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OcHOBHbIC IOHATHA TEOPHHU YIIPABJIeHHs. YIPpaBJIeHHe U HH(OpMAaTHKA.

Teopuu ynpasnenuu mexnuueckumu cucmemamu (TY TC), wunm Tpa-
TUITMOHHAs Teopusi aBToMaTtndeckoro ynpasnenus (TAY), - HayuHas JUCIHILINHA,
NpPEIMETOM M3yYeHHUsT KOTOPOH SBISAIOTCS HMH(POPMAIIMOHHBIE IPOIIECCHI,
NPOTEKAIONIME B CHUCTEMaX YIPAaBICHUS TEXHUYCCKUMHU M TEXHOJOTUYCCKUMHU
00BEKTaMH.

TY TC npu u3ydeHUH MPOIECCOB YIIPaBICHUS a0OCTParupyeTcs OT
($U3NIECKUX U KOHCTPYKTUBHBIX OCOOEHHOCTEH CUCTEM H BMECTO PealTbHBIX
CHCTEM pacCMaTPHUBAET UX a/ICKBATHBIC MaTeMaTH4eckue Mojiesii. OCHOBHBIMU
Metonamu uccienoanusi B TY TC sSBIAIOTCS MaTeMaTUYECKOE MOICIUPOBAHNUE,
Teopusi OOBIKHOBEHHBIX TU((EepEHIINATBHBIX YPaBHEHUH, ONIEpallMOHHOE
VICUMCIICHUE U TApMOHWYECKH aHamu3. OxapaKkTepu3yeM KpaTKoO KaXKIIbId U3 HUX.

Memoo  mamemamuuecko2o  MOOeIUPOBAHUU,  MOXKHO  CXEMATHUHO
OIpENeNUTh TpadUIeCKUM H300paKeHHEM MPOCTOTO OO0BEKTa, WMEIOUIETO OIMH
BXOHO# curHain X(t) 1 oauH BeIX0HOM curHai Y(i), B BUIE MPAMOYTOJIbHUKA (pHC.
B. 1,4). CumBon A4 BHYTpH NpSAMOYTOJbHHKA O3HA4aeT HEKOTOPBIN
MaTeMaTHYeCKUi oreparop ((PYHKIHMIO, WHTETpaJ W T.I), KOTOPBHIA CBS3BIBACT
BXOJTHOW U BBIXOJHOHM CHTHAJIBI, MCHSIFOIIIUECS BO BPEMCHH.
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Puc. B.1. CxemaTH4HOE NpeACTABICHHE
MaTEMATHYCCKHX METO0B,
uenonbayemeix B TY TC

Teopusi 00biIKHOBEHHbIX OuUuGhhepenyuanvHbiX YpasHeHut, aKUESHTUPYIOIIas
CBOC BHUMaHHE Ha (HM3MUYECKUE ACTEKThl M TPWJIOKCHUS TOyYaeMbIX PEIICHHM,
CII’)KUT TJIaBHOM Metononorudeckoil ocHoBor TY TC, a camu OOBIKHOBEHHBIC
muddepeHIMaIbHBIE YpaBHEHUS HaumOosee oOIeld W ToJHOM (opMoi MareMaTu-
YECKOTO  OMMHCAHUS cucreM ynpasienus. Juddepenimanbasie ypaBHEHUS
CBSI3BIBAIOT MEHSIOIIMECS BO BPEMEHH BXOJHBICE M BBIXOJHBIC MEPEMEHHBIC U HX
npou3BoiHbIE. B mpocTetiem ciydae muddepeHmaibHoe ypaBHEHHE UMEET BT

dy(n)/dt = flx(1), y(n)}. (B.3)
N3 muddepeHnmaibsHOrO ypaBHEHHS TOJIyYalOT €ro oOllee pelieHrue M Tak
Ha3bIBAEMYIO HMITYJILCHYIO MEpeX0oaHy0 GyHKimo W(t).
Memoo onepayuonnoeo ucuucieHus, B OCHOBE KOTOPOTO JICKHT IIpe-
obOpazoBanue Jlamnaca



W(p)=Y(p)/X(p). (B.6)

MO3BOJIAET anredpan3upoBaTh nupdepeHIanbHble YpaBHEHUS - IEPEUTH K
TaK Ha3bIBAEMBIM ONIEPATOPHBIM YPABHEHHSIM, CBSI3bIBAIOIINM U300pakeHus X(p) u

Y(p) BXOHOTO M BBIXOJHOT'O CUTHAJIOB Yepe3 repeaarounyto ¢pynkiuo W(p)
Cama mepenaTouHas (PyHKIUS CBs3aHA C MMITYJILCHOM IEPEXOJTHOM TaKiKe
npeoOpa3zoBanueM Jlarmmaca:

W(p) = T w(t)e "'dt. (B.7)

Memoo eapmonuueckoeo ananuza OCHOBAH Ha HW3BECTHOM U3 Kypca
MaTeMaTHUKH mpeoOpazoBaHuu Dypbe, MEIONEM BH/T

an

X(jo)= f x(t)e ™ d. (B.8)

= o

C nomoipto mpeodpazoanus Oypre (B.8) HaxonsT nuzodbpaxxeHus

X(@(o) n Y(jo) BxogHoro u BeIxogHoro curHanoB X(t) m y(t), xapakrepu-
3YIOILME YAaCTOTHBIE CHEKTPBI 3TUX CUTHAIOB. M300paskeHust curnanoB no dypobe
cBs3aHbl (puc. B.2,r) yacToTHOM nepeaaTouyHol pyHKIuen

W (j0)=Y(jo)/X(jw), (B.9)

KOTOpas TaKXKe SBIsIeTCs n3oopaxenneM pyukuuu Bpemenn W(t) mo dypee:

W(jw)= [w(t)e ™dt. (B.10)

TY TC (umu tpaguuuonHas TAY) BMecTe ¢ TeopHell MOCTPOEHUS U
GyHKIMOHUPOBAHUS DJIEMEHTOB CHCTEM YIpaBJICHUsS (IaTYMKOB, PETYISATOPOB,
UCIIOJIHUTENIbHBIX YCTPOMCTB) oOpa3zyeT Oojee IMIMPOKYH OTpacib HAyKH -
aemomamuxy (om TPEUYECKOro CJIOBA «ayTOMaToC» - CaMOJBMXKYLIHMICH).
ABTOMAaTHKa B CBOIO O4YEpeNb SBJISETCS OJHUM U3 PA3JeiOB TEXHUYECKOU
KHOEPHETUKH.

Kubepnemuxa
| T
l buonozuuecxan | ) Texnuyecxan i ICoyuoamna.Wuecmﬂ\

l Mexanuxa } TVTC 1 Hugpopmamura I
’/Mamemamum

Puc. B.3. Cea3e TY TC c ApyrHMH HayKaMH




OnHuM Y3 HMCXOAHBIX, Oa30BBIX TMOHITUI TEOPUU YIPABICHUS SBISETCS
nonatue «cucrema». Cucmema - 3TO MHOMKECTBO CBSI3aHHBIX JpPYI C JPYrOM
AJIEMEHTOB, O0pPa3yIolllee ONPENCNICHHYI0 LEIOCTHOCTh IIpM 3TOM LIEIOCTHOCTB
OIIPEAEISIETCSl TEM, YTO CBSI3M 3JIEMEHTOB CHCTEMbI MEXKAY COOOH NpOSIBISIIOTCS
CWJIbHEE, YEM HX CBSI3U C IPYTHMH JIEMEHTaMH, C OKpYyXKaromen cpenoil. Cucremsl
MOYHO KJIaCCH(PUIIMPOBATh 110 pa3INYHbIM IIpU3HaKaM (ocHOBaHUsIM). [Ipu Hanbonee
00I1IeM MTOJIXOJIE BCE CUCTEMBI MOXKHO Pa3/IENIUTh Ha A0CTPAKTHBIEC U MATEpUAIIbHbIE

AOCTpaKTHBIE CHCTEMBI SIBJISIFOTCS MPOJYKTOM YEIOBEYECKOro MplinieHus K
HUM OTHOCSITCS, HalpuMep, pa3iW4yHble HAay4Hbl€ TEOPUM, THIIOTE3bl, METO/BI,
CHCTEMbI MATEMaTHYECKUX YPABHEHUI.

MarepuaibHble CUCTEMBI, MPECTABISIONIME COO0M 1ENOCTHBIE COBOKYITHOCTH
MaTepUaibHbIX O0BEKTOB.

Ilo xapakTepy B3auMOJEHCTBUSI C BHEIIHEH OKPYXKAIOIIEH CPEIou
MaTepuaibHble CHCTEMbI JEJSTCS Ha 3aKpbIThIe (3aMKHYTBIE) M OTKpBITHIC
(He3aMKHYTbIe) B OTKpBITONW CUCTEME MOCTOSHHO TMPOUCXOISAT BBOJA U BBIBOJ
SHEPI'UU W/WIIM BEIIECTBA.

OTKpBITYIO CUCTEMY, HAXOIALLYIOCS B TUHAMUUYECKOM PaBHOBECHH, B TEOPUU
yIpaBICHUS HA3bIBAIOT OUHAMUYECKOL CUCTEMOLI.

Texnuueckass cucmema (TC) - COBOKYNHOCTh MAIIMH M amnlaparos,
OCYILECTBISIOUIMX MpeoOpa3zoBaHue, TPAHCIOPTUPOBAHUE U HAKOIUIEHUE SHEPTUH,
BeecTsa wim nHpopmanuu [pumepamu TC ABISIIOTCA reHEpaTOp IEKTPUUECKON
HHEPrUur, XUMUYECKUI peakTop, kommbroTep (puc 1 1)

Mexanuu Snexkmpuy
Onexmpo-
eenepamop
IHepus IHEepeUs
Coipre ITpodykyus
Numuy
peaxkmop
Kamanu-
3amoput
Flcxoou Boeruuen
danmvie noxazanmenu
Kavinetomep |

Puc 1.1 Bungsr
TexHHuCCKuX cucreM (TC)

Besikas TC. kak u mobast 1pyrasi OTKpbITasi CUCTEMa, B3aMMOJICHCTBYET C
BHemHel cpenou (puc 1 2) Ilpuuem, BHemHsisE cpena Bcerjga okaspiBaeT Ha TC
MEILIAIoIee  BJIMSHWE, T C  BO3ACMCTBHE, HapylalOUee HOPMAJIBHOE
dbyakuuonupoanue TC ITloatomy dakTopsl BausiHusa BHemHeW cpenbl Ha TC
HA3bIBAIOTCS BOULYUAIOUUMU 8030€UCTNBUAMU, VITA 803MYUEHUIMU.

