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BBenenue

Teopus cucreM aBTOMATHYECKOTO yIpaBJIeHUSA — HAyKa O
METOIaX MCCJACIOBAHNS M MPOCKTUPOBAHUA CHCTEM yIIpaBJe-
HASA TeXHHIECKUMH OODbeKTaMU, TaKUMH KakK: JeTaTelbHbIe
ammapaThl, MAaHATYJISTOPHI, 3JIEKTPOIMPUBOALI, AAepHbIE Peak-
TOPBI, XUMHAKO-TEXHOJIOTHIECKTE MTPOIECCHl U T. 7.

MOXKHO BBIAEIUTDH CJIEAYIONINE ITAMBl PA3BUTUS TeXHUKU
u Teopum yupapienuns. B 1765 roay W. . llon3ynoB npu-
MEHHUJI TTOTJIABKOBBIM PETYJISTOP I PEryJupoBaHus YPOBHS
BO/IBI B KOTJIe TapoBoit MmamuHbl. B 1784 roay anrimiickuit Me-
xaHuK JI>K. YaTT mpeaioXKua UCII0JIb30BaTh IEHTPOOEXKHBIM
pPeryJIsaTop JJIs yIpaBaeHus CKOPOCTHIO BpallleHus BaJjia apo-
Boil Mammuubl. IlepBasg Teoperndeckad paboTa IPUHAIICKAT
I>x. Makcseary. CraThda ¢ HaszpanueM «(O peryigaropaxs ObLIa,
onmybsmmkoBana B 1866 romy. Pycckmit yuénnrit 1. A. Boim-
HerpaJackuit B crarbe «O0 00Ieil Teopunm peryjisgTopoB» B
1876 romy nmpejacraBus pe3ybTaThl UCCJIEJI0BAHAI 110 TeOPHUU
YCTOMYMBOCTU (PYHKIIMOHUPOBAHUS MApPOBBIX MAIIUH C Pery-
agropamu. Pesyabrarsl M. A. Beiiraerpa/ickoro O6bL1u ycuer-
HO pUMeHeHbl Ha NMpakTuke. B jganbHeiinmeM Teopus ycToii-
YUBOCTH IUHAMUYCCKUX CHCTEM OBLIIa Pa3BUTa PYCCKUM MaTe-
matukoM A. M. JlganyaoeiM. /luccepranusa A. M. Jlamynosa
10 TEOPUU YCTOUYIMBOCTH ObLIa omybamkoBaHa B 1896 romy.
IlepBriii yueOHUK C Ha3BaHuEM <« Teopus peryampoBaHUs XOIa
MaIllmH» OBLT HammcaH pycckmM Mexanmkom H. E. 2Kykos-
ckuMm ® m31aH B 1909 romy.

OcHOBHBIE pPE3YJIBTAThl TEOPUH CUCTEM aBTOMATHUYECKOTO
peryjipoBanust Oblin nosiydenbl B 30-e u 40-e roabl. DTOT
STAIl PA3BUTHU TEOPUHU CUCTEM aBTOMATUIECKOTO YIIPABJICHUS
XapaKTepru30BaJIcd MPUMEHEHHEM YaCTOTHBIX METOIOB I
pelteHnd 3a7a4 aHAJIU3a W CHHTE3a CHUCTEM C OJHUM BXOJIOM
OJHUM BBIXOJ0M. CJIeAYIONINiI 3TAall Pa3BUTHA TCOPUU CUCTEM
aBTOMATUIECKOTO yIpaBJeHnd HaumHaeTcd ¢ 60-x romos. B



9TO BPeMsl BO3HUKJIA HEOOXOJAUMOCTH pellleHus: 6oJiee Cji0xkK-
HbIX, YeM B TE€OPHUU ABTOMATUYECKOT'O PEryJrupOBaHU, 3a/1a4
yiupaBJ€HUud 1IOJABUZKHBIMU O6T)€KTaMH 1 TEXHOJIO'MYECKNUMU
npoIeccaMu. DTO MPeXkIe BCEro 3aJadu yIpPaBJICHHS JeTa-
TE€JIbHbIMHU allllapaTaMH. Ha JAAaHHOM 9Tall€ TIOJIYYUJIN PA3BU-
THE MEeTOIbl IPOCTPAHCTBA COCTOSHUN NPUMEHUTEILHO K Pe-
IIIEHNIO 33034 YIIPABJICHUS MHOTOCBI3HBIMU CHCTEMAMI.

BoapIoit BKJIa), B pa3BUTHE COBPEMEHHOM TeOopuu CH-
CTeM aBTOMAaTUYECKOI'O YIIPaBJIEHHWs BHECJIU COBETCKHE Y4Ué-
ueie JI. C. IloaTpsarun u B. H. Ilerpos. Ilonrpsrun JI. C. aB-
JITETCS aBTOPOM MPHUHIINITA MAKCUMyMa — MeTOJa TPOEKTUPO-
BaHIA ONTUMAJbHBIX cucTeM yupasiaenns. Padorsr b. H. Ilet-
pOBa W €ro YUYEeHHKOB MCIOJB30BAJIUCH TPHU CO3JAHUHU KOC-
Mudeckoit Texuuku. Cpean 3apy0OerKHbIX YUIEHBIX MOXKHO Ha-
3BaTh P. benamana n P. Kaamana. besnvany npuHaiieKuT
MEeTO/I JUHAMUYECKOTO IPOTrpaMMUpPOBaHMs, KOTOPHIM Haps-
JIy C IPUHIATIOM MaKCUMyMa MPpUMEHSeTCs JIJIsd peIleHns 3a-
J1ad ONTUMAJIBLHOTO ylpaBjeHusd. KanamaH sBsgeTcss aBTOPOM
dbuIbTpa, yCrenrHo NpuMeHEHHOTO B KOCMIYECKON TeXHUKe.

Haunmnag c¢ 80-x romoB pasBuBaeTcd TeOopHud POOACTHBIX
(rpy0bix) cuctem ymupasienus. B 1978 romy coBeTckmii yté-
uplit B. JI. Xapuronos ony0/imkoBa/ pabory 00 ycToiiunBoCcTI
MHTEPBAJbHBIX MHOTOYJEHOB. B 3TO Ke BpeMs pa3BUBAETCS
Teopusl ONTUMUBAIMU CUCTEM C OOPATHOI CBA3BIO IO KpUTe-
pusm Ho, H,. ABTOopamMn JaHHOIO HAIIPABJIEHUS SABJISIOTCS
I['. Beiime, bB. @pencuc, x. doitr, K. 'nosep.

CoBpeMeHHasl TEOpUSI CUCTEM aBTOMATHIECKOI'O YIIpaBJIe-
HUS — 9TO MaTeMaTu4decKas Teopusd, B KOTOPOU UCIOJIb3YIOTCS
pe3yJibTaThl ajaredopnl, Teopun AuddepeHnnaibHbIX ypaBHe-
HUI, TEOPUU CJIYYANHBIX IPOIECCOB U JIPYIUX Pa3/iej0B Ma-
TeMaTUKH.

BrorancanTesnbHad TeXHUKA BBIIOJIHAET ABOAKYIO PDOJIb B
TEOPHUHU U IIPAKTHUKE aBTOMATHYECKOI'O YIIPpABJICHUHA. Brorancin-



TeJIbHAS TEXHUKA IIPUMEHIETCS IIPU IPOEKTUPOBAHUU CUCTEM
yIpaBJIeHUS U IpUMeHsIeTCsl B (P POBBIX CHCTEMaX yIIpaBJie-
HUS B KaUeCTBE YIPABJISIONIUX YCTPONCTB.

OcHOBHBIE 33Ja9d TEOPHH CHUCTEM aBTOMAaTHIECKOIO
yIpaBJeHus MOXKHO Pa3JeJuTh HA JBa KJACCA — 3a/1a4l aHa-
JIN3a W 3aJla9M cuHTe3a. K 3a7adaM aHaJan3a OTHOCSIT: UCCJIe-
JIOBaHWE yCTOWYUBOCTU W KAdeCTBA IEPEXO/HBbIX IPOIECCOB,
aHaJn3 yIpaBasgdeMOCTH, HAOJI0JaeMOCTH, IyBCTBUTEIHHOCTH
M JIPYIUX CBOMCTB OObEKTa yIpaBJeHUs. 3aJadd CUHTEe3a —
3TO 3aJa49¥ IIOCTPOEHU ITPOTPAMMHOIO YIIPABJICHNAS U YIIPAB-
JICHHS B BHIe 0OpaTHOIl CBS3M.

ITporpammHuoe yrpaBjenue 3aBUCUT OT BpEMEHH U obecIie-
YUBACT YKEJIAEMYIO TPACKTOPHIO JIBUYKEHUA 00HEKTa yIpaBe-
Hug. OOpaTHasd CBI3b 3aBUCUT OT TEKYIIETro COCTOAHUS 00 beK-
Ta yIpaBJeHHUs U 00eCIeInBaeT YCTOMINBOCTD peaabHOM Tpa-
eKTOPUHU OTHOCUTEJBHO 3aJaHHOI.

a+>(§>“— oy - >~
_|_

_|_
U OC |t e 7

Pucynok 0.1 — @yHKIHOHAJIbHALA CXEMa CUCTEMBbI
yIIPaBJIEHU S

CucreMy ynupapJjeHHsi ¢ 0OpaTHOR CBA3bI0 MOXKHO ITPE/I-
CTaBUTH B BHje (DYHKIHUOHANBHON cxembl (pucynok 0.1).
3nechk: OY — odobekT yupapienus, OC — obpaTHas CBdA3b, T
— COCTOsIHIE OO'bEeKTa yIpaBJAeHUd, U — yIpaBjieHue, T — 3a-
MaHHAs TPAEKTOPUS ABHXKEHUs, T = T — T — OTKJIOHEHHE OT
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3a/laHHOI TPAEKTOPUH, U — LUPOIPAMMHOE YIIpaBjeHue, i —
yIpaBJieHue B BUJIe 0OpaTHOM CBSI3H, U = U + U.

Cpeau 3a7a4 CHHTE3d BbBIAEJIUM: 33J1a9y TEePMUHAJILHOI'O
yIPaBJIeHU, 33 1a49y CTAOUJIM3AINN, 33)1a9y CJACXKEHHS U 3a-
JIaYy PeryJnupOBaHHUSI.

3ajia4a TePMUHAJIBHOIO YIPABJIEHUS] WM 33/a4a yIIPaB-
JIEHHSI KOHEYHBIM COCTOSIHUEM 3aKJ/I0YaeTCs B IIepeBOJie CHU-
CTEeMBI U3 33JaHHOr0 HAYAJIHLHOIO COCTOSHUS B »KeJaeMoe KO-
HEYHOE.

3a1aua cTaOMIN3AINN 3aKII0UAeTCs B YIePKAHIN 00beK-
Ta yIpaBJIeHAs Ha 3aJaHHOU TPAEKTOPHUU JIBHKEHUs IIPU Ha-
JIMYAN HEKOHTPOJMPYEMBIX BHEITHUX BO3IeiicTBUil Ha 00BbEKT
yIIpaBIeHU.

3agada CJIeKeHNd 3aKII0YaeTCd B CJAeJOBAHUHU 3a 3aIaH-
HBIM 3HaUeHHEM BBIXOHA CUCTEMBI. 33,/1a49a PeryJINpOBaHU sIB-
JISIETCSI YACTHBIM CJIYUYaeM 33/1a9M CJAEeKEHMsI, KOI'Ja, 33/ IaHHOe
3HAYEHUE BBIXOJIA SIBJISIETCS IOCTOSIHHBIM.

OP y

v

A\

Pucynoxk 0.2 — @yakmuoHaJ bHas CXeMa CUCTEeMbI
peryanpoBaHus

DyHKIMOHAJILHAA CXEMa, CUCTEMbl PEryJIUPOBAHUS IIPE/I-
craBjeHa Ha pucynke 0.2. 3mech: OP — o0bekT peryampona-
Husi, P — peryastop (KOHTpoJLIEp), i — BBIXOJ OObEKTa pe-
IYJIUPOBAHUS, § — JKeJaeMoe 3HaYeHHe BBIXOMa (KOMAaHIHbII
CUTHAJI), € = §J — Y — OMUOKA PeryJIupOBAHUS.

MeToapl KIaCCHIeCKOR TeOPUHM ABTOMATHYECKOIO YIIPaB-

JIEHWST TOCTATOYHO TIOJTHO OIICAHBI B yIeOHUKax |3, 4, 5, 6, 10].
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B coBpeMeHHO#l Teopun ylpaB/ieHHsI OCHOBHOE BHHMAaHHE
yJIeJISI€TCST MHOI'OCBSI3HBIM CHCTE€MaM € HeloJHoil mHdopMma-
el 0 COCTOSTHUN U MOojiein o0beKTa yrpassenus |8, 9].

HoBbie Hay4HBIE pe3yabTaThl MyOJIUKYIOTCHA B »KypHAJIAX:
ApromaTruka u Tenemexanmka, V3sectus PAH. Teopus n
cucreMbl yupapiaenus, Automatica, IEEE Transactions on
Automatic Control u gp.

IIpn pemnreHun 3aJa4 TEOPUH CHUCTEM aBTOMATHYIECKOTO
yIPaBJIEHHSI IIUPOKO IPUMEHSETCs HIPOIPUeTapHas CHUCTEMA
HAay4YHBIX U MH2KeHepHbIX pacuéroB Matlab. CpoboabiM aHa-
jJoroMm Matlab sBiisierca cucreMa KOMIIbIOTEPHO MaTeMaTUKI
Scilab. Bce pacuérnsl u moje/mmpoBaHue B npuMepax, IpuBe-
MEHHBIX B y4eOHOM IIOCOOMH, BBIIOJIHSINCH C TPUMEHEHUEM
cucTeMbl Scilab 1 mogcucTeMbl KOMIBIOTEPHOTO MOJIEJIUPOBa-
nust Xcos cucremnr Scilab |1, 2.



1 Mogean o0ObeKTOB ynpaBJjieHUd

1.1 Omnmcanme Bo BpeMEHHOIT o0JacTu

IIpu onmcanum 0OBEKTOB YIpaBJeHUS BO BPEMEHHON 00-
JIACTU MMPUMEHSIOT jJuddepeHInaJ bHble U PA3HOCTHBIE YPaB-
HeHUsI, THTerpo-auddepeHnuaJbHbIe yPABHEHUS 1 OTIepaTOP-
Hble ypaBHeHus odiiero Bujga. PaccMoTpum mambosiee 9acTo
BCTPEYAIONINecs: OMUCAHUS 0ObEKTOB YIIPABJIEHKS B BUJIE CU-
cTeM OOBIKHOBEHHBIX IR depeHINaIbLHLIX YPaBHEHNH.

Omnucanme <«BXO/I-BBIXOA» BO BPEMEHHON 00JIACTH HMeeT
CJCAYIONINNA BUT

f(y(n)7 ceey y(l)a Yy, u, U(l), Tty u(n—1)7 t) - O’ <11)

rje y(t) — BekTop BHIXOMA (M3MepeHus); u(t) — BEKTOP BXOJA
(yupasjienust); t — Bpemsi.

31ech YY) — nponssojHas nopsaka i. [1pon3BojaHble TaKKe
OyzeM 0bo3HavaTh ToOYKaMu 1 arnmoctpodamu. Hanpumep, y n

"
y.

Pucynox 1.1 — Cxema IBHKeHUST aBTOMOOWIA

IIpumep 1.1. IIpgamonuueiinoe nBHUYKeHWE aBTOMOOWJIA TI0
HaKJOHHOM TMOBEPXHOCTU OMHUCHIBACTCS YPaBHEHUEM

1
mov = —Mgc,v — EpcdSQP — mgsinf + F,

I'71e ¥ — CKOPOCTDb JIBHKEHMS aBTOMOOWIIS; M — MACCa aBTOMO-
OmIg; ¢ — YCKOpeHne cBOOOTHOTO NaJleHUd; ¢, — KO3 OUIneHT

10



TPeHusl KadeHusl; p — IJIOTHOCThb aTrMocdephl; ¢g — KO3dpu-
UEHT adPOAMHAMHUYECKOI'O CONPOTHBJIEHHS; S — (DPOHTAJb-
Has ILIOIIAAb aBTOMOOMJIS; € — yroJs HaKJOHA IMOBEPXHOCTH
NBUKeHUsT, F — IBUKyIIast Cuia.

3azata yupaBIeHns 3aK/JII09aeTCs B 00eCIeTeHnn 3a1aH-
HOM CKOPOCTHU JBUKEHUS aBTOMOOIIS.

Ob6o3HaunM mepeMeHHbIe BXOJa U BbIXoda: u = F, y = v.
Ypasuenne (1.1) aag aBTOMOOU/IS TPUHUMAET BU

flyM,y,u) =0,

rjie

1

Onucanue 0O0beKTa YIPABJIEHUSA B IPOCTPAHCTBE COCTO-
SIHUI COOTBETCTBYEeT HOpPMaJbHON ¢opme Kolmm cucreMbl
OOBIKHOBEHHBIX AubpepennnaabHbIX YPaBHEHHI 1 UMeeT CJie-

JYIOIIUNA BUJT

IJie & — N-MEPHBIA BEKTOP COCTOAHUA; U — M-MEPHBIA BEKTOP
BX0/Ia (yIpaBjieHus); y — [-MepHBIii BEKTOp BBIXO/a (H3Mepe-
rusi). O6brano [, m < n.

IIpumep 1.2. Kocmumdaeckuit anmapat (KA) coseprmaer mo-
caJKy Ha MOBEPXHOCTH ILIAHETHI 0e3 aTMocdepsl (pPUCYHOK
1.2). IIporece mocaiku OMUCHIBAETCS YPABHEHUSIMU
m = —P,
H =,
mv = —mg + qp,

11



rie m — macca KA; H — BpICcOTA HA/I TIOBEPXHOCTHIO ILJIAHETHI;
U — CKOPOCTh CILYCKA; P — CKOPOCTh PACXO0JIa TOILINBA (yIpaB-
JIEHUE); ¢ — HOCTOSTHHAS, XaPAKTEePU3YIOIIAs BEeJIUINHY DeaK-
TUBHOM TATHU; ¢ — YCKOPEHUE CBOOOIHOTO A eHMSI.

