHU3AIINH, THHAMUAKA KOTOPOTO OTPEeIIsIeT-
csi nudpdepeHITMaTbHBIMA YPAaBHEHUSIMIA COCTOSIHUSI, U M3BECTHBI HAYaJIbHOE W KO-

HCYHOC 3HAYCHUS BEKTOPOB COCTOSAHUSA:

X = AX + Bu: X(t,)= X, X(t)=X_,
3)

3aJlaH TaK)Ke KBaJPAaTUYHBIN (PYHKIIMOHAN B CKAJISIPHON WJIM BEKTOPHOM (hopme:

I :%'T(i%xiz +ir|u|2)dt’
4)
| =%-T(XTQX +UTRU)dt,

()
rae Q — 1uaroHanpHas MaTpUIA BECOBBIX K03 duieHToB q; > 0, 0jj =0 msa i #j;
R — nuaronanbHast MaTpuila BECOBbIX K03 duiinentos I > 0.

TpeGyercst ompenenuts ontuMansHoe yrpasiaenne U(X), mpu koto-
poMm GyHKIIMOHAN (5) MMEeT MUHUMAJIbHYIO BelMunHy. KpaeBble yclioBUs B JaH-
HOM CJIy4ae UMEIOT BUJI:

X(0) = X X () = 0,
(6)
rje Xo — IPOU3BOJIBLHBIN 3aIaHHBIN BEKTOP.
OyHkuroHal (5) saBiaseTcs 0000IIEHHBIM CKAISPHBIM KPUTEPHUEM, T10-

Jy4YEeHHBIM B pe3yjbTaTe 00beIWHEHHS 00O0OIEHHON KBaJApaTUYHOW HHTETPaTh-
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HOM OIICHKH, UCTIOJIL3YEMOI B TEOPUH aBTOMATHYECKOTO YIPABICHUS JJII KOCBEH-
HOW OIICHKHW KadecTBa MEPEXOHBIX MPOIECCOB, M KpUTepus TUma (2), XapakTepu-
3YIOIIETO PacXo]] SHEPTUU TIPH yIIPABICHHUH.

Becosbie koaddurments! Qi > 0 u I > 0 HakmageBaroT “mrpadsl’ Ha
BEJIUYMHY U JIJTUTEIHPHOCTh OTKJIOHCHHSI KOOPJIMHAT B MIEpex0aHOM Tporiecce. [lo-
JIO)KATETHLHOCTh 3TUX KOA(PGHUIIMEHTOB 00ECIIeUNBACT MOJIOKHUTEIBHYIO OIpee-
JICHHOCTH MOABIHTETPAIBHON (DYHKIIUM, YTO UCKIFOYAEeT BO3MOXKHOCTD OOJBIINX U
JUTUTEIIFHBIX OTKJIOHCHUH KOOPIMHAT COCTOSHHUS W YIPABICHUU MPH ONTHMATh-
HOM IE€PEXOTHOM MPOIIecCe.

CocrtaBuM (pyHKIIMOHATBHBIE ypaBHEHUS beimana:
1L2(XTQX +UTRU )+§—)S([AX +BU]=-=2,

UTR+§-B=O.
oX

(7)
HckirounM U3 MepBOro ypaBHEHUs CUCTEMBI (7) mapameTp yrpaBiie-

HHA, UCIIOJIB3YS ITOJACTAHOBKY:

U=-R'B|Z
oX

T

(8)
Oynkuuto bemnMana OyieM UCKaTh B CJIEIYIONIEM BUJIE:
S =X"TKX.
9)

Borumciisisi yacTHbIe MPOU3BOJIHBIE OT S MO mapameTpaMm X u t u moj-

CTaBJIsIsl UX B TIEPBOE ypaBHEHUE cucTeMbl (7), MOTyduM ajredpamieckoe ypas-

Henue Pukkaru:
—~KA-A'K + KBR'B'K —Q=0.
(10)
OnTuMasibHOMY aarOpPUTMY YIIPABJIEHUSI COOTBETCTBYET PEIIICHUE YpaBHE-

Hus (10), KOTOpoe yAOBIETBOPSET YCIOBUIO
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kKo Ky
k., >0, E“EZ >0,..., Kaikaz-Kanl
21722
KniKnze--Knn

(11)
[Tpu BeimonHeHuu ycnosus (11) B coorBercTBUM ¢ kputepueM Cuiib-

BecTpa MaTpuiia K Buaa

(K, 1KoKy,
| Keikaoo ks,
 KoaKoo.Kon

OyZAeT ONPEEIIEHHO MOJI0KUTEIBHOM.
Ecnu cucrema ABisieTcs aCHMOTOTUYECKA YCTOMYMBOM M IIpH ty — o0
HeynpaBisieMas: cocTaBisitomas (a3oBoro BEKTOpa CTPEMUTCA K HYJO, TO ONTH-

MaJIbHOE YIIpaBJIeHUE OYET SABJIATHCA TOJBKO QYHKIUEH (a30BbIX KOOPIUHAT:
0 1RT
U°(X)=-R'B"KX.
(12)
PaccMoTpum mprmep CHHTE3a ONTHUMAIbHOW CUCTEMBI, KOT/1a OOBEKT

OIMMCBIBACTCA YPABHCHHUEM

X"=u

(13)

WJIUM CUCTEMOM B HOpMAJIbHOU (popme
X = X5,
X, = U.

(14)

Kpaesbie ycaosust umerot Bua: X (0) = Xg, X (00) = 0; koopauHaTa yrpasJie-
HUS HE OTpaHUYCHA.
@OyHKIIMOHAT 00O0OIIEHHOTO CKAJISPHOTO KPHUTEPUS ONTUMAJILHOCTH

HUMCECT BU:
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I::j(xf4—qx§4—ru2)dt

0

15
> JIist maHHOW 3a7aud YpaBHEHHME COCTOSIHUS B MaTpu4yHOU ¢opme OyaeT
UMETh BU/I;
ool ol
X, | {00||x,| [10]]|0
(16)

WJIU B HOpMaJu30BaHHOU opme:

X=AX +BU.

e

B cooTBeTcTBUU ¢ (hyHKIIMOHATIOM

oo "o

C yuerom (12) nmomyuum:

Uo(X)=— rt 0 . 0 1 . ki, kg 1% =—&'x1—@‘x2-
0 1110 Of |k, kyl||x r r

(17)
Koaddutmentsr Ky, 1 Ky, Haxoaum u3 aaredbpandeckoro ypaBHeHus: Pukkaru

tumna (10):
_{kn klZHO 1}_[0 o‘.{k11 klz}{kll kleO o}(
Ky Kpp | [0 O] |1 0 | Ky Kyp| |y kyp| |1 O
){r-loHo 1Hk11 klz_{l 0 _[0 o}
01([00]]|ky k| [0 q] |OO

(18)
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[lepemuoxuB MaTpullbl U3 ypaBHeHUs (18), 3amuinem Tpu anreOpandecKux

YpaBHEHUSA:
k,” - r*—1=0,
—ky +kpy Ky, =0,

—2-k, +k,,”-rt—q=0.

.

(19)

Petium 3Tu ypaBHEHUS:

k12:iﬁ7 k22=i\/l’(q+2~\/F), k11:k12'k22'r_1=i\/q+2\/F.

(20)

Tak kak MaTpuia K JOJIXKHA OBITH ITOJIOKHTEIBLHO OHpGI[GJIGHHOﬁ, IIpUHHU-

maeM K, = \/F u Ky, = \/ r(q+2- \/F ). [Ipu 3TOM 3aKOH ONTUMAJIBHOTO YIIPaB-

JieHus1 Ha ocHOBaHMH (17) 3amuchIBaeTCs Kak

UO(X):' \/Fxl_\/r(q'l'Z\/F) X2
r r
(1)
uopy=- " «- Jr(@+2yr) X=-Kk,x-K,X
r r ’
22)
k _ﬁ k _\/r(q+2\/F)
rie 1= , 2= -

r r
Takum 00pazom, i ONTUMAIBHON CTAOMIIM3AINN PEKUMOB 00HEKTa
B COOTBETCTBHH C (22) HEOOXOMMO MPUMEHUTH OTPUIIATEIHHYIO 0OPAaTHYIO CBSI3b
B BHJIC MApaJJIEILHOTO COSAUHEHUsI O0E3BIHEPIIMOHHOTO U JAU(dEpEeHIIUPYIOIIETO

3BCHBCB.
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Jr_ r@+2yr) )

Koc(P)=
r r

(23)
CTpykTypHas cXxema ONTHMAIBHON MO TOYHOCTH CHUCTEMBI B JTAHHOM
cllydae TMpe/cTaBieHa Ha pUCyHKe 1,a, a cxema MOJENIUPOBAaHMsI, COCTABJICHHAs C
ucrnoas3oBanueM makera MATLAB, — na pucynke 1,0.
JIJis ONTUMANIbHOM CTaOMIM3aIlK PEeKUMOB pabOThl TpeOyeTcs MPUMEHHUTD
[TJI-perynsarop, pu peanu3aliyl KOTOPOTr0 HEO0OXOTUMO HUCIOIB30BaTh Iudde-

PEHLUATOP U YCUJIUTENb.

A

ﬁ+Jr(q+2ﬁ) )
-

r

a)
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]

Scope
o _\r@+2vr) ¥(0) x(0)
2 = / / I _
r kzx 1 X=X1 —X2 1 6) X1=x
1 i —w - -
u=x s s
Zain Integrator Integratar Scope
Jr
k =
|:l’ klx
|_’Gain1
X2 q
x7° O
N
Froduct G 3inz 2 F'rn:u:luc't?.—‘
u 2.r
——
= - 1; | min +|:|
Froducti Gaind . Integratorz MinMaxl Seopez

I :j(xf +gxZ + ru? )dt — min
0) 0

Pucynok 1 — CtpykTypHas cxema OnTUMaIbHON CUCTEMbI YIIPaBICHUS
2 3AJAHUE U ITIOPAIOK BBIITIOJIHEHUA PABOTHI

HccnenoBarh ONTUMANBbHYIO CUCTEMY YIPABIEHUSA, CTPYKTYpHas cXe-
Ma KOTOpOHl mpejacTaBieHa Ha pucyHke 1. OObeKkT ympaBieHHUs OINUCHIBAETCS

ypaBHeHueM (13), a kpurepuit ONTUMAIBHOCTA UMEET BU/I;
| = _[(xf +qx; +ru’ )dt.
0

Uucnennble 3HaYCHUS MMOCTOSHHBIX I' U (| mpuBeAcHBI B Tabnuie 1. Homep
BapHaHTa 3aJ1aeTCs YCTHO MHIUBHUAYAJIBHO MPETIO/IaBaTEIICM.
HccnenoBanrie NpoBOUTCS B CIAEAYIOMIEH MOCIEA0BATEIbHOCTH:
1. PaccumTath JuIs 3a1aHHOTO BapraHTa Kodddumuentsl Ky u Ky (3TOT myHKT
BBITIOJTHSICTCSI PU MOJTOTOBKE K JIAOOpaTOPHOU padboTe).
2. CoOpaTh CTPYKTYpPHYIO CXEMY CHUCTEMBI YIPABJICHUS C HUCIOIH30BAaHUEM
nakera MATLAB (pucynox 1.0).

3. YcranoBuTh HadansHele yenous X (0) = 10 u x’ (0) = 0.
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4. OnpenenuTth MoKa3aTelid KauecTBa MO KPUBBIM MEPEXOAHBIX MPOIECCOB
MIPU KKJIOM TTape MOCTOSHHBIX U I.
5. Haiitu cpenm ucciaea0BaHHbIX 3HadeHUH Kod(pduunueHToB K; u Ky omru-

masbrbie ki° u k..
3 COJEPXXAHHME OTUETA

OTueT 0 BBIIOJHEHUH JJAOOPATOPHON PabOTHI TOJKEH COAEPKATh:

1. icxonHble naHHbIe, pacyeTHbIC (POPMYIIBI H CXEMY MOJACITUPOBAHUSI.

2. Tabmuipl co 3HaUeHUsIME K; 1 K, COOTBETCTBYIOIIMMU 3a/IaHHOMY Bapu-
aHTy MOCTOSIHHBIX I' U (.

3. I'paduku 3aBUCHMMOCTH BPEMEHHU PETyIMpOBaHMs t, U mepeperynupona-
HUs 0 OT IIOCTOSHHBIX I U (; XapaKTEPHbIE KPUBBIE IIEPEXOAHBIX IIPOLIECCOB.

4. BpIBOZIBI O 3aBUCHMMOCTH NPSIMBIX IOKa3aTele KadecTsa {, M o U xapax-

Tepa MNePeXOIHbIX MPOIECCOB OT KOA()PHUIIMEHTOB KBaPATUUHOI'O KPUTEPHSI.

4 KOHTPOJIBHBIE BOITPOCHI

1. B ueM 0cOOECHHOCTH 3a/1a4 ONTUMH3AIAHU 10 TOYHOCTH?

2. ChopmynupyiTe OCHOBHBIE ATAIbl CHHTE3a ONTUMAJIBLHOTO YIIPaBJICHUS B
CTal[MOHAPHBIX JJUHEHHBIX CUCTEMAX.

3. 3anummre anreOpanveckoe ypaBHeHUe PUkkaty.

4. Kak ocyuiecTBisieTcsi BHIOOp ONTUMAIIbHOTO JITOPUTMA YIPABIICHHUS, CO-
OTBETCTBYIOIIETO PEUIEHUIO YpaBHEHUS PrukkaTu?

5. Kakoii BuJ1 uMeeT BBIOpaHHBIN B JaHHOU paboTe KPUTEpUil ONTHMATLHO-

cTtu?

Tabnuua 1 — 3HayeHne MOCTOSIHHBIX I M (| MHTETPAJIbHOTO KBAJAPAaTUYHOTO KPUTE-
pus

Ne 3HauEHUE MOCTOSIHHBIX I' ¥ (| HHTErPaJIbHOIO KBAIPaTUUHOIO KPUTEPHS
BapHUaHTa OkcnepumeHT 1 OKCIIEPUMEHT 2 OKCIIEpUMEHT 3 OKCIepuMeHT 4
r q r q r q r q
0 0.04 0.05 1 1 10 10 50 50
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1 0.04 0.09 2 3) 8 8 40 40
2 0.04 0.08 0.2 0.2 4 4 20 20
3 0.04 0.07 0.1 0.1 2 2 10 10
4 0.02 0.008 0.3 0.3 3 3 30 30
S 0.03 0.03 0.6 0.6 6 6 60 60
6 0.05 0.04 0.5 0.5 5 3) 25 25
/ 0.06 0.06 0.4 0.4 14 14 56 56
8 0.07 0.07 0.7 0.7 7 7 70 70
9 0.08 0.4 0.8 0.8 12 12 80 80
10 0.09 0.6 0.9 0.9 9 9 90 90
11 0.05 0.001 4.0 4.0 16 16 64 64
12 0.01 0 0.6 0.9 8 10 32 32
13 0.02 0.01 0.8 0.6 9 8 45 45
14 0.03 0.07 0.9 0.1 S 4 55 55
15 0.04 0.06 0.4 0.2 10 2 75 75
16 0.05 0.05 0.2 0.4 2 1 26 26
17 0.06 0.04 0.1 0.3 1 9 15 15
18 0.07 0.1 0.3 0.5 6 3 36 36
19 0.08 0.3 0.5 0.7 3 4 27 27
20 0.09 0.5 0.7 0.8 4 3) 62 62
21 0.02 0 4.0 2.0 18 18 72 72
22 0.03 0 6.0 3.0 12 16 86 86
23 0.04 0 9.0 4.0 20 22 94 94
24 0.05 0 8.0 5.0 15 15 95 95

JIABOPATOPHAA PABOTA 6

CHUHTE3 OIITUMAJIBHOI'O IIN-PETI'YJIATOPA

Llens paboThI: ompenenuTh YPaBHEHHE PETYJIATOpAa U3 YCIOBHUS MUHUMM3A-
[IUU KPUTEPHUSI ONTUMATBHOCTH; TIOMYyUUTh rpaduK KPUBOHM MEPEXOAHOTO MpoIecca

B ONTUMAJILHOM CUCTEME U pacCUHUTaTh IIPAMBIC IIOKA3aTCIIM Ka4CCTBA.

1 TEOPETUYECKOE BBEJIEHUE
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JInHelHbIE CTallMOHAPHBIE CUCTEMBI C ONTHUMAJIBHBIMU PETYIATOPAMH, CHUH-
TE€3UPOBAHHBIMU 110 BEKTOPY COCTOSIHMS, ITO3BOJISIIOT ¢ TECUEHUEM BPEMEHHU CBECTU
K HYJIIO BJIIMSIHME HA BBIXOJl OOBEKTa HEHYJIEBbIX HaYaJIbHBIX YCIOBUN WM KPaTKO-
BPEMEHHBIX BO3MyLIeHUH. OIHAKO, €CIM BXOAHBIE BO3JIEUCTBHS OCTAIOTCA MOCTO-
SIHHBIMH WJTU MEHSIOTCSI C MaJIOM CKOPOCTBIO, TO TaKHE CUCTEMbI HE 00€CTIEYMBAIOT
PaBEHCTBO HYJIO CTATUYECKON OMIMOKH peryaupoBaHus. JlJid JUKBUIALMU ITOU
OLIMOKHU PETYJATOp JOJDKEH BKIIOYAaTh B ce0sl Be cocTaistomue. OgHa U3 HUX
JOJKHA 3aBUCETh OT (pa30BOT0 BEKTOPA, a Ipyrasi — OT €ro MHTErpaja o BpEMEHH.