N3-3a nocrossHHOro BoO3aeucTBUs Ha TC pa3snuuHbIX BO3MYIIECHUU
MPUXOAUTCS TPEANPUHUMATH CHEUHATbHBIE BO3JCHCTBUS, HAIPABJICHHBIC HA



KOMIIEHCAILIUIO HEXENATEIbHOTO BIUSHUS CPElIbl WIIM HA JKEJATEeIbHOE U3MEHEHNE
ee pabotel IIporecc ocymiecTBieHus IejeHaNpaBiIeHHbIX Bo3aeicTBuii Ha TC,
00ecIeynBaIINX ce HOpMajdbHOE (PYHKIIMOHHUPOBAHME, HA3BIBAIOT YHPAGIEHUEM
A camy TC. HYXIalONIIyI0CSI B 3TUX CIEIHATIBHO OPraHU30BaHHBIX BO3JIEUCTBUSIX,
Ha3bIBAIOT 06bekmom ynpasienusa (OY) llenenanpapnenusie Bo3aeiicTBus Ha OY
ABIIAIOTCS ynpasaaowumu VIX 00bI1MHO 0003HAYAIOT CUMBOJIOM V. a BO3MYIIICHUE —
Z.

Jiis  paccmarpuBaeMbix — Tpex — npumepoB  TC  ynpaBisomKUMH
BO3JICHCTBUSIMU COOTBETCTBEHHO MOTYT CIYKHTh, HalPUMEP, YACTOTa BpallCHUs
(06/c) poropa siekTporeHepaTopa, pacxona KaTtaimzaTopa (Kr/c), mogaBaeMoro B

peakTop, ¥ KOMaH bl BBOJA TAHHBIX («eNnter», «inputy u tm).
Buewmnnn cpeda
e |

&=

Puc 12 Baaumoaeiicreue TC
C BHemHeH cpenoit

[TockosibKy B TEOpHWM yHpaBiEHUS MPU MATEMAaTUYECKOM aHalu3e 0o
CUCTEMBbI, Hapsl) C KOJWYECTBEHHBIMU XapaKTEPUCTUKAMHU DHEPTETHUUYECKUX U
MaTepUaJIbHBIX MOTOKOB, paCCMAaTPUBAETCA MH(POPMAIIMOHHBIN acleKT 0OMEHa, TO
Ka)XJ10€ BO3JCICTBHE IMPU 3TOM BBICTYNAET OJHOBPEMEHHO KaK MAaTEpHUAJIbHBIN
Hocutenb uHpopmaiuu, TC kak curHan Cuenarom Ha3bIBAIOT W3MEHEHHE BO
BpeMeHU (PU3UYECKON BEIMYMHEI.

BeixonHoit curHanm x(t) o0OBeKTa TpaBICHHS, KOTOPBIH C IOMOIIBIO
ynpasismomniero Bosaeicteus Y(t) moamepkuBaeTcs Ha 3aaHHOM YPOBHE HWJIH
U3MEHSETCS 10 JKEJTaeMOMY 3aKOHJI, Ha3bIBACTCS YHPABAAEMOU KOOPOUHAMOU, UTU
VNPaeasemou GeAUdUHOLL.

VYCTpoHCTBO, OCYIIECTBISIONIEE LEJICHANPABICHH bIC  YHPABIIAIOIINE
BozjeiicTBus Ha OV, Ha3bIBaIOT ynpasasaowuil yempoticmeom (YY) CoOBOKYITHOCTb

OV u VY. B3auMOJACUCTBYIOMNX MEXIY COOON, HA3BIBAIOT CUCMEMOU YNPAGIeHUs
(CY).

z.(t)

| B, |

x,(1) Y x(1)
D VYV - e
xt) [

1'}

Puc. 1 4. Obobutennas crpyxrypa
cucremsl ynpasieHus (CY)



VYmopaBnsiemass BeIWMYMHA SIBISETCS BBIXOAHOW BEIMYMHONW OOBEKTA W
3aBHCHT OT JIBYX BXOJHBIX BO3ICHCTBHIA, Bo3Mmymiaromiero Z(t) u ympasisroiiero
y(t) B oOmem cayyaec 3TH BO3ACHCTBHS TakKe MOI'YT OBITh BEKTOPHBIMH
BEJIMUYMHAMH.

3aBUCHUMOCTbD ynpaBJmeMoﬁ BCINYMHBI OT BXOJHBIX BOSI[CI\/'ICTBI/II\/'I JJIA
OJHOMCPHOTI'O o0BeKTa MOKHO BBIPA3UTH IIpu IIOMOIIIH HCKOTOPOIo

x(r) = A [p(1). 2(1)] (11)

anreOpaMyeckoro — ajiropurMa WIM  MaTeMaTH4YecKoro  omepatopa A,
XapaKTEePU3YIOIIUi 00BEKT Kak MpeoOpa3oBaTelb CUTHAJIOB:

CumBosiom Ao B BblpaxkeHuu (11) oOo3HayeHAa HEKOTOpPas COBOKYITHOCTb
MaTeMaTUYECKUX OIepaluii, KOTOpble HEOOXOAMMO BBIITOJHHTH, YTOOBI TIO
¢byuknunm BpeMenu y(t) u z(t) Haiitu dpynkumro X(t).
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Knaccudukanus cucreM ynpaBieHHs] MOKET OBITH OCYIIIECTBIICHA IO CAaMBIM
pa3TUYHBIM TPUHIMIIAM U Tpu3HakaMm. Kiaccudukanuss cUCTEM IO pa3IuIHBIM

OCHOBaHMM NOKa3aHa Ha puc 1.8
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PaccmoTpum BHavasie KiaacCHU(pUKAIUIO CUCTEM MO HamOOJee BAKHBIM JIJIS
TEOPUH YTPABIICHUS MPU3HAKAM - IIPU3HAKAM, KOTOPbIE XapaKTePU3YIOT alrOPUTM
GYHKIMOHUPOBAHUS M AJTOPUTM  YIPaBICHUS CHUCTEMBbI. ODTHUMH TPU3HAKAMU
ABJIAIOTCS: 1) LIeb YNpaBleHUs W CBA3aHHBIM C HEW XapakTep H3MEHEHUS
3a/1al0IIeT0 BO3JEUCTBUS (M COOTBETCTBEHHO YIPABISAEMOW BEJIMYWHBI). 2)
KOH(UTypanus ILend BO3JACHCTBUN MU 3) croco0 BBIPAOOTKH YIPABJISIOIINX
BO3JICUCTBHUI.

B 3aBUCUMOCTH oT xapakTepa U3MEHEHUH 3a/1aK01Iero
BO3/1eiicTBUSA BO BPEMCHH  CHCTEMBI YIIPaBJICHUS NEJISAT HA TPU Kiacca
CTaOMIIM3UPYIOTNE, TPOTPAMMHBIC U CICASIINE CHCTEMEI.

Cmabunusupyrowas cucmema yOpaBjieHHs (CHCTeMa CTaOWIM3aIlldN) - 3TO
CHUCTEMA, aJTOpUTM (DYHKIIMOHUPOBAHUS KOTOPOM COACPKUT TPEANUCAHNE
MO/I/ICP>)KUBATh 3HAYCHUE YIPABIIIEMON BETUIMHBI TOCTOSTHHBIM.

x(f) = x, = const. (1.3)

3HaK /& 03HAYaeT, YTO yHOpaBiseMas BEIMYMHA TOJJIEPKUBACTCS Ha
3aJIaHHOM YpPOBHE C HEKOTOPOI OIMOKOM

CTaOuan3upyronife CUCTEMbI - CaMble paclipocTpaHeHHble. VX mpuMeHsoT
I cTaOWIM3allud  Pa3fUyHbIX  (U3WYECKUX BEJIWYWH, XapaKTEPU3YIOIIHUX
COCTOSIHUE TEXHOJIOTHYECKUX 0OBEKTOB.

Anroput™ (GyHKIIMOHUPOBaAHUS npocpammuon CY COACPKUT TPEANUCAHUE
W3MEHATHh YIPABISIEMYI0 BEJIMYMHY B COOTBETCTBUM C 3apaHee 3aJlaHHOU

(yHKLIHEH BpeMEHH f;,(l‘ )

x(r) = x,(r) = 1, (2). (1.4)
Cﬂedﬂmaﬂ cucmema  yHIpaBJICHUA  IIPCAHA3HAUCHA  OJIA  HU3MCHCHUA
ynpaBnﬂeMoﬁ BCINYMHBI B COOTBCTCTBHH C HU3MCHCHHIMHU I[perﬁ BCJINYHMHBI,
KOTOpad ,Z[CI\/JICTByeT Ha BXOJC CHUCTCMbl M 3aKOH HU3MCHCHUI KOTOpOfI 34pPaHCC
HCU3BCCTCH:

x(t) = x,(t) = f.(1), (1.3)
rae fo(t) nmpowusBosbHAs QYHKIMS BPEMEHHU.

B crabunmsupyrommx, NTPOrpaMMHBIX U CIEIANIMX CHUCTEMax IIeib
YIOPABJICHUS 3aKII0YAETCS B 00ECIIEUEHUH PaBEHCTBA WM OJIM30CTH YNPaBIIIEeMON
BeanunHbl  x(1) k ee 3amanHOMy 3HaueHuio X,(t). Takoe ympasieHwme,
OCYUIECTBIISIEMOE C LIEIbIO MOJACPKaHUS PABEHCTBA HA3bIBACTCS pecyiupo8anHueM.

x(r) = x, (1) , (1.6)

VYhopasasiomee  yCTPOMCTBO, OCYILIECTBIISIFOIIEE  PEryJIMPOBaHUE,
Ha3bIBAIOT pecyisAmopoM, a CaMy CUCTEMY - CUCEMOU PecyaUpO8aHUU.