3a/1a4ua yupaB/IeHAsT 3aK/AI09AeTCS B 00eCIIeYeHUN MSITKOM
nocan KA.

H qp

<

v mg

>

Pucynok 1.2 — Ilocagka KOCMIYIeCKOTO allapara

Bgejiem 0003HaueHUs JIJisl [IEPEMEHHBIX COCTOSIHHSI, BXOJA
U BBIXOJA: T1 = m; To = H; 13 =v; u = p; y = H. [lonyaum
ypaBHEHHUS CHCTEMBI B TPOCTPAHCTBE COCTOSTHUI

5.51 = —u,
To9 = X3,
T3 = —g+ qu/xy,
Yy = Ta.

CJIQ,HOB&TGJIBHO, B YPaBHE€HHAX, OIINCBIBAIOIMINUX JIBUXKCHUE

12



KA,

f(x,u,t) = X3 , h(z,u,t) = xs.

u I d

Cuctemy (1.1) ¢ omHUM BXOIOM OJHUM BBIXOIOM OyIeM
HA3BIBATH CKAISIPHOI (OTHOMEpPHOiT, omHOCBA3HOM). Cucremy
C HECKOJBbKUMH BXOJAMH HECKOJBbKUMH BBIXOJAMHU — MHOTO-
CBA3HON (MHOrOMepHO#, MHOrokKanajbHOit). Cucremy Oyiem
Ha3bIBaTh CTAIIMOHAPHOM, ecjin (DYHKIMU f U h He 3aBUCIT OT
L.

JInneitnast cucreMa B TIPOCTPAHCTBE COCTOSTHUM ONMMCHIBa-
eTCA yPABHCHUSMU

= A(t)xr + B(t)u,

y=C(t)z+ D),
rae A(t), B(t),C(t), D(t) — MATpHUIIBI COOTBETCTBEHHO pa3Me-
POB N X n, n X m,l Xn, |l X m. B cranmonapHoii cucreme
A, B,C, D — nocTossHHBIEe MaTPHUIIHI.

JIuneiiHast CcKaJisipHasl CUCTeMa BO BPEMEHHOIl o0JiacTu
OIINCBbIBACTCA YPaBHCHHUEM

vy +ay™ Y+ tany = bou+biut + . b, uY. (1.2)

B crammonapsoit cucteme koaddunueHTs ypaBuenus (1.2) we
3aBHCAT OT BPEMECHI.

OmeparopHas 3amuch ypaBuenus (1.2) mmeer ciemyommii
BI1

a(p)y = b(p)u.
31ech p — oneparop AuddepeHInPOBaHNSI, MHOIOYIEHbI
a(p) =p" + ap"t + ...+ ay,
b(p) = bo + blp + ...+ bn_lpn_l

13



coctaBiieHbl u3 Koadduiuentos ypasuenns (1.2).

Kak mnpaBumio, MOXKHO TII€peiiTH OT OINUCAHUS <BXOJI-
BBIXO/[» K OIMCAHUIO B MPOCTPAHCTBE COCTOSIHUN W HAOOOPOT.
[IycTh, HATPpIMED, UCXOIHOE OMUCAHUE CHCTEMBI 3a/IaH0 yPaB-
HEHHEM

™+ ay™ Y + L+ a,y = bou.

Heobxoaumo mocTpouTh ONUCAHUE B IPOCTPAHCTBE COCTOSI-
auit. OupeesnM mepeMenHble COCTOSHUS: T, = y, Lo = YU,
, 2, = y" V) u 3anumem ypasHenus

r1 — Tg,
Ty = I3,
Tp = —ApT] — Ap_1T9 — ... — 12y, + bou.

B pesysbraTe moayduMm cucTtemy

t=Ax+ Bu, y=~Cz,

riae
[y ] [0 1 0 ... 0]
T 0 1
x = , A=
Lot 0 0 0 1
T, | | —ap —Qp—1 —Op_2 —an |
e
0
B=|:]. 02[1 0 . o}, D=0
0
| Do |
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B OospmmHCTBE CJaydaeB IIOJHOE OIMCaHHe O0beKTa
yIPaBJIE€HUS B BUJIE CUCTEM OOBIKHOBEHHBIX JIN(DePeHInaIb-
HBIX YpaBHEHUIl sBJ/IsieTCs HeJIMHeiHbIM. B To ke Bpems upu
IPOEKTHPOBAHUK CHCTEM YIpaBJeHUsd € OOpaTHOH CBS3bIO,
KaK IPABUJIO, IEPEXOIAT K NPUOIMKEHHOMY JUHEHHOMY OITH-
cannio. Takoil mepexos Ha3bIBaeTCd JUHeAPU3aIneid.

PaccmorpuM HeJIMHEHYI0 MHOTOCBSI3HYIO CUCTEMY

[IycTb HEKOTODBIH pabounit (HOMUHAIBHBIN) pexKuM (DOyHKITH-
OHUPOBAHUS CHCTEMBI ONPEIENIACTCS BXOAOM u(t), COOTBET-
CTBYIOIEil TpaeKTOpHell B MPOCTPAHCTBE COCTOsTHWM T(t) n
BBIXOTOM ¥(1).

Ob6o3HaunM depes

g
I
<
|
=N
I
)
|
}2|
<
I
Ny
|
Ny

OTKJIOHEHHe (PAKTUYECKOI0 BXO0/Id, TPAEKTOPHU U BBIXOJA
OT HOMHHAJILHBIX 3HadYeHuWil. byjaem cuurTarh OTKJ/IOHEHUSsI
HeOOJILIITUMMU.

PackmagpiBasg dyakmun [ u h B pan Teiliopa, moaydum
NpuOIMKEHHOE JIMHEHOe ONMCAHNE B BHJE



rje

(0f1 1] Of1 Of1 ]
ory Oz, ouy,  Ouyy,
A= : . |, B=1|: "~ 1,
O fn Ofn Ofn O fn
e e
[ Ohy Oh ] [ Oh, Ohy ]
o T on. R
C=] : . |, D=1 : L
Ohy Oh, Oh, Oh,
55 T om EviRr

— MaTpuIbl AKoOM, MaTPUIILI, COCTaBJIEHHbIE U3 IIEPBHIX HPO-
U3BO/IHBIX.

IIpumep 1.3. OObeKTOM yIpaBIEHUs SBIAETCS MATHUTHAS
nmonBecka (pucyHok 1.3). Tok B 3J€KTpOMarHuTe CO3MA6T
9JIEKTPOMArHUTHYIO CHUJIY, KOTOpas JefcTByeT Ha Imap. 3ajia-
4a YIPAaBJIEHHUS 3aK/JII0YAETCs B yJIeP:KAHUM Mapa HA 33J1aH-
HOI BBICOTE.
DJEeKTPOMArHUTHASI CUJIa TPOIMOPIMOHAJIbHA KB IPATY CH-
JIBl TOKa U OOPATHO MPOMOPIHOHAIBHA PACCTOSTHUIO TIapa OT
sJIeKTpoMarauTa. JImHaMuKa CHCTEMbl ONUCHIBACTCS yPaBHE-
HUSIMU:
, kI?
mj = mg — —,
Y
LI+ RI = u,

rie Yy — CMelleHue Iapa 1Mo OTHOIIEHHWIO K SJIeKTPOMAarHUTY;
I — cmna ToKa; u — BXOAHOEe HalpsxKenne; R — cOIpoTHBIE-
HIUE JIeKTPUIecKoil mennu L — HHIYKTHBHOCTD 3JeKTPUUIECKO
IIeIN; M — Macca I1apa; ¢ — yCKopeHue cBOOOIHOIO IaIeHUs.

16
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Pucynok 1.3 — Marautaas moaBecka

OObeKT yupaBJjieHUus dBJisgeTcd HeanHeRHbIM. [lepeiineM k
OIIMCAHUIO B IPOCTPAHCTBE COCTOSAHUII U BBIIIOJTHAM JUHEAPU-
3al[I0 CUCTEMBI OTHOCUTEJBHO 3a/IaHHOIO IOJ0KEHNA PABHO-
BeCHs.

IlycTth ¢y ecTh 3amaHHOE IOJIOXKEHHE ITapa. B moJsioxkeHun
PaBHOBECUS JIOJIZKHBI BBITIOJHATHCS COOTHOIIIEHUS

RI = u,
M3 3TuX COOTHOIIEHU MOJIyIuM

I =+\/mgij/k, u=RI.

Bsenem 0003HaYeHUS A4 TEPEMEHHBIX COCTOIHUS: T1 = ¥;
xo = 1y; x3 = I. llomyunmMm onmcanme obbeKTa yIpaBIeHUST B

17



IIPOCTPAHCTBE COCTOAHUMN

X1 = T,

To = (g — )

CienoBaTesbHO,

flx,u) = g— —— , h(z,u) = x1.

Marpunpl JuHEapU30BaHHON CUCTEMBI PaBHBI

0 1 0

A= Mﬁ o 2k
mxy m]%l

0o 0 =
I | L

C:b@(ﬂ D=0,

Nl © O

rie ry =y, 3‘33:I_.

1.2 OmmcaHme B 4aCTOTHOI 00JiacTu

B gacTornoii objacTtu JUHEHHbIE CTAalMOHapHBIE CUCTEMBI
OTUCHIBAIOTCA TePeTATOTHBIMA (PYHKIIUAMHA, ITePeIaTOIHBIMA
MATpUTAMU (MATPUIHBIME HEPEIATOIHBIME (DYHKIUIMHA) 1
YaCTOTHBIMU XapaKTePUCTUKAMU.

18



[lepenarounbie (pyHKIUU U IIEPEJIATOYHBIE MATPHUIILL [10-
JIy4alOTCd B Pe3y/Ibrare NPUMEHEHHUS K yPABHEHUSIM CUCTEMDI
npeobpaszoBanud Jlamaca.

JacToTHBIC XAPaKTEPUCTUKU MOXKHO OIPEJICJNTDL IO IIe-
penaTodHbIM PYHKIMAM U MATPHUIAM, & TaKzKe IKCIepIMeH-
TAJILHO.

[Ipeobpazosannem Jlamnaca dyukmuu f(t) HasbiBaeTcs
(byHKIMA KOMILJIEKCHOIO apTyMEHTa,

= /OOO f(t)e "t dt.

IIpeobpazoBanme Jlamnaca obragaer cBoiicTBaMu:

1) f(t) = ap(t) + bip(t),  f(s) = ad(s) + bib(s):

2) f(t) = eM(t), f(s) = s¢(s) — 9(0);

3) f(t) = ¢™(t), f(s)=5"G(s)—s"p(0)— - -V (0);
1) f(t) = [y ot —m)e(r)dr,  f(s) = @(s)i(s)

IIpumenum npeodpaszopanue Jlamaca K craiiOHAPHONI Jin-
HEMHON cucremMe ¢ OJJHUM BXOJ0OM OJHUM BbBIXOJI0M

[Ipu Hy/IeBBIX HAYAJIbHBIX YCJIOBHUSIX IIOJYUYUM OIHUCAHUE B Ya-
CTOTHOI 00J1acTH

Oyuknua §(s) Ha3bIBaeTCs MepenaToqHol (DYHKIHeH cu-
creMbl. MHOro4YIeH a(S) HA3BIBAETCA XapaKTEPUCTUIECKIM

19



MHOI'O4JICHOM CUCTEMDBI. KOpHI/I XapaKTepuCTu4ieCKoro MHOIo-
wieHa a($) eCTh MOJIOCH CHCTeMbl. KopHu MHOTOUWIeHa b(s)
Ha3bIBaAlOTCA HYJIAMHN CUCTEMBI.

JluHeiiHast MHOTOCBSI3HAS CTAIMOHADHAS CUCTEMA

T = Ax + Bu,
y=Cx+ Du

B YaCTOTHOH 00JIaCTU OIHUCHIBACTCH YpaBHEHHUEM

i(s) = G(s)as).
Marpuia

G(s) =C(sE—A)'B+D

Ha3bIBACTCA NEPEJIATOYHON MATPUIECH CUCTEMBbI WX MAaTPUY-
HOI mepeaaTouno PyHnKImei.

JIyst cmeTeMbl ¢ OHUM BXOJOM OJHUM BBIXOIOM (M = 1,
[ = 1) mepemarounas MaTpHUIA SBISIETCI TEPeIaTOTHON

dyurmIei
G(s) = g(s).
CTpyKTypHBIE CXeMbl 00bEKTOB YIIPABJIEHHUS COCTABISIIOT-

cst u3 0J10KoB. Kazkpiit 6J10K uMeeT BXOJI, BBIXOJ M IIepe/ia-
TOYHYIO (DYHKIIUIO COOTBETCTBYIOIIErO 3BeHa (PUCYHOK 1.4).

AN

u— § >y

Pucynoxk 1.4 — JInuHamMudecKoe 3BEHO

K dJIEMEHTAaPHbIM JUHAMWNYECCKNM 3B€HbAM OTHOCHAT:

1) Ge3bIHepIMOHHOE 3BEHO



6)

MHEPIMOHHOE 3BEHO IEePBOI0 MOPSIKA,

Ty +y = ku,
) k
g(s)_Ts+1’

NMHEPHOMOHHOE 3BEHO BTOPOI'O IIOPAIAKA

Ty + Ty +y = ku,
—_ k .
T2+ Tis+ 1’

9(s)

nuddepeHIupyoIee 3BeHO

MHTErPUpPYyIoIee 3BeHO

HeJnHeitHbIe 3BeHbda y = f(u) Tuma rucrepesuca, Jod-
Ta, HACHIICHNS.

K cTpyKTYypHBIM cXemMaM MOYKHO HPUMEHSTH CJejIyIoniue
HIpaBUjIa IPeodPaA3OBAHHUSI:

1)

[Tepesarounas yHKIUA IOCIEI0BATCILHOIO COEIAHE-
HUS 3BeHBbeB (PUCYHOK 1.5) paBHA MpPOW3BEIEHUIO HEepe-
JTATOYHBIX (DYHKITHIT

N )Y
I
Na)
[y
Na)
)



[lepenarounass pyHKIMS LAPALICILHOIO COEIUHEHUSI
3BeHbeB (pUCYHOK 1.6) paBHA CyMMe IepejiaTOIHbIX
PyHKIIUI

g=aq+ g

[lepegaTounasi pyHKIWS 3BeHA ¢ 0OPATHOI CBSI3bIO (pH-
cyHok 1.7) onpeneisiercst hbopmMyJioi

A

A g1
g - 1 AoA "

— g192
DKBHUBAJIEHTHBIE CTPYKTYPHBIE CXEMbI B CJIydae IIepeHo-
Ca TOYKM Pa3BETBJIEHHWS CUTHAJIA MOKA3aHbI HA PUCYHKE

1.8.

DKBUBAJEHTHbIE CTPYKTYPHBIE CXEMBI B CJIyYae IepPeHo-
Cca TOYKUA CYMMHUPOBAHU CAUTHAJIA TTOKA3aHbI HA PUCYHKE

1.9.

N

u—> g1 1—» 92—y

Pucynoxk 1.5 — IlocaemoBaTesbHoe coeIMHEHNE 3BEHBEB

—> §1
N —+ ~
U — Y
R -+

Pucynok 1.6 — IlapaJytenbHoe coeIluHEHNE 3BEHLEB
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Pucynok 1.7 — 3BeHo ¢ 00paTHOIl CBS3bIO

S
_i_
Nl
—_
Y
Na )
)
Y
N
w
N

i —4 0 G2 —f g3 —> 9
_|_
G102
i —L 0 0 g3 !
gl —> 92 —> » y
+
§4/§3<

Pucynok 1.8 — Ilepenoc ToUkn pa3BeTB/IEHUS CUTHAJIA
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g4
~ + " N N N
u—>0—> g1 —* O g3 >
T+
91/ g1

AN

i — g1+ G O gy ]—'
—|_
L§4§2

Pucynok 1.9 — Ilepernoc To9kn cyMMUPOBaHUS CUTHAJIA

Nt
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1.3 DJaeKTponpuBoJ KAK O00bEKT
yIIpaBJIeHUHA

JluHAMUKA, 3JIEKTPOIPUBOJIA C SJIEKTPOJBUTATEIEM OCTO-
SHHOTO TOKa (pucynok 1.10) omuchiBaeTcst ypaBHEHUSIMU

P =w,
Jw = —/ﬁw + ]CQ[, (14)
LI + RI = u — ksw, (1.5)

I71e (0 — YTOJI IOBOPOTA BaJja ABUTATENs; W — YIJI0Bas CKOPOCTD
BaJIa JBUTaTeNd; [ — CHJIa TOKa; u — YIIPaBJAsIOIee HallpsyKe-
nne; J — MOMEHT WHEePIHNU, IPUBEACHHLIN K BaJy ABUTATEI;
L — mHAYKTHUBHOCTDL SKOPHOM 1enu; [ — compoTuBaeHNEe TKOP-
HOi menu; kq, ko, k3 — KOHCTPYKTUBHBIE ITapaMeTPHI.

R L
(l)i A/V\/\_l
1
_L,

Pucynok 1.10 — DuekTponpuBos,

Iloctpoum omnmcanme OOBEKTa YIpaBJICHHS B IIPOCTPAH-
CTBE COCTOAHUM

x = Ax + Bu,
y = Cx + Du.
BekTop cocrosgnus
2
r=|w
1

25



Brixoa cucrembl y = . Marpuibl cucteMbl paBHBI

0 1 0 | 0
ki ks

o ks R 1

i L L L

c=[100, D=0
IlepemaTounas (pyHKIMSI CHCTEMBI

§(s)=C(sE—A)'B =

ko
_ JL
- RJ + kL k1R + koks (1.6)
3+ ————52 4 s
JL JL

Onncanue «BXO/-BBIXOI» UMEET BUJI

Jo 4 BITRL o BBt hoky )

—U.