[lycTh ypaBHEHME JIMHENHON CTAlMOHAPHON CHCTEMBI UMEET BU/L:
X=AX+BU; X(t,)=X,.
1)

3agaauM KpUTEpU yIIPABICHUS B CIEAYIOIIEM BUJIC:
J = j[xTQx +UTRU +UTSU1dt,
ty

(2)
rae Q u R — HeoTpunaTenbHO onpeaeeHHbIe MAaTPHIIB;
S — MONOKUTENBHO ONpEIETICHHAs CHMMETpUYHAs MaTpULa.

TpeOyeTcsi HalWTH TaKOW BEKTOP YIPaBICHUS, KOTOPbIA Obl MUHUMHU-
3UpoBaj JaHHbIM KputTepuil. Ilpu sTomM OyAeT cuuTatbes 3aAaHHBIM IAPAMETP
U(ty) = Up.

BBCI[GM HOBBIC IICPCMCHHBIC:

VoU.z=|" A = ALB B, = 9.
N O I I o I o I A O I
Q0
R, =S,Q, =}-<----
1 Q 0'R
(3)
3anuiieM ypaBHEHUE ABWKECHUSI U KPUTEPUM YIIPABIICHHS] B HOBBIX KOOPJIH-
HaTax:
Z=AZ+BYV,
(4)
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J=[[2'QZ+V'RV]dt
ty

()
Hcnons3ys mpouenypy MeTofa JUHAMUYECKOTO MPOrpaMMHUPOBAHUS, MOXK-

HO OHpeI[eJII/ITB OIITUMAJIBHOC 3HAYCHUC BCKTOpa V:
-1 T
V=-R'"B-K-Z,
(6)

TrAc K- PCUICHUC MATPUYIHOI'O YPAaBHCHHUA Pukkatu:
K=—KA —A'K +KB,R'B/K —Q,.
(7)

Tor):[a OIITUMAJIbHOC YIIPABJICHUC IIPHU 3dJdHHBIX HAYaJIbHBIX YCJIIOBU-

X OMPEJETUTCS CIETYIONIMM 00pa3oM:

. 0] Ky K, ][X
U= —31H {““H} =-S7K,, X —=SK, U’ =C,X +C,U.

KZli K22 U °
(8)
3 HCXOOHOI'O YPAaBHCHHA IBHIKCHUA HOJIyLII/IM:
U=B"(X-AX)=(B"B)"B*(X — AX).
(9)

[Tponuddepenuripyem 310 ypaBHEHHUE 110 BPEMEHU U MOJCTABUM CO-

OTHOUIEHUE JJI pacyeTa ONTUMAJIBLHOTO YIIPABICHUS:
U°=CX+C,(B"B)'B (X —AX)=C,(B"B)'B*X +
+(C,-C,(B"B)'B*A)X =C,X +C,X,

(10)

rae
C,= CZ(BT B)_l B,

C,=C, -C, (B'B)'B*A.
[TpounTterpupyem Boipaxkenue (10) mo BpeMeHU U MOITYyUUM:

Uo(t)=U(t, )+C,( X(t)— X(t, ))+c4det
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501051

U°(t)=C, +CoX(t)+C, [ X(t)dt.

(11)
Takum oOpa3zom, onTHMajabHOE YIpaBieHUE OyAET peaqu30BaHO B BUJE
[IN-perynaropa.
CTpyKTypHas cxeMa CUCTEMBI C TAKUM PETYJIATOPOM OyAET UMETh BUA:
u , X
X' =AX +BU >
Cs < Cs <
C. j X (t)dt.

IIpumep. Onpeaenurs ONTUMAIBHOE YNPABICHUE OOBEKTOM, 3a]1aH-

HBIM YPAaBHEHHUEM:

Ty(t)+y(t)=ku(t)

WIH
X = ax +bu,
(12)
riae T u K — mocrosiHHAs BpeMeHH U KO3 PUIIMEHT yCriieHusI 00BEKTa;
1 k
a=—=; b=—:x=yt);, u=u(t
T T y(®) (t)

B Ipoliecce nepexoa o0bekTa u3 ¢pukcupoBanHoro HavyanbHoro x(0) =1 B uk-

CHpOBaHHOE KOHEUHOE Xx(00) = () COCTOSIHHE U3 YCIOBUS MUHUMYyMa (DYHKI[MOHAJIA:

J = | (X*+u”+u®)dt.

O == 8

(13)
Penienue

BBeneMm 0003HaUEHUS:

64



fomonf o daee

(14)
Ha ocHoBanuu (6) 3amuchiBaeM JIMHEHHBIA 3aKOH ONTHMAIBLHOTO yIIpaBie-

HUA:
k., k X
V=-s"'.0 1].[kll k”][ 0} = —k, X —K,,u’ =u°.
21 Koo u
(15)

Koadduimentsr Ky u Ky, Haxoaum u3 MaTpuuHoro ypaBHenus: Pukkatu (7),

YYUTBIBAsI, UTO K(t) 0:
00 ki Koz | [a b _[@ 07 Py kip | [ku ki ] O
= — . J— . . X
00 Ko Kpp | [0 0] | DO Ky Koy | [ Kyy Ky | |2
k,, k 1
xS7Ho 1]-| |- o
Kpy Kpp | |01

(16)
[lepeMHOXHMB MaTpHIbl U3 ypaBHeHHUs (16), 3anuiieM Tpu aiareOpandeckux

ypaBHEHUS:
— 2ak,, + k122 —1=0;
—bk,, —ak,, + k,.k,, =0;
— 2bk,, + k222 —1=0.
(17)
Pemmas atu ypaBHenus, HaiigeM Ky, Kip 1 Kop.

N3 ypaBuenus (12) Bbipazum U:

1. a
U=—X——X
b b

(18)

u noactaBum (18) B (15):
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(19)
[IpounTterpupoBas BbipaxkeHHe (19) Mo BpeMeHH C y4eTOM HayalbHBIX yC-

JIOBUH, TOJTYUYHNM:

k K,,a—k, b k
u(t)=——2x(t)+-2Z2—2= | x(t)dt+-22
()= =22 x(1)+ 2= t{() 2
niim
u’(t)=K,x(t)+ szx(t)dt+ K.,
thy
(20)
rac
K,=—Kee g _KeBKD Koy
b b b

Takum 00pazom, nonydeH ontuManbHbii [1M-3akoH yrpaBieHus.

2 3AJAHUE U ITIOPAIOK BbIIIOJIHEHWA PABOTDI

PaGoTa Beimomnnsiercs Ha [I9BM kaxapiM CTyI€HTOM CaMOCTOSITENBHHO.
3ananue B Buje TaOIMIBI 3HAUEHUH OpAUHAT NEPEXOTHOM (YHKIMU
00BbeKTa (KpUBOM pa3roHa) KaKIblid CTYJEHT MOJIy4aeT OT MPernoJaBaTes.
1. Tlo 3apanHbIM B Tabnuue 1 maboparopHoii paboTsl Ne 1 opauHaTam Kpu-
BOM pa3roHa 0ObeKTa yrnpaBJieHUsl IOCTPOUTh KPUBYIO Pa3roHa.
2. TlpoBecTH KacaTelbHYIO K TOUYKE IEperuda M ONpeiesiuTh MapamMeTpsl
nepeaaToyHon GyHKIMM 00BhEeKTA.

3. OHpeI(eJ'H/ITL 3dKOH OIITUMAJBHOI'O YIIPABJICHHA O6T>€KTOM, 3aJaHHbIM

yYpaBHEHHEM TY(t ) + Y(t ) = kU(t ) , U3 yCJIOBUS MHUHUMyMa (pyHKIIMOHAaIa

NpY 33JaHHBIX HAYaIbHBIX yestoBusX x(ty) = 1 u u(ty) = 0.

J :J'(x2 +u®+0%)dt
0
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4. Tloctpouts rpaduk KpUBOM MEPEXOAHOTO MPOLIECCa B ONTUMAIBHOM CHC-

TCMC U OIIPCACIINTD IIPAMBIC ITIOKA3aTCIIN Ka4CCTBA.

3 COAEP)XAHUE OTYETA

OT4eT 0 BBINOJIHEHUH Ja00PAaTOPHOM pabOThI JOJDKEH COAEPKATh:

1.
2.

Hcxonupie naHHbIC B BU/IE TaOIUIIBI OPJMHAT KPUBOM pa3roHa.

I'padux kpuBOMl pa3roHa, Ha KOTOPOM IPHUBOJUTCA aNIpOKCUMAIUS U

ompejielieHue mapameTpoB oobekTa K u 7.

3.
4.

Pemenune 3a1aun aHATMTUYECKOTO KOHCTPYUPOBAHUS PETYIATOPA.

CTpyKTypHYIO CX€MY ONTHMaJIbHOM CHUCTEMBI YIIPABICHUS U CXEMY, CO-

CTaBJICHHYIO C HcIoyb30BaHueM nakera MATLAB.

5.
6.
7.

2.
3.

['padux kpuBOI IEPEXOAHOTO MpoOIIECCca.
3HauyeHMS MPSAMBIX IMOKAa3aTeNe KaueCcTBa MpolLecca.

AHanu3 NOJIy4YEHHBIX PE3yJIbTATOB.

4 KOHTPOJIBHBIE BOITPOCHI

Kak pemaercs 3aaua cunresa ontumaibaoro [11-perynstopa?
Kakoii Bu1 nmeeT MaTpuyHoe ypaBHeHUEe PukkaTu?

Kaxkoii kputepuii onTUMaIbHOCTH MCTIOJB30BaH MPHU BHIMOJHEHUU J1a00-

paTopHOl pabOThI?

4.

Kakoil 3aKk0H ONTUMaNBHOTO YHPABICHHUS OOBEKTOM OBLI MOJYYEH MpHU

BBITIOJTHEHUHU J1TA00paTOpHOM paboThI?
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HOCOBWE JIA MPAKTUYECKHNX 3AHATHAN

1. PEHIEHUE 34/TAY BAPUHAIIHOHHOI'O HCYUC/IIEHHUA C DUKCUHPOBAHHBIMH
I'PAHHIIAMH H PUKCHPOBAHHBIM BPEMEHEM

Hccnenyem Ha skcTpeMyM QyHKITUOHAI:

tK

I[x®)]= [ x(), ()t (1.1)

t!l
[MpeamonaraeM, 4to wckomas (DyHKIHs YIOBICTBOpSAET KpaeBbiM ycioBusM X(t,)=X,;

X(ti)=X«. VHbIMH ciioBaMu, MCKOMasi KpHBash HPOXOIMT 4Yepe3 3amaHHble TOYKH A(lo, Xo) H

B(t1, x1) (pucynok 1.1).

0

Pucynok 1.1 — K BapuaninonHoii 3aaue ¢ 3aKperuieHHbIMA KOHIIAMH

Taxkas 3agaya Ha3pIBa€TCS BapUAIIMOHHON 3aJauei ¢ 3aKpEIJICHHBIMUA KOHIIAMM HJIM C 3a-

KPCIJICHHBIMU I'PAHUYHBIMHU TOYKAMMU. Hpe)IHOJ'IO)KI/IM, 4dTO SKCTPEMYM OJOCTUTaCTCAd HaA KpHBOfI

X(t) (kpuBas 1). BozpMeM Onu3kyro k Hell kpuByro X(t) (kpuBas 2), Takxke MPOXOISIIYIO Yepe3
Touku A u B. Torma Bapmamust ¢yHkuuum oOX = X(t)—x(t), a mwIg TpaHWYHBIX TOYEK
X(t,) =ox(t,)=0.

[MpoBapbupyem pynkmuu X(t) u X(t), T. e. oOpazyem pyHKIMH X+ X U X+ X. B pe-

3ynbraTe QyHKIHOHANI J MOIyYUT NpUpaIieHue, KOTopoe MpeICcTaBuM B Buje psjaa Teinopa:
t, t,

AJ = [t x+8x,x+8X)dt— [ £(t,x,x)dt

trl

tH

(1.2)

t, . t, . t A2 ¢ 2
~ Im5xdt+IM5xdt+j8 f(t,zx,x) : (9x) dt+....
OX OX OX 2

t, t, t,
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[TockonbKy 3HaYeHUST O X M O X Malbl, TO ONPEIENAIOINUMU B npaBoil yactu (1.2) sB-
JSIFOTCSL IMHEHHbBIE OTHOCUTENBHO O X M O X wieHbl. JIMHeHHYI0 YacTh Npupamienus QyHKIHo-

HaJla Ha3bIBAIOT ero nepBoil Bapuanued O J . [na ¢ynkumonana tuna (1.1) mepBas Bapuanus

Oyner

t . B
s of (t, %, X) of (t, x, X) }
& = O X+ oxdt=0.

{[[ OX X (1:3)

HCOGXOHI/IMBIM YCIOBHUEM CYIICCTBOBAHUA SKCTPEMAJIBbHOI'O 3HAYCHUA MHTCrpaia THUIIA

(1.3) sByIsIETCSI paBEHCTBO HYJIIO €r0 IMEPBOM BapHalluu, T. €.

te . v,
J-{@f (t,X, X)5X+af(t,X, X)é‘X}dt:O (14)
; X oX
HNuTterpupys mo yactsaM BTOpoe ciiaraeMoe B BeipakeHu# (1.4) mosnydaum:
t, - ; t ‘
Iaf(t,g,x)é).(dt:af(t,g,x)axK_Ii[mgx}dt, (1.5)
OX OX tH £, dt OX

t/l
CornacHo KpacBbIM YCIIOBUAM:

ox(t,)=0ox(t,)=0

MOJTyYUM
tl(
t

ALXX) 5% _g.
OX

H

Beipaxxenue (1.4) npumet BUI:

t, . t, .
[AEXK 5yt —ji{—af (t.x %) §x}dt _
OX ;dt OX

trl

:T af(t,x,X)_g(af(t,x,X)j Sdt—0
L ox dt\  ox '

(1.6)

Tak xak BenmuuMHA O X HWMEET MPOU3BOJIBHBINA XapakTep, TO Ha OCHOBAaHWHU JieMMbI Jla-

T'paHKa MOoCJICAHCC PAaBCHCTBO BBIITOJIHUMO, CCIINU:

af (t,x, %) d(af(t,xx))_
ox dt( ox j_o. -

VYpasuenue (1.7) HazpiBatoT auddepeHImanbHbIM YpaBHEHHEM DijIepa, KOTOPOE SBIISET-

Cs1 HEOOXOIMMBIM YCIIOBHEM dKCTpemyMa uHTerpaia (1.1) mpu GpukcupoBaHHBIX TPAHUYHBIX yC-
JIOBUSIX U OTCYTCTBMM OTpaHUYEHUI Ha KoopauHaThl. Ecnu rpannyHble ycnoBHs HE(UKCHPOBa-
HBI, TO TP PEIICHUH YpaBHEHM Dilepa TpeOyeTcsl yUUThIBATh YCIOBUS TPAHCBEPCAILHOCTH.

PaccmoTpuMm MeTonMKy mpuMeHeHHs ypaBHeHHs Ouiepa. [lycTs TpedyeTcs onpenenuTh

JKcTpeMalib A1 QyHKIIMOHAA
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72

J[x®)] = I[xz —(x)?]dt, x(0)=1, x(z/2)=0.

. of
B srom cinyuae ypaBHenue Diiepa umeer Bug X' + X =0, Tak Kak r = 2X; PV =-2X".
X X

Ero obmum perenuem siBusieTcs X= C1COSt+C,COSt.

Hcnonb3yst TpaHUYHBIE YCIIOBUS, ONy4YuM c1 = I, c; = 0. CnemoBaTenbHO, SKCTPEMAIIBIO
ABJIAETCA JIMIIB KpUBast X = COSt.

DYHKIIMOHAIBI MOTYT 3aBUCETh HE TOJBKO OT (YHKIIUU M €€ MEePBON MPOU3BOIHOM, HO 1

OT IIPOHU3BOAHBIX 0oJ1ee BBICOKOI'O nopsAaakKa. I/Iccne/:[yeM Ha 5KCTPpEMYM (bYHKI_II/IOHaJ'IZ

tK

IxO]= [ £t %% %,...xX")dt. (1.8)

t"Il
[IpoBens mist 3Toro GyHKIIMOHATA aHAJOTHYHEIE MPeoOpa3oBaHmsl, KaK u i (DYHKIHO-

Hana (1.1), momyuyuM ypaBHEHUE:

of dof d? of d® of

et — =+ (D"
ox dtox  dt? ox D at® ax™

Orto nuddepeHnaibHOe ypaBHEHHE HOCUT Ha3BaHME ypaBHeHus Oinepa-Ilyaccona, a

(1.9)

€ro pelleHNe Ha3bIBAETCS SKCTPEMAIIBI0 PACCMATPUBAEMOM BapHALIMOHHOM 3a/1auH.
Hokaxem ¢opmyny (1.9), orpaHUUMBIIMCH Ul MPOCTOTHI BBIKJIAJO0K CIy4yaeM BTOPOii

IIPOU3BOJHOM, T. €.

tK
I[x®)]= [ £t x % %t (1.10)
tli
[Mpubasum k pynkuuu X(t) Bapuanuio O X Takyr, 4to npu t=t, u t=t, SX u o X ob6pa-

HTar0TCA B HYJIb.