B 3aBucumMoct OT KOH(pUrypauuu Uen BO3ACHCTBMU , Pa3IMYaOT
TPU BHUJA CHUCTEM  YyIOPABICHUSA: C PAa30MKHYTOW LEINbIO BO3JAECHCTBUH, C
3aMKHYTOM IIETIhI0 1 KOMOMHUPOBAHHBIC.



B cucmeme ynpasnenus c¢ paszomknymoti yenvto 6o30eticmseuil (KpaTtko -
PABOMKHYmMAs cucmema) BXOTHBIMHA BO3IACHCTBHUSIME YIPABISIONIETO YCTPOHCTBA
SIBIISIIOTCS TOJIBKO BHEITHHE (33Jal0IIMe W BO3MYIIAIONINE) BO3JACUCTBUA, T.C. B
HUX HE OCYIIECTBIISICTCS KOHTPOJIb YIPaBISIEMON BEJTMUNHBI.

Pa3oMKHyTBIE CHCTEMBI MOKHO Pa3/IeiuTh, B CBOIO O4Yepe/Ih, Ha JBa Kiacca:
CHCTEMBI, OCYIIECTBIISIONINE YIPABICHHE B COOTBETCTBUHM C M3MEHEHHUEM TOJBKO
3amaroniero Bosaeiicteus (puc 1.9,a), u cUCTEMBI, YIIPABISIONIAE TPH U3MECHEHUN
Bo3MyIeHus (puc. 1.9,0)

AJNTOPUTM yMpaBIICeHUS PA30MKHYTON CUCTEMBI IIEPBOTO THUTIA UMEET BU/I:

o) =A4,[x, 0] (1.7)
a ¢er) 8 lzm
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Puc. 1.9. PyHKUHOHANBHBIC CTPYKTYPb! CHCTEM YITPABICHHA
C Pa3OMKHYTOH (a, 6), 3AMKHYTOH (8) H KOMOHHHPOBAHHOH (2)
LENbIO BO3ACHCTBHH

Pa3zoMKkHyTBIE cHCTEMBI, IEHUCTBYIOIIME MO 33JaHUI0, HA3BIBAIOT TaKKe
YUKIUYeCKUMU cucmemamy. XapaKTEPHbIMU MPEICTABUTEISAMH UKINYECKUX
CUCTEM SIBIISIFOTCSI PA3JIMYHBIE aBTOMAThI, BBITTOJIHSIOIINE 0 KECTKOM MPOrpaMmme,
6e3 cB0OOBI BHIOOpA JEHCTBUIA, OJHOPA30BbIE WJIM MHOTOpa3zoBbie omepanuu K
ATO TpyNIle OTHOCSTCSA, HAMPUMEP, PA3JIMUHBIC CHUCTEMbI YIIPABIICHHS ITyCKOM
AJIEKTPOJIBUTATENICH, BKIIOYECHUEM B paOOTy KOHBEHEPHBIX JIMHUN U T .

B cucmeme ynpaenenuss ¢ samkmymoii yenvio 6o3deiicmeuu (KpaTko -
3AMKHYmMAs cucmema, uili cucmema ¢ 00pamuoll c6s3v10) Ha BXOJ YIIPABIISIOIIETO
YCTPOMCTBA MOCTYNAIOT KaK BHYTPEHHEE BO3JACHCTBHE, TaK U BHEIIHEE (3a/1ar011ee)
O6o00menHast QyHKIIMOHATbHAS CTPYKTYpa 3aMKHYTOW CHCTEMBI M300pakeHa Ha
puc 1.9.B.

VYnpasnstolee BO3EHCTBUE B 3aMKHYTOM cUCTEME (OPMUPYETCSI B OOJILIIMHCTBE
CJIy4aeB B 3aBUCHUMOCTH OT BEJIMUMHBI U 3HAKA OTKJIOHEHUS UCTUHHOTO 3HAYCHHS
yIpaBisieMoin BEJIMYUHBI oT ee 3aIaHHOTO 3HAUYCHUSA:

(1) = A e()], (1.10)

rae &1 = x(6) = x(), cuenan owwubru (Ha3pIBAEMBIH TaKKe CHUTHAIOM
PaccornacoBanusi). 3aMKHYTHIE CHCTEMEI HA3BIBAIOT 4YACTO CHCTEMaMH
YIPaBJIEHHs 110 OTKIOHEHHUIO.

B 3aMKHYTOH cucCTeMe KOHTPOJUPYETCS HENOCPEACTBEHHO YIpaBiseMast
BeJIMUMHA M TEM caMbIM IIpU  BBIPAOOTKE YIPABISIONMMX  BO3/EHCTBHIA



YUUTBIBACTCA I[GﬁCTBHC BCCX BO3MYIICHUH, BJIUAKOIINUX Ha YIIPABIACMYIO
BCIIMYHUHY. B tom 3aknrouaercs MNPpEUMYyHICCTBO 3aMKHYTEIX CUCTCM.

B kombunuposanmnvix cucmemax (puc 1.9,2) co3naroT ABe e BO3ACHCTBUM
- 10 33JIaHUI0 W TI0 BO3MYILICHHIO, M YIIPABJISAIONICE BO3JICUCTBUE (HOPMHPYETCS
COTJIaCHO OIIEPaTopy:

¥ty = A,[e(0)]+ A [z(0)] (1.11)

O dekTHBHOCTh pabOThl KOMOMHUPOBAHHOM CHCTEMBI yIIpaBIICHUS Bceraa Ooblie, Yem
y MMOPO3Hb (PYHKIIMOHUPYIOIINX 3aMKHYTOW WU Pa30MKHYTON CUCTEM.

B 3aBucuMoct 0T cmocoda BbIPA0OTKH YNPABJIAIIMX BO3JACHCTBHH,
3aMKHYTBIE CUCTEMBI JIEJIATCA Ha OECIIOMCKOBBIE U IIOUCKOBBIE

B 6ecnouckosvix cucmemax ynpasisitoiirie BO3ACHCTBUS BhIPaOaTHIBAIOTCS
B pe3yJIbTaTe CPABHEHUS HCTUHHOTO 3HAYEHUS YIPABISIEMOM BEIUYHMHBI C €€
3aJIaHHBIM 3HAYEHHUEM.

B nouckosoii cucmeme OCHOBHBIE YNPABIAIONIME BO3AEUCTBHS (op-
MUPYIOTCSI C TTOMOILBIO MPOOHBIX YHPABISIONIMX BO3JECHCTBHIA U IyTEM aHAIM3a
pe3yJIbTaTOB MPOOHBIX BO3JCHCTBUIA.

B 3aBucuMoOCTH OT NMPHHANJIEKHOCTH MCTOYHHUKA IHEPrHH, [IPYU MOMOIIU
KOTOPOTO CO3J]aCTCsl YIPABJIAIOIIEE BO3JCHCTBUE, CUCTEMBI MOTYT OBITH IIPSIMOTO U
HEMPSMOTO JIEUCTBHUS.

B cucmemax npsamoco oOeticmeusi MCHONb3yeTCs] PHEPrUsl yHPaBISIEMOTO
oObekTa. K HHUM OTHOCATCA MNpOCTEHIIME CUCTEMBbI cTaOunu3anuu (ypoBHS,
pacxojia, JaBJICHUS H T.I1.).

B cucmemax nenpsamozco oOeiicmeus ynpapisitoliee BO3JEHCTBHE CO3acTCs
3a CYET YHEPTUU JOMOJIHUTEIBHOTO UCTOUYHHUKA.

Ilo BMAY CHUrHaJIOB, IEHCTBYIOIIMX B CHCTEMAaX, CUCTEMBI YIPABICHHS
JeJISIT Ha HenpepblgHble U OUCKPEmHble.

Cucrembl  ympaBieHHUs, Yy KOTOPBIX yIOpaBiseMas BeJIMYMHA B
YCTAaHOBUBLIEMCSI PEKHUME 3aBUCUT OT BEJIMYHMHBI BO3MYILAIOIIETO BO3JIECHCTBUS,
Ha3bIBAKOTCS  CMamuyeckumuy, a CHUCTEMBI, Yy KOTOPbIX HE 3aBHCHUT, -
acmamudeckumu.

IIo Buay aud¢epeHUaNbHBIX YPABHEHHMH, ONMUCHIBAIOIINX 3JIEMEHTHI
CUCTEM, NIOCIIETHUE JEJIST Ha JIMHENHBIE U HENIMHEWHbIE. B aunetnou cucmeme Bce
AJIEMEHTHI OTIMCHIBAIOTCS JTUHEHHBIMU alireOpandeckuMu U TudQepeHImaIbHbIMA
ypaBHeHUsIMU. Ecnu xoTst Obl OOMH 53JIE€MEHT CUCTEMbl HMMEET HEJIMHEHHYIO
3aBUCUMOCTh BBIXOJAHOW BEJIMYMHBI OT BXOJHOM, TO BCSl CHCTEMa SBISETCA
HEeNUHEUHOU.



Buabi Bo3neiicrBuii u pexxumon B CY.

PaccMoTprM  OCHOBHBIE PA3HOBHUJIHOCTH CHUTHAJIOB W BO3ACUCTBUU. B
3aBUCUMOCTH OT XapaKTepa M3MEHEHMsI CUTHaJla BO BPEMEHU M OT (HOPMBI €ro
MaTeMaTUYECKOTO TMPEACTABICHHS, Pa3JIMYalOT PEryJIIpHbIE M HEPETYJISPHbIC
CUTHAJIBI

Pecynapuonii  (Oemepmunuposanmsiii) cueHan W3MEHAETCS 110  OIpese-
JICHHOMY 3aKOHY M MOXET OBbITh ONUCAaH KOHKPETHOW MaTeMaTudecKon GyHKIUen
BpemeHH. K Knaccy peryiasipHbIX CUTHAJIOB OTHOCATCS PA3JIMYHbIC MTEPUOIAYECKUE
curHasibl. Ha puc2.5,a B kadecTBe IpuUMeEpa PETYAPHOrO CUTHAIA TOKa3aH
VMMITYJIbC, OITUCBIBAEMBIN 3KCIIOHEHTOM.