JL JL JL
CocTaBUM CTPYKTYPHYIO cXeMy cucTeMbl. [Ipumenss mpe-
obpazoBanue Jlammaca K ypasueausm cucremsl (1.3)-(1.5), mo-
JIYUUM aJiredpandecKue COOTHOIIEHUSI:

1

95(8) = ;(,:)(S),
o(5) = (sl (5) ~ b,
I(s) = T is) — ko (s))

Ha ocHoBe 3TuX COOTHOIICHUI COCTaBIACM CTPYKTYPHYIO CXe-
My (pucynok 1.11). ITocse mpeobpasoBanust CTpyKTYPHOIT cxe-
MBI TIOJIy9IUM Tepeaarovnyo ¢yaknuo (1.6).

Ha pucyske 1.12 nokazana Xcos-Moae/ab 3JIEKTPOIPUBO/IA,
COOTBETCTBYIOIAAd CTPYKTYPHOU CcXeMe.
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erogudinodIdore 9IrdON-S00Y — g1 MOHAOHU

Lo
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2 AHaJu3 M CUHTE3 CUCTEM
pPeryJInpoBaHNIS

2.1 Popmyna Koim ajsa ckaJasapHO
CHUCTEMBI

PaccMoTpuM cucTteMy ¢ OZHUM BXOAOM OJHHM BBIXOIOM

a(p)y = b(p)u, (2.1)
riae p — oneparop audd@epeHnTnpoBaHN,
a(p) =p" +ap" "+ -+ ap,
b(p) = bo + blp + -+ bn_lp"_l

— OolIepaTopHbl€ MHOI'OYJIEHDI.
Ob6iee perenue ypasaenus (2.1) paBao y = ¢ + 4, vae ¥
— obIiee pereHne OJHOPOIHOIO ypaBHEHU I

a(p)y =0,

~

Y — 9acTHOe pellleHue HeOJHOPOTHOTO YpaBHEHUS

a(p)y = b(p)u.

YacTHOoe pellenne HEOIHOPOJIHOIO ypaBHEHIT MOXKHO 3a-
nucaTh B BHJE HHTerpaJja

rie g(t, 7) — pelreHne OIHOPOIHOTO YPABHEHHS ¢ HATATbHBIMA
YCJAOBUAMU

(2.2)



3a/JAHHBIMU 1IPU = T.
BHaueHNs] HAYATBHBIX YCIOBHUIT (2.2) OMpeessiioTest U3 Ch-
CTEeMBI JTUHEHHBIX aareopandeckux ypaBHEHHI

bo = apn-190 + An—2Gg1 + -+ + Gn—1,

by = an—2Ggo + - + Gn—2,
(2.3)

bn—l = do-

PaccmorpuM CTpyKTypy OOIIEro pelmreHus OJHOPOIHOIO
ypaBHEHU

a(p)y = 0.

EcJin cucrema HecTaluoHapHast, TO aHAJUTUYECKOE PEeIeHHe
B 00IIleM CJiydae HOCTPOUTH Hejib3sd. PaccMoTpum ciydail cra-
MUOHAPHO# cucTembl. OO0O3HAYNM Yepes

A, A2, oy A,
KOPHU XapaKTePUCTUIECKOTO MHOTOWIeHA a(A), a 1depe3 nq,
N9, ..., Ny, KpATHOCTH KOpHeil. Takum oOpasom,
m

a(n) =TT = ).

A A

JlelicTBUTEILHOMY KOPHIO A KPaTHOCTU I" COOTBETCTBYET
perenue

e
c(t)=co+eit+ -+t

— MHOTOWJIEH CTeleHn r — 1 ¢ IPOU3BOJLHLIMI KOdddurmen-
TaMH.
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IIape KOMILJIEKCHO COIPSI?KEHHBIX KOPHEH A 1 A KpaTHOCTHU
7 COOTBETCTBYIOT PeIlleHus

7(t) = c1(t)e*M sin(ImAt),
7(t) = co(t)e™*M cos(ImAt),

rie ¢1(t) u co(t) — MHOTOWIEHBI cTeneHn 1 — 1 ¢ TPOU3BOIIH-
HBIMHA KO3IDPUITICHTAMU.

OO0rmee perenne OJHOPOJTHOTO YPaBHEHUS CTPOHUTCI KaK
CyMMa YKa3aHHBIX 9YaCTHBHIX pelnrernii. Takxum obpasom, obiiee
pertenue ypasuenus (2.1) paBHO

y(t) = y(t) +/ g(t, T)u(T)dr. (2.4)

Dopmyna (2.4) maswiBaeTcsa dopmynoit Komm cucrembr
(2.1). Oyuknusg g(t, 7) HA3BIBaETCH BecoBOi DYHKINEH CHCTe-
Mol (2.1).

IIpumep 2.1. IlocTponm BecoByIO (PYHKIIHIO CUCTEMBI

3J1eCh
a(p) =p° +2p+1, b(p)=1+2p.

O6H_Ie€ pemenne OJHOPOJAHOIO YpaBHECHHA NMeEEeT BU
y_(t) = (Co —+ clt)e_t,

IJIe Cy, €] — NPOU3BOJIbHBIC KOHCTAHTHI.
[To onpenenenuto g(t, 7) = y(t), mpudem,

g(r,7) =9(1r) = g0, gV (r,7) =7V (r) = g1
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OmupejiesiuM gg, g1 U3 CUCTeMbl ypaBHeHuit (2.3)

bo = ai19o + g1,
by = 9o-

[Tonyuum gy = 2, g1 = —3.
3 cooTHOMMEHMI

y(1) = (co + rm)e " =2,
g =(c1—co—ar)e ™ =-3

T

HaxXoauM ¢g = (2 + 7)e”, ¢ = —e’. BecoBasg dyHKIEa paBHa

g(t,7) = (247 —t)e 77,

2.2 YCTONMYMBOCTDH CKAJISAPHBIX CHUCTEM

Onpenenenme. Cucremy

OyJieM Ha3bIBATh ACUMITOTHYECKU YCTONYMBOM, ecjm Jiiodoe
pelleHue OJHOPOJHOI'O YpaBHEHUA

a(p)y =0
o0J1a1aeT CBOICTBOM

lim g(t) = 0.

t—o0

XapaKTepucTuIecKuii MHOTOWICH G(A) aCHMITOTHICCKH
VCTOMYUBOM CUCTEMBI Ha3bIBACTCA YCTOMYUBLIM WU 'y PBUILE-
BBIM MHOTOYJICHOM.

32



Re

Pucynoxk 2.1 — Pacnoioxkenue IoJI0COB aCHMITOTHYICCKA
YCTONYUBON CUCTEMDI

Teopema 2.1 (CuekTpajibHbiii KpurTepuili ycroidamBocTH).
Cucmema acumnmomudecky yemotnusa moz0a U MosbKo
moezda, Koz2da 6ce KOPHU TAPAKMEPUCTIUYECKO20 MHOLOYNEHA
a(\) (nostocv. cucmemut) umerom ompuyamesvhvie detcmen-
meavHblEe YACMU (HATOOAMCA 6 Ae60T YACMU KOMNAEKCHOU
nAOCKOCTMU,).

Teopema 2.2 (Kpurepuit ['ypsura, napamerpudeckuii Kpu-
Tepuit yCToix’IqHBOCTI/I). Cucmema acumnmomusecku ycmoti-
Yyusa moada u Mmoavko mozda, ko2da 6ce 2Aa6HBLE OUA2OHAND-
HbLe MUHOPBL Mampuuws, I ypsuya

(a1 1 0 ... 0]
[ as a a; ... 0
_O 0 O Qn |
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cmpoeo boavue HYAA

A1:CL1>O,
1
Ay = det [al ]>0,
as a9
A,, = det H > 0.

IIpumep 2.2. IIycts KO3 PUIUEHTH XapaKTEePUCTHIECKOIO
MHOI'0OYJIEHA, 3aBUCAT OT JIBYX HapaMerpoB 01 u 6

0 0
a(\) = X2 4+ X2 4+ 2\ + 0,6,
0 th

CocraBum Marpuny ['ypsuia

0./, 1 0
H = (91(92 (92/‘91 (91/92
0 0 010,

[To kpureputo ['ypBuia Bce KOpHE MHOrOYjIeHa a(\) Jie-
2KAT B JIEBOU 4aCTU KOMILJIEKCHON IJIOCKOCTHU TOI'/la U TOJIBKO
TOTJIA, KOI'JIA

0
A1:6—1>0, Ag=1—010>0, A= Ay0,05>0.
2

TakuMm obOpa3oMm, 00JIACTH ACHMIOTOTHYIECKON yCTONYMBOCTH
(prcyHOK 2.2) OMUCHIBAETCS HEPABEHCTBAMU

(91(92 > 0, 9192 < 1.

34



01

Pucynok 2.2 — O6/1acTh aCUMITOTUYECKONR YCTOMINBOCTH

Onpenenenme. ['onorpadom cucreMbl Ha3bIBAETCs KPHUBas
NBUZKEHUST TOUYKU

: AN ) - \n—1
a(jw) = (jw)" + a1(jw) + -t a,
Ha KOMILICKCHOH IJIOCKOCTH IIPH U3MeHeHuu w ot 0 10 0o.

Teopema 2.3 (Kpurepuit Muxaiiiosa, 4acToTHBIH KpuTepuii
yeroitauBocT). Cucmema acuMnmomusecky, Yycmotuusa mo-
2da u moavko moada, koeda 20do2pad Havuraemcs Ha NOAO-
AHCUMEALHOUT Yacmu deticmeumenvhoti ocu u nporodum no-
cAed06aMEALHO N KEAOPAHMOE KOMNAEKCHOT NAOCKOCMU NPO-
MU 4aco8oll CMpPeaxu, He nonadai 6 HoAb.

st mocrpoenust rogorpada, GyHKIuo ajw) caeayer 3a-
IInCaThb B BUJIE
a(jw) = u(w) + ju(w),

rie u(w) = Rea(w), v(w) = Im a(w). Toukn romorpada ompe-
TenaoTest KoopauHaTaMu u(w) u v(w).

IIpumep 2.3. IlycTth

a(X) = X° 4+ 0,90 + 2, 3107 + 1,2510% + 1,234\ + 0, 3151.
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Tomorpad (pucyHOK 2.3) HPOXOIUT POBHO N = 5 KBAIPAHTOB
KOMILIEKCHOI miockoctu. Ciie0BaTeIbHO, CUCTEMA ACHMIITO-
TUYCCKU YCTOMYUBA.

02 -01 0 01 02 03 04 05 06 07 08
Re

Pucynoxk 2.3 — T'omorpad acuMOTOTHIECKHA YCTOMINBOM
CUCTEMBI

Paccmorpum nonsiTre pobactHoii (rpy6oit) yeToanBoCTH.
ITycrnb 3a1a80 MHOXKECTBO A MHOrO4/IeHOB

a(N) = ap\" +a N+ 4,
¢ Ko dpunuenTaMu
a; € la;, @), a <@, i=12...n

Cucremy
a(p)y = b(p)u

OyzeM Ha3bIBaTh POOACTHO YCTOMYMBOM, €CJIU 3Ta CHUCTEMa
ACHMIITOTHIECKH yCTOWUnBa Ipu Jro0oM a(\) € A.
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Teopema 2.4 (Xapuronos). Heobxodumwvim u docmamou-
HBLM YCA0BUEM PODACTIHOUT YCMOTUUBOCTU ABAAEMCA 1YCOT-
YUBOCTL YEMBIPET MHO204AEHO6 € KOIPHUUUEHMAMU

‘ S
S
=
i
—_
-
i
[\)
=
7
w
)
T
N

IIpumep 2.4. PaccmoTpum HeOOXOAMMBIE M JOCTATOUYHBIE
YCJOBHsI POOACTHO# YCTOWINBOCTH CUCTEMBI TPETHEIro MOPSsII-
Ka C XapaKTepUCTUICCKUM MHOTOUJIEHOM

a(A) = X 4+ a1 A% + ao\ + as, (2.5)
rie 0 < a; < a; <@, = 1,2,3. lloctpouM MHOrOYJICHBI
XapuToHoOBa

fiA) = X + @\ + @\ + ag,
fo(A) = X2+ a1A° + ap) + as,
f3(A) = A° + a1 \* + @\ + a3,
fa() = X% + a1\ + ap) + @

[IpuMmenumM K 3TUM MHOro4jeHaM KpuTepuit ['ypBura, mo-
JIYIAM HepaBeHCTBA,

ava; > a3, @ay>az 10 > a3 10y > a5 (2.6)

Bce mepasencTBa (2.6) BBITOIHAIOTCS, €CJINA BBITIOTHIETCS
OHO U3 HUX
ay ag > T, (2.7)

Ecyn (2.7) He BBIMOJHSIETCSI, TO MHOTOYJIEH
a(N) =N + e XN+ a) + a3

oyner meycroituus. CienoBarenbHo, ycaopue (2.7) saBjsercs
HEOOXOTUMBIM U IOCTATOYHBIM YCJIOBHEM POOACTHOM YCTONIN-
BOCTH CHCTEMBI ¢ XapaKTePUCTUIECKUM MHOTOWIEHOM (2.5).
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2.3 BpemeHHBIE 1 9aCTOTHBIE
XapaKTepPUCTUKU

PaccmoTpruM acMMITOTUYECKH YCTOMYIMBYIO CUCTEMY

a(p)y = b(p)u. (2.8)
IIo dbopmyne Komn
() = 5(0)+ [ alt.7u(r) dr

M3 acuMITOTHYECKOM YCTOMYMBOCTH CJIeAyeT, YTO

lim g(t) = 0.

t—oo

Takum obpaszom,

wwww=/mmwmw

to

upu t — oo.

Acumnrorudeckn ycroiiumBasi CHCTeMa «3abbIBaeT» Ha-
JaJIbHBIE YCJIOBHSA W HpU OOIbIINX ¢ BefeT cebs TaKxKe Kak
M CHCTEMa, ¢ HYJIEBBIMU HAYAJIbHBIMHU YCIOBUSIMU.

B caydae cranmonapHoit cucrembl ¢dyuKmua ¢(t,7) 3aBU-
CUT TOJILKO OT Pa3HOCTH apryMeHTOB

g(t,7) =gt — 7).
[Tosromy mpu HYJIEBBIX HAYATBHBIX YCJIOBUSX

y(t) = /0 ot — u(r) dr /0 o(Dult — rydr.  (2.9)

Nuterpan (2.9) HassiBaeTcst WHTErpajgoM cBepTku. [Ipu-
MeHsIs TpeobpasoBanue Jlamnaca K (2.9), moaydum

y(s) = g(s)u(s). (2.10)

38



CpasuuBas (2.10) ¢ onucanuem cucrembl (2.8) B 9acTOTHOM
o0JIaCTH, BHJIWM, 9TO BecoBasi (DYHKIMS CTAIIMOHAPHOW CH-
CTeMbI U IepeJIaTouHas PYHKIIKMS CBI3aHbI IPpeoOpPa30BaHUEM
Jlamnaca

3(s) = / " g(te dt.

PaccMoTpuM peaknyuym acHMIOTOTUYECKH YCTONYMBOU CH-
CTeMbl HA THUIIOBbIE BXOJIHbIE BO3JIEHCTBUSI IIPU HYJIEBBIX Ha-
YaJIbHBIX YCJIOBHSIX.

Peakius Ha crynenbKy u(t) = 1 Ha3pIBaeTCS NEPEXOIHOM
dpyHKIHEH CuCTEeMBI

Tunuanasa nepexoanas QYyHKIHAS aCUMITOTUYECKHA YCTOM-
YUBOI cUCTeMbl IIOKa3aHa Ha PUCyHKe 2.4.

Pucynok 2.4 — IlepexoHast pyHKIUS CHCTEMBI
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Ilo nmepexoaHoil (pyHKIMKM OMEHUBAIOT KAYECTBO CUCTEMBI,
BBIYMCJIgAS] BPpEMEHHbIe XapaKTePUCTUKU: BpeMd IIePeXOHOI0
poIiecca, rmepeperyjanpoBane, YUCI0 KOJeOaHuii.

N3 acuMOTOTHYEeCKOW YCTOWYMBOCTH CHUCTEMBI CJIETYeT,
9TO

lim A(t) =v = b _ 3(0).

t—o0 an

Bpemda nepexojaHoro nponecca t, onpejesnsercd Kak Bpe-
Msl, HA9Hasl ¢ KOTOPOr'o

y(t) — v

100% < 9,

rae 0 — 3ajgannad sesanuria. OObIYHO O He JI0IKHO OBITH 00JIb-
e 5%.
[lepeperyanpoBanue BBIYHCIIETCS 0 (DOPMYJIE

AmaX -
o= 212 7 Y100%.
v

B 60JILIIMHCTBE CJIy4aeB o JOJIKHO ObIThL MeHbIne 20%.

Yucao konebanuit N — 4umcao mepeMeH 3HaKa (PYHKINN
y(t)—v 3a Bpems t,. Kak npaBusio N He H012KHO OBITH GOJIbIITE
3.

Yem MeHBITIe BpeMs MEPEXOTHOTO MPOIecca, MepeperyJin-
pOBaHHe W YUCJO0 KOJeOaHUil, TeM JIydlle Ka4ecTBO Mepexo/l-
HOT'O ITPOIIecca.

BpeMs nepexoiHoro mporecca 3aBUCUT OT TOJI0COB CUCTe-
MbI. HeM MeHbIle JIeficTBUTEeIbHBIE YaCTH TOJI0COB TEM MEHb-
e BpeMs MePexXoIHOr0 MpoIecca.

Peaknnst Ha MMIYJILCHBIN BXOJ THIa 0-PYHKIIUNA HA3HIBa-
eTcd UMIYJIbCHOI XapaKTepUCTHKOM cucTeMbl. B cuny dpuib-
TPYIOIIEro CBOficTBa O-PYHKIIUKA UMITYIbCHAS XapaKTePUCTH-
Ka paBHA BeCOBOU (DYHKITUU CUCTEMBI

g(t) = / g(t — 7)3(r) dr.