I'maBHast, nMuHeHHas yacTh MpuUpalleHus (QyHKIMOHaANa (ero nepsas Bapuaius) Oyaer

paBHa:
t
¢ of of of
N = —X+—X+—oX(dt. 1.11
J {ax X X } (1.11)
[Ipeobpazyem Boipakenue (1.11), monb3ysch UHTErPUPOBAHUEM TIO YACTSIM:
te
of t
J.&é‘xdt——é‘ J.——é‘dt (1.12)
j ssdt= X -9 j——adt (1.13)
oX tH dt 8x tH
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Tak kak B 3a1aue ¢ 3aKpEIVICHHBIMH KOHLIAMH Ox(?, ) = 0x(t, ) = oX(t, ) = ox(t, ) =0, To

Bce HenHTerpainbHbie wieHbl (1.12) u (1.13) oOpammatorcs B HyJb, a Bapualus GyHKIIMoHaNa 0y-

JIET:

o o P
X dtox | dt? (1.14)

tk
j[af d of d af
Tak kak HEOOXOIUMBIM YCIOBHEM 3KCTpEMyMa SIBJSIETCS PaBEHCTBO NMEPBOM BapHalluu

Hymo, To u3 (1.14) cnegyer ypaBuenue Jitnepa-Ilyaccona Buna:

2
o dot dlat w9

ox dtox  dt? ox
KOTOpOE B JIaHHOM Citydae siBsiercs: AudQepeHnnaibHbpIM YpaBHEHHEM YETBEPTOTO I10-
psaxa.

Omnpenenum sKcTpemMalib QyHKIIMOHATA.

zl2

Jx®]= JI(x")? —x*1dt,
0
YAOBJICTBOPAIOUICTO I'PAHUYHBIM YCJIOBUAM
x0) =1 x(©)=0 x2)=0 x&)=-1.
2 2
B stom ciiyuae ypaBaenue Ditnepa-Ilyaccona umeeT cienyronui BUu/I;
x™) —x=0.
Ero 06H_[I/IM PCHICHUCM ABJIACTCA BBIPAKCHUC
X =ce' +c,e " +c,cost +c,sint.
I/ICHOJ'IIBYSI T'paHUYHBIC YCIIOBUS, T1OJYUACM
¢=¢=¢6=0 ¢ =1
Taxum 06p330M, OKCTPEMAJIbIO ABJISICTCS KpUBast X = COst.

Ipumep 1. Haiitu kpuByro X(t), mpoxoasInyro depe3 3aJaHHbIe TOUKU Xy U X , HA KOTOPOU TpH-

HHUMaeT 9KcTpeMyM (yHKIHoHan J = | [ 2 %2+ ; ijdt . HauanbHble ycnoBus: X[?’?ﬂ-j =2,

)

Pemenne:

o (t,x,x) d of(t,xx)

B manHOM ciiydae ypaBHeHHE Diinepa =0 umeer Bug X+9X=0, Tax

OX dt  ox
KaK f(x)= x2+1x2, M=X, i&.X’X)=—95('.
2 OX dt  ox

CocraBisieM XapaKTepUCTHUECKOE YpaBHEHUE:
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1 .1
Ero o6mmm pemennem seasetcs X(t)= C,cos =t + C,sin - t.
. (37
Boruncium nocrostuble naterpupoBanus Ci u Cp U3 HavalbHBIX yCIOBHil: X| — |=2,
x[s—”j =0:
2
x(t) = Clcos%t + Czsin%t;

x(t) = —EClsin L lCzcos 1
3 3 3 3

x(3—ﬂj = Clcos(1 . 3—”) + Czsin[E . 3—”] =2
2 3 2 3 2

X 3 :—lclsin 13z +lczcos 13z =0
2 3 3 2) 3 3 2

Torna
C,-0+C, =2
—%Cl +0=0;

C,=0C, =2

Torna ypaBHenue kpuBoil X(t), mpoxopsiieil depe3 3aJaHHbIC TOYKU X, U X , IPUMET B

.1
X(t)=2-sin=t.
® 3

.1
I'paduk kpusoii X(t) =2-sin ét npeJCTaBJIeH Ha pUCyHKe 1.2.

2 T T =T
r ™,
~ hY
I A
Il kY
£ A
! Y
) L
i 5
(1 , ! i1
2sin =t | oR / pr
3 h i b
- ﬁ.l /
1! 3
LY I
Y 7
N, I
kY £
kY I
‘\ .‘{
_ o | |
-10 -5 0 5 10
t
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Pucynok 1.2 — I'pacduk kpusoii X(t) = 2-sin %t
Ipumep 2. Haiitu xpuByro X(t), MpOXoIsInyto Yepe3 3adaHHbIe TOYKHU X, U X, , Ha KOTOPOU MpH-
HUMAET 3KCTpeMyM QyHKIHOHANT J = j(% 5('2 — g )'(2 + 2X2 jdt .

Pemenue:

Huddepennmanbaoe ypapHenue Oinepa-Ilyaccona

af(t,x,X,X')_iaf(t,x,x,X)+£8f(t,x,>’<,x')
ox dt  ox dt> X

(4)
4x —5X+ x =0,

=0 B IaHHOM Ccly4ae 3aIuIIeTcs B BUIC:

rIe f(X):£X2—5X2+2X2, MZ“-X,, Mzs)(’
2 2 OX OX
. es 2 Ve (4)

i@f(t,xh,x,x)=5x,; d_zaf(t,x‘,'x,x)zx_
dt OX dt oX
CocraBiseM XAPaAKTCPUCTHICCKOC YPABHCHUC!

k*-5k*+4=0.
HpI/IMeM a= k2 ,TOI'/Ia XapaKTCPUCTUICCKOC YPABHCHUC IIPUMET BUA!
a’-5a+4=0;
\ 5+y(-5)°-4-4 5+9 53

- 2 2 2

a =4

, =1

KopHu xapakTepucTHYeCKOro ypaBHeHus K = +a paBHBL:
k, =-2; k, =2, k, =1 k, =1

Torza ypaBHenue kpusoit X(t) mpumer B X(t) =Ce ™™ +Ce* +C,e' +C,e™.

Sanatm AJIAA CAMOCTOATECJIBbHOI0 PCIICHU S

1. Haiitu kpuByro X(t), mpOXOANIyI0 Yepe3 3aJaHHbIE TOUYKU X, U X, , HA KOTOPO NPHUHUMAET
sKcTpeMyM GyHKIHOHaT J = | (a)'(2 + bxzjdt :

Koadduuuent a Beidupaercs no nocnenneil nudpe mmdpa 3a4eTHON KHUKKH CTYACHTa (eciu
nocyeansis mudpa 3auetHoi KHIKKH «0», To a = 1); koadduiment b BeIOUpaeTcs mo nocieaHen
nrdpe cymMMBbl TOCJIETHUX Tpex udp mudpa 3a4eTHON KHUKKH CTYICHTa (HarpuMmep, TpH Mo-
cinennue nudpsel 765, ciaemnoBaTenbHO, KX CyMMa paBHA 18, 3HAYUT B ATOM CiIydae HEOOXOIUMO

B3ATh B KauecTBe Kod(duimenta b 3nauenne «8»). Hauanbnere yenosus: X(0)=1, x(0)=0.
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2.  Pemmtp mpempiaymiyro  3ajady, eciau  (QYHKIHMOHAJT  TPEACTaBI€H B BHJE
J =j(ax'2 +bx2 +cx2)dt.

Koadduuuent a Beidupaercs no nocuenneil nudpe mmdpa 3a4eTHON KHUKKH CTYACHTa (eciu
nocyeansis udpa 3auetHoi KHKKH «0», To a = 1); koadduiment b BeIOUpaeTcs mo nocieaHen
nudpe cyMMbl OCIAEAHUX TpeX Hudp mudpa 3a4eTHON KHUKKHU CTy/EHTa (HalpuMep, TpH I0-
cinenare nudpsel 765, ciaemoBaTrenbHO, X CyMMa paBHA 18, 3HAUUT B ATOM Cilydae HEOOXOIUMO
B3sTh B KauecTBe Kodduimenra b sHaueHue «8»); ko3 uuueHt ¢ BEIOUpAETCs MO MOCIEAHEH

mudpe mudpa 3a4eTHON KHIDKKU CTYACHTA (€CiIH MmocenHss udpa 3a4eTHOW KHUKKH «0», TO ¢

= 1).

2 PEIIIEHHE 3A7AY BAPUAITHOHHOI' O HCYHUC/IEHUA HA YC/IOBHBIH
OKCTPEMYM (CHHTE3 OLITUHMA/IBHOI' O YIIPAB/IEHHA)

3amaun CHHTE3a ArTOPUTMOB ONTHUMAIILHOTO YIpaBiieHUs 00beKTa B AUHAMUKE MPH BbI-
OpaHHOM (YHKIIMOHAJE KPUTEPHUS KaYeCTBA UMEIOT JOTIOJHUTEIbHBIC (YCIOBHBIE) OTPAHUYCHUS
B BHUJIC YPaBHEHHM MaTEeMaTHYECKON MOJENN TWHAMHUKH O0BEKTa. DKCTpEeMyM (PYyHKIIMOHANA,
oTpeeNsseMblil IPU JOMOTHUTENBHBIX YCIOBUAX ((QYHKIMOHAIBHBIX OMPAaHUYCHHUSIX ), HA3bIBAIOT

YCIOBHBIM 3KCTPEMYMOM.

3a7ay Ha YCJIOBHBIM AKCTPEMYM MPHU OMPEACICHUH ONTUMAIbHBIX YIPABICHUI 00BEK-
TOM B JIMHAMHUKE 00yCIIOBJIEHBI TeM, uTo (pyHkmu Xi(t) u Ui(t), Bxoasiiue B GyHKIHOHAT J, HE
MOTYT BapbUPOBAThCSI HE3aBHCUMO, TaK KaK OHH CBSI3aHbI YpaBHCHUEM JIMHAMHUKHU 00bekTa. Tpa-
exTopus Bbixoja Y(t) sBIsETCS CIEICTBUEM M3MEHEHHUSI KOOPMHATHI YIIPABICHUS U 3aBUCHT OT
BuJa i depeHnaibHOr0 ypaBHEHHUS 00BEKTa.

Takum 00Opa3zom, 3amada ONTUMHU3AIMH OOBEKTA YIpaBJICHHS B JAMHAMHKE, periacMast
KJIACCHUYECKHM BapUAIlMOHHBIM HMCYMCIICHHEM MMEET CIeIyIoulylo (GopMyIHpOBKY. 3alaHa Ma-
TeMaTH4YeCcKas MOJeNb O0beKTa B (OpMe ypaBHEHUI COCTOSHHMS, MPEICTABICHHAs TPH OJHON

KOOpAWHATE YIIPaBJICHUA BEKTOPHBIM YPABHCHUCM.
X =AX +Bu; X(t,)=X,; X({t)=X,. (2.1)
TpeOyeTcst onpenenuTh ONTUMAIBHOE YIPABICHUE Uo(t), obecrieunBaroIiee MUHAMYM

dbyHKIIMOHAA

t

J =jf(t,x,u,u)dt, (2.2)

t

H
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B KOTOpOM X U U CBsI3aHbI ypaBHEHUsIMHU coctostaus (2.1), a hyukuus f(...) ssBisercs Henpepbis-
HOU 10 BCEM MEPEMEHHBIM U UMEET HEMPEPHIBHBIC YACTHBIC IIPOM3BOIHBIC MIEPBBIX JBYX MOPS/I-
koB. @ynkuuu Xi(t) u Ui(t) JO/KHBI OBITH HEMPEPHIBHBIMK U MMETh HEIPEPHIBHBIC MEPBBIC MPO-
usBoanbie (1= 1, 2,..., n). Bektopsl X, u X, GUKCHPOBaAHBEI.

3amauy, ompenensseMmyro auddepeHnnanTbHpIMU CBsA3sIMU THNA (2.1) u GyHKIIMOHAIOM

(2.2), Ha3wIBarOT 00IIEH 3anaueii Jlarpamka.

Jlnst petienust oomiei 3aaaun Jlarpanxka ucnoib3yroT METo1 MHOXKUTENeH Jlarpanxa.
[Ipn pemeHun 3amayud Ha YCJIOBHBIM 3KCTPEMYM pacCUMTBHIBAIOT BCIIOMOTrATeNIbHBIN
dbyHKIIMOHAT:

J. :tjk[f(t, X,u,0) + ATG(t, X, X,u)]dt :th.[L(t, X, X,u,u, A)dt, (2.3)

t t

H H

re A = [ﬂi,lz,...,ﬂn] — cTpoKa MHOXUTeseH Jlarpanxa;
L(t, X, X,u,u,2) = f(t, X,u,0)+ A G(X, X,u). (2.4)
DOyHKIHIO L(t,X,X,u,U,ﬂ,) Ha3bBalOT (yHKuue# Jlarpamka, QyHKIHIO G(X,X,u) —

byHKIMEH CcBsI3U, KOTOpasi ONpeesieTcss UCXOIHbIMU ypaBHEeHUsAMH (2.1):

G(X,X,u)=X —AX —Bu =0. (2.5)

321,[[8.‘{}/ Ha 663YCHOBHBIﬁ OKCTPEMYM pPEHIAOT AJiI BCIIOMOTI'ATCIBHOI'O CI)YHKI_[I/IOHaJIa

(2.3). YpaBHeHus Ditsiepa pu 3TOM COCTaBISIOT uist pyHkimu Jlarpanxka (=17, 2,..., n):
oL _dfao)_,,
ox, dt| ox, ’

L8,
ou dt\ou

O1H YpaBHCHHA HA3bIBAOT YPABHCHUAMUA Bﬁnepa-ﬂarpamlca; OHU XapaKTCPpU3YyrOT YCJIOBUC CTa-

(2.6)

oHapHocTH QyHKIMoHana (2.3). B pesynbrare pemenuii (2.6) ¢ yuerom ypaBHeHwuii (2.1) mo-
nyanm ontaMaisHoe yrpasinerne U°(t) 06beKToM B IHHAMIEKE.

IMpumep 3. OnpeaenuTs ONTUMAIBHOE yIIPaBIEHHE ABIKEHHEM 00bEKTa, OMMMCHIBAEMOTO ypaB-
HeHHeM 2X + X = U, U3 YCIOBHS dKCTpeMyMa (yHKIHOHana J = ”xz +u? }it :

Peienne:

Oyukus Jlarpanka st JTaHHOTO ypaBHEHUS OyaeT uMeTh BUIl: L = X2 +u®+ A(2X+Xx—U).

3anuiieM CUCTEMY ypaBHEHUH Ditnepa-Jlarpanixka:
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oL doL
ox dtox
oL doL
ou dteu
oL doL _
or dtoa
PaccmoTpum niepBoe ypaBHEHUE cUCTeMBbI Diiepa-Jlarpanxa Z_)I: - %% =0.

[TponuddepeHumpyem 3T0 ypaBHEHHUE 11O YACTSIM:

%: 2X+ A;
OX

a_
oX
i%:2/1
dt ox

24;

Torza mepBoe ypaBHeHue Diinepa-Jlarpamska npumer sug 2X+ A —24 =0.

. oL doaL
PaccmoTpum BTOpOE ypaBHEeHHE cucteMsl Ditnepa-Jlarpamka — — —— =0.

ou dtou
[Tpomuddepenurpyem 3To ypaBHEHHE IO YACTSIM:

i 2u—4;
ou
o _
ou
4,
dt ou

0;

Torna BTopoe ypaBHeHue Diinepa-Jlarpana npumer Buag 2u—A =0.

. 0 d oL
Paccmotpum TpeThe ypaBHEHHE cucTeMbl Dittepa-Jlarpamka — — —— =0.

oA dtoa
[Tpomuddepenurpyem 3To ypaBHEHHE IO YACTSIM:

i:2X+X—U;
o4

a—L. =0;
oA

dat g

dt o4

Torna Tperbe ypaBHeHue Ditnepa-Jlarpamxka npumer Bua 2X+ X—U =0.

B xoHeuHOM UTOrE cucTemMy ypaBHeHU Dinepa-Jlarpanika 3anuiieM B BUJIE:
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2X+A—24=0;
2u—A=0;
2X+x—-u=0.

OTKyna HaXOJIUM

u=A1/2;
uU=2X+X;
Ay
G U=Xx_2 _/1—2x;
2 2 4
A =4X+2X;
A =4%+2x;

2X+4X+2X—8X—4%x =0;
4x —-8X =0;
2X—x=0.