Hepezynapuoui (ciyuatinwiii) cueHan M3MEHSETCS BO BPEMEHH CIyYailHBIM
o0pa3oM W HE MOXET OBITh MPEJCTABICH B BHUJIEC KOHKPETHOM MaTEMaTHYECKON
¢byHkunu. XapakTep W3MEHEHHUsS CIIy4ailHOrO CUTHajJla BO BPEMEHM IOKa3aH Ha
puc.2.5.6
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Puc 2 5. Buasl cHrHanos (a, 6, 6, 2) ¥ TUNOBLIX BO3ACHCTBHI (0, e, X, 3)

Eciu 3HaueHue perysispHOro WM CIy4yalHOTO CHTHaja OIpPENESICHO B
KXl MOMEHT BpeMeHHU (puc. 2 5,B), TO CUTHAJ HA3bIBAIOT HeNnpepbl6HbIM, WIN
ananozosvim. Ecnm e 3HaueHUs CUTHAJIa 3aJaHbl JUIIh B HEKOTOPHIE MOMEHTHI
BpeMeHU (puc. 2.5,T), TO ero Ha3bIBAIOT OUCKPEHIHBIM.

[Ipy sKkcepuMEHTATLHOM H TeopeTudyeckoM wuccienoBanuun CY ©u ux
DJIEMEHTOB HCTOJB3YIOT PsIi CTaHAAPTHBIX CUTHAJIOB, HA3bIBAEMBIX MUNOBGLIMU
8030€UCMBUAMU.

HauGonpiiee mnpuMeHEeHHE B TEOPHUM W TPAKTUKE aBTOMATHYECKOTO
yIpaBICHUS HAXOMAAT CJEIYIOIIME YEeThIpe TUIIOBBIX BO3ICHCTBUS: CTyNEHYATOE,
UMIYJIBCHOE, TAPMOHUYECKOE U JIMHEHHOE

Cmynenuamoe 6o30elicmeue - 3TO BO3JIEHCTBUE, KOTOPOE MIHOBEHHO
BO3pacTaeT OT HYyJS /10 HEKOTOPOTO 3HAUEHHUs M Jajee OCTAeTCS MOCTOSHHBIM
(puc.2.5, o). CryneHyaToMy BO3JCHCTBUIO COOTBETCTBYET (PYHKIIMS:



a | Onput <0,
x.(t) = (2.8)
a, nput=0.

[Ipn aHamm3e W pacueTe CHUCTEM YAO00OHO WCIOIB30BaTh CTYIEHYATOE
BO3JICHCTBHE, Yy KOTOpOro BemnunmHa ap=1. Ero Ha3pBalOT eduHuunbim
cmynenuamoim 6o30eticmseuem (SAMHAYHBIM CKaukoM) B 00o3Havarot o(t) mim 1(t).
MatemaTrnyeckoe BhIpaKeHHE, OMICHIBAIOIICE €IMHUYHBIN CKAYOK, HMEET BU/I:

(1) =1() a |Onmput <0 (2.9)
o(t) = = .
lnpur=0.

Hmnynvcnoe 6o30eticmseue TpeNCTaBIseT COOOW OJMHOYHBIA HUMITYJIBC
npsIMOYTOJIbHOM (popMmbl (puc 2.5,e), UMEIOIINI JOCTaTOYHO OOJIBIIYIO BHICOTY U
BECbMa MAJIyI0 MPOAOJLKUTENBHOCTh t—0. O4eBHIHO, 4YTO IUIOMIAAb TaKOIO
VMMIIyJIbCa BCEra paBHa d.

[Ipu MaTeMaTHYECKOM aHAIM3€ CUCTEM YMPABIICHUS UCTIONB3YIOT eOUHUUHOE
UMRnYTbCHOE B8030elicmeue, KOTOPOE OIMCHIBAETCS TaK Ha3bIBAEMOW Oenvbma-
@dyukyuet:

5(1) a |Onput #0; (2.10)

conput =0,

B kauecTBe CTaHAAPTHOTO 2APMOHUYECKO20 B030€lCmEUs WCIOJIb3YIOT
OOBIYHO CUTHAJI CHHYCOHUIAJIbHOM ()OPMBI, ONTMCHIBAEMBIN (DYHKITUECH:

x(/) 2 x_sinot, (~oo<t<ow), 2 16)

rae X, - amnaMTyja curHana; o = 2n/ 7 - kpyropas 4acrora, paa/c; T -
TMEepHO L CUTHANA, C.

JTa caegsmmx W TPOTPAMMHBIX CHCTEM THIIOBBIM SBJISIETCS JUHEUHOE
6030eticmaue, HaunHaronieecss B MoMeHT t = 0 (puc 2.5. 3).

x(1) = o(at, (0<t<w) (2.18)

rae Ko3QPUUHEHT G, XapakTepu3yeT CKOpOCTh HAPACTAHHS BO3ACHCTBHS

x(1).

Paccmotpum Tenepp BO3MOXHBIE COCTOSSHUSLT W BO3MOXKHBIE PEKUMBI
nepexona CY oT OJTHOTO COCTOSIHUS K IPYyTrOMY.

Pazmuuaror nBa pexxuma pabotel CY W MX DJIEMEHTOB, CTaTUYECKUU U
JTUHAMHUYECKUI.

Cmamuyeckum pexcumom Ha3bIBAIOT COCTOSHUE CHUCTEMBI (JIEMEHTA), MPU
KOTOpPOM ympaBisieMasi (BbIXO/JHAs1) BEJIMUMHA Y HE U3MEHSETCS BO BPEMEHH, T.€.
y(t)= const.



OueBHIHO, YTO CTATUYECKUN PEXUM (WM COCTOSHHE PABHOBECHS) MOXKET
MMETh MECTO JIUIIb TOTJA, KOTJa BXOJIHbIE BO3ACHCTBUS MOCTOSIHHBI BO BPEMEHHU.
CBsi3b MEXIy BXOJAHBIMH U BBIXOJHBIMH BEIMYMHAMH B CTaTHUYECKOM PEXKUME
ONMKCHIBAIOT AIFeOPanueCKUMU BbIPAKECHUSIMH.

B ounamuueckom peoswcume paboOThl cUCTEMBl (DJIEMEHTA) YIIpaBlisieMast
(BBIXOJIHAs) BEJIMYMHA HETIPEPHIBHO M3MEHSIETCSl BO BpemeHnu Y(t)=var,

JlnHaMu4ecKkrue pekruMbl UMEIOT MECTO, KOTJla B CUCTEME TMOCJIe HAHECEHMUSI
BHEIIIHUX BO3JCHCTBUM IPOUCXOMIAT NPOLECCHl YCTAHOBIECHUS 3aJaHHOTO
U3MEHEHHUS BBIXOAHOW BEIMYMHBI. OTH TPOIECCHl HA3BIBAIOT npoyeccamu
ynpagnenus. OHU ONHUCBHIBAIOTCS B oOmieM ciydae auddepeHInalIbHBIMUA
YpaBHEHUSMHU.

(7] 8
) (1) 4 W) x(0) 4 V(D (1) T w)

- o
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Puc. 2.6. IlepexoHbie ¥ YCTAHOBHBIUMECH PEKHMBI PH THIOBLIX BO3ACHCTBHAX

I[I/IHaMI/I‘-IGCKI/Ie PEKHUMBI ACJIAT: HAa HCYCTAHOBUBIIMCCS U YCTAHOBUBIIIUCCA.
Heycmaﬁoeueumec;l, 501041 nepexodnbze, peosiccumovl UMCHOT MCECTO Cpa3y II0CJIC
HN3MCHCHH BHCIITHUX BOSI[Cf/'ICTBHH.



CraTtnyeckue XapakTepucTHKHU 3JieMeHTOB CY.

HGpCI[&TO‘IHBIC CBOMCTBA DJIEMEHTOB M CHCTEM B CTaTUYECKOM PCIKUMC
OIIMCBIBAKOT IIPpH  IIOMOIIM  CTATHYCCKUX  XAPAKTCPHUCTHK. Cmamuueckoti
xapaxmepucmukoﬁ QJICMCHTA Ha3bIBAIOT 3aBUCHUMOCTDH CI'O BBIXOIIHOﬁ BCIIMYUHBI Y
oT BXO,Z[HOﬁ BCIIMYMUHLBI X B YCTAHOBUBIICMCA CTATHYCCKOM PCKUMC!

y=f(x)=y(x) (2.44)
Cratudeckas XapakTEepUCTHKAa KOHKPETHOTO 3JIEMEHTa MOXKET OBITh JIajiaHa
B (QOPMYIIBHOM BHE (HAIIPHMED, B BHE aIrebpandeckoil QYHKIUK y = CX°) HIIH B
Buje rpaduka (puc 2.8,a).
a
v

-

Puc. 2.8 .CraTHuecKue XapaKTEPHCTHKH 3JIEMEHTOB C OIHOIH (a) U
aByms (6, ) BXOJIHBIMH BSTHYHHAME

B oOmem ciydae, korga COCTOSIHHE d3J€MEHTa WM CHCTEMbl 3aBUCHUT OT
HECKOJIBKMX BXOJHBIX BO3JCHUCTBUU X1, X2,...,X, TO CTATUUYECKAs XAPAKTEPUCTUKA
MPEACTaBIACT CO00M (PYHKIINIO HECKOJIbKUX HE3aBUCUMBIX ITEPEMEHHBIX

y=flx.x,,..,x,) (2 45)

OyHKIMSA JBYX TEPEMEHHBIX X; U X, MOXET ObITh, KaK W3BECTHO,
M300pakeHa B BUJIE MOBEPXHOCTU B TPEXMEPHOM IMPOCTPAHCTBE C JIEKAPTOBBIMU
KOOpJIMHATaMHU ), Xi, X. (puc 2.8,0) uiam B BUJE ceMeCcTBA JTUHUN CEUCHUN ITOU
MOBEPXHOCTH, COOTBETCTBYIOIIMX HECKOIbKUM (DUKCUPOBAHHBIM 3HAYCHUSIM
OJTHOTO U3 apryMeHToB (puc 2.8,B).