40



Ilepexoanast (pyHKIHMST W HUMIYJIbCHAS XapPaKTePUCTUKA
CBSI3aHbl COOTHOIIEHUEM

PaccMoTpuM peaknuio cucTeMbl Ha TapMOHUYECKHI CHT-
HaJ

u(t) = Asin(wt + @),

rae A - aMmnTyda, w — 9acToTa, ¢ — ¢asa curnaja. Beixon
CUCTEMBI TaKKe SBJISIeTCA TaPMOHHYECKHM CHTHAJIOM

y(t) = Asin(wt + @),
¢ ammmmatynoit A = A|g(jw)| n basoit ¢ = p+arg §(jw). Coe-
JTOBATEJILHO, JUHEHAd HelIpepbIBHAd CUCTEMa MEHACT aMILIn-
Tyay U a3y TapMOHIYIECKOTO CUTHAIa. JacToTa curHaIa IpH
9TOM He MEHAeTCd.
Peaknnsa sauneiinoit cucTtemMbl Ha TapMOHUYCCKUNA CHT-

HaJl OIIUCBIBA€TCA YaCTOTHBIMH XapPaKTEPHCTHKaMH. OcHos-
HbI€ JaCTOTHBIC XaPaKTECPUCTUKH!

§g(jw) — ammmrynHo-pazoBasg YaCTOTHAsI XapaKTepH-
CTHUKA,;

|G(jw)| — ammInTyIHAS YACTOTHAS XapaKTEPUCTHUKA;
arg §(jw) — da3oBasg IACTOTHAS XaPAKTEPUCTHKA;

Re §(jw) — BemecTBeHHAsT 9aCTOTHAS XaPAKTEPUCTUKA;
Im §(jw) — MEUMAsT 9aCTOTHAS XapPaKTEPUCTUKA;

201g |g(jw)| — morapudmutdeckas aMILTATYIHAS TaCTOT-
Has XapaKTePUCTUKA.

41



IIpumep 2.5. Ha pucynke 2.5 moka3aHa peakiiysi aCUMIITO-
TUYECKHU YCTONYMBOI CUCTEMbI C IepelaTouHoil (pyHKIuei

3+ 30s
s3 + 352 +9.255 + 7.25

9(s) =

Ha THIOBBIE BXOJHDbIE BO3IEHCTBUS: PEAKIHs Ha CTYIEHBKY
(—); peakius Ha UMIOYIbCHBINH BXOJ (- -); peakiusg Ha TapMO-
HUIeCKUil BXOT (- -).

10 1 1 1 1
1 1 | - 1
1 1 1 7N, 1
1 : : NN :
] 1 1 /I \ 1
1 1 P | . 1
] : : S : i
oY TR S S R [ S VR s i
/ / [ | / | \ 1 .
] > Y \ | ! | ! !
{r ' ! : :
, : | | | -
1 1 1 1 1
I . ' | | |
1 1
i I -———— P =
= 0 SRR S R T
4 |\ a 1 yd N 1 ¥ 1 K
1 \ I/ I 1 \ 1 I
] N L I : Vo ;
] N e . .
: -7 ! : Vo ;
' : L L
Sy SR ARl SECEEE RRREREEEE S
- : o : S
1 : o : \ /
] : vt : L/
101 ! ! N
- f f f f
t,c

Pucynok 2.5 — Peaknug cucteMbl Ha TUIIOBBIE BXOJIHBIE
BO31eMCTBUS

Ha pucynke 2.6 mpeacraBiaena amarpamMma bopge, Ha Ko-
TOPO#1 ITOKa3aHbI JIoTapudMHUIecKas aMILINTYTHASI YaCTOTHASI
XapaKTepHuCcTHKa 1 ¢pa30oBasd YaCTOTHASA XapaKTeprucTuKa. da-
CTOTa IO OCU aDCIUCC OTKJIAILIBAETCS B JIOTAPUMMUICCKOM
MacmrTabe.
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Pucynoxk 2.6 — Imarpammva bose

Koy nporpaMmmbl Ha si3bike Scilab:

// Cucrema

s=poly (0,’s’);

a=s " 3+3xs " 24+9.25%xs+7.25;

b=3430xs ;

sys=syslin (’c¢’,b,a);

// Peakmunu Ha TUTOBBIE BXOIHBIE BO3IeHCTBUL
T=0:0.01:5;

yl=csim ('step ', T,sys);

y2=csim ("impuls ’, T, sys );

deff ("v=u(t)’, v=2%sin (3%t )’);
y3=csim (u,T, sys );

scf ()

plot (T,y1,’k’ ,T,y2, k——"T,y3, k—.");
xlabel (7$t, ¢$’)

43




ylabel (7$y$ )
xgrid ();

// Humarpamma Boge
scf ()

bode (sys,0.01,100)

2.4 Cunres3 1IN /I-peryagaropa 1mo 3adaHHBIM
ITOJIFOCaM IepeaaTovYHoll PyHKIINU

B cucremax aBTOMATHKH 9aCTO IPUMEHAIOT THUIIOBLIE pe-
I'yAATOPBI MPOCTOH CTPYKTYpHl Takue, Kak [IV/I-peryagrop.
[lepenaTrounaga dpyukmnug 11V /I-perymraropa

. 1 k(s

G1(s) =k, + /{:Zg + kgs = %, k(s) = ki + kps + kgs®
COJIEPXKUT TPHU COCTABJISIONINE: IPOIOPIUOHAIBHYO, HHTE-
I'paJibHyI0, AuMdOepeHIUPYIONYI0 U COOTBETCTBEHHO TPHU KO-
sdbdpunuenta ky, ki, kq.

Ob6o3Ha4YuM 4yepes

nepegaTounyo pyHKIHio obbekTa peryaupoBanus. Ha pu-
CyHKe 2.7 ToKa3aHa CTPYKTypHad cxema cuctembl ¢ [TM/I-
PeryJIiTOpoM B KOHTYpe VIIpaBJeHud. 371ech § — KOMaHTHbIM
CUTHAJI, i — BBIXOJ, CHCTEMBI, £ = {j — Y — OIINOKa PeryJjmpo-
BaHus. Crucrema JIOJI2KHA OTpadaThiBaTh KOMAHJIHBIA CUTHAJ
1 00J1a/1aTh IPpUEeMJIEMbIM KadyeCTBOM MEPEeXOAHBIX ITPOIECCOB.
IlepemaTounasa GyHKIMS 3aMKHYTON CHCTEMBI

_91(8)ga(s) _ bls)k(s)
1+m(M() - sals) +b(s)k(s)
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Pucynok 2.7 — CucremMa ¢ peryjasaropoM

XapaKTepuCTHIeCKUd MHOTOYJIeH 3aMKHYTOM CHCTEMBbI
a(s) = sa(s) + b(s)k(s).

SaMKHyTas CHCTeMa JOJIXKHA OBITb ACHMITOTHUYECKU
YCTOMYUBOM. DTO O3HAUAET, YTO IOJIOCHI 3aMKHYTOH CHCTe-
MbI, KODHU MHOTOYJIeHA G(S), JOJ2KHBI KMETH OTPHUIIATEIbHbIE
JIeCTBUTEIbHBIE YACTH.

Paccmorpum 3amaay cuaresa [V /I-peryagropa mo 3amaH-
HBIM IOJTIOCAM 3aMKHYTOM CHUCTEMBI /IS CHCTEMbBI BTOPOIO MO-
psijiKa C HepeaarodHoil pyHKImnei

bo—l—blS
24+ a1s+as

92(5) =
XapakTepuCcTHICCKN MHOTOYJICH 3aMKHYTON CHCTEMBI paBeH

a(s) = (s> +ais + az)s + (bo + bys) (ks + kps + kgs®) =
= (1 -+ blkd)SS -+ (CL1 + bgkd + b1/{3p)82‘|‘
+ (CL2 + bokp + blki>8 + b()]fz (211)

3a1a UM KeJaeMblii XapaKTepUCTUUEeCKUH MHOIOWIEH 3a-
MKHYTO# CHUCTEMBI B BH/IE

a(s) = (1 + bikg)(s — s1)(s — s2)(s — s3) =
= (1 + bikg)(s® +ays* + ags +as). (2.12)
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3/1eChb S1, S9, S3 — HOJIOCHI 3aMKHYTOH CHUCTEeMBI. VIX MOKHO
3a/IaTh Bce paBHbIMH —7, TAe r > 0. B aTom cayyae a; = 3r,
C_LQ = 3T2, C_Lg = Tg.

[Ipupasusiem koddduruentsr muorowieHos (2.11) wu
(2.12). Hosyunm cucremy JIMHEHHBIX aarebpandecKux ypas-

HEHUH JJIsI HAXO0XKIeHUsI KOY(MMDUIIMEHTOB PEry/IsiTopa

Ql

ap + bokd + blkp = (1 + blkd)
a9 -+ bokp -+ blkz = (1 -+ blkd> 2,
bok; = (1 + b1ky)as.

1,

QI

SamnuiieM 9Ty CUCTEMY B BEKTOPHO-MAaTPUYIHOM BHIE

bl 0 b() — blC_Ll ]Cp a; — aq
bo bl —blC_LQ kz = |ag — as
0 bo —blag kd as

HyCTb MaTpHulla CUCTEMbI HEBbBIPOZKIE€HA

b1 0 b() — bldl
det b() b1 —blC_LQ 7é 0.
0 bo —blag

Torna ko3 dunmenTs peryagaropa HaxXoadaTces 10 popMyae

]fp bl 0 b() - blC_Ll a; — aj
kil = |bo b1 —biag ag —
kd 0 bo —61&3 as

B yactaoMm cirydae npu by = 0 mosaydnm

Az — Q9 as ap — ap
]Cp: b ) kZ: b—, k’d: b .
0 0 0
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OTO HavaJibHble 3Ha4dYeHHusl KOI(PPUIMEHTOB, KOTOPHIE
MOYKHO YTOYHHTH B 3aBUCHUMOCTH OT KadecTBa IEPeXOHOIO
nporecca. Hanpumep, MOXKHO YBEIUYUTD UK YMEHBIITUTD 3TH
Koa(pdunuenTol. Koaddunuenr k, Binder na BpeMd mnepexo/l-
HOTO Tporecca, KoddpdumuenaT ky — Ha mepeperyampoBanne,
KO3 PUIUEHT k; — Ha TOYHOCTDL PETyJIUPOBAHULI.

IIpumep 2.6. PaccmorpuMm 3ajady cHHTE3a KOHTPOJLIEPA
(perynsiTopa) pUBO/a MAIHUTHOW TOJIOBKH YKECTKOTO JTHCKA,
CXeMa, KOTOPOro MoKa3aHa Ha pucyHke 2.8.

of".

Y

Pucynok 2.8 — Cxema npuBo,ia

YpaBHeHHEe JIBUKEHHsI MArHUTHON TOJIOBKH 3alliCH-
CUYUTHIBaHUS »KECTKOI'O JIMCKA UMEET CJEYIONIUi BU I

J§0+C§O+k1§0 = /Cz[,
e
© — YIJIOBOE TOJIOYKeHNe MarHUTHO# T'OJIOBKH;
I — TOK IKOpS JIBUTATEIL;
J — MOMEHT MHEPIIUA MATHUTHOHN T'OJIOBKU;
¢ — Ko3(ppunmeHT BI3KOT0 TPEHHUSI;

k1 — K03pUIIEHT KeCTKOCTH IPYKUHBI;
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ko — MOMEHTHBIT KOI(DMDUIHEHT JIBUTATEISI.

3Hadennsa mnapaMerpos pasabl: J = 0,01 xrm?; ¢ = 0,004;
]{71 = 10, k2 = 0,05

0.01 — 7 1T 1
o.oosﬂ(””mr/\ S R VR S—
-l (RN AR RN AR AR AN
i~ | i i | i
> 0.004 4 H M T T T
o.oozv\wv\] B A4
0 SRS [N SN SN S

0 0.5 1 1.5 2 2.5 3
t,c

Pucynok 2.9 — Ilepexoanblii mporecc B cucteme 6e3
yhpaBJeHu A

Ha pucynke 2.9 mokazaH mepexoJHBIii HpoIecc B pa3o-
MKHYTOI cucteme. Iloctpoum xontposiep B Buae I[TMJI-
peryasTopa. 3aJalnM »KeJaeMblil XapaKTepUCTHIeCKU MHO-
roujieH 3aMKHYTOIl CUCTEMBI B BUJie MHOT'OUWIEHA 3-T'0 MOPSI-
Ka, Bce KOpHU KOTOporo paBubl —30. [lomyunm 3HaYeHUS KO-
sdbpunuentos peryngaropa: k, = 340; k; = 27000; kg = 179, 2.
Ha pucynke 2.10 mokazaH mepexXomHBII IIPOIECC B CUCTEMeE C
pPeryJiaTopoM Npu KOMaHJIHOM CUTHaJe i = 1.

KoppekTupys Ko3pPunueHThl peryisropa

ky, =k,, ki =5k, kq= 10k,

moJiydaeM 0oJiee KadeCTBEHHBIH MepexXOaHbIil mpotece (pucy-
HOK 2.11).
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Pucynok 2.10 — Ilepexoansrit mpomecc B cucTeme ¢
PeryJIaTOPOM

Koa nporpaMMmbl Ha sg3bIKe Scilab:

// TINJE-perynstop

s=poly (0,’s’);

J=0.01; ¢=0.004; k1=10; k2=0.05;
al=c/J; a2=kl/J;

a=s " 2+alxs+a2;

b0=k2/J; bl1=0;

b=b0+blxs;

r—30;

aal=3%r; aa2=3%r"~2; aad—r" 3;
kp=(aa2—a2)/b0;

ki=aa3 /b0 ;

kd=(aal—al)/bO0;
k=ki+kp*s+kdx*s ~2;

// MogmenupoBanue
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0 0.002 0.004 0.006 0.008 0.01
t,c

Pucynok 2.11 — Ilepexoanslii mporecc B cucTeMe ¢
NCTPABJICHHBIMU KO3 punmentamMu peryasaropa

// Cucrema 6e3 yupaBieHUs

g=b/a;
sys=syslin ("¢’ ,g);
T=0:0.001:3;
y=csim ( *step ', T,sys );
scf ()

plOt (TJY7 7k_7);

xlabel ("$t, c$);

ylabel (’$\varphi, pax.$’);
xgrid ();

// Cucrema ¢ yupasjeHHeM
g=bxk /(a*xs+bxk);
sys=syslin ("¢’ ,g);
T=0:0.001:0.3;

y=csim (’step ', T,sys);
scf ()
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plot (T,y, k—");
xlabel ("$t, c$7);
yvlabel (’$\varphi, pax.$’);
xgrid ();

// KoppekTupoBka
kp=kp;

ki=ki*x5;

kd=kd x10;
k=ki+kp*s+kdxs ~2;
g=bxk /(a*xs+bxk);
sys=syslin ("¢’ ,g);
T=0:0.0001:0.01;
y=csim ('step ', T,sys );

scf ()

plOt (T7Y7 ,k_j);

xlabel (7$t, c¢$7);

yvlabel (’$\varphi, pax.$’);
xgrid ();

2.5 Cunres 1IN /I-peryagaropa 1o
nmepexoaHo (pyHKIIUN

Ha mnpaktuke BO MHOrHX caydagx HacTpoiika I[IM/I-
peryJjisitopa BO3MOX»KHaA 0€3 IOCTPOEHMsI MOJIEIH O0beKTa,
yIpaBjeHud Buje nepegarodHoil dyskmun. Paccmorpum
OJIMH W3 TaKuX MeToJioB cunTe3a [V /I-peryssaropa, moayduB-
muii Ha3BaHue metoja Luriepa-Hukonbca.

IIpeamoaokKum, 94TO U3BECTHA IepexoaHas (pyHKIUs — pe-
aKIsl 0O'beKTa PEryJanpoBaHKs Ha CTYIEeHYATOE BXOIHOE BO3-
neiictue. o rpacduky nepexoanoit dpyukiun (pucyHnok 2.12)
ompeneasioT HakIoH R = H/L u 3a7ep:kKy A mepexomHoro
nponecca. HakmoH paBeH 3HAYEHNIO IIPON3BOIHOMN IepeX0o HO

o1




A Y

>

A L t
Pucynoxk 2.12 — Ilepexognaga pyukmms

dpyHKIMU B TOUYKe n3ruda 3roit pyuknnu. Koadphunuenrsr pe-
I'yJISITOPa BHIOUPAIOT PABHBIMU

1.2 0,6 0,6
— 9 kZ Y k )
RA’ a

" T RAT YT R
IIpumep 2.7. PaccMorpuMm 3a1a4y yopaBaeHUS CKOPOCTHIO
naBuKeHns apromobuis (npumep 1.1). Heobxoaumo obecrie-
YUTH 33IaHHYI0 CKOPOCTH JBHUKEHUS HE3aBHCHMO OT COIIPO-
TUBJIEHAS aTMOC(hEPHl U yIIa HAKIOHA IOBEPXHOCTH IBUKE-
HI.

B Mmonenn aBromoOnig

1
mi = —mgc,v — 5,0%5’7)2 —mgsinf + F,

quéM ANHAMUKY TPaHCMHCCHHU B BUIE 3B€HA IIEPBOI'O IIOPAI-
Ka

TF + F = ku.

ITycrs m = 1500 r; g = 9,81 m/c¢*; ¢, = 0,01; p = 1,3;
cg = 0,32, S = 24 Mm% T = 3; k = 7000. Koabdbunu-
enTwl 11V /I-perynsaropa, paccuutannble mo MeTony Lluriepa-
Hukousbca, pasunl: £k, = 0,25; k; = 0,0625; kg = 0, 25.
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Pucynok 2.13 — CKOpOCTD JBUKEHUST aBTOMOOUISA M/ ¢

Ha pucynke 2.13 noka3zaHa peakmug aBTOMOOWII Ha, M3Me-
HeHHe YIJIa HaKJIOHA moBepxXHOCTH ABMzKeHud ¢ 0 go 0,2 pas.
MogennpoBanue BBIIOJIHAIOCH B CHCTEME KOMIIBIOTEPHOI Ma-
TeMaTuKu Scilab ¢ ncrosb30BaHneM IOJICUCTEMBI KOMIIBIOTED-
HOro MojeaupoBanust Xcos. Ha pucynke 2.14 nmokazana Xcos-
MoJesib aBromobmiist ¢ [T /I-peryagropoM B KOHType ylIpaB-
JICHU .
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s Lena+1/in-
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LT

S/l /Zn+(elaup)uls, B-(W,2)/Zy L N.S.P,04-1n,o,B-
:uoIssaldxg
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3  YHOpaBjdeMOCTh U HabJJI01aeMOCTb

3.1 ®Popmyaa Koum ajiss MHOTOCBA3HOI
CHCTEMBI

PaceMoTpuM JTMHEHHYIO CHCTEMY
&= A(t)x + B(t)u, (3.1)

e T — N-MEePHbIIl BEKTOP COCTOAHUA, U — TM-MEPHBIA BEKTOP
yIIpaBJIeHUS.