CocraBuUM XapaKTCPUCTHICCKOC YPABHCHUC U HaﬁﬂéM €0 KOpHMU:

2k? -1=0;

k = i\/I ~ 10.7.
2
07t

Torna ypasHenue kpusoii X(t) mpumer Bua X(t) = C,e®" +C,e %",

JIts  HaxOXKIeHWs ONTUMAIBHOTO 3aKOHA  YIPABICHUS, JONOJHHUTEIBHO  ONPEICITHM:
X(t) =0.7C,e°" —0.7C,e ™, A =4-(0.7C,e°" —0.7C,e " )+ 2-(C,e°™ +C,e *™)

OTKyza 3aKOH ONTHMAJIBHOTO yIpPaBICHHS JBIKEHHEM 00beKTa OyJeT HMETh BHI:

u= % = 2.(0.7C,e%" —0.7C,e ™ )+ (C,e°™ + C,e ")

3agaum 111 CAaMOCTOATEILHOIO pPeUICHUA

OHpeJIeJ'II/ITI) OINITUMAJIBHOC YIPABJICHUC IBUXCHUCM O6’BeKTa, OIMMCBbIBACMOI'0 YpaBHCHHUEM
ax +bx = cu, u3 ycrnoBus skcTpeMyMa GyHKIMOHaNa J = sz +u? }it .

Koadduuuent a Beibupaercs no nocienHeil nudpe mudpa 3a4eTHOW KHUKKH CTYAEHTa (eciu
nocieanss udpa 3aueTHoN KHIKKH «0», To a = 1); koadduiment b BeiOupaeTcs mo mocieaHen
nudpe cymMMmBbl TOCIeTHUX Tpex udp mudpa 3a4eTHON KHUKKH CTYACHTa (HarpuMmep, TpH Mo-
cieaaue mudpel 765, ciaenoBaTesbHO, UX CyMMa paBHa 18, 3HAUUT B ATOM Ciiydae HEOOXOIMMO
B34Th B KauecTBe K03 duimenta b 3Hadenue «8»); koapPULIUEHT ¢ BRIOUpASTCs MO TOCIEIHEH
nudpe mudpa 3a4eTHON KHIKKH CTyAeHTa (eciu mocaeanss nudpa 3aueTHON KHIKKHU «0», TO ¢

= 1),
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3. PEIIEHUE JIHHEHHOH 3AJTAYH OIITHMAJIBHOT O YIIPABJIEHHA C
IIOMOIIBIO IPHHITUIIA MAKCHMYMA

OnHuM n3 Haubosee N3BECTHBIX METO/I0B ONTUMHU3ALMH SIBJIAETCS IPUHIMII MAaKCUMYyMa,
pa3pabOTaHHBIN TPYIIION COBETCKUX MaTeMaTHUKOB BO riiaBe ¢ akageMukoM JI. C. IToHTpsAruHbIM
(mepBas myOnMKanus N0 NPUHIUIY MakcuMyma oTHocutcsd K 1965 roay). Teopembl npuHumna
MaKCHMMyMa OTHOCATCS K CCTeMaM, ITOBEeIeHUE KOTOPhIX MOYXKHO ONucaTh cucteMoit nuddepen-

[[UANBbHBIX YPaBHEHU B HOpMaIbHOH dopMme:

dx

d_tlz fL(Xees Xy Uy Uy );

........................................... (3.1)
dx,

ot = f (X0 X Upyee Uy ),

rae GyHKIUH Xi,..., Xn Ha3bIBalOT (ha30BBIMH KOOPAMHATAMHU, a GYHKIHH Uy, ..., Uk — yIpaBie-

HUAMMU.
Takum o6pa30M, B OTJIMYMEC OT KIIACCHUYCCKOI'0 BAPHALIMOHHOI'O UCUUCIICHUS, T/IC BCC UC-
KOMBIC q)YHKI_II/II/I paBHOIIPAaBHBI, B IPUHIOUIIC MAKCUMYMa OHHU Pa3ACIIAFOTCA Ha (I)a3OB]':>Ie KOOp-

JUHATHI Xj U YIIpaBJICHUA U;. 910 pa3aciicHue y,[[O6HO B TCX CJIy4dasaX, KOrAa OrpaHUYCHUs HaJld-

raroTcs TOJBKO Ha YIpaBlIeHMs, HapuMmep, B pOopMe HEPaBEHCTB ‘u j‘ <1, a Ha Qa3oBble KOOp-

JIMHATHl OTPAHUYEHHUS] HE HAJIaratoTCsl.
OO6riieit 3a1aueii onTUMU3AIKKU sBJsieTcst onpenencuue ynpasiaenuit U;(t), ..., Uk(t), mepe-
BOJIANIMX 00BEKT 3a Bpemst T u3 mostoskenus Xi(0) = Xjo B monoxenue Xi(T) = Xit ¥ TOCTABIISFOIINX

IIPU 5TOM MUHUMYM (DYHKIIOHATY:
.
Jz.[f(xi,uj)dt. (3.2)

0

YacTHBIM ciTydaeM SIBISI€TCS 3a/lada ONTUMAJIBHOTO OBICTPOACHCTBUS, Korjaa (DyHKIHO-
HAJIOM, KOTOPBIA HEOOXO0IUMO MUHUMU3ZUPOBATH, SIBISIETCS IPOCTO BPEMS IEPEX0jia CUCTEMBI U3
COCTOSIHHS Xjo B cocTostHHE Xj1. O/tHaKO 0€3 orpaHrdeHHsI OONTHOCTH MOKHO JTIO0YIO 33a/1a4y OTI-
TUMU3ALUN YIPaBIEHUS pacCMaTpUBaTh Kak 3a/1ady o OblcTpoaeiicTBUM. [ 3TOr0 10CTaTOYHO
TOJIBKO K CUCTeMe ypaBHEeHHH (3.2) 100aBUTh ypaBHEHUE

%

= F0u) (3.3)
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W TOT/a 3a/lada MUHUMU3auu QyHKinonana (3.2) mpu HaJM4uu ypaBHEHUM cBs3u (3.1) craHeT
DKBHBAJICHTHA 3a7aue 00 ONTHUMAIbHOM OBICTPONCHUCTBUU IS PACHIMPEHHOW cucTeMbl N+1
ypaBuenuii (3.1) u (3.3).

OrmeTnM elie, 4TO B NPHHIMIIE MaKCUMyMa ontuManbHoe ynpasieHue Uj(t) oTbickusa-
€TCs cpa3y B KJIACCE KYCOYHO-HEMPEPHIBHBIX WM MPOCTO U3MEPUMBIX (QYHKIMW B OTIUYHE OT
KJIACCHYECKOTO BapUAIIMOHHOTO UCYHCIICHUS, T/Ie SKCTpeMyM (DYHKIUN OINpeaensieTcs CliepBa B
Oosiee y3KOM Kjlacce KyCOYHO-TJIAJKUX (DYHKIIHIA; 3TO O3HAYAET, YTO JAOMYCKAETCS MCHOBEHHOE
usmenenue U(t). Ha mepBblii B3IJIs1 3TO MPOTHBOPEYUT (DU3UUECKOMY CMBICTY 3a1auu, OO pe-
allbHOE yIpaBiieHre nHepiroHHo. OmHako 3a ynpasienue U(t) MOKHO B3ATh CKOPOCTh, IPHYEM,
JUTSL TF000TO pealbHOTO 0OBEKTa MOKHO BCET/Ia HAUTH TaKWe YIPaBISIONINE BO3ACHCTBUS, KOTO-
pBI€ B IIpeieax pa3yMHON TOYHOCTH MOYKHO CUYUTATh OC3bIHEPIIMOHHBIMHU.

B npuHImne MakcumMyma BBOIAT BerioMoratesbHbie GyHKIuH wi(t) u dyukimio H (HasbI-

BACMYIO I aMI/IJ'IBTOHI/IaHOM), IIpUuIcM

H=>w £ XUy, Uy ). (3.49)
i=1

ITpu momomm ¢pynkuuu H ocHOBHas cuctema ypaBHeHHi (3.1) U ypaBHeHMs, HEOOXOAH-

MBbIC JJIs1 OIIPEACIICHHA BCIIOMOT'aTCIIbHBIX q)YHKHHﬁ, 3aIllMChIBAIOTCA B BUJC!:

dx _ oH | (3.5)
dt oy’

dy, oH .

—Iz——, |:1,2,...,n-

dt e (3.6)

Tenepb 0CHOBHOE HEOOXOJMMOE YCIOBUE, KOTOPOMY JOJKHO YAOBJIETBOPATH YIIpaBlie-

aue U(t) a1 Toro, 9To0BI OBITH ONMTUMAIBHBIM, MOXHO 3aIHCATh B BHJIE TEOPEMbI O MAKCUMYME:

ecim Uj(t) — onTtuManbHOE yIpaBieHHe, TO OHO JOCTaBIAeT MakCMMyM (yHKinu ["ammnbToHa
(3.4). Kpome Toro, B KOHEYHBIH MOMEHT BPEMEHH 11 JOJDKHO BBIMOIHATHCS YCIOBHE:
Hlw (t,); x(t,);u(t,)] = 0. 3.7)

Ecmu AHAJINU3UPOBATH ONITUMAJIBHOC YIIPABJICHUEC, TO BBEACHHAA JJIA XapaKTCPUCTHUKU OII-
TUMAJIBHBIX MPOIecCOB (GyHKIMs H UMeeT BIIOJIHE OnpeaeieHHbIi (u3ndecKuit cMbIci. JleicT-
BUTEJIbHO, ypaBHeHUs (3.5) 1 (3.6) MOKHO paccMaTpuBaTh Kak ypaBHEHHs ['aMHIIbTOHA KOHCEP-
BaTUBHOM CHCTEMBI, B KOTOPOH X; COOTBETCTBYET «KOOPJUHATAM ITOJIOKEHU» (CTEMEHH CBOOO-
IIBI) ¥ i «KOOPJIMHATAM CKOPOCTH». B DUKTHBHOM cHCTEMe OTPE30K BPEMEHH TIPOXOKICHHUS Y-
TH MCKAY ABYMS MNOJOXCHUAMH HNPCAIOIaractCi MUHUMAJIbHBIM, C€CJIM SHCPTUA H cucreMsbl
MaKCHMaJbHa Be3Zie BAOJb MyTH. TakuM obpa3om, GpyHKIus H — ecTh HE YTO MHOE, KaK TOJIHas
9HEPIHs CHCTEMBI, KOTOpas JOJDKHA OBITh MaKCHMaJlbHa B TpOIlecce yrpasiieHus. sl HeKOH-

CEpBATHUBHBIX CHCTEM, HApUMEp, ANEKTPUUECKUX, PyHKUUS H sBiIsSeTCS MOIIHOCTHIO, a PYHK-
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U i — uMIysnbcamu. OTcroa siceH PU3nYecKuii CMBICT ONTUMAJIBHOTO YIPABICHUS: B O0BEKT
HEO00XO0IUMMO BBOJIUTH TAKOE KOJMYECTBO YHEPTHH, YTOOBI 00ECIIEUUTh SKCTPeMyM (DYHKIIMOHATIA
Y 33/IaHHBINA 3aKOH JBWXKeHUA. [10CKONbKY SHEpPrusi BBOJUTCSA C MOMOIIBIO YIPABISIONUX BO3-
nercTBuid, To H 3aBUCHT OT ynpasieHnus U.

Pemnm 3amauy onTUMaabHOTO OBICTPOJAEHCTBHS JUTsl TIMHEWHON CHUCTEMBI, OTTMChIBAEMO
muddepeHIaTBFHBIM yPaBHEHUEM BTOPOTO mopsiika X =U, KOTOPOE MOKHO 3aIucaTh B BUJC

CHUCTEMBI JIByX YPaBHEHHUH NIEPBOrO MOPsIKA:

X, =X,
‘1 2 (3.8)
X, =U.
st oToit cuctemsl pyakius H nmeer Bua:
H =Xy, +uy,. (3.9

[Ipn HanMumuy orpaHuYeHUs |u| <1 makcumyMm H nocruraercs npu U = Signy/,, a GyHK-

oiu ¥, u y, OIPCACIIAOTCA U3 ypaBHeHHfII

dyy __oH _,.
dt ox,

; (3.10)
Vo _ _OH __

dt X, Y

oTtkyna cienyer v, =C uy, =C, —C, -t.
CrenoBarenbHO, ONTUMaJIbHAS 10 OBICTPOAECUCTBHUIO cHcTeMa OyIeT peeiHo ¢ 0cOObIM

CIEUUAIbHBIM 3aKOHOM IIEPEKIIOYEHHs] pelle 10 3HaKy BCIOMOTaTelbHONW —(yHKIUH
y, =C, —C; 1.
JUst HarasIIHOCTH U300pa3uM Ipoliecc Ha (a3oBoii miockocTu. MckitouuB U3 ypaBHEHUN

(3.8) Bpewmst, monmyuum nipu U = 1 muddepenimanbHoe ypaBHEHHE

dx, = X,dx,. (3.11)
Otkyna da3oBas TpaekTOpHs OyeT:
XZ
x1:72+C. (3.12)

Amnanoruuno npu U = -1 nonyyaem:

2

X
X, =——2+C. (3.13)
2
D10 mapaboiibl, CAMMETPUYHBIE OTHOCUTENLHO ocH abcrucc X;. [Iporece momxkeH 3akaH-
dx
YMBATHCS B Havyaje koopauHat (X, =0, X, = E =0).
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R3]

Pucynok 3.1 — I'paduk nporecca ynpasieHus Ha (pa3oBoi IIOCKOCTH

Hanecem Teneps 1 Bce ocTaibHbIe mapadoiibl ¢ pa3nuyabiME 3HaueHusiMu C B hopmyrax
(3.12) u (3.13) 1m0 TOYeK WX BIMBaHHS B U300paKEHHbBIC paHee IBE BETBH MapadOIIbl, HIAYIIHE K
Havay KOOpIUHAT.

Kak BuanMm, u3 mpou3BoibHON Touku Mo(X10, X20) IPOIIECC HAET IO HEKOTOPO#t mapadosie
Mo/l npu ympasinsitomiem curiaie U =-1 (B apyroit obnactu 6su10 061 U=+1). B Touke /] npo-
UCXOJUT MepeKitoyeHue pene Ha curian U = +1, nocne vero mponecc uiaet no napadone /10 u
3akaHuyMBaeTcs B Touke O 3a KOHEYHOE BpeMs, KOTOpOe COIIAaCHO NMPUHIMITY MaKCUMyMa sIBJIS-
€TCs MUHHMAaJbHBIM M3 BCEX BO3MOXKHBIX JUIS TEpeXofa ITaHHOW CHUCTEMBI W3 COCTOSHUS
Mo(X10, X20) B paBHOBecHOe coctostare O(0, 0).
Ipumep 4. Vcnonb3ys NpUHIKMI MaKCUMyMa JUIsi 00BEKTa, OMMCHIBAEMOT0 YpaBHeHUEM KX =U,

OTIPENICTTUTh aJTOPUTM OOBEKTa YIPABJICHHS, KOTOPHIN 0OecreunBaeT NepeBo i 00beKTa U3 Ha-

X(t,) =%, XL,) =X, o oneunoe cocrosmue X(t,)=x,%(t.) =X 3a mu-

YaJbHOTO COCTOSHHUS
HuManbpHOE Bpems T. Ha ynpasnsroliee BO31€MCTBUE HAIOKEHO OTPAHNYCHHE |u| <U,.-

OnpenennTe 4YXACIO NEPEKIIOYEHUH W MOMEHTBHI NepekiatoueHui. [locTponTh KpuBBIE
ynpasienus: U(t), koopaunar X(t) m X(t) u daszoByro TpaekTopuro uameHeHust koopauHat X(t),
X(t) oobekra.

Wcxoanbie qanubie: x(0) =6,x(0) =2, X(T)=0,%(T) =0.

[MapameTtpsr cuctemsr K = 1; Upax = 1.

Pemrenne:
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[IpousBoauM 3aMeHy IEPEMEHHOIA:
X =X;
X, = X,;

1
rme K==
A K

n
Cocrasnsiem ¢pyakiuio ['amunbprona Buga  H = zl//i f..
i=1
Jlnst mansoii 3amaun: H =y, f, +w, f,,
rie f, =X =X,;f, =X, =Ku;

Torna ¢pynkuuto 'amunbToHa MOXKHO 3anucats B Bujge: H =y, - X, +y, - KU .

ﬁ _ d Vi, _
Lolox da
CocraBiisieM CHCTEMY COTPSHKEHHBIX YPaBHCHUH:
oH B dy,

o, dt v
Otkyna Haxogum i, =C;; v, =——Ct+C,.

B cootBeTcTBUM € TEOPEMON O MaKCUMyME 3alUIIEM:

U, —KCt+C,K>0

u=signKy, =
IRV {—Umax,—Kclt+C2K<0

Takum oOpazoM, onTuMansHOe yrpasieHue U(t) siBIsieTcs KycOYHO-TIOCTOSIHHOW (yHK-
nueil, npuHUMaromei 3HadeHus + Upay , ¥ UMeeT He Ooliee IByX MHTEPBAJIOB MOCTOSHCTBA, TAK

kak uHeiHas pyHknus (C,K — KCit) menser 3Hak He Gosiee 0JJHOTO pasa.