®[y.x]=0. (2.46)

N3 ypaBHeHus (2.46) MOXHO TMOJYyYUTh AHAJTUTHYECKOE BBIPAKEHUE
CTaTUYECKOM XapaKTEpUCTUKU B ABHOM BHjE (2.44).
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Puc, 2.9. Buasl CTaTHYECKHX XapaKTEPUCTHK

[lo BuAy CTaTUYECKUX XAPAKTEPUCTUK DBJIEMEHTHI JENAT HAa JMHEHHBIE U
HenmHeiHble. CTaTUueckas XapakTepUCTHKA JuHeliHo2o siemenma (cM puc 2.9,0)
OIMCBIBACTCS TMHEWHOM (yHKIMeH y = b + ax.

Y  Henuwelinvix d1emMeHmO8 CBS3b MEXKIY BXOJHOW U  BBIXOJIHOU
BEJIMYMHAMHU BBIPAKaeTcsi OOBIYHO B BHJIE CTENEHHBIX (YHKIUM, CTENEHHBIX
HOJIMHOMOB, IPOOHBIX PallMOHANBHBIX U 00JI€€ CI0KHBIX (QYHKIHUI.

HenuneliHple 37€MEHThI, B CBOK OYE€pENb, MOAPA3ACISIOT HA 3JIEMEHTHI C
CYIIECTBEHHO HEJIMHEHHOW CTAaTHYECKOW XapaKTEPUCTHUKOM M 3JIEMEHTBHI C
HECYIIECTBEHHO HETMHENHOM (JIMHEapU3yeMoil) XapaKTEPUCTUKOM.

Crartuueckasi XapaKTepUCTUKA SBISIETCS HeCyuwecmeeHHO HeIUHeUHOU, eCIu
OHAa OMMCHIBAETCS HempepblBHOW auddepeHuupyeMort ¢pynkuuen. IIpaktuyecku
9TO MaTeMaTHYECKOE yCIOBHE O3HauaeT, 4to rpaduk ynkuuu y =f(X) momken
UMETh TNaJIKyto Gopmy (cm.puc. 2.9,a). B orpaHndeHHOM Iuana3oHe U3MEHEHUS
BXOJIHOM BEJIMYMHBI X Takas XapakTEpUCTHUKAa MOXKET ObITh MNPUOIMHKEHHO
3aMeHeHa JuHelHoN (yHkuuent. [lpubnmkeHHas 3aMeHa HEJIWHEMHOW (yHKIUU
JIMHEWHOW HA3bIBACTCS IUHeapUu3ayuell.

Crartnueckass XapakTepUCTUKA CUUTACTCA CYWECMBEHHO HEIUHEUHOU, €CIH
OHa UMEET U3JIOMbI WK pa3peiBbl. Ha (puc 2.9.B) B kauecTBe mpuMepa MpuBeicHa
XapaKTEPUCTHKA peJie, KOTOPOE MPHU JOCTHKEHWH BXOJHOIO CHrHaja X (TOK B
OOMOTKE pejie) HEKOTOPOTr0 3HAa4YeHHs] X, HU3MEHUT BBIXOJHOM CHUTHal y
(HanpspKeHHE B KOMMYTHPYEMOM LIETIH) ¢ YPOBHS Y, 10 YPOBHS Y>.



JIuneiinbie U@ pepeHunaNbHbIe YpaBHEHUS.

HaubGonee pacnpoctpaneHHO# U camoit oomieit hopmoit onucaHus
nepeaaTOYHbIX CBOMCTB CUCTEM YIIPABICHUS U UX DJIEMEHTOB SBISIOTCS
O0ObIKHOBEeHHBIC qu(depeHinanbubie ypaBHeHus. s aneMenTa, uMero-
mero oauH BXogHoH curHan X(t) m ommH BeIXOHHOM curHan y(t),
0ObIKHOBEHHOE AU PepeHInaIbHOe YpaBHEHHUE 3aUChIBACTCS B 00IIIEM
CiIy4dae CIeIYIOIUM 00pa3oM:

By(0), (1), ..., ¥ (1), X(0), (1), .., ¥ (1), ]= 0 @1

Jlist  GONBIIMHCTBA PpEABbHBIX JJIEMEHTOB HCXOAHOE ypaBHeHHE (2.1),
COCTABJIICHHOE CTPOrO B COOTBETCTBUM C 3aKOHaMHU (DU3HKH, OKa3bIBAETCS
HEJIMHEHHBIM. ITO OOCTOSTEIBCTBO CHJIBHO YCIOXKHSIET BCE IMOCIEAYIOINe
npoueAypsl aHanu3a. I[losTomy Bcerma CTpeMsTCs NEpPEUTH OT TPYAHO
pa3penmmMoro HenuHeWHOro ypaBHEHUS (2.1) K OOBIKHOBEHHOMY JIMHEHHOMY
mudepeHnnanTbHOMy YpaBHEHUIO BUA!

d"y(t d"" y(t dy(t
a —y()ﬂ:_ [) +..+a —y()+any(f)=
" odt" gt 't

X L S, SO (2050

X X
:bm: = bm_l—""“;r—“‘+...+ +b (f)

dt dt

HITH B CBEPHYTOM BHIE

Z": dy(r i d"x{r), (2 636)

=0 g=0 dr"

rae x(t) u y(t) - BXoaHas 1 BEIXOAHAS BEIUYHMHBI 3JIEMEHTA WM CHCTEMBI, d, b, -
KO3 PUITMEHTHI ypaBHEHUSI.
VYpauenus (2.6 3a) u (2.6 30) ycTaHaBIMBAIOT CBSI3b MEXKIY BXOJTHOU H
BBIXOJTHOM BEJIMUMHAMHU KaK B MEPEXOIHBIX, TAK U B YCTAHOBUBIITUXCS PEKUMAX.
[IpupaBHuBasi Bce MpOU3BOAHBIC B ypaBHEHUSIX AuHaMuku (2.6 3a) u (2.6
30) HyI0, MOXHO TOJYyYUTh YpaBHEHHWE CTAaTUKH DJEeMEHTa (CUCTEMBbI) B
CIIeAYIOIIeM 00IIIeM BHU/IC:

b
a,W(t)=byx(f) wum  y(t)=—2x(r) = kx(7) (2.64)
aﬁ

3aMeTHM, YTO apryMeHT t B ypaBHEHMSIX CTaTHKH OOBIYHO HE IHIIYT, TaK
Kak B YCTAaHOBHMBIIEMCS CTaTHYeCKOM pexume nepemeHnbie X(t) u y(f) nHe
WU3MEHSIOTCS] BO BPDEMEHH.

Kosdpdummenter  muddepeHnmanbHOro  ypaBHEHHsS HA3bIBAIOT — napa-
mempamu. OHA 3aBUCIT OT PA3TMYHBIX GU3HUSCKUX KOHCTAHT, XapaKTEPU3YIOIIHX
CKOPOCTb MPOTEKAHUS MTPOIIECCOB B DJIEMEHTAX.

JIns cucrteM yIpaBlieHHsI, ONMHMCHIBAEMBIX JIMHEHHBIM ypaBHeHHEM (2.63),
CHpaBEe.JIB MPUHITUI HAJIOKEHUS, VIIA CYTIEPIIO3UIINH, COTIIACHO KOTOPOMY:



usmenenue 6vixoonou eenuuunvl Y(t), 6osnuxarowee npu Oeiicmeuu Ha
cucmemy Heckoabkux 6xoouvix cuenanos Xi(t), paeno cyneme uzmenenuii Y;i(t)
senuuunst Y(1), 6vI36186aEMbIX KAHNCOBIM CUSHATIOM 8 OMOETLHOCTIU.

Paccmotpum  Temeph TUNOBBIE (OPMBI  3alMKMCH  JIMHEWHOro  Jaudde-
pEeHIMaIbHOTO ypaBHeHUs (2.6 3), UCHOJb3yeMble B Pa3iUYHBIX 3a7adax TEOPHUH
YIPABJICHHUS.

Kak u B n1pyrux o6iactax HayKu U TEXHUKH, Bce PU3MUECKHUE TTIEPEMEHHBIE,
BXOJISIIAE B yPAaBHEHHE, MOTYT OBITh BBIPAKCHBI B OMHOCUMENbHbIX eOUHUYAX.
Jlmst 3TOro Kaxkaoe cjaraemMoe JeisaT Ha TOCTOSHHYIO BEJIMYMHY, HMEIOILYIO
Pa3sMEpPHOCTh TOM IMEPEMEHHOW, KOTOpasi BXOAUT B 3TO ciaraeMmoe. [locTtossHHbIe
BEIIMYMHBI HA3BIBAIOT 0Oa306bimu. B KkadecTBe 0a30BBIX BETUYMH NPHHUMAIOT
OOBIYHO HOMUHAIHHBIC UM YCTAHOBUBIIIMECS 3HAYCHUS TIEPEMEHHBIX ) U X.

Yno6Hoii Qopmoii 3amucu JUHEHHBIX U (depeHINaTbHbIX ypaBHEHUN
ABIIACTCS cuMeoIudeckas, WIH onepamopHasa. llepexox k 23Tol  ¢opme
OCYIIECTBJISIOT BBEICHHEM COKPAIIEHHOTO YCJIOBHOTO O0O3HAUYEHHUS OIEpaIvu
muddepenrmponanus, d../dt = p. CoOTBETCTBEHHO I-F0 POU3BOJHYIO
MepEeMEHHON Yy 0003HaYaIOT:

d'y(n)fdt’ = p' (), (2 65)

TOrAa ypaBHeHHe (2.63) B cuMBOaM4YeCKOU (popme OyIeT UMETh BU:
(a,,p" +a, pT +..+ap +aﬂ)y(r} =
= 40P 4t b DB )R(). 2.66)

MHOro4JIEHbI OT p CTENEHU 1 U M, HAXOSIIUECS B JICBOM U MPABOM YACTSIX
ypaBHeHus: (2.66), Ha3bIBAlOT Oughgepenyuanvuviiue onepamopamu. Kaxmawiii
TaKOW OmepaTop YCTAaHABIMBAET COOTBETCTBUE MEXAY (PyHKIMEH BpEMEHU U
ONpPEIENICHHONW COBOKYITHOCTBIO IPOU3BOIHBIX 3TON (QyHKUIMU. MHOro4IeH

ap'+a_p +..+ap+a,=D(p) (2.67)
Ha3BIBAIOT COOCMBEHHbIM onepamopom, a MHOI'O4JICH
b_p™+b_.p™'+ . +bp+b,=K(p) (2.68)

- BXOOHbIM ONEepamopoMm, Uil ONepamopomM 8030etCmaUs.