Popmysna Komm onpenenger 3aBUCUMOCTH COCTOSHUS CH-
creMbl OT ynpaBienns. Popmysa Komm cTponTcs Ha OCHOBE
ePexXOTHON MaTPHUIIBI CUCTEMBI.

Oupenenenne. [lepexonnoit maTpureit cucremsr (3.1) HAZBI-
BAaeTCA MATPUIIA, VIOBJICTBOPAIONAS YPABHEHHIIO

0d(t, 1)
— 2 = A(t)D(¢
07 _ awalt.m
¢ Hava bHBIM yeaoBuem ®(7,7) = E, tme E — egmHWYHas

MaTPHUILA.

Teopema 3.1 (Popmysia Korm nHenpepbiBHOit cuctemsi). Pe-
wenue ypasrernua (3.1) pasro

z(t) = O(t,to)x(to) —I—/t O(t, 7)B(T)u(T) dr.

1 cTanmoHapHOl cuCTeMBl IIepeXoaHasd MaTpPHIA OIIpe-
JleJigeTcsd B BAJEe MATPUIHON 3KCIIOHEHTHI

O(t, 1) = eA(t_T),
re

t2
eAt:E+At+A2§+...
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Popmysaa Kommu jas crannoHapHOil CUCTEMbI IPUHUMAET BH/I
t
x(t) = ex(0) —I—/ e =) Bu(T) dr.
0

IIpumep 3.1. Paccmorpum cucremy

561 = X2,
$.2 =Uu.
MaTpunpl cucreMs
0 1
= , B = O
0 0 1
3aMeTuM, 4To
42— 0 0
0 0
CietoBaresibHO,
At t
e’ =FE+ At = 1] :

Popmyna Komu npunuMaeT BHI

2(t) = [(1) i] 2(0) + /O [t_lT] u(r) dr.

3.2 YnpaBageMOCTb

PaccMoTpuM MHOTOCBA3HYIO CHCTEMY, OBeJIeHne KOTOPO
OIIMCHIBACTCS yYPaBHEHUEM

T = f(x,u,t), (3.2)

rJle £ — N-MEPHBIA BEKTOP COCTOSAHULA, U — M-MEPHBIIZ BEKTOD
yIIpaBJIeHUS].
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Onpenenenne. Cucrema (3.2) MOJHOCTHIO yIpaBJseMa HA
WHTEpBaJie BpeMeHu |[tg, 1], eciau Jijist Jil0OOTO HAYAIBHO-
ro cocrosinusi x(tg) = o U JIOOOTO0 KOHEYHOTO COCTOSTHWS
x(ty) = x1 cymecrByer ynpasienue u(t), t € [to, t1], KOTO-
poe TIEPEBOJUT CUCTEMY U3 To B X1

B nanpHeitem OyjieM roBOpuTh 006 YIIPaBISIeMOCTH CHCTe-
MbI, TIO/Ipa3yMeBad MOJIHYIO YIPaABIACMOCTD.

PaccmoTpuM yea0Bug yIpaBasgeMOCTH JUHEHHONW HecTaIln-
OHAPHOU CUCTEMbI

i = A(t) + B(t)u. (3.3)

Teopema 3.2 (Kpurepwuii ynpasaseMOCTH HECTAITHOHAPHOMN
cuctembl). Cucmema (3.3) ynpasasema na unmepsane epe-
menu [tg, t1] moeda u moavko moeda, Koeda mampuya

W (to, 1) — /tl B(ty, 1) B(H) BT ()T (1, 1) dt

to

HEBBIPOHCOEHHAA.
PaccmorpuM cTanmoHapHYIO CHCTEMY
© = Az + Bu. (3.4)

O6o3HaYuM 4depes
X(A,B)=|B, AB, ..., A"'B|

MAaTPHILY, COCTOSIIYIO U3 1 CTPOK W nm cToJ01oB. MaTpuity
X (A, B) byneMm Ha3BIBATH MATPUIIEHl YIIPABISIEMOCTH CACTEMBI

(3.4).

Teopema 3.3 (Ilapamerpuueckuii Kpurepuii ymnpapsgemMo-
cru). Cucmema (3.4) ynpasisema na A1060M U3 UNMEPEAAOE
epemeru [tg, t1] mozda u moavko moeda, Kozda

rank X (A, B) = n.
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Teopema 3.4 (CunekTpa/ibHbIli KPUTEPUl YIPABJISIEMOCTH).
Cucmema (3.4) ynpasasema Ha A1000M U3 UNMEPBANOE BDPE-
menu [to, t1] mozda u moavko moeda, xo2da das 06020 cob-
CMBEHHO020 YUCAA X MAMPULD, A

rank [)\E — A, B} = n.

s cTanmoHapHBIX CHCTEM BMECTO <«YIPaBIAEMOCTDL CH-
CTeMBI» TPUHITO TOBOPUTH «YIPaBAsIeMOCTb maphl (A, B)».

Jamevarue 3.1. PaHT MATPUIIBI €CTh MAKCUMAJILHBIN TOPS 0K
OTJIMIHOTO OT HYJI MUHOpPA MAaTPHUIB. PaHT MaTpuIibl paBeH
MaKCUMAJbHOMY YHCJIY JUHEHHO HEe3aBUCUMBIX CTPOK U MaK-
CUMAJbHOMY YHCIY JUHEHHO HEe3aBUCUMBIX CTOJIOIOB MaTpH-

1bI.

B cucreme Scilab panr MaTpuIiibl MOKHO BBIYUCIATH C I10-
Motbio yukmun rank(A). Oyukmua contr mat(AB) Bos-
Bparmaer Marpuiy ympasiasgemoctd. C moMomnipio QyHKIHH
contr(A,B) MOXKHO TpoOBeCTH aHAIM3 YIPABISIEMOCTH MAPbI

(A, B).

IIpumep 3.2. PaccmoTpum cuctemMy BTOPOrO MOPSIKA C OJ-
HUM YIPaBJICHUEM

.jfl = a1 + blu,

.1"2 = Q99 + bgu.
ManI/IHI)I CHUCTEMBI PpaBHbI

A — ay 0 | B — b1
b

0 a9
ManI/IHa YIIpaBJd4deMOCTH

X(A,B):[R AB]: by b

bg as bg

58



Marpuua yupapjiseMOCTd KBaJpaTHas, CJIeI0BATEILHO,
rank X (A, B) = 2
TOrJA ¥ TOJIBKO TOIJA, KOI/Ia
det X (A, B) = (ay — a1)bibs # 0.

Takum oOpa3om, cucTeMa yIpaBJisieMa TOJIbKO, eCJAu a1 7 ds,

by # 0, by # 0.

3.3 HabamogaeMocTb

PaccMoTpuM MHOTOCBSI3HYIO CHCTEMY € HEIOJHON mHMOp-
Mallieil 0 COCTOIHNU

T = f(x,t), y=h(z,t), (3.5)

I7e T — N-MePHBII BEKTOP COCTOSHHUS, i — [-MEepHBI BEKTOP U3~
Mepenwnii. Hemosmnora nadgopManum o3HadaeT, UTO YUCIO U3~
MepeHUi MeHbIIe YUC/Ia IepeMeHHbIX cocTosiaus (I < n).

Omnpenenenne. Cucrema (3.5) mosHOCTBIO HaOIIOTAEMa HA
WHTEpBaTe BpeMeHu |[tg, t1], ecau st JIOOBIX IBYX TPaeK-
Ttopuit x(t) u T(t) m3 ycnosus x(ty) # Z(ty) craemyer, ITO
y(t) # y(t) mpu HeKoTOpOM t € [tg, t1].

Hastee OyaeM roBOpUTH O HAOJIIOIAEMOCTH CUCTEMBI, TIPE/I-
oJIarag MoJaHyIo0 HaOJII0TaeMOCTD.
Jng amHeHON HecTallmOHAPHOM CHCTEeMBI

t=Alt)r, y=C(t)x (3.6)
cIIpaBe [/TiBa
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Teopema 3.5 (Kpurepuii Hab/I01a6MOCTH HECTAIMOHAPHOI
cucrembl). Cucmema (3.6) nabarodaema na unmepsane spe-
menu [tg, t1] mozda u moavko mozada, Ko2da mampuya

Vit 1)) = / " BT (1, 1)CT (O (DB (1 1) dt

HEBLPOHCOEHHAA.

PaccMmorpuMm KpuTepun HaAOIIOIaeMOCTH JUHERHON cTaIm-
OHAPHOM CUCTEMBbI

= Az, y=Cu. (3.7)
Ob6o3HaYuM 4depes
o
CA
Y(A,C) =
_CAn_l_

MaTPHUILY, COCTOSINYIO U3 Nl CTPOK U N cTojadnoB. Marpuiy
Y (A, () 6ynem HaspiBaTh MaTpuieil HabJII0JaeMOCTH CUCTe-
MBI (3.7).

Teopema 3.6 (Ilapamerputueckuit Kputepuit HaOIIOTaEMO-
cru). Cucmema (3.7) nabamrodaema 1a 41060M U3 UNMEPEAAOE
epemeru [tg, t1] moeda u moavko moeada, Kozda

rank Y (A, C) = n.

Teopema 3.7 (CuekTpaiabHbIi KpUTEpHii HAOIIOIAEMOCTH
cucrembl). Cucmema (3.7) nabarwodaema Ha 41060M U3 uHMED-
6a.106 epemen [to, t1] moeda u moavko mozda, Koeda Oif A10-
6020 cOOCMBEHH020 YUCAL X MamPuyb, A

AN — A

rank =n.
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IIpumep 3.3. PaccMoTrpum cucTeMy BTOPOTO HMOPSIKA € OJI-
HUM HU3MEPEHUuEeM

Iryp = T2,
It‘g = —T1 — QCEQ,

Y = C1T1 + C279.

Heobxomumo onpeaenTs Te 3HAYEHHS ¢; U Co, IPU KOTOPHIX
CUCTEeMa HabJIIoIaeMa.
Marpunpl cucreMbl paBHBI

A= _01 _12 : C:[Cl (32}.

CocTaBuM MaTpuUIy HaOI0IAEMOCTH

Y(A C)— C . C1 Co
oAl —Cy €1 — 20y

CienoBaTesbHO,

rank Y (A, C) =2

TOTJIA U TOJIBKO TOT/a, KOTJIa
det Y (A,C) = (c1 — ¢3)* # 0.

CoryacHo mapamMeTpuIecKoMy KPUTEpHUIo HaOII01aeMOCTH
CUCTeMa HabII0JaeMa IIPH BCEX €] # Co.

B maapHeiimeM OygeM roBOpHTL O HAOJIIOZAEMOCTH Hapbl
(A, (), nogpasymeBasi HAOJIIOJAEMOCTH cucTembl (3.7).

CpoiicTBa yIpaBasgdeMOCTH U HaOII0JACMOCTH AyaabHbl B
TOM cMBICTe, 9TO mapa (A, B) ymnpasiasema TOrma W TOJBKO
Toraa, Koraa Habmogaema mapa (AT, BT).

61



3.4 AmnHain3 ynpaBJIgeMOCTH 1

HaOJII0IaeMOCTH 3JIEKTPONPUBOAA

Paccmorpum Mojiesib sstektponpusoa (1.3)-(1.5). Marpu-
bl CUCTEMBI PaBHDbI

0 1
k1

0 ——
i

0 —-3
L

Matpuna ynpapiageMocTn

X(A,B) =

0

0
1
| L

0
ko

JL

R

LZ

0
, B=10
1

L
k-

JL

Ckiky  keR
L JL?
koks | R
JL2 L3

Cucrema ympapiseMa, TocKoabKy rank X (A, B) = 3.
[TycTh m3Mepgerca yriioBoe IOJIOKeHUe BaJIa JBATATEIA

y=e.

YVTra0oBag CKOPOCTh U CHJIa TOKa He m3MepsioTcs. Torma

rank Y (A, C') = rank

C:[l 0 0},
.
0 1 0|_3
ko ks
0 ——t
i J J
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Cucrema HabJIIOTaEMA.
IIycTh m3MepsoTcs yrioBas CKOPOCTh U CUJIa TOKa,

y:H.

B stom ciryuae

1
A_fo1o |
00 1
0 1 0 |
0 0 1
iy ks
0 = 2
J J
Y(A,0)= |, ks R
I I
) K kks  kiks kR
72 JL 7L
k1k3 kgR kg]fg R
O TSt T T

Cucrema menab.ioaema, nockoabky rank Y (A, C) = 2.
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4  YCcTONMYNMBOCTHh MHOI'OCBA3SHBIX
cucreM

4.1 YcToiiumBOCTH 1O JIdAmMyHOBY

PaccmorpuM cTanmoHapHyo HEJIUHEHHYIO CUCTEMY

i = f(x) (4.1)
¢ HyJIeBbIM TOJT03keHnemM pasHoBecust f(0) = 0.

Onpenenenne. Cucremy (4.1) Gynem HA3BIBATH yCTONYUBOI,
ecau jyist Jiioboro € > 0 cymecrByer d(e) > 0 Takoe, 4To
Jutst J1i060i Tpaektopun x(t) u3 yeqaosus ||z(0)] < 6 caegyer
|z(t)|| < emput>0.

31ech

el = \fo? + 2§+ -+ a2

— €BKJIMJI0OBA, HOPMa BEKTOPA.

Onpenenenne. Cucremy (4.1) OyaeMm Ha3BIBATH ACHMITOTH-
YECKU YCTOMYUBOM, €CJU 3Ta CUCTEMa IPOCTO YCTONYUBA U
cymecTByeT h > 0 Takoe, 9TO jid J1I000it TpaekTopun x(t) u3
yenosus ||z(0)|| < h cremyer

lim z(t) = 0.

t—o0

HaJjiee Oynem paccMmarpuBarh jguddepeHnupyeMbie 110 T
dbyuknun V (z) takue, aro V(0) = 0.

[Ipoussognast dyukmun V(x) B cuny cucrembr (4.1) (Ha
TPAEKTOPHUSIX CUCTEMbI) DABHA

ro=(5) #=(5) s
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rje

oV -
ov | 9n
o ov

| Oz,

Iloj OKpecTHOCTHIO Ha4aJia KOOPAMHAT OyJAeM IOHHMATH
MHOYKECTBO & Takux, 410 ||z|| < ¢, s vekoroporo ¢ > 0.

Caenyrorniue TeopeMbl (POPMYJTUPYIOT JOCTATOUYHBIE YCJIO0-
BUAA YCTONYUBOCTU U ACUMIITOTUYECKON YCTOMYUBOCTU CHUCTE-

Mol (4.1).

Teopema 4.1. Ecau cywecmeyem dynkyus V(x), obradaro-
waa ce0Ucmeamu:

1) V() >0, x#0;
2) 6 HeKomopot OKPECIHOCTNU HAUAAL KOOPOUHAM.

V(az) <0,

mo cucmema (4.1) yemotinusa.

Teopema 4.2. Ecau cywecmeyem dynkyus V(x), obaadaro-
waa ce0lUcmeamu:

1) V() >0, x#0;
2) 6 HeKomopol OKPECTIHOCTNU HAMAAL KOOPOUHAM.

V(z) <0, x#0,

mo cucmema (4.1) acumnmomumecku ycmoiuusa.

Oyuknun V (x), yIOBIETBOPSIONNE YCI0BUAM TeopeM 4.1,
4.2, byaeM Ha3bIBaTh QYHKIUAMHE JIgamyHOBA.
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IIpumep 4.1. Mccaegyem Ha yCTOMYMBOCTH CHCTEMY

: 2
T, = —x1 + 375,

Li’g = —T1TXo — .’l?g

Qyakouio JIanyroBa 3anuineM B BIIE KBAIAPATHIHON (hopMbI

Viz) = oo +23)

Bamerum, aro V(z) > 0 mpu x # 0.
[IpousBonnas dbyukmun JIGmyHoBa B CIIY CHCTEMBI

O 212
V(z) =—(x; —x3)* <0.
Ciie10BaTeIbHO, CUCTEMA YCTORIHBA.

IIpumep 4.2. PaccMoTpuM cucTeMy

Oyuknmio JIsmyHnoBa OyjaeM HCKaTh B BHIE
V(z) = ax] + bry,

rie a > 0 u b > 0. [IpousBognas dynkmun Jlganynosa B cuiry
CUCTEMBbI PaBHa,

V(x) = 2ax,23 — 2az} — dbx a3 — 4bxh.
IIpm a = 2b mosyaum
V(z) = —4b(at + x3).

CiemoBaTesbHO,

V(z) <0, z#0.

CucreMa aCHUMITOTUYECKH YCTONUYMBA.
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4.2 AHaJn3 ycTOWYIMBOCTH MO COOCTBEHHBIM
qUCcJaM MaTPUIbI CUCTEMBbI

PaccMoTrpuM  ycJioBUsT aCHMIOTOTUYECKON yCTONYMBOCTH
JUHEHHOW CTAaIlMOHAPHON CUCTEeMBbI

T = Ax. (4.2)

Ecin cucrema (4.2) acuMITOTHYECKH YCTOWYIUBA, TO JIHO-
Gast TpaekTopusi (t) 9T0il cucreMbl 00J1a1aeT CBOWCTBOM

lim z(t) = 0.

t—o0

Teopema 4.3 (Cuekrpanbublii Kputepuit). Jlas acumnmo-
museckot yemotuusocmu cucmemui (4.2) neobxodumo u do-
CMAMOUHO0, 4MOobbL 6CE COOCMBEHHBLE YUCAL MAMPUYDL A UME-
AU ompuyamesvrvie delicmsumenbHsie 4acmu.