Jlnst moctpoenmst kpusbix X(t) 1 X(t) B crcTeme BoCIIONb3yeMCs METOOM «CITMBAHMS»
pELIeHMI.

Paccmotpum | yuactok, Ha kotopom U = -U . ; a 3HauuT

ki=-U_;
Umax

K =——m
k

Beipaxcaem X(t), X(t) :

t

X(t)zj—UT”‘athz—

U

lr(”axt+C3;

[ u U
x(t) = {——m‘”‘t+C }dt:—ﬂtz +C,t+C,.
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C y4eToM YHCIICHHBIX 3HAUCHUM

X(t) =-t+Cy;
x(t) =-0.5t> +C,t +C,.

I/ICXOI[H K3 Ha4YaJIbHBIX YCJ'IOBI/II‘/'I, MOKHO 3aIliucCaThb:

X(0)=-0+C, =2
x(0) =-0.5-0° +C,-0+C, =6.
Otkyna Haxogum K03puruerTsl C3 u Cy i C3=2u C4 = 6.

X(t)=—-t+2

Torna ypaBHeHust KpuBBIX X(t) u X(t) Ha | ygacTke mpuMyT BU/I:
P P © i PHMYT x(t) = —0.5t* + 2t + 6.

X(t,)=-t, +2

I[J'I}I MOMCHTA IICPCKIITOUYCHHA t= tl YPpaBHCHUS IPUMYT BUA!
x(t,) = —0.5t,> + 2t, +6.

Paccmorpum |l yuacrok, Ha kotopom U =U . ; a 3HAuuT

kKX =U ..
U

max

k
Beipaxkaem X(t), X(t) :

X =

v tLJI’TlaX Umax
x(t):j dt == (t-1,) + C;

4

LIy u
x(t) :j[$(t—tl)+cs}dt = SE(t-1)? + Gyt 1)+ C.
tl

C Y4€TOM YUCIICHHBIX 3HAYCHUI:

X(t) =(t-t)+Cy;
X(t) =0.5(t—t,)* +C.(t—t,) +C,.

I/ICXO)ISI U3 Ha4YaJIbHBIX YCJIOBI/Iﬁ B MOMCHT HEPEKIIIOYCHUA, MOKHO 3aIlliCaTh:

X(t1) = (tl _tl) + Cs;
x(t,) =0.5(t, —t,)* +C(t, -t,) + C,.

X(t,) =-t, +2

quTLIBaH, 4YTO B KOHIEC IICPBOI'0 YUaCTKa 2
x(t,) =-0.5t," + 2t, +6;

naxomum kodhummentsr Cs = —t, +2;C, = —0.5t,° +2t, +86.

x)=(@t-t)-t, +2;
Torna ) )
x(t) =0.5(t—t,)° +(2—-t)(t—t,)—0.5t," + 2t, +6.
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X(t) =t—2t, +2;
X(t) = 0.5t —tt, + 0.5t7 + 2t — 2t, —tt, +t> —0.5t,° + 2t, + 6 = 0.5t> — 2tt, + 2t +t +6.
X(t) =t—2t, +2;

Vpaeuenust kpuBbix X(t) 1 X(1) ma Il yuactke nmpumyT Bu:
P P O X(t) o prvyt {x(t):0.5t2—2ttl+2t+tf+6.

Jlns MoMeHTa BpeMeHH t; = T, COOTBETCTBYIOIIEMY IPUXOY CUCTEMbI B KOHEYHOE CO-
crosaue X(T) =0, %(T) =0, ypasuenus kpusbix X(t) u X(t) mpumyr Bux:
X(t,)=t,-2t, +2=0;
{x(tz) =0.5t5 - 2t,t, +2t, +t7 +6=0.
U3 mepBoro ypaBHEHHsI CUCTEMBI BhIpa3uM t, =2t —2. [loxcTaBuM ero Bo BTOpOe ypaBHEHHE

CHUCTCMBI 1 HOJIy‘II/IMI

X(t,) =0.5(2t, —2)* —2(2t, - 2)t, +2(2t, —2) +t> +6 =27 —4t, +2—4t7 +4t, +4t, —4+t7 +6 =
=—t2 +4t, +4=0.
Otkyna Haigém ty:

t; —4t, —4=0;

4+./42 —4.1.(-4)
t, = X
2
t,, =4.83
t,, =—0.83.

Kopens ypasuenus t,, = —0.83, uckimoyaerca U3 pacyeToB, Kak MUMEIOMIUK Pa3MEPHOCTh Bpe-

MEHH, II09TOMY npuHuMaeM t, =t,, = 4,83.
Tormat, =2t, -2=2-483-2=7,66.

Bripaxkenue 111 KoopauHAT OBUXKEHHsS cucTembl Ha |l ydacTke ympaBieHus ¢ yuyétom

3HAa4YeHUII MOMEHTOB MEPCKIIOYCHUA ITPUMET BU !
X(t)=t-2-483+2;
X(t) = 0.5t> — 2t -4.83+ 2t + 4,83 +6;

X(t) =t —7,66;
X(t) = 0.5t — 7.66t + 29,33.

TakuM 06pa3oM, MoxKHO 3amucath ypasuerus kpusbix X(t) n X(t) :

X(t) =t —7,66;
x(t) = 0.5t — 7.66t + 29,33.

X(t)=—t+2

Ha |l ygactke
X(t) = —0.5t% + 2t + 6; 7 {

Ha | ygacTke {

Ha ocHOBaHuM 3THX ypaBHEHUI CTPOMM KpHBBIE ONTHUMAJIbHBIX YIIPABICHUN B cucrteMe (pucy-

HOK 3.2).

93



-5
Pucynok 3.2 — I'pacduku kpuBsix yrnpasienus U(t), koopaunar X(t) u X(t)

Jlnst ocTpoeHust hasoBBIX TPACKTOPHiA MCKII0UNM u3 ypaBHeruil msimkerns X(t) u X(t) apry-

MEHT BPEMEHH U TIOIYYHM:
X(t)=—-t+2

Ha | ygacTke )
X(t) =-0.5t° + 2t + 6;

U3 MIEPBOT0 ypaBHEHUs BbIpasum : t =2 —X(t).

Torna BTOpoe ypaBHEHUE IPUMET BUI:

X(t) =-0.5(2 - X(t))* +2- (2— X(t)) + 6 = =2+ 2xX(t) — 0.5%(t)* + 4 — 2X(t) + 6 = 8 —0.5X(t)°.

KoopaunaTs! Touku B MOMEHT nepexuttodenus t, = 4,83 Haiinyrcs U3 ypaBHEHUH

X(t,) =—-4,83+2=-283,
X(t,) =-11,66 +9,66 + 6 = 4
u OyayT paBHbI M(4;-2,83).
X(t) =t—7,66;
Ha || ygacTtke )
x(t) = 0.5t° — 7.66t + 29,33,
U3 TMIEPBOTO YpaBHEHUs BbIpasuM : t = 7.66 + X(t) .

Torma BTOpPOC YPaBHCHUC ITPUMCET BUI:

X(t) = 0.5(7.66 + X(t))? — 7.66(7.66 + X(t)) + 29.33 = 29.34 + 7.66X(t) + 0,5X(t)® — 58,67 — 7.66X(t) +
+29.33 = 0,5%(t)2.

KoopanHaTsl Toukr B MOMEHT nepexitouenus t; = 7= 7,66 Haiimyrcs U3 ypaBHEHUH
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X(t,) = 7,66 —7.66 = 0
X(t,) =0.5-7,66> —7,66-7,66+29.33 =0

u Oynyt paBabl M3(0;0). ®a30Bbie TpaekTopHH NMOKa3aHbl HA pUCYHKE 3.3.

X'(t)

3

x(t}

Pucynok 3.3 — ®a3oBbic Tpackropun u3meHenus koopauar X(t), X(t) oobekra

3agaum AJ1sl CAMOCTOSITEILHOIO peeHust

1. HCHOJ’IIBYH IMPUHIIUIT MAKCUMYyMa IJId O6’beKTa, OIMMCBIBACMOI'0 YPABHCHUCM kX =u , onpeac-

JINTH AJITOPUTM 00BeKTa YIIpaBJICHHA, KOTOpBIfI obecnieuynBaeT epeBoa 00BEKTa U3 HAYAIILHOTO

COCTOSAHHUA

X(t,) = X,.X(t,) = X

» B xoneunoe cocrosume X(t, ) =X, X(f,) =X 3a munnmansHOe

BpEMs T. Ha YIIpaBJIAOIICE BO3JCHCTBUE HAI0XKEHO OIrpaHHUYCHUC |U| < Umax . OnpeneJme qucC-

JI0 TIepeKITIoUeHN 1 MOMeHTHI nepekimodeHuid. [Toctpouts kpusbie ynpasnenust U(t), koopau-

Hat X(t) u X(t) u dhazoByro TpaekTopHIO M3MEHEeHUs kKoopauHar X(t), X(t) oObekTa.

Hcxonnple qaHHBIC TPUBEIEHBI B Tabuie 1:

Ne Bapu- HavansHble ycnoBus [TapameTpsl cucTemsl
aHTa x(0)=x10 | ¥0)=x0 | x(T)=x11 | ¥(T) =xn k U

1 0 0 2 0 2 2

2 1 2 0 0 2 -2

3 0 0 3 1 3 4

4 3 1 0 0 3 -4

5 0 2 5 0 4 5

6 0 3) 0 0 4 -5

7 1 0 4 0 5 6

8 0 6 2 0 5 -6

9 0 3 5 0 6 7

10 5 0 0 0 6 -/

11 0 0 7 0 7 8

12 0 7 7 0 7 -8

13 0 1 7 0 2 8

14 3 1 0 0 2 -8
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15 0 0 10 0 4 15
16 10 0 0 0 4 -15
17 0 0 4 0 3 3
18 4 0 0 0 3 -3
19 0 0 12 1 4 2
20 0 0 15 0 6 2
21 11 0 0 0 6 -2
22 0 0 10 0 3 5
23 10 5 0 0 3 -5
24 0 0 6 1 2 7
25 6 0 0 1 2 -7
26 0 0 13 0 5 6
27 13 5 0 0 5 -6
28 0 0 17 0 2 2
29 17 7 0 0 2 -2
30 0 0 8 0 2 10
31 8 0 0 0 2 -10
32 0 0 9 3 4 11
33 9 3 0 0 4 -11
34 4 7 0 0 1 -9
35 0 0 15 5 3 8
[Tponomxenne Tadmuisr 1
Ne Bapu- HauanbHble ycaoBus ITapameTpbl CHCTEMBI
aHTa x(0) = x10 x/(O) = X9 x(T) = x11 x/(T) =Xy k U
36 15 5 0 0 3 -8
37 0 0 18 0 10 5
38 0 0 10 1 2 10
39 10 1 0 0 2 -10
40 0 0 19 0 12 20
41 19 0 0 0 12 -20
42 0 0 16 1 4 10
43 16 1 0 0 4 -10
44 0 0 11 1 2 11
45 11 1 0 0 2 -11

Homep BapuaHTa BBIOMpaeTcs MO BETUYMHE CYMMBI MOCIEIHHMX Tpex Ludp mudpa 3a-

YEeTHOW KHMXKKH CTyJeHTa (Hampumep, TpU HocieqHue uudpbl 525, cieqoBaTelibHO, UX CyMMa

paBHa 12, 3HAYUT B 3TOM Cllydae HEOOXOAMMO B35Th IaHHbBIE JIUIsl BapraHTa Nel2).

4 PEIIIEHHE THHEHHOH 3AJAYH OIITUMAJIbHOI' O YITPABJIEHHUA METOJOM
AHHAMHUYECKOI' O IIPOI'PAMMHUPOBAHHUA

MeTon AMHAMHYECKOTO MPOrpaMMHUpPOBaHUs ObUT pa3paboTaH MOYTH OJHOBPEMEHHO C

OMyOJIMKOBaHWEM IPUHIMIIA MakcMMyMma. B ocHOBe MeTo/a TMHAMUYECKOT0 MPOrpaMMUpPOBa-

HUS JIOKUT OPUHIMI ONTUMANbHOCTH, copmyiupoBaHHbI bemnmanom. CoriacHo 3ToMy
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MPUHIINITY, ONITUMAIbHOE YIPABIEHUE OMpPENENIeTCd KOHEUHON LEeIbl0 YIpaBIeHUS U COCTOS-
HUEM CHCTEMBl B pacCMaTpHUBAaEMbli MOMEHT BPEMEHH, HE3aBHCHMO OT TOTO, KAKHMM 00pa3om
CUCTEMa MPULLIA B 3TO COCTOAHKUE. TakuM 00pa3oM, Oyayliee ONTUMaIbHOE yIIpaBJIeHHUE HE 3a-
BUCHUT OT €ro MPebICTOPUU. ITO 3HAUYMT, YTO JHOOON KOHEUHBIH y4acTok (0T JIt000il mpoMexy-
TOYHOI TOYKH /10 KOHIIA) ONITUMAIbHON TPAEKTOPUHU SIBIISIETCS TOXKE ONTUMAIIbHOM TpaeKTOpUEH.

3ajadeil ONTHMU3AIAN CIMTACTCS OIPEIeIeHIe ONTUMAnbHEX yrpasnennii U%(t) i Tpa-

exropuit X°(t) U3 ycnoBust MHHEMYMa (MakCHMyMa) (YHKIIHOHAIIA
T
J =j fo(t, X,u)dt; T =t (4.1)
tH

JUTS 33]JaHHBIX YPABHEHUH COCTOSHHSI 00BEKTa

X = AX +Bu = f(t, X,u), (4.2)
a TaK)Ke HavaJbHBIX M KOHCUHBIX (uKcupoBaHHbIX 3HaueHud X(t,) u X(T) u unrepanat, <t <T
npu Hanmu4yuu orpannyenuii Buna X (t) € G, n U(t) € G,. 3necy Gx u Gy — 3ajaHHbIe AOMYyCTH-
MBbI€ 00JIACTH 11 KOOPAWHAT COCTOSIHUS Y YIIPABJICHUH.

[Ipu sTOM BBOAMTCS BcriomoraTenbHas GyHkuus bemimana:
T
S(t', X) = nLin[I f,(t, X, u)dt]. (4.3)
!

Munumym ¢ysakiuonana (4.1) npu ycnoBusix (4.2) 3aBUCUT OT MOMEHTa BpEMEHU t'+4t,

3HaYeHHus X At 1 KOHCYHOI'O MOMCHTA BPEMCHU T:

S(t'+ALT, X ) = min[ ].F(t,x,u)dt], (4.4)

t'+At
/ o o I+l .
rae t+At — npou3BoIbHBIN IPOMEXYTOUHBI MOMEHT BpeMeHH B MHTepBaie I< t'+At<T,;

X, = X(t")+AX — BeKTOp KOOPIHHAT COCTOSIHUSI B MOMEHT BPEMEHH t'+At.