YpaBHEHUS 2JIEMEHTOB HEBBICOKOTO MOpPsAKA (7 < 3) B TEOPUHU yNPaABJICHUS
OPUHATO 3alMChIBATh B TaK HA3bIBA€MOM CTaHIApTHOW (Qopme. IIpn
cmanoapmuoll gopme 3alMCU ypaBHEHHE NPEOOPA30BBIBAIOT TAKUM 00pazoM,
9TOOBI KO3(PUIIMEHT MpU BBIXOJHOW BelnyuHEe ObUT paBeH eauHuIe. [Ipu sTom
K03 PHUIMEHT TIepeT BXOAHOW BEJIMUMHOM B MPABOM YaCTH YPAaBHEHHsI CTAHOBUTCS
paBHBIM TIEpenaTodHOMYy KO3 UIHEHTY, a KO3(DOUIIMEHTH TPHU MPOU3BOIHBIX
BBIXOJTHOM BEJIMUMHBI OYyJIyT MMETh Pa3MEPHOCTh BPEMEHU B CTENEHU, PaBHOU
MOPSZIKY COOTBETCTBYIOIIEH MpPOM3BOAHOW. Hampumep, ypaBHEHHE BTOpPOIO
MopsAKa:



(0,0° +a,p+a, Jy(t) = (b, p +b, Jx(2) (2.69)
MyTeM JEJICHUS BCEX WICHOB Ha KOI()PUIMEHT ay MOXKET OBIThb MPUBEIACHO K

CTaHJApPTHOH Qopme:

(T2 p* + T,p+1)y(t) = k(Tp+1)x(t), (2.70)

_ T BT —ef Soy -T2 =y /
rae k=b,/a,T=b/b:T =0a/a; T =a,/q,.
Kosddunuentsr 7, Ty, T, npuHATO HA3BIBATh HOCMOAHHbLIMU 6pemenu. OHHU
XapaKTepU3yIOT IMHAMUYECKUE CBOWCTBA JIEMEHTA WJIA CUCTEMBI.



IIpumeHeHue anmapaTa onepanuoOHHOr0 HCYUCICHHS AJIS UCCJIeOBAHMS
AUHAMHYeCKUX cBoiicTB JuHeiHbIX CY. IIpeodpa3oBanne Jlannaca s
THIIOBBIX CUTHAJIOB.

Haubonee pacnpocTpaHeHHbIM METOJOM OMHUCAHUS M aHallM3a 3JIEMEHTOB U
CUCTEM YIPABJICHHS SIBIAETCS OMNEPATOPHBIA METOoJ (METOJ OMNEepallMOHHOTO
ucuucienus). B ocHOBe MeToia NexKUT npeobpazosanue Jlaniaca

X(p) = Z{x0)} = [x(ne P . (2.100)
]

KOTOPOE€ YCTAHABJIMBAET COOTBETCTBHE MEXIY (QYHKIUSIMH JEHCTBUTEILHOU
nepeMeHHOM t U (QYHKIMAMH KOMILUIEKCHON NepeMeHHOU p. MYHKIMIO BpEeMEHU
x(1), Bxomsmryro B uaterpai Jlammaca (2.100), Ha3bIBalOT opucunaiom, a pe3yabrar
MHTErpupoBanus - Qynkuuio X(p) - usobpasicenuem gynxyuu X(t) no Jlannacy.

Tabnuua 2.1
H3obpaxenne npocreiimux ynxumii Bpemenn no Jannacy

Haumenopanue ¢yrxrmit x(0 X(p) = Ax(1)}
JenvTa-gysKuns 8(1) 1
Crynexyaras ags(f) ao/p
Crenennan Ao () gl p?*'

(=012, ) -1
IKCNOHEHTA e “o) Y(p+a)
Cunycouaa (sin w)o(?) m/(pz +m3)
Kocuuycouma (cos of)o(1) » j(p2 +m2)
Tepuonnyeckad x(t) = x(t +T) X(P}ftl -e’ )

[IpeobpazoBanue Jlamiaca BBIIOTHUMO, KaK WM3BECTHO, JIMIb MJI TaKUX
byHKIIMM BpeMeHH, KoTopble paBHbl Hymto mnpu t < 0. Drto ycnoBue
oOecrieunBaeTcs OOBIYHO yMHOXeHHeM (yHkmuu x(I) HA  eIUHUYHYIO
crynenyaryio ¢pyHkmuto o(t).

B Tabmuue 2.1 mpuBeneHbl H300pakeHUs MpOCTEUINX (QYHKIIHIMA
BpEMEHHU, HauboJIee 4acTo UCTOJIb3yeMbIX B pacuerax CVY.

OcHoBHBIE cBoiicTBa TmpeoOpazoBanus Jlammaca, HCHIOIB3yeMBbIE TIPU

aHaJIM3e aBTOMAaTHYECKUX CHCTEM, YKa3aHbl B Ta0.2.2.

Tabawmua 2.2
Ocuosueie caoiicrsa npeobpasosanus Jlanaaca

HawumeHopanue OpHruHan H3obpaeHue
. ax(t) aX(p)
Jluncitwocts % () £33 (1) X1 (p) + 2 (p)
Ipasuno audrbepenumpo-
BaHHA (MPH HYNEBBIX Ha- d'x(t)dt’ X(p)p'
YAJIbHBIX YCIOBHAX)

TpaBwio HHTErPHPOBaHHS

]
(IpH HYIEBbIX HA4ANbHBIX N xmdy’ - )
YCNIOBHAX) -! | =2 @) /p

-

(=




IlepenaTounbie GpyHKIUM 3J1eMeHTOB JUHeHHBIX CY. OCHOBHBIE CBOIiCTBA
nepeaaToYHbIX (PYyHKIUM.

[Iupokoe pacmpocTpaHEHHE ONEPaTOPHOTO METO/a B TEOPUH YIPABICHHUS
O0yCJIOBJICHO TEM, YTO C €ro IOMOUIIbI0 OMNpPEACNSIOT TaK Ha3bIBAEMYIO
nepeaaTounyo (pyHKIUIO, KOTopas SBIISIETCS KOMIAKTHOW (OpPMON OINMUCaHUS
JTMHAMUYECKHX CBOMCTB 3JIEMEHTOB U CHCTEM.

[Tpumenum npeoOpazoBanue Jlamnaca kK nuHEHHOMY TU(hEpeHIIMAIEHOMY
ypaBHeHHIO (2.63), monarasi, 4T0O 0 MPUIOKECHUS BHEITHETO BO3ICHCTBUS CHCTEMA
HaXOJMWJIaCh B TIOKOE M YTO BCE HayajbHBIC YCIIOBUS paBHbI HYJIO. Mcmonb3ys
CBOMCTBO NUHEHMHOCTH W mpaBwio auddepeHiupoBanus (cM Tabm.2 2), MOXKHO
MOJIYYHTh aITeOpandecKkoe ypaBHEHUE B N300paKESHUSX

D(p)Y (p)=K(p)X(p), (2.101)

rae D(p) =a,p" +a,, p"" + . +a p+a,
Kp)=bup" +bpap™' +. + b, p+ b

CpaBuuBas ypaBHeHue (2.101) ¢ ypaBHEHHEM B CHMBOJHYECKOUN ¢dopme
(2.66), MOKHO 3aMETHUTh IMOJIHYIO aHAJIOTHIO WX CTPYKTYp. Pasiauuue ypaBHEHHI
JMILIb B 3HAYEHUU CHMBOJIA p:. B NEPBOM ypaBHEHUU OH 0003HAYaeT OMNEpaluio
mupepeHInpoBaHusi, BO BTOPOM - KOMIUIEKCHYIO IEPEMEHHYIO.

BBegem Ttenepp mnoHsATHE mNepeaaTtoyHol (yHkuuu (cokpameHo — I1D).
Ilepeoamounoti ¢hynxyueir W(P) Ha3bIBaIOT OTHOIICHHE W300paKCHHS BBIXOJHOMN
BEJIMYMHBl K HW300pKEHHIO BXOJHOM BEJIWYMHBI IPU HYJEBBIX HaydaJbHBIX
YCIIOBUSX:

W (p)=Y(p)/ X (p) = £{y(t) ) # ()} (2.102)

Jlns cucremsl, onuckiBaemMoil ypaBHeHueM (2.63), [1®d paBHa OTHOILIEHUIO
BXOJIHOTO oneparopa K(p) k coocTBenHOMY oniepatopy D(p):
m m-1| +
W (p) = K(p) _ bmp" +bm-1pn__l +bpt+b,
D(p} ﬂnp +an—lp +"'+alp+aﬂ'

Kak cnenyer u3 onpenenenuii (2.102) u (2.103), [1d npeacrasnsier codoit
HEKOTOPBIM TUHAMUYECKUH OIIEpaTOp, XapaKTEPUZYIOLIUN MPOXOKICHUE CUTHAJIOB
yepes JTMHEHHBIN 37eMeHT (puc. 2.16,a).

(2 103)

a 6
X(p) Yp)
— Wip) —>
a H,(p) Z u:fp)
r L C
11 Y ‘_ o o
Z(p)=r Zp)=pL  Zp)=1/pC

Puc. 2.16. Cxemsl 114 onpeacneHua nepeaarodHoi GyHkuuu
INEKTPHYECKOTO YETHIPEXTIOMOCHHKA



[lepenatounyro ¢ynkuuoo GopMaIbHO MOXHO MOIYYUTh U3 audde-
PEHLIMATBHOTO YpaBHEHHUS 3aMEHOH B HEM CHMBOJIa KpaTHOro JuddepeH-
[IUPOBAHUSA HAa COOTBETCTBYIOIIYIO CTEIIEHb P U JeJIeHHeM 0Opa30BaHHOTO TAKHM
00pa3oM MHOTOYJICHA IPAaBOil YaCTH ypaBHEHHS HA MHOTOYJICH JIEBOM YacTH.

PaccmoTpum Temeps OCHOBHBIE CBOICTBA U 0COOEHHOCTH
NepeaTOYHbIX (PYHKIUN CUCTEM YIPABICHUS U UX DJIEMEHTOB.