Ob6o3HaunM Uepes
AN) =detA\E —A) = X"+ \" P+ -+ a,

XapakTrepucrudecknit Mmuorodsien Marpunnl A. CobcrBeHHbIe
qucia Marpunbl A ects Kopau A(N). CraegoBaTeibHO, CHCTE-
Ma (4.2) acUMITOTHYECKH YCTORYINBA TOT/A B TOJBKO TOT/IA,
KOTJa KOpHU MHOTOWIeHa A(A) IMEIT OTpHUIaTebHbIe Teii-
CTBUTEJbHBIE YacTu. llocaennee MOXKHO HMPOBEPUTH € ITOMO-
mpio Kpurtepues ['ypsuna n MuxaiiaoBa.

ITpumep 4.3. Marpuna cucreMbl

1"1 = 221’1 - 13562,
I"Q = 45.%'1 — 261’2

paBHA,
22 —13
45 —26
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CocTaBUM XapaKTePUCTUIECKUH MHOTOYIEH
A(N) = det(A\E — A) = A2 + 4\ + 13
U HalljieM ero KOpHHu
M =-2+375, X=-2-3j

JleficTBUTEJIbHBIE YaCTH KOPHEH cTporo Menbime Hyss. Clie-
J0BaTEJIbHO, CUCTEMa aCUMIITOTUYCCKN YCTONYNBA.

4.3 AmHaJn3 ycTOWYMBOCTH HA OCHOBE
penieHus ypaBHeHus JIsgamyHoBa

st cucremsr (4.2) dyuxknuio JIgamyHoBa O6yaeM HCKATh B
BUJC KBAJAPATHIHON (HPOPMEL

V(z) =" Qu,

e () — cuMMeTPpUYHAs OJ0KUTEIbHO OIIPejieJIEHHAsT MaT-
puna. Cueayiomast TeopeMa (popMyupyeT HeoOXOJuMoe u
JIOCTATOYHOE YCJIOBUE IOJIOKUATEIHLHOR ONPENeTIEHHOCTA CHM-
METPUYIHON MATPHUIIDI.

Teopema 4.4 (Kpurepuii Cuibsecrpa). Cummempuunasn
MAMPULA

dgir q12 --- (Qin

21 Q422 ... (on
Q=

_in dn2 - - an_

ABAAEMCA NONOHCUMENOHO ONPEdesénHot moz20a U MoAbKOo
moada, K020a 6ce 2Aa8HbBLE JUA2OHANDHBLE MUHOPDL IMOTE MAM-
PUUBL OOADUE HYAA

di11 412
d21 {22

Ay =q;; >0, det >0, ... det@ >0.
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Omupenenenne. JIuneitHoe MaTpuyHOE ypaBHEHUE
QA+ ATQ =—P,

rie P — 3agaHHasg cMMMeTpUIHAasd TOJOXKATETHHO OTpeae/IEH-
Hast MaTpuia, () — HCKOMasi MaTPUILA, HA3bIBAETCs YPaBHEHU-
eM JIgmyHOBA.

Teopema 4.5. Cnpasediusv, ymeepacdenu:

1) Ecau cucmema (4.2) acumnmomumecku yemotuuea, mo
mampusroe ypasrenue Jlanynosa umeem eduncmeen-
HOE CUMMEMPUIHOE NOAOHCUMENLHO ONPEJeéHHOe pe-
wenue Q npu 10607 CUMMEMPUYHOT TOAOHCUMENDHO
onpedeaénnot mampuue P.

2) Ecau npu HeKOmMOpol CUMMEMPUNHOT TNOAOHCUTIEND-
HO onpedeaénnotli mampuuye P mampuurnoe ypasHerue
Jlanyrnosa umeem eduHcmBeHHoe CUMMEMPUYHOE TO0-
AOHCUMENLHO onpedesénnoe peuwenue (), Mo cucmema
ACUMNIMOMUYECKY YCMOTUYUBE.

13 Teopembl 4.5 cjieryerT, 4To Jjist IPOBEPKU aCUMITTOTHYe-
CKOM yCTOWIHUBOCTU CUCTEMBI (4.2) J0CTATOYHO PENIUTD ypaB-
HeHue JIgamyHoBa [JIsI OMHON CHMMETPHIHON MOJOKUTETHHO
onpejieeHHol Marpunpl P. Hampumep, 1ig e TMHIIHONR MaT-

PHIIHI.

IIpumep 4.4. PaccmorpuM cuctemy

jjl — T2,
Z.UQ = —T1 — 2332
C MaTpuIen
0 1
A —
-1 =2
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CocraBuMm ypasHeHue JIsgnyHoBa ¢ eIMHUYHON MaTpuieil B
[IpaBoOil yacTu

QA+ ATQ = —F.

Pemrenne ypaBaennd JIdnyHoBa CBOAUTCA K PEIIEHUIO CH-
CTeMBbl JIMHEHHBIX aJaredpamvdecKuX ypaBHEHUH OTHOCUTE b-
HO 3JeMEHTOB MaTpuibl (). PellleHue CyIIecTBYeT, SIBISeTCA
eINHCTBEHHBIM U CUMMETPUIHBIM

1,5 0,5
©= 0,5 0,5

[TonoxkuTeibHAS OUPEJeJEHHOCTh MAaTPUILl () MOJATBEp-
kpaaercsa kpurepuem Cuibbectpa. CrejloBaTeabHO, CHCTEMa
ACUMIITOTUYIECKH YyCTONUIMBA.

B cucteme Scilab pemrenne ypaBuenus JIgmyHoBa MOXKHO
OJIYIUTDH C TIOMOIIBIO (DYHKIHMHT lyap.

4.4 JIuHeapu3zanud M aHAJU3 YCTOWIMBOCTU
M0 JIMHEITHOMY HPUOJIN>KEHUIO

PaccMoTpuM cTanmoHapHYIO HEJIUHEHHYIO CUCTEMY

z = f(x) (4.3)

C HYJIEBBIM I10JIOZKEHUEM DABHOBECHSI.
Pazsoxkum dynknuio f(x) B psg Teitaopa B 7. x = 0.
YunreiBas, 4to f(0) = 0, nmojsyunm

of

ox =0

fz) = f(0) + z +o(||z]]) = Az + ¢(x).
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31ech

on oh
o _ P o
A= Iz = | : ;
_axl o aﬂfn_ =0

EcJin npenebpeun BusinueM @(x), TO MOy YUM JTHHEITHY O
CUCTEMY

T = Az,

KOTOpasi MPUOJIUKEHHO OMUCHIBALT cucTeMy (4.3) Ipu MaJIbixX
x.

Teopema 4.6. Cucmema (4.3) acumnmomuuecky Ycmoti-
YUBA, ECAU 6CE COOCTMBEHHBIE HUCAL MAMPUULE AUHEGPUSO-
BAHHOT CUCTNEMbL UMEIOM, OMPUUAMEALHBLE JeTCTNEUMENDHBIE
YaACMU, U HeYCMOUUUBa, eCAl TOMA 6bt 00HO U3 COBCMEEHHVLL
YUCEN UMEET, TOAOHCUMENLHYIO JeTCEUMENLHYIO YaACTD.

IIpumep 4.5. /IBum:KeHnne MagTHHKA NPU HAJIUIUU BI3KOTO
TPeHNS ONUCHIBAECTCI YPABHEHUSIMUA

P =w,
Jw = —mglsin p — cw,

rjie

© — YyTOJ OTKJIOHEHHUS MAaATHHUKA OT HYJIEBOTO MOJIOXKe-
HUd PAaBHOBECHU;

W — YIJIOBagd CKOPOCTh MAasTHUKA;
J = ml? — MOMEHT MHepINU MasgTHUKA;

m — MaCCa MadTHHUKA;
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[ — niMHA MasITHUKA;
¢ — KOG UIINEHT BI3KOTO TPEHUS.

BBeseM nepeMeHHBIE COCTOSIHUL: £1 = ©; To = W. Y paBHe-
HII€ CHCTEeMBI B MPOCTPAHCTBE COCTOIHUI MPUHUMAET BU/I

&= f(x),

rie

Matpuiia JnHeapu30BaHHON CUCTEMbBI paBHA,

o 01

A — _
ox

S |l_mgl ¢
=0 J J

CobcrBeHHble Yuc/a MaTpuibl A ecTb KOPHH XapaKTepu-
CTUYECKOI'0 MHOT'OYJIEHA

z
AN =22+ Sa I
(A) oAt —

CobcTBeHHBIE YHCJIa PaBHBI

2 [
W

2J 4.J? J

[leficTBUTEIbHBIE YaCTH COOCTBEHHBIX YHCEJ MEHDBIIEe HYJIs.
Caei0BaTe/IbHO, CUCTEMA, ACUMIITOTUYECKH YCTONYMBA.
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5 MogajabHblili CHHTEe3 MHOTOCBA3HBIX
CHCTEM

5.1 CunHte3 cucTreM c IMOJHOI MHMOPMAaIlEii
O COCTOAHUU

OOBeKT yInpaBJeHHs ONMUCHIBACTCS YpaBHEHIEM
= Ax + Bu,

e T — N-MEePHbIIl BEKTOP COCTOAHUA, U — T-MEPHBIA BEKTOP
yupapjenusi, A, B — IOCTOsIHHBIE MATPHUIIBI COOTBETCTBY IOIIHX
pa3MepoB.

Heobxoanmo mocTponTh yIrpaBaeHne B BUIe 0OpaTHOM CBS-
31 O COCTOIHUIO U = F'x, mpm KOTOPOM 3aMKHYTasd CUCTEMa

t=(A+ BF)x

ACUMITOTUIECKHN YCTONYUBA.

1 acHMMIOTOTHYIECKO#N YCTONYMBOCTU HEOOXOANMO H JIO-
CTATOYHO, YTOOBI COOCTBEHHBIE YHCJIA MATPHUIBI 3aMKHYTOM
cucreMbl A + BF HaxXxoIwJuch B JIEBOI 4acTU KOMILJIEKCHOM
ILJIOCKOCTH.

3aJiaua MOJAJBHOIO CHUHTE3d WJIM 3a7a9a MOJIAJHLHOTO
yIpaBJIeHUA 3aKII09aeTCsd B BHIOOpE MATPHIILI 0OPaTHON CBS-
31 M3 YCJOBUSA COBHAJICHUA COOCTBEHHBIX UHCEJI MATPHUIIB 3a-
MKHYTOH CHCTEMBI ¢ 33aJaHHLIM HaOOPOM 3HAYMCHUI.

Chenyiomaga TeopeMa (HOpMYyJIUpPYeT HEOOXOIMMBIE U JI0-
CTAaTOYHBIE YCJOBHS CYIIECTBOBAHUS PEIIeHUS 3339l MO-
JIaJIbHOTO CHHTE3A.

Teopema 5.1. Bce cobcmeernvie wucra mampuuyv, A + BF
MOAHCHO NPOU3BONBHO 3G0GMb, ELLOUPAA MAMPUUY 00PaMHOT
ceasu F, mozda u moavko mozda, xoeda napa (A, B) ynpas-
AAEMA.
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CytecTByeT B3aMMHO-OTHO3HAYHOE COOTBETCTBHUE MEK]LY
cOOCTBEHHBIMHU YUCJIAMU MATPHITBI 1 KOAMPUIIMEHTAMHE ee Xa-
paKkTepucTudeckoro Muorodaena. [losromy 3ajgady Mojasib-
HOTO CHHTE3a MOXKHO chpopMyIMpoBaTh KaK 3a/lauy HazHade-
HUS »KeJaeMOro XapaKTePUCTUIECKOTO MHOTOUJIEHA MATPHUILLI

A+ BF.

IIpumep 5.1. BokoBoe jBukenune camosiera (pucyHoxk 5.1)
OIHUCLIBACTCA CUCTEMOI ypaBuenuit |7|

T = Ax + Bu,
rae
0 1 0 0 0 |
0 —0,098 0 0,038 0,75
A= 10 0 0 1 0o |,
0 —0,089 0 —1,52 —3.4
0 1 0,38 0,11 —0,09
- .
~0,63 0,16
B = 0 0
0,9 —2,3
|-0,016 0 |

BeKTOp COCTOAHMSA BKJIIOYa€T IIEPEMEHHBIC!

X1 = 1) — OTKJIOHEHHUEe YIJia KypCca, (paIL);
T3 = 7Y — OTKJIOHEHUE yIJjla KPEeHa (paﬂ);

T5 = [ — OTKJIOHEHHe yIjla CKOJIbKeHHud (paj);

To = Wy, T4 = W; — HPOCKIUU BEKTOPa YIJIOBOW CKOPO-
CTH Ha CBsSI3aHHBIE OCH KOOpPAWHAT (pas/c).
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BekTop ynpaBJeHHd COCTOMT U3 yIJIa OTKJOHEHHS pyJd Ha-
npaBjeHust u; = Oy (paj) W yIjia OTKJOHEHHsI 3JIEPOHOB

Us = 0y (paj).

\

Pucynok 5.1 — bokoBoe gBum:KeHHE caMoJieTa

HeobxoauMo ocTpouTh cTabuIn3upyloliee yipaBieHue B
BHJIe OOPATHOW CBSA3M 110 COCTOSHUIO. 313/ IUM KeJaeMble
cOOCTBEHHBIE YHMCJIa MATPHUIBI 3aMKHYTOI CHCTEMBI BCE pPaB-
HBIMU «-2». 1 BEIYUCIEHIs MaTPUIIbl 0OOPATHOMN CB3H IPU-
MeHHM GyHKINO ppol cucremsr Scilab. Marpuia obpaTHOil
CBS3U paBHA:

3,43 6,72 1,44 0,70 1,67
~7.22 2,71 4,79 2,22 8,19

PGSYJIIDT&TBI MOAECJINPOBaAHUA SaMKHYTOIU/I CHCTEMBI ITPpU Ha-
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YJaJIbHOM COCTOAHUU

T

[0 0 0,01 0 0]

Tr —

U U g |

N U g |

IIOKa3aHbl HA PUCYHKeE D.2.
0.011

4.5

3.5

2.5

t,c
Pucynok 5.2 — Ilepexognbie mponecchl B 3aMKHYTOUH CHCTEMe

5.2 Haburoanarean cocrogHuda
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Crabuiusupyiolee yiupapjeHne OyieM UCKATh B BUJIE CTa-
TUYeCKOW oOpaTHO# CBsi3W 1O BHIXOAY ¥ = F'y. 3aMKHYyTas
CUCTEMa OIMCHIBAETCS YPaBHEHHEM

&= (A+ BFC)z.

Caenyroriue TeopeMbl POPMYIUPYIOT AOCTATOUYHBIE YCJIO0-
BUs CYITECTBOBAHUS peIIeHus 3aJaddl MOJAJHHOTO CHHTE3a
JIJISl CUCTEMBI ¢ 0OPATHO# CBSA3bBIO 11O BBIXOIY.

Teopema 5.2. FEcau napa (A, B) ynpasasema, napa (A, C)
Habarodaema u m + 1 — 1 > n, mo ece cobcmeennvie 4YUCAQ
mampuuvt A + BEFC moorcno npoudsosvto sadamos, eulbupas
mampuyy F.

Teopema 5.3. Ecauml > n, mo «<nouwmu 0as 6cexs mampuy,
A, B,C maxuzx, wmo napa (A, B) ynpasasema, napa (A, C)
Habaodaema, cobecmeennwie wucaa mampuot A+ BFC moorc-
HO NMPOU3BOALHO 3adamb, svlbupas mampuuy F.

Crarnyeckass obparHasi CBsS3b 110 BBIXOJY HMeeT CyIIe-
CTBEHHBbIE OIDAHUYEHUsI, CBSI3aHHBIE C PA3MEPHOCTHIO CUCTe-
MbI. HampuMmep, npu n = 5, m = 2, [ = 2 ycjoBusa TeopeM 5.2,
5.3 He BBIIIOJIHAIOTCH.

PaccMoTpuM AuHAMUYECKYIO 0OpPaTHYIO CBS3b II0 BBIXOY,
B KOTOPO# IPpUMeHSIeTCs HAOJIOIATe b COCTOTHU.

Habuoareb — JuHaMUYeCKasd CHUCTEMa, IpeIHa3HaYeH-
Hasl JIJIsl IIOCTPOEHHUsI OIeHKU cocTosiHusi. OO03HaUYUM 4yepe3 T
OIIEHKY COCTOSIHUS, Uepe3 € = xr — T ommubKy onenku. [Ipen-
IIOJIOYKUM, 9TO OIIMOKA OLEHKHU 00/1aJ1aeT CBONCTBOM

lim e(t) = 0.

t—00
Torna crabum3upyroniee ynpaBaeHue MOKHO CTPOUTH B BUIE
0OpaTHOil CBSA3M 110 OIIEHKE COCTOSHUS

u= Fz.
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Paccmorpum HabJ/II0/1aTe/ b TOJHOTO HOPsijiKa (HaO/II0/1a-
Tesib Kaivana)

T = AT+ Bu— L(y — Cx),

rie L — marpuna Ko3dG@uIiueHToB Had 110 1aTe/Isl.
YpaBHeHUE A9 OIMUOKHN OIeHKH UMeeT CJIeIVIONINA BHIT

e =(A+ LCO)e.

DTO TOXKE AWHAMHUYECKAs CHCTEMa U ITA CHUCTEMa JIOJIZKHA
OBITH ACUMIITOTUYIECKH YCTONIMBOI.

Marpuny L MOXKHO OIpeaeJuTh, peliad 3adady MOIaIb-
Horo cuaTe3a g MaTputbl ¥ = A+ LC'. CobcTBeHHbBIE YNCTIa
U coBnayiatlor ¢ cobcrBenubiMu yuciaavmu W = AT + CTLT.
Cobersennblie yncaa W MoKHO IPOU3BOIBHO 33aTh, BLIOH-
past MaTpuily L, Torjga u TOJbKO Torja, koraa napa (AT, C7T)
yIpaBJjsieMa.