[Iycts - (buKCHpPOBaHHBII MOMEHT BpeMeHH, Al — Manoe MOJIOKUTEIHHOE YHCIO

(' <t'+At<T). Torma c yuerom (6.4) BcriomorarenbHast GyHKIHS

t'+At T
St X) =min[ [ f,(t, X,u)dt+ [ fy(t, X,u)dt]=
)

t'+At

(4.5)

t'+At

= min[ j fo(t, X, u)dt +S(t'+At, T, X ).
:

[lepBoe ciaraemoe B mpaBoiil yacTu BbIpakeHUs (4.5) ¢ TOUHOCTBIO 10 MaJbIX BETUYUH

0oJiee BHICOKOTO MOpsiiKa, 4eM At, MOKHO 3aMEHUTh NPUOIMKEHHBIM 3HAYEHUEM

t'+At

j f (t, X, u)dt = f,(t, X, u)At. (4.6)
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Bropoe ciaraemoe B mpaBoii yactu BeIpaxkeHUs (4.5), onmpenenstoiniee 3HadyeHue QyHK-
mn S(t'+At, X + AX) st moGoro MomenTa BpeMenu t+At, pasnoxum B psia Teittopa. Orpa-
HUYMBAsCh JIMHCWHBIMU WICHAMH OTHOCHTEIBHO MpHpaineHuid AX; 1 At u nepexozst K mpezeny,
3aMEHUM 3TO cllaraeMoe MpUOIMKEHHBIM 3HaueHueM, ecii GyHkims S(t, X) uMeer HenpephiB-
HbIC YaCTHBIC TPOM3BOHBIC 110 BceM t 1 Xi(t):

S(t+At, X + AX) = S(t, X)+Za—Ax %At
X

4.7

= S(t, X)-{ §%+§}At

= ox, dt ot
Ha ocnoBanuu (4.5), (4.6) u (4.7) 3anumiem:
. " oS dx.  OS
S(t, X) =min{f,(t, X,u)At + S(t, X) + ——+— |At},
(t, X) = min{ f, (t, X ,u)At+ S(t, X) {ax o at} }
OTKy/Ia Tocyie JenieHusl Ha At Bcex WiICHOB | nepexoja K npeneny npu At —0 monyuum Hemu-

HEHHOE ,HI/I(I)(bepeHI_II/IaJ'IBHOG YpaBHCHHC bennMana B 4acTHBIX MMPpOU3BOAHBIX OTHOCHUTCIIbHO HC-

u3BectHor pyHKImK S(t, X):
mingf, (6 X0 + 32 1,6, X,u) + =0 (48)
u i1 OX; ot

IpU YCIOBUSX

X () = fi(t, X, u);
(4.9
Xt)eG,, Ut)eG,, t <t<T.
OnrumansHoe yipasienne U'(t) Haiinem B pesyibrate pemenns ypasenus (4.8). Ecin

KoopanHara ympasienus: orpanndeHa U (t) € G, To aist BHyTpeHHel TOYKH o0acTu, onpene-
asieMoit MHOXecTBOM G, ycroBue (4.8) MOXHO 3aMEHHTH (DyHKIIMOHAIBHBIMHA YPAaBHEHUSMH B

YaCTHBIX IPOU3BOJHBIX:

f,(t, X, u)+2—f(tx u) + ; 0;

(4.10)
(f (t, X u)+2—f (t, X U)J

0S
Ecnu S He 3aBUCHT SIBHO OT BPEMEHH, TO r =0. B aToM ciy4ae npu peuieHun ypaBHe-

Huii (4.10) i kBagpaTudHbix GyHkimi f(...) pyrkmmonana (6.1) ut,=0; t,=T =0 A. M. Jle-
TOBBIM IPEJIOKEHO MCKAaTh BCIIOMOTATEIbHYIO (DYHKIMIO B BHJEC KBaApaTU4HOU (hopMbI aud-

(bepeHIpyeMoii o BceM KOOPIHMHATAM X;:
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S(X) = Zn:ijixj. (4.11)

i,j-1

Jlns nuHeHHBIX 00bekTOB (yHKIMS S(X) siBisercs ¢yHkumein JlsmyHoBa mpu t —oo. B
pesynbTate pemeHus (4.10) ¢ yuerom (4.11) HalimeM onTUMalbHOE yIIpaBieHHUE B (PYHKIIUU KO-
opauHat Bektopa cocrosiust UY(X), KoTopoe o6ecreunBaeT yeToiunBbIe IPOLECCHL.

Takum 00pazoMm, CHHTE3 ONTHUMAIBHOTO YIPABJICHUS METOJAOM TUHAMHYECKOTrO IMpO-
IPaMMHPOBAHUS BEICTCS B CICIYIOIIEM ITOPSIKE:

1) U3 ycinoBUsl paBEHCTBA YaCTHBIX MPOU3BOIHBIX 10 KOMIIOHEHTAM BEKTOpa YIIPABJICHHS
ornpenensercs nomyctuMbiii Bekrop U*(S);

2) ucnonb3ys 3aBucuMocTb U*(S), pemraercs ypaBHeHue bennimana npu 3aaHHBIX Kpae-
BBIX yCJIOBHSX H onpeaensercs Gyakius S(X). Pernenue mis S 00bIYHO MIETCS B BUE KBaapa-
THYHOH (OPMBI:

S=X"-A-X,

rac A— CUMMCTpPUYHAs MaTpuia.

8, a,
a12 a22

3) ucnonb3ys pyuakmuio S(X), momayuaem 3aBucumocts U(X).

X

2 2.
X :an&'+2amﬁxf+anxw
2

S= (X1X2)

HpnMep. OnpenennTb ONITUMAJIbHOC  YIIPABJICHUC 06’BCKTOM, 3aIaHHBIM  YPABHCHUCM

Ty()+y(t) =kU(t) mm  X=ay,x +bu,, rne T u kK — mocrosiHHas BpeMeHU U KOIDPUIHEHT

ycuneHus — oOBbEeKTa a, = —?; b, = T U3  YCIOBHA ~ MHHMMyMa  (yHKIMOHaja

J = I[qle +1u/ldt, rne g, > 0,1, >0 — BecoBble KOdPPHUITHEHTHL.
0
BcnomorarenbHyto (pyHKIHIO 3aJaJIUM B BUJIE
2
S(X) =Ax .
Jns maHHOTO cioydyas Ha ocHoBaHMM (4.10) 3amuieM (YHKIMOHAIBHBIE YpaBHEHUS

bennmana:

0, % + U’ +(ayx, +byu,)aS/ox, =0;
2ru, +b,0S /ox, =0,

OTKyZa
uy (t) = b, /(2r,)10S / o,
i ¢ yaetom S(X)

u°(t) = by /(2R)]A X (1) = K, Y (D),
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rne ko.c = _AtlbO/rl'
Jnst onpenenenust K, . Halizem nmponsBogHyro OS/OX, M MOACTaBUM B IIEPBOE ypaBHe-

HUe cucteMbl bemmana:

qu12 + (bg / rl) A121X12 + 26‘0'0‘11)(12 - 2(b02 / rl) Ai21X12 =0,

NI

bgAfl - 2a0r1A11 —qh = 0,

OTKyJa

A, =[r(a, £+/a; +byg, /1,)1/b;.

[ToncraBuB 3HaueHue A, B BEIpaxeHHE I K, ., TIOIyYUM BBIPAKEHUE

0.c?

ko.c :(_ao _\/ag +b02q1/r1)/bo-

5. PEHIEHUE 34/TAYU AHAJTUTHYECKOI'O KOHCTPYUPOBAHHUA PETI'YJIATOPOB
METO/IOM JTHHAMHYECKOI O IIPOI'PAMMHPOBAHHA

Cy1ecTByeT TpaJULIMOHHAS CXEMa CUHTE3a CUCTEM PEryJIUpPOBaHUs, COINIACHO KOTOPOH,
uMesi ypaBHeHue oObekTa ynpasieHus (OY) u nokasarenu KayecTBa peryjinpoBaHus (Bpems pe-
TYJIMpPOBaHUs, NepeperyInpoBaHue) Beioupaercs perynsatop. Eciau nmpu BeIOpaHHOM peryisitope
HE Y/I0BJIETBOPSIETCS 3a/laHHOE Ka4eCTBO, TO CHHTE3UPYIOTCS KOppeKTHpYyolue 1enu. B Beidope
KOPPEKTHPYIOLINX LIeNei COOCTBEHHO U COCTOSUI CUHTE3 CUCTEMBI perynupoBanus. Jlannas cxe-
Ma CHUHTE3a MoJIy4ria OOJIbIIOE pacpOCTPAHEHHUE, @ METObl CUHTE3a HENPEPHIBHO COBEPLICH-
cTBy10TCs. Ha ocHOBE pe3yibTaToB 3TOr0 METO/a CKOHCTPYHPOBAHBI M BBIITYCKAOTCS TPOMBIIII-
JIEHHBIE PEryisaTopsl ¢ paznuunbiMu 3akoHamu (11, TTH, ITU/] u T. 1.). MeToauka cuHTe3a pac-
IIPOCTPAHAETCS Ha JIMHEHHBIC, HEIMHEWHBIE CHUCTEMBI, CUCTEMbI C 3ala3JblBAaHUEM, CHUCTEMBI,
MO/ABEPraBIINECs JEHCTBUIO CIIyYallHbIX BO3MYIIAIOIINAX BO3ICHCTBUM.

OpHaxko MOSIBWIIMCH HOBBIE MJIEU, KOTOPbIE MO3BOJISIIOT MO-APYroMy MOJOWTH K 3adaue
CHHTE3a CHUCTeM. DTU UeUu OPOPMHIUCH B TEOPUU AHAIUTHYECKOTO KOHCTPYUPOBAHHS OIITH-
MalbHBIX  peryisaTopoB (AKOP). CymHocTh ee COCTOMT B TOM, YTO 3aKOH M3MEHEHHs YIpaB-
JSI€EMOW KOOPAMHATHI M YIPABJISIOUIETO BO3ICHCTBUS 33/1a€TCS AaHAJTUTHUYECKU B BHJIE HEKOTOPO-

ro ¢yukunonaga J(X,U), KOTOPbI HY)KHO MHHHMH3HPOBAThH MMOJAOOPOM YIPABIISIONIETO BO3-
nevictBus. 3Hast anroputm ynpasienus U (t) mwiu U (X) , KOHCTpYHPYIOT peryisTop.

[TycTh 00BEKT yIrpaBieHUs PeICTaBIeH HOPMAIBbHOM CUCTEMOM ypaBHEHHH
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dx,
— =X ’
dt 2
dx,

E =aq, X +a, X, +U.

(5.1)

[Ipumem kputepuii ONTUMAIILHOCTH B BUJIE:
J(U) = [ (A +0,%} +u?)dt . (5.2)
0

TpeOyercs onpenenutsb 3akon u3meneHus U = f(X1,X2).
CocraBuM QyHKIMOHATIBHBIE ypaBHeHUs bemvana:

) ) ) oS oS Y
0, X +0,X; +U +xza—+(a1x1+a2x2+u)—_ :
Xl X2

(5.3)

2u+——=0.
0X,

Omnpepenum U U3 BTOPOTO ypaBHEHHS CUCTEMBI (5.3):

10S

u=—--—.
2 ox, (5.4)

UYroObl ompenenuTh 3aKOH HM3MEHEHHs U Kak (YHKUUU KOOPAMHAT Xj, HY)KHO HailTu
dynkimro S. [ToactaBuM B epBoe ypaBHEHUE CHCTEMBI (5.3) BeipaxkeHue s U u3 (5.4):

2
oS oS 1( &S
X2+ QX2+ X, — + (A X +a,X,)— == — | . 55
ql 1 q2 2 28Xl ( 1M 2 2)6X2 4(8X2J ( )

[Tonyynm HenuHelHOe nuQdepeHIraIbHOe ypaBHEHHE B YAaCTHBIX MPOM3BOJAHBIX. Jlis
JMHEHHBIX OOBEKTOB YNPABJICHUS W KBaJpPAaTHYHBIX KPUTEPUEB ONTHUMAIBHOCTH (QYHKIUSA S
IpPEICTaBIseT COOOM MOJI0KUTENBHO ONPEACICHHYIO KBaApaTUUHYO (hOpMy BUIA

— 2 2
S = AuXy +2A,X X, + AyX;.

Jlnst onipenenennst KO3GGUIMEHTOB 3TOM (HOPMBI COCTABUM CIIETYFOITYIO CHCTEMY::

0S

87 = 2A11X1 + 2A12X2;

asl (5.6)
& = 2A12X1 + 2Azzxz-

0S
IToncraBum x B (5.5) u, mpupaBHAB HYMO KO3((UIMEHTHI NMPH COOTBETCTBYIOLIMX
X

CTETEHSIX X1, X2, COCTAaBUM alreOpandecKkue ypaBHeHUs 1s A11, A1p M Aop:
g, + 2a1A12 - A122 =0;
q, + 2A12 + 2a2 Azz - A222 =0; (5-7)
2R, +2a) A, + 28, A, = 2A,A,, =0.
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N3 cuctemsr (5.7) onpenenum

A,=a 8 +q;;
A‘zzzazi\/a22+q2+2'6’12;

As=2 (20h, - 28,8, 4 2A,A,).

N3 Bo3MOXHBIX pemieHUd A11, A12 U Az2 BRIOUpPAEM TOJIBKO TMOJIOKUTEIBHBIC 3HAYCHUS,
TaK Kak JJIs MOJYYCHHUS YCTOMUMBOTO peIIeHus GYHKIHS S TOJKHA OBITh MMOJIOKHUTEIBHO OIpe-

neneHHou. 3Hast A1y, A1z u Ay, ONIpeAeIisieM 3aKOH yIPaBIICHUS

1 0S 1 2
U=———-=—(2A.X%, +2A X,) = X
2 axz 2( A12 1 A22 2) ; pl i (58)

B orinuune oT Kj1accMuecKOro BapualMoOHHOIO CUYHMCIEHUS U MPUHIMIIA MaKCUMyMa Me-
TOJA JUHAMUYECKOIO MPOrpPaMMHPOBAHUS IO3BOJSET MOJYYUTh PEIICHHE Cpa3y B 3aMKHYTOU
dopme, To ecthb B Buae U =f(X;), uTo ABISETCS €ro JOCTOMHCTBOM.

OnHako MPUMEHEHHUE 3TOT0 METOa Takxke TpeOyeT O0IbIoro 00beMa BEIUMCICHUH, CBSI-
3aHHBIX C PEIICHHEM CHCTEMBI alnreOpandecKuX ypaBHEHHUU ISl OnpeaeseHus] K03 (UIIMEHTOB
Ajj xBazpatuuHOi GopMbl S. B aHanuTHUecKOM BHUE 3TO HE BCErAa BO3MOXKHO CIeNaTb U IO-
3TOMY IIPUXOAUTCS IPUMEHATh METOA oJ00pa 3HaueHUH Ajj.

PaCCMOTpeHHOC BBIIIC PCIICHUC CIIPABCJIMBO TOJILKO JJIA JIMHEMHBIX CUCTEM IIpu OTCYyT-

CTBUM OTPaHUYCHHUS HA YIIPABJICHUE |u| <U, .. Pemenne B HeMMHEIHOM 007IacTH NPH HATTMYUA

OTpaHUYECHUS |u| <U, ., CBA3aHO C OOJBIINMH TPYAHOCTSIMH, TaK KaK IPH 3TOM TpedyeTcs mpo-

ax

W3BOJUTH pelieHne JUPpPepeHnaIbHOr0 ypaBHEHNS B YACTHBIX TPOU3BOIHBIX.

HpnMep 5. OHpCIleJ'II/ITB OINITUMAJILHOC  YIIPABJICHUC O6’beKTOM, 3aJaHHbIM YpPAaBHCHUCM

IA‘
X+ X+X=U wu3 ycnoBust MUHUMyMa (QpyHKIIMOHaNA J = J-[X2 + uz]dt C IIOMOIIBK0 METO/A JIH-
t

H

HAaMHUYECKOI0 MPOrpaMMHUPOBAHHUS.
Pemenue:
IIpou3BoauM 3aMeHY ITEPEMEHHOM:
X=X
X, = X,
X, =X =U—-X, = X,.
CocraBuM QyHKIIMOHATBHOE YpaBHeHUEe bemmmana:
0S

X2 +u’ + B f+—1f,=0;
X, OX,
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rre f,=%;f,=u—-%X, —X,.

Torpaa ypaBHenus benmnmana npumer BUI:

X7 +u? +§x2 +§(u—x2 %) =0;
aXl 2
2u+£=0;
0oX,
orkyma u=—= 2
Y 20X,

HOIICTaBI/IM JaHHOC 3HAYCHHEC B YPAaBHCHUC bennmana u MMOJIy4HM:

2
Xlz{_lﬁ] L8, L 81 o

2 0OX, 0X, oX, 20X,

, 1(es) es  1(es) s oS
X+ — | +—X, == — | =X, — =X — =0;
41 0ox, 0%, 2\ ox, oX, 0oX,

, 1(as) &S S 85
X -S| =—| +=—X,—X, — —X, — =0.
4\ oX, OX, OX, OX,

Bamamum GyHkumo S B Buge: S =a,, X +2a,,% X, +a,,X;, Toraa

&) =2a,,X +28,,X,;

1

S 2a,,X; +28,,X,.

2

[ToncraBuM >TH BeIpaskeHUs B ypaBHeHHe bemmana:
1

2 2 .
X2 — Z(Zalle +28,,X, ) + X, (28,,%, +28,,X,) — X, (2a,,X, + 28,,X,) — X, (28,,%, + 28,,X,) =0;

2 2,2 2 2 2 2 2
Xy —anX, +28,8,X X, +85,X; + 28, XX, +28,,X; —28,,X,X, —28,,X; —28,,X; —28,,XX, =0.
B pesynbrare mpeoOpa3oBaHus, MOITYIHM:

2 2 2 2
X; 1—ap, —2a;,) + XX, (28,85, +2a,, —2a,, —2a,,) + X; (a3, + 2a,, — 2a,,) = 0.
Ha OCHOBAHHHU O>TOI'O ypaBHeHI/IH COCTaBJIsIEM CI/ICTeMy ypaBHeHHﬁ:

1-a’ -2a,=0;
2a,,a,, +2a,, —2a,, —2a,, =0;
aZ, +2a,, —2a,, =0.

Perrenue cuctemsr B mporpamme MathCAD umeer Bu:
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al2:=1
a22:=1
Given

1-a12° —2a12=0
2212 - a22 + 2all — 2a12 — 2a22 = C

a222 + 2al2 — 2a22 =0

0.414
Find(al2,a22,all) = | 0.586
0.757
a,, =0.757;
CnenoBarenbHO, KOOGGUIHUEHTHI a11, A1z, d22 OyNyT paBHbI :§a,, = 0.414;
a,, = 0.586;

3aK0H ONTHMAILHOTO YIIpaBJICHUA 00BEKTOM Hagem u3 YPaBHCHUA.
10S 1

u= _E_axz = _E(Zalle + Zazzxz) = —a8p,X; —8yX;.

HOI[CTaBJ'I}I}I YU CJICHHBIC 3HAUCHU S, ITOJTYUUM:
u =-0.414x, —0.586x,

WIH
u=-0.414x —0.586x.