[Tepenatounas GyHKIIMS JIEMEHTA CBsI3aHA C €r0 WUMITYJIbCHOW TIEPEXOTHOM
dbynkimeit npeodpazoanuem Jlarmaca:

W(p) = 2w (0} = [ wine Pat, (2.105)

COOTBCTCTBCHHO U HaO60pOTI

w(t) = 2 [W(p)]. (2.106)

[Mockonbky mepexoaHas xapaktepuctuka h(t) u uMITyIbCHAs TepexoaHas
¢ynkuus W(I) cBsi3aHBI APYr C JOPYroM HHTETPAIBLHBIM COOTHOIIEHUEM TO,
YUHUTBIBAasE TPEThE CBOMCTBO MpeoOpa3zoBanus Jlammaca (cM.Ttabi. 2.2), MOXHO
3amucarh CIEIyIolIee PaBeHCTBO:

2 =wp)/p. (2.107)

A Tenepp MOXHO C y4yeToMm paBeHcTBa (2.107) MOJIYUUTH cheayromue
COOTHOILICHHUS:

W) =W(O) u h(0)=W(x). (2.108)



Hcnonb3oBanue npeodpazoBanus Jlamiaca 1Js nocTpoeHus mepexoaHbIX
npoueccoB B jiuHeliHbIX CY.



YacToTHBIEC XapaKTePUCTHKH 3J1eMeHTOB JuHelHbIX CY.

YacTOoTHBIE  XapaKTEpPUCTUKH  ONUCHIBAIOT  MEPENATOYHBIE  CBOMCTBA
AJIEMEHTOB U CHUCTEM B PEXHME YCTAaHOBUBIIUXCS TAPMOHUYECKUX KOJICOAHMIA,
BBI3BAHHBIX BHEIIHMM TAapMOHMYECKMM  BO3JEHCTBUEM. 3HAsg YacTOTHYIO
XapaKTePUCTUKY DJJIEMEHTA, MOXKHO OINPEACIUTh PEAKIHUI0 D3JIEMEHTa Ha
rapMOHUYECKOE BO3/ICUCTBHUE JIIO00M YaCTOThI, a TAKKE HA CYMMY TapMOHUYECKHUX
BO3JICICTBUI pa3IMYHON YACTOTHI.

PaccmoTpum  pusnueckyro CymIHOCTh ¥ Pa3HOBHIHOCTH YaCTOTHBIX
xapaktepuctuk. [lycth Ha Bxon JuMHEHOTO 31eMeHTa (puc. 2.17, a) B MOMEHT
BpeMeHH t = 0 mogaHO rapMOHUYECKOE BO3AECHCTBUE ONPEIEICHHON YaCTOTHI (.

x(f) = x_smax (2 118)
? x4y
Vol oo
N 0<w<e0 - A\ X1
1) -vs wit) =y _sin(mi+g)
(1) -t st o) - ) }’ .{ P 0 "
X(w) Yow) \) t
—0 (<00
Al
= T:‘?—n
- 0

Puc 2 17 Cxema pna onpeacncHus MOHATHI YaCTOTHOrO MET0aa

Yepez HEKOTOpOE BpeMs, HEOOXOAMMOE Uil IPOTEKAHUS IEPEXOAHOIrO
npouecca (T.e. A1 UCUE3HOBEHUSI CBOOOTHOM COCTABIIAIOLIEN), DJIEMEHT BOWIET B
PEKUM YCTAaHOBHUBIIMXCS BBIHYKICHHBIX KOJieOaHU, a BbixoaHas BeianmuuHa Y(t)
OyIeT M3MEHSThCA MO0 TapMOHUYECKOMY 3aKOHY C TOW K€ 4YacTOTOW ®, HO C
OTJIMYAIOIICHCS aMILIUTYI0H V), U O ciBUTOM At, 110 ocu Bpemenu (puc 2 17,0)

v(t)= vy, sm(wt + ), (2 119)

rae ¢ = (Aty / T)-360° - dasoBblit cABHr MEXAY BXOAHBIM H BBIXOJHBIM
CHrHanamH, °
Tak kak aMIUIMTyJa BRIXOJHOTO CUTHAJA Yy 3aBUCHT €IIE M OT aMIUIUTY/IbI
BXOJIHOTO CHUTHaja Xpy, TO IEJIECO00Pa3HO MPHU ONMUCAHUHU TEPEAATOYHBIX CBOWCTB
SJIEMEHTOB PaccMaTpUBaTh OTHOIICHUE aMILTUTYT Y /X,
3aBUCUMOCTh OTHOIIICHHUS aMILIUTY]T BBIXOJHOTO W BXOJHOTO CHUTHAJIOB OT
YaCTOTHI HAa3bIBAIOT AMAIIUMYOHOU YACMOMHOU Xapakmepucmukot (COKpaIleHHo -
AYX). Ona obo3HauaeTcs A(w).
3aBUCHMOCTH ()a30BOTO CIIBHTAa MEKIY BXOIHBIM M BBIXOJHBIM CHUTHAJIAMH
OT YacCTOThl HAa3BIBAIOT (Paz060u uwacmomuou xapaxkmepucmuxou (PUX) ¢(w).
Bo3MOXHBII BHA 3THX XapaKTepUCTUK ToKa3aH Ha puc 2.18,a u 0.



Ananutnyeckue BbIpaxkeHUS A(w) u  @(®) Ha3BBAIOT COOTBETCTBEHHO
AMIUTUTYAHOH U ()a30BOI YaCTOTHBIMH ()YHKIIHSIMH.

a a
Afo )} L(®w), b 4
k
Afw) 60
! |
5[ 01 :
= ! 1
=120 I
a
10" v (10" LI\ I "‘s%
{ -] 0 w, I (I:"“? X lgfﬂ'.
JdeKajla

Puc. 2.18. YacToTHBIE XapAKTEPHCTHKY:

a — aMIUIHTYIHad, 6 — dasopas, 6 — aMIUIMTY IHO-(ha3oBas, 2 - norapudMHyecKas

AUX moka3pIBaeT, Kak dJEMEHT MPOITYCKAET CUTHAJIBI PA3JIMYHON 4acCTOTHI.
OrieHKa MPOMYCKAaHUs MPOU3BOAMTCS IO OTHOIICHHIO aMIUTATYI Y /X, AUX
MMEET Pa3MEPHOCTh, PABHYIO OTHOIICHUIO PAa3MEPHOCTH BBIXOJIHOW BEIWYMHBI K
Pa3MEPHOCTH BXOJHOM.

®OYX noka3bIBAE€T, KAKOE OTCTABAHUE WJIA OTNIEPEKEHHUE BBIXOJHOTO CUTHAIa
1o ¢aze co37aeT IEMEHT MPU PA3TUYHBIX YACTOTAX.

I'padpuxu AUX u ®UX (cm.puc 2.18, a u 0), pacmnosgoKeHHbIE COBMECTHO,
JpyT MOJ IPYyroM, B 3alIaIHOM JIUTEPATYPE HA3BIBAIOT quarpammon boze.

AMITUTYIHYIO U (Da30BYIO YaCTOTHBIE XapaKTEPUCTUKU MOXKHO OOBETUHUTH
B OJIHY OOIIYI0 — aMIUTUTYAHO-(Da30BYyI0 YaCTOTHYIO XapakTepuctuky (ADOUYX unu
ADX). Amnaumyorno-gazosasn uacmomuas xapakmepucmuxa \W(®) ipeacTaBiisieT
c000# (YHKITMIO KOMILJICKCHOTO TIEPEMEHHOTO j®, MOJYJIb KOTOPO# paBeH A(w), a
apryMeHT paBeH O(w). KaxmaoMy (UKCHpOBAaHHOMY 3HAYEHHUIO YaCTOTHI @,
cooTBeTcTBYeT KoMIuIekcHOe urciio W(jw;), KOTOpoe Ha KOMILJICKCHON MJIOCKOCTH
MOYKHO M300pa3uTh BEKTOPOM, UMEIONIMM JUIMHY A(w;i) U yroi moBopota ¢(w;)
(puc 2.18,B). OtpunarenbHble 3HAYCHUS ((®), COOTBETCTBYIOIIUE OTCTABAHUIO
BBIXOJTHOTO CHTHAJIa OT BXOJIHOTO, TIPUHSITO OTCUMTHIBATH IO YAaCOBOM CTpEIKE OT
MTOJIOKUTEIIBHOTO HANPABJICHUS JEUCTBUTEIIBHON OCH.

[Tpu u3MeHeHUH 4acTOThI OT HyJs 10 OeckoHeuHocTH BekTop W(jw) Oymet
MOBOPAYMBATHCS BOKPYT Hadasia KOOPAUHAT, OJHOBPEMEHHO OYy/IET yBEIHUYUBATHCS



WM yMEHbIIAThCS JUIMHA BeKTOpa. KpuBas, KOTOpYIO MPU 3TOM ONUIIET KOHEIl
BekTopa, U ecTb A®X. Kaxaoil To4YKke XapaKTEPUCTUKH COOTBETCTBYET
ONPEAECICHHOE 3HAYCHUE YACTOTHI.

ITpoekuuu BekTopa W(j®) Ha ACHCTBUTEIbHYIO B MHUMYIO OCH HA3bIBaIOT
COOTBETCTBEHHO JCHUCTBUTEIIBHOM YAaCTOTHOW XapaKTEPUCTUKOM W MHUMOU
JacTOTHOM XapakTepucTukoi. O6o3HauaroT ux Tak: P(m) = Re W(jo), Q(w) = Im
W(jw). OTMcTHM, YTO JelCTBUTEIbHAS YacTOTHAs XapakTepuctuka P(w) - Bcerma
yeTHas (PYHKIHMS 4acTOTBI, a MHUMas Xapaktepuctnka Q(w) - Bcerma HedeTHas
byHKIHS.