B cuny jgyaabHOCTH CBOMCTB yIIpaB/igeMOCTH U HabJIr01a-
emoctn napa (A?, CT) ynpasisiema, ecim u TOJBKO €CJIM Ha-
oromaema (A, C). Takum 06pa3oMm, ycjaoBue HADJIIOIAEMOCTH
SIBJISIETCSI HEOOXO/IUMBIM U JIOCTATOYHBIM YCJIOBUEM CYIIECTBO-
BaHUS PEIIeHUs 3319l MOJIAJIbHOIO CUHTEe3a HADJII0IaTeIsl.

SaMKHYyTasl CUCTEMa, OIKChIBAETCsl YPABHEHUSIMU

i = Ax + BF'T,
r=—-LCx+ (A+ BF + LO)z,

UJIM YPpaBHEHUAMUA

r = Pxr — BFe,

e = Ve,
rie ® = A+ BF.
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B nesiom cucrema ¢ Hab/ogaTesIeM ABJISETCS aCAMIITOTHU-
YeCKU yCTON4YMBOii, ecjim coOcTBeHHbIe uncjia marpurn, © u W
UMEIOT OTPUIATe/IbHbIE JIefiCTBUTEJIbHbIE YACTH.

Takum obpaszom, 3aj1a9a MOJIAJIBHOIO CHHTE3a CUCTEMBI C
Ha0OII0IaTeIeM CBOIUTCS K PEIIEHUIO JIBYX 33,189 MOJAJILHOIO
CUHTe3a JJIsI CUCTEMBI C IOJHOM MHPOpMaIueil 0 COCTOSTHUMN.

IIpumep 5.2. Brosb paccMoTpuM 3a7a9y CTaOUIN3AIAA OO-
KOBOT'O JIBUKEHHS caMoJieTa. [IpeInoaoKuM, 910 u3MepeHuIo
JOCTYIHBL YTOJI Kypca u yroja kpetna. CjiegoBaTe IbHO, MaTPU-
a

1 0000

00100

IIpoBepka moKa3bIBaeT, UTO cHcTeMa HabJogaema. Pac-
CYMTaeM MATPUILY KOIPPUIMEeHTOB HAO/IIOIaTe sl U3 YCIOBUSI,
4TO BCe cobcTBeHHbIe duncsa mMarpunbl A + LC paBHBL «-3».
[Toyanm

[ 5.9 —0,68
~10,68 —3,93
L=1|-435 —7.39
~15,7 —14,5

| 4,76 5,39

Marpuny F' Bo3bMéM m3 mpumepa d.1.
MongenupoBanue 3aMKHYTOH cuUCTeMBbl ¢ HabJiomaTeseM
BBIIIOJIHSIJIOCH IIPU HAYAJIbHBIX YCJIOBHSIX

T
a:z[() 00 0 0.01} |

Ha pucynke 5.3 nokazanbl rpaduKu JJIsd YIJIa CKOJbXKEHUS U
OIEHKH yTJIa CKOJIbYKEHUS.
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0.01

0.008 -

0.006 -

0.004 -

0.002 1

PucyHok 5.3 — YroJ CKOJIbXKeHusI (—) U OIEHKa yTJjia
CKOJThKeHUsI (- -)

Koy nporpaMmmbl Ha s3bike Scilab:

// Cucrema ¢ Habjmogarenem
function xdot=f(t,x)

xdot=AAxx;
endfunction
// Marpuibl CHCTEMBI
A=| 0 | 0 0 0
0 —0.098 0 0.038 —0.75
0 0 0 1 0
0 —0.089 0 —1.52 —3.4
0 1 0.38  0.11 ~0.09 1;
B=[ 0 0
—0.63 0.16
0 0
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0.9 —2.3

—0.016 0 E
C=[1 0000

0010 0]
// Marpuna F
r=2;
sp=[-r —r —r —r —r|;
F=-ppol (A,B,sp);
// Marpuma L
C=[1 0000

0010 0];
r—3;
sp=|-r —r —r —1 —r]|;
L=—ppol (A’ ,C’,sp)’
// MomenupoBanue
AA=| A BxF

—L*xC A+B*xF+LxC| ;
x0=[0 0 0 0 0.01 0 0 0 O O]’
T=0:0.01:5;
X=ode(x0,0,T,f);
scf ();
plot (T,X(5
xlabel (7%
ylabel (’$
xgrid ();

), k=" T,X(10,:), k—=");
t, c37);
\beta$ );

5.3 CuHTes cucreM CJiesKeHud

IIycTh 0OBbEKT ylpaBieHHsI OMUCHIBACTCS YPAaBHEHUSIMU

& = Az + Bu + v,
y = Cr,
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e T — N-MEePHbIIl BEKTOP COCTOAHULA; U — TM-MEPHBIA BEKTOP
yIpaBJEHUSd; § — [-MepHBI BEKTOP BBIXOJa; U — IMOCTOSTHHOE
HEKOHTPOJIMPYEMOE BO3MYIIEHNE HA BXOJE€ CHCTEMBI.

Heo0xoamMo ocTpouTh yipaBiaeHue B BUie 00paTHO CBsI-
31, IMPU KOTOPOM BBIXOJI CHCTEMBI CTPEMUTCS K 3aJaHHOMY
3HAYEHUIO KOMAHIHOIO CUTHAJIA {j HE3ABUCHUMO OT HAaUaJJIbHBIX
VCJIOBUIA.

Obo3HauYuM 4epe3 € = ¢y — Yy OMUOKY CJeXKCHUs. Y paB-
HEeHUS CHCTEMBI TOIMOJHUM ypaBHEHHEM I WHTErpasia OT
OIMUOKN CJIEYKeHUS

z =E€.

Yupapienne OydeM HCKaThb B BHAE OOpaTHOIl CBA3W ¢ HMHTE-
IPaJbHONl COCTABJILIOIIEH

u= Fxr+ Gz.
Ecau 3aMKHyTasd cUCTEMa,

t=(A+ BF)r + BGz + v,
z=—-Czr+y

ACUMITOTUYCCKNA YCTOUYUBA, TO COCTOAHUE ITOU CUCTEMDI
CTPEeMHUTCH K HEKOTOPOMY ITOCTOAHHOMY 3HadeHmio. 113 ypas-
HeHUs i z ciaepyer, 9ro lim 2(t) = 0 u, cjemoBaTesbHO,

t—00
lim e(t) = 0.
t—00
Takum obpazoM, g PenieHus IMOCTaBICHHON 3aIaun

HEeOOXOIUMO BLIOpaTh MaTpHIlbl oOpaTHoi cBsa3u F' u G Tak,
4TOOBI COOCTBEHHBIE UMCJIa MATPUILI 3aMKHYTOM CHCTEMBI

A+ BF BG
—C 0

I' =

nMeJIin OTpunaTe/JIibHbl€ BEIIECTBEHHBIE YaCTH.
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Marpuimy 3aMKHYTOI CHCTEMbI MOYKHO 3allMCaTh B BUJE

I'=A+ BF,
riae
A 0 _ B _
A= . B= . F=1|F @q|.
¢ o : L

CieoBare/ibHO, BCe COOCTBEHHBIE YHCJIA MaTPHIBI 1T MOXKHO
LIPOU3BOJILHO 33/1aTh, BbIOMpas MaTpuUIlbl 0OpaTHOil cBsi3u F
n G Toraa m TOJLKO Torja, Korja napa (A, B) ynpasisema.

Caenyiomaga TeopeMa (HOpMYyJIUpPYeT HEOOXOIMMBIE U JI0-
CTAaTOYHBIE YCJIOBHS CYIIECTBOBAHHUS PEIeHUs 3aJa49l MO-
TaJIBHOTO CHHTE3A.

Teopema 5.4. Bce cobcmeennvie wucia mampuis, I' moorcro
NPoOU3EONLHO 3a0amb, 6blOUPas Mampuuv, 0bpamnot ceasu F
u G, mozda u moavko mozda, xozda napa (A, B) ynpasaisema
u

A B
rank =n+ L.
C 0

Matpuipl 0oOpaTHOM CBS3UM MOXKHO HAWTH pelnas 33124y
MO/IQJIBHOTO CUHTE3a JJ1d MaTPUIbl 3aMKHYTO CACTEMBbl KaK
3aJla9y JIJIS CUCTEMBI ¢ OOPATHOU CBA3BIO MO COCTOSHUIO.

5.4 YnupaBJjieHUe 3J1eKTPOIPUBOI0M

PaccMoTpuM 3a7a9y YIPABACHUS YIJIOBBLIM MOJOKCHUEM
BaJIa 9JEKTPONpuBoaa (pucynok 1.1). B Momesn smekTponpu-
Boma (1.3), (1.4), (1.5) yurém moment BHemmHux cui M, Kak
HEKOHTPOJIUpYeMoe Bo3Mymienue. ITonyunm cucremy ypasne-
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HUM

Y = w,
Jw = —klw + kg[ -+ Mc;
LI+ RI = u — ksw.

Heobxoanmo mocTponTh yIrpaBaeHrue B BUIE 0OpaTHOM CBS-
31, KOTOpOe 00eCIIeInBaeT 33 aHHOe YIJIOBOE IIOJIOZKEHHE BaJIa
9JeKTPOIPUBOJIA, HE3ABUCUMO OT MOMEHTA BHEITHUX CHI.

YpaBHEeHHS CHUCTEMBI B IPOCTPAHCTBE COCTOIHHUM MMEIOT
CJIC LY IO BUJT

& = Az + Bu + v,

y = Cu,
r1e
o
¥
_ _ | M.
r= |w|, v= J
1 0
0 1 0 ] [0 |
ki k
A:O——l—Q,B:O,C:[l()O].
J J
o ks R 1
- L L | L ]
[Tapa (A, B) ynpasisema,
A B
rank 0 = 4.
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25 30

—_—

Pucynok 5.4 — Cnexkenue 33 KOMaHIHBIM CHTHAJIOM

CienoBaTesbHO, BCe COOCTBEHHBIE YHCJIA MATPHIBI 3aMKHY-
TO#l cuCcTeMBl MOXKHO IIPOU3BOJIBHO 3aJaTh, BBIOMpadg MaTpPH-
IIBI OOpaTHO# CBSI3W ¢ MHTErPAJbHON COCTaBIAIONIEH

u=Fz+ Gz,
Z:g_y7

rae § — 3aJaHHOe YIJIOBOe TOJIOKeHHe Baja JBurarTesis (Ko-
MAHIHBINH CUTHA).

Pacuérer Bemmoanstmcesr nupnm: J = 0,68, R = 0,45;
L =0,0052; ky =7,5; ko = 7,14; k3 = 0,098. Bce cobcTBeH-
Hble YHCJIa MATPHILI PACIIHPEHHON 3aMKHYTOM CHCTEMBI ObI-
JII BLIOPpAHBLI pABHBIMU «-5». KoaddummeaTs 00paTHOl cBI31
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pPaBHBI

F= {—0,2476 0,07271 0,4034],
G = 0.3095.

Ha pucynke 5.4 mokazana peaklud CHCTeMbl Ha MepUOInUe-

CKUI MMOYJAbCHBIN KOMAHIHBIA CUTHAJ IIPA MOMEHTE BHEIITHUX
cuin M, = 20.
Koy nporpaMmmbl Ha s3bike Scilab:

// 3ajada cjexeHus i IJIEKTPOIPHUBOJIA
function xdot=f(t,x)

xdot=Gamxx+[0 20 0 sign(sin (0.5%t))];
endfunction
// Martpuiel 06beKTa yupaBIeHUS
J=0.68: R=0.45: L—0.0052:
k1—7.5: k2—=7.14: k3—0.098:

A-l0 1 0
0 —k1/J k2/J
0 —k3/L —R/L |;
B—[0
0
1/LT;
C=[1 0 0];

// Martpurel 06paTHON CcBA3U

AA=| A zeros (3,1)

—C 0 |
BB [B

0]
r—>y;
sp=|-r —r —r —1];

FG=—ppol (AA,BB, sp);
// MopnmenupoBanue
Gam=AA+BB«*FG;
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x0=[0 0 0 0] ’;

T=0:0.01:30;

X=ode(x0,0,T,f);

plot (T, X(1,:),’k”,T,sign(sin (0.5xT)), k’);
xlabel ("$t, c$7);

ylabel (’$\varphi$ ");

xgrid ();

9
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6 OnruMmusanuga CUCTEM ¢ OOpaTHOI
CBS3bIO

6.1 Hopw™mbl cucTeMBbl

PaccMoTpuM JIMHEHYIO CTAIlMOHAPHYIO CUCTEMY, TOBE/Ie-
HUEe KOTOPOil B MNPOCTPAHCTBE COCTOAHUN OIUCHIBACTCA YpaB-
HEHUAMU

= Ax + Bu,
y = Cr,

rjle £ — BEKTOD COCTOAHUHA; U — BEKTOP BXOJa; Y — BEKTOP
BbIXO/IA.

B vacToTHOI 00J1aCcTH CUCTEMa OIIMCHIBACTCS COOTHOIIEHU-
eM

y(s) = G(s)u(s),
e
G(s) = C(sE—A)™'B
nepegarounad (PYyHKIMs CUCTEMbI. B ciydae MHOrOCBSI3HOI
CHUCTEMBI ITO EPeATOUHAST MaTPHIA (MATPUIHAS TIepeIaTOu-
Hast (DYHKITHA).

Ilox HopMOit acHMITOTUYECKH YCTONINBOM CHCTEMBI IIOHU-
MaeTcs HOpMa TepenaTodHoil (hbyHkiun 31oi cucremsr |8, 9).
B reopuu cucreM aBroMaTHYeCKOrO yIPAB/IEHUS PACCMATPU-
BAIOT HOPMbI

) Lo 1/2
1G]l =5 | G (—jw)Glw)do]

— o0

HGHOO — Sup UmaX(é(jw))°

31ech tr — cjie1 KBaAPaTHON MATPHIIBL; Opayx(+) — MAKCHMAJIb-
HOE CHHIYIAPHOE YHUCJIO MATPHUILI. DTH HOPMBI MOy YUIN CO-
OTBETCTBEHHO Ha3BaHua Ho-nopMma u H, -HOpMA.
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Samevarue 6.1. Cien KBaJapaTHON MaTPUILI €CTh CyMMa eé
JIMArOHAJILHBIX 3JIEMEHTOB.

Jamevwanue 6.2. Cunrynasapable 4ducaa wmarpunbl M ecTh
apudMeTnIecKre 3HaYCHUI KBaJPATHBIX KOPHEHl M3 00mmX
cobcTBeHHBIX uncea marpuny, M*M n M M*, rne M* — conps-
KéaHag K M marpumna.

B gacTHOM ciydae cucTeMbl C OJHHM BXOJIOM OJIHHM BbI-

XOI0M
| oo 1/2
lall:= (5 [l o)
611 = sup )|

31ech |g(jw)| — aMmIuTyIHAST 9ACTOTHAS XapPAKTEPUCTUKA CH-
CTEMHBL.

Hopma cucTeMbl I03BOJIsIET KOJINIECTBEHHO OIEHUTDH BJIK-
sSHHEe BXOJa CHCTeMBl HA BBIXOJ. deM MeHbIIe HOPMa, TeM
MeHbIIIe BJINAHNE BXOJa HAa BBIXO,

HopMBbI cucTeMBl MOYKHO BBIYHUCIATH, IPUMeHssT (PYHKIIUN
Scilab: h2norm ays Beruncaenusi Ho-vopmbl, 1 h _ norm, linf,
linfn st Beramciiennst H, -HOPMBI.

IIpumep 6.1. PaccmorpuMm cuctemy
i’l = —2%1 + 3.733 + Uy,
l"z = —5332 — 0,4$3,
Si’)g = —733’1 — 3333 + U9,
Yr = 21, Y2 = T2.

ManI/IHbI CHCTEMBI PpaBHDbI

-2 0 3 1 0 10 0
A= 0 —5 —0,4 ; B=10 0 ) —
010
-7 0 -3 0 1
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3HaUYeHUs] HOPM
1G]l = 0,41, |G = 0,27.

Kox nporpaMMmbl Ha sg3bIKe Scilab:

// Matpurpl cucTeMbl

A-[-2 0 3
0 -5 —04
-7 0 -3 |;
B[l 0
0 0
0 1];
C=[1 0 0
01 0];
// Cucrema
sys=syslin ("¢’ ,A,B,C);
// Hopwmsr

norm2=h2norm (sys );
norminf=h norm(sys);
disp (norm2,’H_2=");
disp (norminf,’H inf=");

6.2 IlocTaHoBKa 3aaa4y ONITUMU3AIINN

PaccmorpuM JIMHEHYIO CTallMOHAPHYIO CUCTEMY, TOBe/Ie-
HUE KOTOPOW ONHUCHIBACTCH YPABHEHUAMUA

T = Ax + Biv + Byu,
Z = Clill’ + Dlzu,
Yy = CQI + Dglv,
e r — BEKTOpP COCTOAHUA; U — BEKTODP YIIpaBJICHHA; U — BEK-

TOpP BO3MYIIEHUH (BXOM CHCTEMBI); Zz — BEKTOP YIPABIIEMbIX
epeMeHHBIX (BBIXOJ, CHCTEMBI); Y — BEKTOD M3MEpEeHUI.
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Byiem npejmnoarars, 4To cucrema 06/1a,/1aeT CBORCTBaAMU:

1) mapa (A, By) crabunusupyema, napa (A,Cp) gerekru-
pyema;

2) mapa (A, By) crabmmmsupyema, mapa (A, Cy) meTexTn-
pyeMa;

3) D?QCl — O, D%Dlg =F ;
4) Bngl — O, DQngl — E

Bameuanue 6.3. Ilapa marpurn (A, B) Ha3piBaeTcsa cTabmIn-
3UPYeMOii, ecyan cymiecTByeT Marpuna I’ Takas, 9To BCe COO-
CTBEHHBIE Yucaa MaTpullbl A + BF uMeioT orpunareabHbIE
NefCTBATEbHBIE YACTH.

Bamewarnue 6.4. [Tapa marpur (A, C) Ha3bIBaeTCsl JI€TEKTH-
pyemoii, ecyim cymecrByer Marpuna L Takasi, 94To BCe COO-
crBeHHBbIe 4unciaa maTpuilbl A + LC' umeroT orpunare/bHbIe
eHCTBUTEILHBIE YaCTH.