Taxum o6pa3om, nosydyeH IpONOPLUUOHATBLHO-IU(PGEepEHIINATBHBINA 3aKOH yIIPaBICHHUS.
3agaum 118 CaMOCTOSITEJILHOTO PeLICHH S

1. OnpenenuTh ONTUMATIBHOE YIIPaBICHUE 00BEKTOM, 3a/IaHHBIM ypaBHeHHeM aX+bx+cx=U

IA‘
U3 YCIIOBUS MUHHMMyMa (yHKIHOHana J = HXZ +u2]dt C MOMOIIBK METOJA JUHAMHUYECKOIO
t

H

POTPaMMHUPOBAHMUSL.

Koa¢ppunmentsr ¢ u b BeiOuparorcs mo nocneaneil nudpe mudpa 3a4eTHONH KHIKKH CTYACHTA
(ecnu mocneanss mudpa 3aueTHo KHIKKH «0», To a = 1, b = 1); koadduument ¢ BeIOMpacTCs
1o TmocyiegHed mudpe CyMMBbI TTOCIEIHUX TpeX Mudp mudpa 3a4eTHON KHIKKH CTyJeHTa (Ha-
npuMep, TpH nocienHue mudpsl 765, ciegoBaTenbHO, X CyMMa paBHa 18, 3HAYUT B 3TOM CIly-

yae He0OXO0IMMO B3SITh B KauecTBe KOd((HUIIMEHTA ¢ 3HAUCHHE «8)).

104



tK
2. Pemmth npeasiaymnyto 3aaaqy, eciiv pyHKIIMOHAI UMEeT BUI J = J.[X2 + %% +u? ]dt .
tH

6. CHHTE3 OIITHMAJIBHOT O YIIPABJIEHHA B CTAIIHOHAPHBIX IMHEHHBIX
CUCTEMAX C lIOMOLbIO YPABHEHHUA PUKKATH

VYpaBHeHUE TBUKEHUS CUCTEMbI UMEET BU/I;
X = AX +BU, (6.1)
rae A u B — mocTosiHHbIE MATPUIIBIL.
Ecim 310 ypaBHeHWE 3alaHO B MpUPANICHUSX, TO OYJIET BBIMOJHITHCS YCIOBHE:
X(o0)=0.
Tpebyercst HaliTH 3aKOH PEryIUPOBAHUS ISl CHCTEMBI C 00paTHOM CBS3bI0, IPH KOTOPOM
3aMKHYyTasi cucteMa OyJeT aCUMIITOTHYECKH YCTOWuMBa, M OyJIeT MPUHUMATh MUHUMYM CIle-

JIYIOLIUN KPUTEPUM YIIPaBICHUS:

t,—>o

J= [[x"Qx+uTRUt, 6.2)

tH
e Q, R — MOJI0XKHUTEIBHO OIMPEACIICHHBIC CUMMCETPUYHBIC ITOCTOAHHBIC MATPHUILIBI.
Samumem CUCTEMY METOJO0M JUHAMHWYCCKOI'0 IIpOrpaMMHUPOBaHUA:

X'TQX +UTRU +@[Ax +Bu]:—§;
X at

(6.3)
2UTR +§ B=0.
OX

HckmrounmM 13 TIepBOTO ypaBHEHHUS CUCTEMBI (6.3) mapameTp ympaBlICHHS, HCIIONb3Ys

MMOACTAaHOBKY:

U=-1rp {é}T : (6.4)
2 oX
Oynknuo bennvana Oyiem UCKaTh B CIASAYIONMIEM BHJC:
S=X"KX. (6.5)
Brrauciisist yacTHBIE TPOU3BOIHBIE OT S 10 mapaMeTpaM X U t, ¥ MOJICTaBIIsAsA UX B TIEPBOE

ypaBHeHHUe cucteMbl bemmana (6.3), moydnm anredpandeckoe ypaBHeHue PukkaTu:

—KA-AK +KBR'B'K -Q =0. (6.6)

B o6mem Buge 310 ypaBHeHHE OYyJET MMETh MHOXKECTBO pelieHui. BeiOop HYXHOTO M3

HUX BBIITOJHACTCA U3 YCIIOBUSA MMOJI0KUTEITLHOM MaTpulbl K:
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K, K, K,...K (6.7)

K,..K

K, >0; >0; "l>0.

21 22 nn
Ecnu cucrema aBisieTcss aCUMITOTUYECKH YCTOMYMBOM U IIpU t—00 Heynpasisiemass Co-
cTaBisionias (a3oBOro BEKTOpA CTPEMUTCS K HYJIO, TO ONTHMAalbHOE yIpaBieHUE OyIeT siB-
JAThCA TOJBKO (PyHKIMEN (a30BbIX KOOPAMHAT:
U*=-R'B"KX. (6.8)
PaccMoTpuM mpuMephl ONTHMHU3ALUN TUMIOBBIX OOBEKTOB BTOPOTO IMOPSIAKA M3 YCIOBHS

MUHHMYMa KBapaTUYHOTO (DYHKIIMOHAJIA IPU I€TEPMUHUPOBAHHBIX CHUTHAJIAX.
Hpumep 1. Onpenenum yrnpasnenne U°(X), obecneunsaromee ONTUMATBHYIO CTAOHIIH-
3alH{I0 PEKUMOB PaOOTHI OJTHOMEPHOTO 00BEKTA, OMMMCHIBAEMOTO YPaBHEHUEM
y(t)=u, (6.9)
KOTOPOMY COOTBETCTBYIOT YPAaBHEHHS COCTOSHHUS
X = X5 X% =U; % (1) = y(b).
Kpaessie ycnoBus umerot Bug: X (0) = X,; X () = 0; koopauHaTa ynpaBlieHUS HE OT-

paHHU4YCHA.

qDYHKI_II/IOHaJ'I 0606H_IeHHOF0 CKaJIApHOTO KPpUTCPUA ONITUMAJIBHOCTH UMCCT BU:
_ 17 2 2 2
J _EJ‘(X1 +0,X%, +u°)dt, (6.10)
0

rne ¢, =1 =1.
JIs1st TaHHO# 3a7a4M B COOTBETCTBUH C YPaBHEHHSMH COCTOSIHUS U (yHKIOoHAIoM (6.10)

NMECM

1 0

, R=1. 6.11
0 g (6.11)

0 1 0
A= "} B=

0 0 _1" Q:‘

Ha ocHoBanuu (6.8) 3amuceiBaeM JTUHEWHBIH 3aKOH ONTHMAIBHOTO YIIPABICHHS:
u’(X)=-R'B'KX,
wi ¢ yaetom (6.10)

kl 1 klZ

k12 k22

%

2

UO(X) :_1'|O ]1 :_klle_kZZXZ' (6.12)

Kospdummentsr K, u K,, Haxomum w3 matpuyHoro ypaBHeHusi Pukkaru tumna (6.6),
yuursiBas, uto K (t) = K, K(t) =0:

|(11 k12 .
I(12 k22

kll klZ
k12 k22

0
1

kll k12
k12 k22

k, k
+ll 12

(6.13)
klZ k22

0 1] |0 O
0 01O

‘.|0 1.

[lepemHOXMB MaTpuLbl U3 ypaBHeHus (6.13), 3anmuiieM Tpu anredpandecKux ypaBHEHUS:

‘10
0 q,

oo
1o 0°
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k> —1=0;
— Ky +kky, =0; (6.14a)
— 2k, +kZ,—q, =0.

Pemnm stn ypaBHEeHMS:

ki = 2L Ky = KipKpp; Koy =£4/0, + 2K, . (6.146)
Tak kak wmarpuna K gomxHa OBITh TMOJOXKHUTEIBHO OIpPEACICHHONW, NPUHUMAEeM
ki, =+L K,, =+4/0, +2. IIpu 3TOM 3aKOH ONTUMAJBHOIO YIpaBJCHHs Ha OCHOBaHWH (6.12)
3aIMCBhIBAEM KaK
u*(X) =u(x, %) = =% =0, + 2%, = y —/q, +2 . (6.15)
Takum 00pa3oM, IS ONTUMAIEHOW CTA0MIIN3AIMH PEKUMOB O0OBEKTa B COOTBETCTBUH C

(6.15) HE0OXOIUMO MPUMEHHUTH OTPHUIIATSIBHYIO OOPaTHYIO CBS3b B BHJIE MApaUICIbHOTO CO-

eAMHEHUsT Oe3bIHEPIIMOHHOTO U AU PEepEeHIIMPYIOIIETO 3BEHbEB:

Koo (P) =1+/d, +2p. (6.16)

CrpykTypHasi cxema ONTHMAaJIbHOW IO TOYHOCTU CUCTEMBI B JAaHHOM ciydae (PUCYHOK

6.1) onpenenseTcs BIpaXCHUSIMH TiepenaTouHbIX QyHKIuit (6.9) u (6.16).

X 1 ¥

1+.)g, +2p [4—

Pucynok 6.1 — CTpykTypHas cxeMa ONTUMAaTbHOW CUCTEMBI

Jia  onTUManpHOM cTabmwinM3alMu peXUMOB paboThl Tpebyercs mnpumeHuts [1/1-
PETYIATOp, PU PeaTH3auyd KOTOPOTO HEOOXOAMMO HCIONB30BaTh MHU(PQPEPEHIINATOp U YCHITHU-
tesb. OJIHAKO pelIeHre 3a/1a4M ellle He 3aKOHUEHO: OIpe/esieHa TOJIbKO CTPYKTYpa peryisaropa
U HE OIpEJIEICHbI €r0 ONTUMAJIbHBIE TapaMEeTPhI, TOCKOJIBKY OBLIM MPOU3BOJIBHO MPHUHSTHI 3HA-
yeHust 0, =1, I, =1; 3HaueHus (, Noka BOoOILE HE 3a/1aHO.

B nanno#i (mpocreiimieit) 3amaue 1enecoo0pa3Ho pacCMOTPETh BIUSHUE BECOBOTO KO-
¢unuenTta @,, ONpeAesIOUEro «mTpady» 1o Npou3BoAHON (X, =Y ) B ¢pyHKHoHane (6.10), Ha
IPOIIECCHl B CUCTEMBI. J{JIs1 3TOTO 3amuiieM nepelaTouyHyko (yHKIMIO 3aMKHYTOH CHCTEMBbI

W (p) =1/(p* +4/a, +2p+1),

OTKY/1a MOJIyYUM XapaKTEPUCTUUECKOE YpaBHEHUE

p®+.0q, +2p+1=0. (6.17)
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[Tpon3sBeneM OLEHKY BIUSHUSA (, METOJOM KOpHeBoro rogorpada. Ha ocnoBanuu (6.17)
KOPHHU (I10JIFOCBI) ONTUMAJIbHON CUCTEMBI pacloylaraloTcs B TOUKax

p,, =-05,0,+2+0,5\q,-2. (6.18)

3aaBasick pa3IMYHBIMU 3HaUeHUSIMH () < (, <00, IIOCTPOMM KOPHEBOH roxorpad (pucyHox 6.2).

Ja
_+.j
@, gy=10
b g =1
gz =3 o gz =73 o
_2| El ) g2= _1 L D
3 gy =1
=10
& 42
— -7

Pucynok 6.2 — Kopresoii rogorpag
ITpu g, =0 xKOpHHU ABJIAIOTCS KOMIUIEKCHBIMH U PAcIioNIararoTcsl B TOUKaxX d.
P, =-05/2+j05vV2=0,+ jm.
IIpu g, =1 KOpHH TaKXKe SBISIOTCS KOMIUICKCHBIMH M PACIIONAraoTcs B TOUKax b:
P/, =-05J3% j05=0, + jo,.

N3 ycnoBus @ =0 HaxomuM 3HadeHHE (, = 2, IPH KOTOPOM KOPHHU SIBIISIFOTCS BEILIECT-
BCHHBIMH KpPaTHBIMH M paclojaraloTcs B Touke ¢ Ha ocu abcmuec [-1; jO], Tak kak
P/, =—1=o0;,. Ilpu , =3 KOpHHM SABIAIOTCA PA3NUUHBIMH BEIIECTBEHHBIMH M PACIIONAraloTCs

Ha ocH abcuuce B TOUkax d:
P =-0,5v5+05

WY B OOLIEM BULE

\%

Py

Ha pucynke 6.3 moka3zaHbl KpUBbIe NEPEXOAHBIX NMPOLECCOB ONTHUMAIBHON CUCTEMBI IS

LoV
=03 P, =0,.

pasiMYHbIX 3HaueHWH (,. B pesynprare aHanmM3a 3TUX NPOLIECCOB YCTAHABIUBAEM, YTO IPH

g, = 2 mporiecc SBISAETCS HAWTY4IINM, KaK He UMEIOINi nepeperynupoBanus. [Ipu q, =-1<0
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MpoIiecc UMeeT OOJBIIYIO0 KOIe0aTeTbHOCTh. DTO 03HAYAET, YTO BECOBBIC KOA(DMOUIIMEHTHI KBaJI-

PaTHYHBIX (I)YHKI_[I/IOHEUIOB JOJDKHBI OBITH ITOJIOKUTEJILHBIMU.

¥

Pucynok 6.3 — KpuBble IepexoIHBIX TPOIECCOB ONTHMAIILHOW CUCTEMBI JUIS Pa3IMIHBIX

3Ha4eHuu (,
IIpu  , =0 HMKAaKKMX OrpaHMYEHHI Ha MPOU3BOIHYIO BBIXOIHOM KOOpAWHATHI HE Ha-

KIIaJAbIBACTCA, ITOOTOMY IIPOLECC UMECT K0J1€0aTeIbHOCTD.

Takum o6pa30M, MOJIYYCHHYIO CHUCTCMY MOXHO CYHTATh OIITUMAJIbHON IO MUHUMYMY

byHKLIHOHATA
1 T 2 .2 2
J :—I(y +2y°+u°)dt
2 0
IIPU UCIIOJIB30BAHUH PETYJISATOPA C NEPEAATOUHON (PyHKIMEH
K,(p)=1+2p (6.19)

Ipumep 2. Onpenenum ontuManbHoe yrpasienue U°(X), obecreunBaromiee ONTH-

MaJIbHYIO CTaOMITU3ALINIO PeKUMa 00BEKTa, OMMCHIBAEMOT'0 YPaBHEHUEM
T2y(t) + y(t) = Ku, (6.20)

KOTOPOMY COOTBETCTBYIOT YPAaBHEHHUSI COCTOSTHUSA

X =X, X, =aX, +bu, (6.21)
rae a1=—1/T2; b0=K/T2

OyHKIHMOHAT 0000IIEHHOTO CKAISPHOTO KPUTEPHS ONITUMATIbHOCTH UMEET BUI:

J(u) = [ (@ +0 +ru’)dt. (6.22)
0
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Kpaessie ycmosust 3amansl: X(0) = Xp; X(o0) =0. Koopaunara ynpaBieHHs HE OrpaHHYC-
Ha.
YTo0b! pemuTh 3aJa4y CUHTE3a ONTUMAIbHON CUCTEMBI, B JJAHHOM CJIy4ae HCIOJIb3yEM

MCTOJ AUHAMHUYCCKOI'0 ITpOorpaMMHUpOBaHMA. 3anumeM YpaBHCHUA bennmana B HCHpCpBIBHOfI

dbopwme:
G X, +0,X; + HU” + X, aa—s + (X, + bou)g—S =0;
X
2 ' ’ (6.23)
2ru+b,—=0.
0oX,
W3 Broporo ypaBHenus (6.23) noayuum
b, 0S
U=-—_>——. (6.24)
21, 0OX,
BribepeMm BciomMoratrenbHy0 QYyHKIHIO S:
S =D AxX; = Aux] + ARX X, + Ay (6.25)

i,j=1
[Ipomuddepenmuponas (6.25) mo X; u Xp u noacraus B (6.23) u (6.24), nonyyum ypas-

Heuus bemnmana

qul2 + Q2X§ + r1u2 + X5 (A% + ApX,) + (8 X, +beu) x
X (A%, +2A,,X,) =0; (6.26)

UO(X) = UO(Xl’Xz) = _S_E(Alle +2A22X2)-

[Tocne mpeobpazoBanuii ypapHeHmid (6.26) moaydum anreOpandecKkue ypaBHEHHUS, OIpe-
JEeNSIONNE HEU3BECTHBIE A1y, A1, Ao:
Q, - [bg /(4[‘1)]A122 =0;
2A, +a,A, —(bg I1)ALA, =0; (6.27)
a, + A, - (bg /rl)A222 +2a,A,, =0.

W3 ypaBHenus (6.27) HaiineM k03¢ HUITMEHTHI

2
A12 :b_\/qlrl;

0

r a; +b;a, g,
=—la+ |[—+2b, [— |
A22 boz [ 1 \/ rl 0 rl

MOJICTAaBUB KOTOPBIE BO BTOpOE ypaBHeHUE (6.26), MOTYyIHM 3aKOH ONTUMAJILHOTO YIIPaBJICHUS B

BUJIE IMHEHHOW 3aBUCHMOCTH OT ()a30BbIX KOOPIMHAT THIIA!
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uO (Xl’ X2) = _ko.clxl - I(o.c2X2 = _ko.cly - ko.cz y!

e K, =0, /15

k.., =-%¢J1/k2 w0, 1+ (2T TKO)a, T,

(6.28)

(6.29)

Ha ocnoBanuu (6.20) u (6.28) cocTaBUM CTPYKTYPHYIO CXE€MY ONTHMAIBHOU IO TOYHO-

CTH CUCTEMBI (PUCYHOK 6.4), B KOTOpO# oOecrieunBaeTcs CTaOMIM3alKs COCTOSIHUS 00bhekTa. B

JMaHHOH cucreme Tpedyercs mpumeHuts I1/[-perymsrop, cocrosimuii U3 auddepeHnuaropa u

ycwutend. B pesynbraTe MOAENMpOBaHUS U aHAIM3a MEPEXOIHBIX MmporeccoB st 1 =1 Cc u

k=1 ¢ onpenemum onrtumaneHbie 3Hauenus K,, =1 u K,, =1 u cooTBeTCTByIOUIHE UM

0,=10,=1u r, =1 (pucynok 6.5). [Ipu 3TOM ycTaHaBIMBaeM, 4TO BpeMs pEryJIUpOBAHUS

t, =1, yMeHbIIACTCs C YBENHYCHHEM (], , HMEET SKCTPEMAIIbHYIO 3aBUCHMOCTD OT (, U YMCHb-

macTcAa ¢ YMCHbBIICHHUEM rl .

t.o H
12 ' A
¥ = var ,-"'/-
.-f/>/,
/ g, =TT
?.I' "'\-'\.‘_'_I' FH_:_F.-//F#/
"f“q_.r Iy
g, =T
K, ) = I
~
-
)
2 kﬂ.ﬂ adl

1,0 -05 O 05 L0 L5 20 25 dingah

Pucynok 6.5 — I'paduk 3aBucumoctH tp oT Ko c.

Takum oOpa3om, onTuMaIbHas 10 MUHUMYMY (YHKIIOHAJIa cUCTEMa
J() = [(y* +y7 +u?)dt
0

noipkHa uMeTh [1J]-perymnsitop ¢ mepenarounon GpyHKIuei
K p ( p) =-1- p

TIPH 33JaHHBIX TTApaMeTpax 00bEKTa, OMUChIBaeMOro ypaBHenueM (6.21): T2 =1¢?;
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X k ¥
T p+1)

";:a:.'l + kﬂ.cjp }47

Pucynok 6.4 — CTpyKTypHasi cxemMa ONTUMAaJIbHOU MO0 TOYHOCTH CUCTEMBI

Ipumep 3. B npumepax 1 u 2 B MUHUMHU3UPYEMBIN (DYHKIIMOHAJ HE BKJIIOYAIACh MIPOM3-
BOJIHASI KOOPJIMHATHI YIIPaBJICHUs, O3TOMY ObutH noyuens! [1/1-perynstopsl. [Ipu 3ToM MOKHO
yCTaHOBHTH [cM. (6.29)], 4TOo eciiu He y4YHMTBIBaTh IOJ 3HAKOM WHTerpana [ypaBHeHue (6.22)]

HEePBYIO IPOM3BOJHYIO KOOPAMHATHI BhIxoAa ((, = 0) w1t 06bexTa BTOPOro Nopsiaka, To CTpyK-
Typa peryJsTopa OCTaHeTCs MPEeXHeH, a U3MEHHUTHCS TOJIBKO BennuuHa K ., .

OnHako mpy aBTOMATH3AIMKA WHEPLIUOHHBIX CTATHYECKUX 00BEKTOB OOBIYHO MIPUMEHSIOT
I[IN- n 1IN /I-perynsaropsl, IO3TOMY PaCCMOTPHUM IIOJIYyYEHUE TAaKHX PETYJITOPOB Ha NPUMEpE

CTaTUYECKOTO 00BEKTa, ypaBHEHHE KOTOPOTO:
y+y+u=0 y0) =Y, y()=0. (6.30)
Munumuzupyromuii GQyHKIMOHAT 0000IIEHHOTO CKaIsPHOTO KPUTEPUsl ONTUMAIbHOCTH

3arnuieM ¢ yueTomMm HpOH3BOI[HOI>i KOOPAUHATHI YIIPABJIICHUS:
J(u)=j(y2+u2+u2)dt. (6.31)
0

Koopaunara yrnipaBiieHus: U €€ MPOU3BOHASA HE OTPAaHUYECHBI.
Jlnst perieHust qaHHOM 3a7a4u (ONTUMATBHOM CTAOWMIM3AIMK BBIX0/a) TPUMEHUM METO/T

KJIACCUYECKOTo BapualiMoHHoro ucurciaenus. CocraBum QyHkiuto Jlarpanxka
L=y*+u®+u? +A(y+y+u). (6.32)
3anuieM ypaBHeHHE Diliiepa
2u+A-2i=0; 2y+A-A=0.

JlonmonHuB ux ypaBHeHHueM o0bekTa (6.30), momydnM cucTeMy ypaBHEHHI BapHAIlMOH-

HOWU 3aJ1a4u:
2u—-U)+ A =0;
2y +(A-A)=0; (6.33)
u+(y+y)=0.

UToOb!I peluTh 3TH ypaBHEHUS, COCTABUM XapaKTEPUCTUYECKUI ONPEAETUTEND
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2(1-p%) O 1
0 2 @-p)|=0
1 @+ p) 0
Y HailJIeM XapaKTePUCTHYECKOE YPaBHCHUE
p*-2p*+2=0. (6.34)
VYpasaenue (6.34) umeer 4eThIpe KOPHS

Prose =Vl ]. (6.35)

JIBa KOpHS (p1 U p2) MMEIOT OTPHIIATEIbHbBIC BEIIIECTBEHHBIC YaCTH, a 1Ba KOPHSI (p3 U pa)
— IMOJIOKUTETBbHBIE BEIIECTBEHHbBIE YacTu. M3 yCcloBUs yCTOMYMBOCTH Ipoliecca MPUMEM B Kade-

CTBE PEIICHNS YPABHEHHM ONITUMAIBHON CUCTEMBI BBIPAKEHUE

y=C,eM +C,e™. (6.36)
[Mpomuddepenuupyem (6.36)
y=p,C,e” + p,C,e™. (6.37)
[ToxcraBum (6.36) u (6.37) B (6.30), Torma
—u=(1+p,)Ce™ +(1+p,)C,e™. (6.38)

[Mponuddepennupyem (10.38):
—U=p,@+p,)Ce™ + p, @+ p,)Ce™. (6.39)
VYpaBuenus (6.36)-(6.39) sBisitoTCS JIMHEWHBIME, TOATOMY PE3yJIbTATOM UX PEUICHUS Oy-
JieT MuHelHsI 3akoH ynpasnerus U°(Y). Tak kak pemenne (6.36) COOTBETCTBYET ypaBHEHHIO
BTOPOTO MOPS/IKA, TO TIPH HHEPIIHOHHOM OOBEKTE TIEPBOTO MOPSI/IKA, OMMCHIBACMOM YPaBHEHHEM
(6.30), onTUMANBHBIIA PEryISTOP HE MOXKET UMETh MOPSIOK BhILIE TIepBoro. [IpuMeM ypaBHEHHUE
perynsropa B BUJIE
Du +Cu = Ay + By . (6.40)
JlomuoxuB ypaBHenus (6.36)-(6.39) coorBerctBenHo Ha A, B, C, D u cnoxus (6.36) ¢
(6.37), a (6.38) c (6.39), Ha ocHoBanuu (6.40) moayanm
C.e”[Bp, + A+ Dp,(L+ p,) +C@A+ p,)]+ (6.41)
+C,e™[Bp, +A+Dp,(1+p,)+C(1+ p,)]=0,
rie B oomem crydae C, #0 uC, #0.
W3 ycnoBusi cymiecTBoBaHUs Tporecca m3MeHeHus Y(t), ompenensieMoro ypaBHEHHEM
(6.36), mpu Hanuuuu ynpasieHus U(t) ciemayert, uto paBeHCTBO (6.41) BO3MOXKHO, €CIIH:

Bp, + A+ Dp,(1+ p,) +C(@A+p;) =0; }

Bp, + A+ Dp,(1+ p,)+C(1+ p,) =0. (6.42)
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VYpaBuenus (6.42) mo3BOMSAIOT HAUTH MTapaMeTphl ONITUMaNIbHOTO perynsaropa A, B, C, D.
OpnHako pelieHue sSBISETCS HEOJHO3HAYHBIM, TIOCKOJBKY B J1Ba (6.42) ypaBHEHUSI BXOJUT YEThI-
pe HEM3BECTHBIX. B CBS3M ¢ 3TUM MOXKHO MOTYYHUTh PA3TUIHBIC CTPYKTYPhI ONTUMATBHOTO PETy-
JsTOpa, 00ECIEeYHBAIONIEr0 ONTHUMAJIbHBIE IMPOILECCHl, KOTOPBIE OMPEAENAIOTCS YpaBHEHUSIMHU
(6.36)-(6.39):
nponopuroHanbHbIi perynstop (I1-perymsarop), eciu B=D =0:

u=(A/D)y; (6.43)
uneanbHbI quddepernupyronuii perymstop (-perynstop), ecmu A=D =0:
u=(B/C)y; (6.44)

uHTerpupytommi perymnsrop (M-perynsrop), ecmu C=B =0:
A t
u=—|y()dr; 6.45
5 j y(z) (6.45)

MHEPLUOHHBIN MPONOPLUUOHANBHBINA peryisTop, eciau B =0:
Du +Cu = Ay; (6.46)
nponopuroHanbHO-auddepentupkromuii perymasrop (I11-perynsrop), ecnu D =0:
u=Ay/C+By/C; (6.47)

HpOHOpI_II/IOHaJ'IBHO'I/IHeI‘pI/IpyTOH_[I/Iﬁ peryJI;ITop (HI/I'pery.]'IHTOP), €CJIn C = O:
t
u= ko.cly + ko.cZJ. y(T)dT 1 (648)
0

roe k., =B/D, k., =A/D.

I1- u II/I-perynsaTopsl UMEIOT TOT HEIOCTATOK, YTO NPU HAJIMYUU MOCTOSTHHBIX BO3MY-
MIAIOLINX BO3AEUCTBHM CyIeCTBYyeT cTaTudeckas omuoOka; [[-perymsarop Boobiie He obecrneun-
BaeT ctabunu3anuio Beixona. Hambonee nenecoobpa3Ho B KauecTBE PEryisiTopa ONTUMaIbHOU
cTadmim3annu Bbixoja oO0bekTa npuHATh [IW-perymsarop (6.48), obecrneunBaronuii HyJIEBYIO
CTaTUYECKYIO OLIMOKY.

Ha ocnoBanuu (6.30) u (6.48) coctaBuUM CTPYKTYpHYIO CXE€MY CHCTEMBI ONTHUMaJIbHON
cTabMIu3anuy BBIXOJa 00BekTa (pUCYHOK 6.6). [lanee mpou3BeneM MOJCIUPOBAHUE MOTYICH-

HOM CHUCTEMBEI C LIEIbIO ONpCACIICHUA OTITUMAJIBHBIX 3HAYCHUH nmapaMeTpOB HaCTpOﬁKH ko.cl’ ko.c2

perymisTopa ¢ mepenaToqHon QpyHKIuen

Kp(p) = ko.cl +ko.c2 / p.
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Pucynox 6.6 — CtpykTypHas cxeMa ONTUMaIbHOU CHCTEMBI

Ananusupys nponecchl npu koddduuumente 0p >0, yctanaBnuBaem, 4To 4eM OOJIbIIe
3TOT KO3 uuueHT (6osbiie «mrpady), TeM OONbIIe JIUTEIFHOCTh MPOLIECCa U MEHBIIE KoJie-
6arenpHOCTD. [Ipu 0 <0 (MpUHUMAETCS «IIOOIIPEHUEY) MPOLECCHl CTAHOBSITCS KOJeOaTEIbHBI-
MH. 3Hau€HUE BECOBBIX KOA(PPUIMEHTOB MOXKHO BbIOMPATh, IPUMEHSSI METO/Ibl KOPHEBBIX I'0J10-

rpados (cMm. mpumep 1) wim mogenupys (cM. mpumep 2).
7. CHHTE3 OIITHMAJIBHOI' O IIH-PET YJIATOPA

IlycTh ypaBHEHHE JIMHEWHON CTAlMOHAPHOW CHUCTEMBI UMEET BU/L:
X = AX +BU, (7.1)
Kkpaesble ycnosus umetoT Bua: X (t,) =X, X(«)=0.

3agaauM KpUTEpUM YIPABICHUS B CIEAYIOLIEM BHUJIE:

J :T[XTQX +UTRU +U"sU it, (7.2)

tn
rae Q, R — HeoTpunaTeabHO ONpeeIeHHbIE MATPHIIBI.
S — MMOJIOKUTENFHO OTIpeieIeHHasi CHMMETPUYHAs MaTPHIIA.
TpebOyercs HalWTH Takoi BEKTOp YIpaBlIeHUs, KOTOPbIM Obl MUHUMM3HPOBAJT JaHHBIN

kputepuil. [Ipu aToM OyaeT cunTarbes 3alaHHbIM ITapameTp:

u(,)=U,. (7.3)
BBenem HOBBIE IEPEMEHHBIE:
V-u, z :H. (7.4)
U
O0603HaYNM MaATPHIIBI:
| |
A= %—i—?, B, :m, Q= E—i—% R =S. (7.5)

3anuiieM ypaBHEHHUE IBUXKEHUS U KPUTEPH yIpaBlIeHUsI B HOBBIX KOOPIWHATAX:
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Z=AZ+BY, (7.6)

J :tJ:[ZTle +VTRV |t -

Hcnone3ys mpoueaypy Merofa ITUHAMUYECKOTO MPOrpaMMHUPOBAHUS, MOXKHO OIpe[e-

JIMTh ONTUMAJIBHOC 3HAYCHUC BCKTOPA V.

V =-R'B/KZ, (7.8)
rae K — penienre MaTpuuHOro ypaBHeHUs Pukkaru:
K=-KA -A'K+KBR'B'K-Q,. (7.9)
HyCTB 3TO pemeHI/Ie UMECT BU:
K= F(il_i _K_%. (7.10)
K21 | K22

Torga onTuManbHOE YIIPABJICHUC IIPpHU 3aAaHHBIX HAYaJIbHBIX YCIOBHAX ONPCACIIACTCA

ClenyroImuM o0pa3om:

u'*:-s—l-%0
I

W3 ucxonnoro ypaBHeHUs ABMkeHUs (7.1) momyuum:

U=B*(X -AX)=(B"B)*B™*(X — AX). (7.12)

.

K., 'KIl|X

L =-S7'K, X -STK,U*=C,X +C,U. (7.11)
K21I K22 U

[Iponuddhepenmupyem 3T0 ypaBHEHHE 110 BpEMEHU U TOJCTaBUM COOTHOIIIEHUE AJIs pac-

4C€Ta ONITUMAJILHOTO YIIPABJICHUS:

U*=C,X +C,(B"B) "B (X - AX) =

. . 7.13

=C,(B"B)'B*X +(C,-C,(B"B)"B*A)X =C,X +C,X. (7-13)
[IpounTterpupyem BoipakeHue (7.13) mo BpeMeHH U MOTYyUUM:

U*(t) =U(t,)+C,(x(t) - x(t )+ C, j xdt = C, +C,x(t) +C, j x(t)dt . (7.14)

Takum oOpa3oM, onTUMaIbHOE yrpaBieHue OyneT peanu3zoBaHo B Buje [IM-perynsatopa.
CTpyKTypHas cxema CUCTEMBI C TAKUM PETYIATOpOM OyJeT UMETh BUJ, IPEICTaBICHHBIN

Ha pucyHke 7.1.

X=AX+BU — ¢
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Pucynox 7.1 — CtpykTypHas cxeMa ONTUMaIbHOU CHCTEMBI
IMpumep. Ins o0ObekTa ynpasieHus Bujaa: X = ax+bu

BBCJICM HOBBIC IICPCMCHHBIC!

X .
Z=||, V=U,

u

_ja b B—O Q_q 0 _s
A=lo of BTh) 4T o RS

a=[a) r=[r] s*=[s]

U 3arniieM YpaBHCHUC Puxxatu B BujE:

0 0 |ky kylfa b fa 0 ky k12+
0 0 |k, kol |0 O b 0] [k Ky
+k11 Kiz ~O~‘Sl‘-|0 ]-I.kll K e 0.
k21 k22 1 kZl k22 O r
Omnpenenum onTuMaibHOE 3HaUeHHe BekTopa V 1o (7.8):
veoosto g R X Ky Ke g
K,, Kyl |u S S

W3 ypaBHeHUs qBUXKEHHS 00beKTa HalaemM U™ :

. 1. a
U*==-X—-—X
b b

Y TIOJICTaBUM B MpebIaylee BoIpakeHue 1 U™

S Slb b

Otkyna npu Xo = Ug = 0 momyunm [11-3akoH ympaBieHus:

o= Ker g KnKe det.
bS bS
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