3a1avua ONTUMUBAINA 3aKJII0UYAETCSI B [IOCTPOCHUN YIIPAB-
JIEHHUs B BUJe 0OpaTHOM CBA3U, KOTOPOe 00eCIIedYnBaeT acMII-
TOTHYECKYIO YCTOMUYUBOCTH 3aMKHYTO#l CHUCTEMBI M IIPU STOM
MuHEMHU3HpyeT Hy maun H, -HOPpMY CHCTeMBI, T.e. HOPMY IIe-
peJaToYHoil dpyHKIUN sz(s).

OnruMu3anmst CUCTeM ¢ 0OPATHOMN CBSI3bIO CBI3aHA C PeIlle-
HUeM aJirebpandeckux ypaBHenuit Pukkaru. Hanpumep, npu
ONTUMU3AIUYU 110 Kpurepuio H, pemalTcs JiBa ypaBHEHUs
Pukkaru ciaenymoomero Buia

AP+ PA— PBRBT'P+CTC =0,
rne A, B, C', R — 3aganuble MaTpUIbl, P — HCKoMast MaTpHUIia.
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YpaBHenne PukkaTn HeJMHEHOE, T0O9TOMY MOYKET UMETh
HECKOJIbKO perieHuii. [Ipu onpeneiéHHBIX yCJI0BHUSAX, ypaBHe-
nue PukkaTtu mMeeT e IMHCTBEHHOE CUMMETPUYHOE HEOTPUIIa-
TEJIHHO WK MOJIOKUTETHHO ONpeAeSIéHHoe penenune. B cucre-
Me Scilab pernrenune ypaBuenuss PUKKaTH MOYKHO TOJYYHUTH C
IIOMOIILIO (PYHKITUH Ticc.

6.3 OnrumMmuzainusa mo Kpurepuio H

OCHOBHOI Pe3yIbTAT MOKHO C(POPMYIUPOBATEL B BUJIE CJIe-
JIYIOIIEro yreepKjienus [8].

Teopema 6.1. Onmumanvroe no xpumepuro Hy cmabuiusu-
PYOUWEE YNPABAEHUE CPOUMCA 6 6Ude JUHAMUYECKO20 PERY-
AAMOPAQ,

x + By,

x
U

A
C

8l

9

2de
A=A—-B,BI'P—QcCro,,
B=QC;, C=-B;P
Mampuuve P u () naxodamea na ocrose peutenus 0eyx ypas-
Henulh Puxkxamu
ATP+ PA— PB,BTP+CTC, =0,
AQ + QAT — QCTC,Q + BBl =0.
SaMKHyTasl CUCTE€Ma OIUCHIBAETCS YPaBHEHUSIMU
& = Ax + ByCZ + By,
T = BCyx + AT + BDgjv.

B cucreme Scilab 3amady Hs-onTuMM3aluyd MOXKHO pe-
IIIATH ¢ IOMOIIbI0 PYHKINH 1qg. MOo:KHO TaKzKe HCII0JIb30BaTh
PYHKIHUIO ricc 171 pellleHus IBYX ypaBHeHuit Pukkaru.
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6.4 VYmnpaBJjieHU€e IIOABECKOIl TPAHCIIOPTHOTO
cpeacTBa
OOBEeKTOM yIIPaBJIeHHS ABJISETCS MeXaHUYecKasl CUCTeMa,

COCTOSIIIAS U3 JIBYX Mace (KoJeca M KOPIYCa TPAHCIIOPTHOTO
CPeJICTBA), COeIMHEHHBIX MPYZKUHON U 1eMII(pepoM.

A
m2 ....... hQ

b lko| F
hi
hy

Pucynok 6.1 — IlogBecka TpaHCIIOPTHOIO CPEJACTBA,

Cxema moJBecKM ToKa3aHa Ha pucyHnke 6.1. 3mech:
hi — BepTUKAJIbHOE TepeMelneHne Koaeca (M);
hy — BepTHKaJIbHOE HepeMelleHne Kopiyca (M);
ho — ypoBeHb MOBEPXHOCTH (M),
F — yupasasiomas cuna (H);
my — Macca KoJeca (Kr);
Ma — Macca KOpIyca B pacdyere Ha OJIHO KOJIECO(KT);

k1, ko — KOd(pPUIUEHTHI »KECTKOCTH KOJIECA U PECCOPHI

(H/m);
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b — xoddpdumuenr aeMir@UPOBAHUA aMOPTHU3ATOPA,
(He/m).

r)_—I;I/IHELMI/IKEL CUCTEMbI B OTKJIOHEHHAX OT IIOJJOZKEHUA pPaB-
HOBECH OIIUCbhIBACTCA YPABHEHUAMMU:

d*h dh dh

mq dt21 = —kl(hl—h0)+]{72<h2_hl)—|—b< dtQ . dt1> _F"7
d2h2 th dhl

mo dt2 —kg(hg—}h)—b( dt - dt ) +F,

B momoxkennn paBHOBeCHsI 3HAUEHIS BCeX MEPEMEHHBIX CO-
CTOIHUS, YIPaBJIeHUSI U BO3MYIIEeHHI paBHBI HYII0. Heodxo-
IUMO IIOCTPOHMTHL YIpaBJeHHe B BHAe OOpaTHO#l CBA3M, KO-
TOpoe obeclevynBaeT HPUEeMIEMYIO PEAKIIMI0 CUCTEMbl HA, W3-
MEHEHUsd YPOBHYI HOBEPXHOCTH, IO KOTOPOW OCYIIECTBJIACTCA
JABUYKEeHUEe TPAHCHOPTHOTO CPeICTBA.

[Ipenmonozkum, 9T0 n3MepsieTcd TOJAbKO Pa3HOCTh IIepeMe-
INeHUu Macc

y=hy —hy +¢,

rie € — omubKa n3Mepennii. BekTop ynpapiisieMbIX IepeMeH-
HbIX 3a/1a/IAM B BUJIE

.- T(hg—hl) 7

F

rie r > 0 — BecoBoit koaduiinent. CaemoBaTe/ IbHO, B JaHHO
CHCTeMe:

hq
dhq
dt ho
ho €
dho
| dt
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paMeTpoB O0OBbEeKTa VIpaBIeHUT: 1M

0 1 0 0
k- ks bk b
A= mi my N mi
0 0 0 1
ks b ks b
" mo mo mao ma -
0 0] 0 |
b 1
Bl — | M : B2 — mq :
0 0 0
0 0 S
| . [ Ty
—r 0 7 0 0 0
C — , D — y D
! [() 0 0 0] H [0 0 2
Cy = [—1 0 1 0} ., Doy = [O 1|, Do

Pacuernr IIPOBOAUJINCHL IIPpHW CJCAYIOIHNX 3HAYCHHAX IId-

345; mo

2300;

ki = 510000; ky = 78000; b = 320; r = 10°. Marpunsl on-
TUMaJILHOTO 10 KpuTepuio Hy peryiasropa paBHBI:

N

30,2 1
—9350 —3,947
5,415 0

30,03 0,592

67::[2452

30, 2 0
1098 45,27 _
) ’ B —
~5.415 1
—63,95 —6,79]

1042 —80479 -—15297].

30, 19]
—638,8
5,415

| 4,954

Peakmnusa cucremsl Ha Bo3Mmymienue hg = 0, 1 mokasana Ha pu-
cyake 6.2. [Ipm MomenupoBanum ommOKa M3MEpPEHHI yIUTHI-
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BaJlaCh KaK CJIy4yaiiHasl BEJIMUYMHA C HOPMAaJbHBIM pacIpeje-

JIEHUEM.
0.2
AN ! !
L R B (e B | B N
] / I I I I
1 | ' | |
| \ 1
! \E ~T~ E
-@N 0 1_ """" '\{"" }/'" "'\\"—':r" T e
I |
, N |
4 I :
R iy S NELY SO BN CR
0 . . i i
0 1 2 3 4 5
t,c

Pucynok 6.2 — Peakiusi Kopiryca Ha BO3MYIIeHHe: 0e3
yupaBJ/I€HNA (—); C yIpaBJ/ieHueM (- -)

Kox nporpaMmbl Ha sg3bIKe Scilab:

// OntuMmusanusg TOABECKH ABTOMOOWISA IO
// xpurepuio H 2

// Marpunbl CHCTEMbI
ml—345: m2-2300; k1-510000: k2-78000: b—320:

A0 10 0
—(k14k2)/ml —b/ml k2/ml b/ml
0 0 0 1
k2/m2 b/m2 —k2/m2 —b/m?2 |;
B1=[0 0
kl/ml 0
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0 0
0 0 s
B2-[0
—1/ml
0
1/m2];
r=1.0ed;
Cl=|-r 0 r O
000 0]
DI1-[0 0
0 0];
D12 [0
1];
C2=[-1 0 1 0];
D21=[0 1 |
D22=| 0 |;
// CuuTes oOpaTHO# CBA3H
B—[B1 B2];
C=[C1
C2];
D—[D11 D12
D21 D22];
nn=[1 1];
sys=syslin ("¢’ ,A,B,C,D);
R=lqg (sys ,nn);
AR=R(2);
BR=R(3);
CR-R(4);
AA—[A B2x«CR
BR+C2 AR];
BB—[B1
BRxD21|;
// Cucrema 6e3 obOpaTHOW CBA3H
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sysl=syslin(’c’ ,A;B1,|]0 0 1 0]);

// Cucrema ¢ oO6paTHO# CBS3HIO

sys2=syslin ("¢’ J,AA/BB,[0 0 1 0 0 0 0 0]);

// MopenupoBanue

rand ('normal ’);

T=0:0.01:5;

v=|0.1*xones (T)
0.01l*rand(T)]|;

zl=csim (v, T, sysl);

z2=csim (v, T, sys2)

scf ();

plot (T,z1, k—"T,2z2, k——");

xlabel ("$t, c$7);

ylabel ("$h_2$7);

xgrid ();

)

6.5 Onrumusaimsa o kpurtepuio H

3a/1aua ONTHUMH3AIUK 110 KpuTepuio H.,, B oTJindme oT 3a-
JIaYW ONTHUMM3ANNU 110 KpuTepuio Hy, He JOTycKaeT TOYHOTO
aHaJuTHI4Ieckoro perenud. [loaToMmy BMecTo 331291 MUHUMU-
3anuu Kputepusd H,, pemaioT 3aj1ad9y MOCTPOCHUS CTAOWIN-
3UPYIOIIETO YIIPABJAEHUA, IPU KOTOPOM BBIIOJIHAETCA YCJIOBHAE

|Gozlloo <y
s Hekoroporo v > 0. Buibupas 3madenume v m0CTATOYHO
MaJIBIM, MOYKHO HOJIVUNATD pelleHne OJIu3K0oe K OITUMAIbLHOMY
1o kpurepuio H,. CupasejmBo cjeaytomiee yreepxjienue 9]

Teopema 6.2. ITycmv v > 0. Cywecmesyem ynpasierue sude
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JUHAMUYECKO20 pecYynArmopa

8

+ By,

L 8
I

A
C

8l

Y

npPU KOMOPOM 3AMKEHYMAL CUCTNEMA ABAACTNCA ACUMNIMOMU-
wecku Yyemotuusolt u snaverue |Gy, || < v moeda u mosavko
moezda, Kozda

a) ypashenue Purkamu
ATP + PA— P(B,Bf —4?B,BNYP+CI'C, =0

UMEEM, CUMMEMPUUHOE HEOMPUUAMEADHO ONPEIEAEH-
Hoe peuwenue P maxoe, umo mampuya

A+ (v 2?BBf — B,B;)P
acumnmomu4ecruy ycmoﬂ%ueaﬂ;
6) ypasuenue Puxkamu
AQ + QAT — Q(CLCy —~20{CQ + BB =0

UMEEM, CUMMEMPUUHOE HEOMPUUAMEADHO ONPEIeNEH-
Hoe pewenue () makxoe, 4mMo Mampuya

A+Q(y2Cic, — CiCy)
acumMnmomuivecru ycmm’l%ueaﬂ;
6) p(PQ) < 72, ede p — cnekmpansvrolll paduyc Mampuyot.
IIpu smom mamputpl pe2ysamopa pasHbl

A=A+~?*BB'P+B,C+ZLC,, B=-ZL
C=-BjP, L=-QC;,
Z=(E—~"PQ)".
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Samevarnue 6.5. CruekTpajabHbIM PAJIANYCOM KBaJIPAaTHONR MaT-
pPUIBI HA3BIBAETCS MAKCHUMAJILHBINA M3 MOJyJ/eil €€ cOOCTBEH-

HBIX YHCEI.
B cucreme Scilab z3amauy H,, onTUMM3aIUKA MOXKHO pe-
MUTH ¢ ToMotIbio pyHknuit h _inf u ccontrg,.

6.6 YnpaJjieHUe NPOJOJIbLHBIM JBUXKEHHEM
caMoJIeTa

H

Pucynoxk 6.3 — IIpogoapHoe ABUXKeHHE CaMOJIETa,
[Ipoo/ibHOE JIBUKEHHE CAMOJIeTa B OTKJIOHEHUSIX OT 3a-
JIAHHOIN TPAeKTOPUU MOJIETA OMKUCHIBAETCS ypaBHeHHeM |T7|
= Ar + Gu + Rw,

rJie & — BEKTOP COCTOSAHUS, U — YIIPaBJEHUEe, W — BO3MYIIEHUE.
BekTop cocTosgHus BKIIOYAET CJeIyIoniue mepeMeHHble:

r1 = 0 — OTKJIOHEHHUE YTIJIa HAKJIOHA TPACKTOPUH (pal);

To = 1) — OTKJIOHEHUe YTjIa TaHraxka (pan);

$3 p— wz — OTKJIOHeHHnue YFJIOBOﬁ CKOpOCTI/I TaHI'azKa
(pax /c);
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ry = H — ork/JI0HEHWEe BBICOTHI (M).

YipapieHue OCYIIECTBIACTCA OTKJIOHCHHEM PYJs BBICOTHI
u = 0, (pam). B kauecTBe BHENTHETO BO3MYIIEHUS PACCMAT-
pUBaeTCst CKOPOCTb BEPTUKAIBLHOTO BeTpa w (M/c). Marpurist
CUCTEMbI PABHBIL:

—0,86 0,86 0  0,61-1073]

A 0 0 1 0
| 4,85 —4.85 0,777 0,12-107*|"°
| 257 0 0 0 |

(10,0268 ] (10,0248 ]

0 0
G = . R=
1,625 —0,019
0 0

3aada 3aKJI0YaeTCI B CHHTE3€ PerysTopa, obecrednBa-
IOIIEr0 ONTUMAJIBHYIO PEaKIMI0 CaMoJieTa MO YIJIy TaHraxKa 1
BBICOTE Ha IPOU3BOJIbHBIE H3MEHEHUsI CKOPOCTH BETpPA.

BYLLGM CIUTATH, YTO UBSMEPAIOTCA YT'OJI TAaHT'azKa U BBICOTA:

y1 =V +e1, Y= H+ e,

e €1, €9 — omubku m3Mmepennsd. CiieqoBaTeIbHO B JaHHOI
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cucreme:

70,0248 0 0 T, 0268
0 0 0 0
B1: 5 B2: )
~0,019 0 0 1,625
0 0 0 0
010 0 0
01: O O 0 1 3 D12— 0 y
000 0 1
0100 01 0
—_— 3 D — .
2[0001] 2! [001]

MaTpunpl ONTUMAJIBLHOIO PEryadTopa PaBHBI:

[ 49,46 —45,63 29,28 67,36 |
e —871,3 822,2 —493,2 —1135
—1946 1852  —1112 —2552 |’
| —337,4 321,2 —191,3 —445,7]
[0,06310 39,68
B_ —1,016 —668,3
—2,280 —1502 |’
| —0,3936 —260,5

C:[L?m 0,9039 —1,199 1,080}.

Pe3yabTaTsl MOAEINPOBAHAA 3aMKHYTOM CHCTEMBI TTOKa3a-
Hbl HA pUcyHKe 6.4.

Ko nporpaMmmbl Ha s3bike Scilab:

// OnrumajbHOe ympaBJaeHHE IIPOTOJTbHBIM
// nBum:keHmeM camojera mo kpurepuioo H _inf
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function y=w(t)
// Boswmymenne
y=0;
if (t>=0)&(t<=5)
y=2%t;
end
if (t>5)&(t<=10)
y=10;
end
if (t>10)&(t<=20)
y=—2%t +30;
end
if (t>20)&(t<=25)
y=—10;
end
if (t>25)&(t<=30)
y=2%t —60;
end
endfunction
// Marpunbl CHCTEMBbI
A=[-0.86 0.86 0 0.00061
0 0 1 0
4.85 —4.85 0.777 0.000012
257 0 0 0 |;
B1=]0.00248 0 0
0 0 0
—0.019 0 0
0 0 0
B2=| 0.0268
0
—1.625
0];
Cl=|0 1 0 0

E
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D21-[0 1 0
00 1];
D22 [0
0];

// Cuute3 obOpaTHO# CBA3H
B—[Bl B2|;
C=[C1

C2];
D—[D11 D12

D21 D22];
sys=syslin ("¢’ ,A,B,C,D);
[R,ro]=h_inf(sys,[2 1],0,2,10);
AR-R(2);
BR=R (3);
CR=R(4);
AA=[A B2xCR
BRxC2 AR|;
BB—|B1
BRxD21 | ;
// MogenupoBanue
sys=syslin ("¢’ ;JAABB,J0 1 0 0 0 0 0 0]);
T=0:0.1:50;
rand ('normal ’);
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v=|];
for t=T

v=lv w(t)];
end
v=|v
0.001xrand(T)
0.001+rand(T)];
z=csim (v, T, sys );
scf();
plot (T,v(1,:),’k’);
xlabel ("$t, c37);
ylabel (’$\omega$’);
xgrid ();
scf ();
plot (T,z,’k’);
xlabel (7$t, c¢$7);
ylabel (’$\vartheta$ ’);
xgrid ();

9
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0 5 101520253035404550
t,c

0.04

0.02 -

> 0

-0.02 -

-0.04

0 5 101520253035404550
t,c

Pucynok 6.4 — Peakiust camoJsiera 1o yrjy TaHraxka v Ha
BO3MYIIEHUE W
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