Ananumuueckoe svipadicenue 0na ADPX KOHKpemHO20 d/1eMeHmAa MONCHO
ROJYUUMb U3 €20 NepedamoyHOl YYHKYUU - nymem noOCMaHo8Ku P=jw:

W(jo)=W(p)|,- . (2.120)

no3toMy AD®YUX wmHOrIa Ha3bIBAIOT YaCTOTHOW nepenaToyHoil ¢pyHkuuen. ADPX
W(j®), xak u ro0as KOMIUICKCHAs BEJIUYMHA, MOXKET OBITH IPEJICTaBICHA B
nokaszareibHou popMme:

W(jiw) = Alw)e™™, (2.121)

anreopanyecKo:

W(jw)=Plw)+ j0(w) (2.122)

Y TPUTOHOMETPUYECKOM:

W(jw) = A(w)cos p(w) + JA(w)sin p(w). (2.123)

CBs13b MKy Pa3IMYHBIMU YaCTOTHBIMU (DYHKITUSIMU CIIEAYIOIIAS

A() =W (jo)| = P (0) + Q% (»): (2.124)

o(w) = argW (jw) = arctg(Q (w)/ P(@)). (2.125)

[Tockombky ADX W(jw), Tak e, mpeacTaBiseT co00i 00bIYHO IPOOk, TO ee
MOJIyJIb MOKET OBITh HalJCH IO U3BECTHOMY IPaBUJIY - KaK OTHOIICHUE MOJYJIS
YUCIIATENSI K MOJTYJTIO 3HAMEHATEIISL:

A(w) = (jo)| = |K(jo)/|D(jo), (2.126)

a aprymedt ¢ynkiuud W(o) - Kak pa3HOCTh apryMEHTOB YHCIMTEIS |
3HAMEHATEJIA:

p(w)=argW(jw)=arg K(jw)—arg D(jw). (2.127)



Buabl THIOBBIX JTMHAMHYECKHX 3BeHbeB. [103HIMOHHbBIE 3BeHbSI IEPBOT0
nopsiAKa.

ANTOPUTMUYECKUE 3BEHBS, KOTOPHIC OIMCHIBAIOTCS OOBIKHOBCHHBIMU
nuddepeHINaTbHBIMA YPAaBHEHUSMU TIEPBOTO U BTOPOTO TIOPSAKOB, TMOTYYHIN
HA3BaHUE MUNOBLIX OUHAMUYECKUX 36eHbed. THIOBbIE IMHAMHYECKHE 3BEHBS
SIBIIIIOTCSI  OCHOBHBIMH ~ COCTaBHBIMH YacTSAMH aJITOPUTMHUYECKHX CTPYKTYp
HENPEPBIBHBIX CHUCTEM YIIPABJICHHs, W TMO3TOMY 3HAaHHUE WX XapaKTEPUCTHK
CYIIECTBEHHO O0JIer4aeT aHaIu3 TAKUX CUCTEM.

Krnaccudukanuio THUMOBBIX 3BEHBEB YJOOHO OCYIIECTBUTH, paccMaTpUBas
pa3iuuHbIe YacTHBIE POpMBI TU((HEepeHIINaTFHOTO YPaBHEHHUS BTOPOTO MOPsIKa:

o, 40 B0
dr’ dt
B T1abn. 3.1 npuBenensl 3HaueHus kodpduimentoB ypaBHeHus (3.1) u

Ha3BaHUA OJIA HanOoJIee YacTo BCTPCUAIOMINXC 3BCHLCB.
Tabnuwua 3.1
3nauenns: koddduuuenros ypasuenns (3.1) THNOBBIX IBEHLEB

+a () =b “+b (). G.1)

Homep | HammeHoBaHue 3BeHa ap a dg b, by [TpumMeyare
IBeHa

1

Be3biHepUHOHHOE
(MpONOPLMOBANIBHOE)
Huepuponnoe  1-ro l

0 0 1 0 k \

2 [(nopsaka (anepuwoam-| O T 1 0 k
YECKOE)
Huepunonnoe  2-ro
3 |nopaaka (amepwomm-| T>° | T) 1 0 | k T,> 2T,
Yeckoe)
Huepumonnoe  2-ro
4 nopsAaKa (xoneba-| T»° T 1 0 k T, <2T,
TEILHOE)

5 HneansHoe HHTErpH-
pyrotuee

6 PeanbHoe  MHTErpH-
pyromee

2 WUneamsroe  andie-
PEeHUHpYHOLLEe

g |Peamnoe mapbepen-| T ] X 0
LHpYyrowmiee
Hzompomuoe  (mpo- J

]

9 | NOpUHOHANBLHO- 0 1 0 ky k
HHTETPHPYIOWICE)
Popcupylomee  (mpo-
10 | nOpuHOHAILHO- 0 0 1 ki k
mndpeperuMpyromee)
Hurerpo-mapdepen-
1] |Weyomee ¢ mpeod-1 o | )y g ) (g /K)<T
NAJAHMEM  MHTErpH-
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OtMcTUM  psi OOHUX 3aKOHOMEPHOCTEH. 3BEHbBS, Y KOTOPBIX KOI(-
¢unmentsl 8p£0 u b#0, 00IamaT CTAaTU3MOM, T.€. OAHO3HAYHOM CBSI3BI0 MEXITY
BXOJIOM M BBIXOJOM B cTaThuyeckoM pexume. K WX Ha3BaHUSM MO3TOMY YacTo
N00AaBIIAIOT CIIOBA cmamuyeckoe WA no3uyuonHoe. K 3TUM 3BEHBSIM OTHOCATCA
Ne 1,2,3,4,10, 11, 12.

3BeHbs, V¥ KOTOpbiX a9#0, a;70 wum a,#0, olnagarT uHepyuoHHOCMbIO
(3ameonenuem). K aum otHoCsTCS 3BeHBst Ne 2, 3,4, 6,8, 11, 12.

VY 3BenbeB Ne 1, 5 u 7 Tonbko aBa kodd¢uimeHTa He paBHbI Hym0. OHH
SBIISIIOTCS MPOCTEHIIIMMHU, WM 3JI€MEHTApHBIMU. Bce ocTaibHble TUIIOBBIC 3BEHbS
MOTYT OBITh O0pa30BaHbI M3 OJJIEMEHTApPHBIX IYTEM MOCIEA0BATEIHHOTO,
napauIeTbHOTO U BCTPEUHO-TIAPAIIICTIBHOTO COSTUHEHUI.

be3piHepIMOHHOE 3BEHO

be3biHepIIOHHOE 3BEHO SBISETCS MPOCTEHIIMM CpeAM BCEX THUIIOBBIX
3BeHbeB OHO IEpenacT CUTHaJI CO BXOJa Ha BBIXOJ MTHOBEHHO, 0€3 MCKa)KeHUU
ero gopmbl. B 3BeHE MOXKET NMPOUCXOAUTH TOJBKO YCHJIEHHE WIN OciabjeHHe
MTI'HOBEHHBIX 3HaYEHHH BXOJIHOM BETMYMHBI.

CBs3pb MEXJy MTHOBEHHBIMH 3HAUYCHHWSMHU BXOJIHOW BenuuuHbl X(t) ©
BBIXOIHOH BeMYHHBI y(t) OMHCHIBaCTCS AIreOpandecKuM YPaBHCHUEM

() = kx(1). (3.2)
IlepemaTounpie CBOMCTBA 3B€HA ONPEAEIAIOTCS JIMIIb OJHUM I1APAMETPOM -
nepeaaToYHbM K03 dumreHToM K.
[Mpu enuuuuHoM cryneHuaTtoM BosueictBuu X(t)=o(t), mpuioxeHHOM B
MoMeHT t=0, BbIXO/IHAsl BeJTMYMHA MTHOBEHHO M3MEHSETCS U IPUHUMAET 3HAUCHUE
k (puc. 3.1,a). Tlepexomnas pyHKIIMS 3BEHA UMEET BH/I;

h(t)y=kol(t), (3.3)
a UMITyJIbCHasl iepexoHast (puc. 3.1,0):
w(t) =kS(r). (3.4)
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Puc. 3.1. XapakrepucTHkH O€3bIHEPLIMOHHOTO 3BEHA



VYpaBHeHue 3BeHa B onepaTopHOi popme:

Y(p)=kX(p), (3.5)
orcrona [1P
A
W(p) =Y(p)/X(p)=k. (3.6)
AwmmntyaHo-(ha3zoBas xapakrepuctrka (ADX) 3BeHa ONUChIBACTCS PYHKIIMEH:
W(jw)=k, (3.7)

KOTOPOM Ha KOMIUIEKCHOM IUIOCKOCTH COOTBETCTBYET OJHA TO4YKAa Ha JIEW-
CTBUTEINIbHOU ocu (puc. 3.1,e). AmmnuTtyaHas yacToTHast xapakrepuctuka (AYX):
Al)=W(jw)|=k (3.8)

MPEACTABIAECT CO00M MPsIMYIO, MapalIeIbHYIO OCH 4acToT (puc. 3.1,B).
Omo 03Ha4yaeT, YTO CHUTHAJbI JII0OOOM YacTOThl (OT HyJNS J0 OECKOHEYHOCTH)
IPOXOJAT dyepe3 Oe3bIHEPLUOHHOE 3BEHO C OJMHAKOBBIM OTHOLIEHHEM aMIUIUTY]L

BXOJIHOM M BBIXOJIHOM BennuuH, paBHbIM K. Beipakenue s pa3zoBoit yacTOTHOU
xapaktepuctuku (OUX) (puc. 3.1, r).

@(w) = argW (Jw) = arctg(0/k) = 0 (3.9)

NHepiimoHHOE 3BEHO NIEPBOTO MOPSIKa
JuddepennmanbHoe ypaBHEHHE 3B€HA UMEET BHI:

ﬂ)+ V(1) = kx (1), 3 14)

rae K - nepenaTquLH?I KOA(h(OUIIMEHT, XapaKTEePHU3YIOIINil CBOICTBAa 3BEHA B
CTaTUYECKOM peXuMe, | - TOCTOSHHAs BpPEMEHM, XapaKTepHU3yroIias
WHEPIIUOHHOCTD 3BEHA.

[lepexoanyro (yHKIHIO 3B€HA MOYXKHO HAUTH KaKk CyMMY OOIIEro U YaCTHOTO
pemrenuii ypaBHeHus (3.14), mony4yuM cieayromiee BhIpaXXKEHHE IS TEPEeXO0THOM
byHKIUU:

h(ry=k(1 - e )o(r). (3.15)

I'padux mepexomnoit (yHkimu uzodpaxen Ha (puc. 3.3,a). Meromamu
AHAJIMTUYECKOW TEOMETPHH HETPYJHO YOEIWThCS B TOM, YTO KacaTelbHas K
kpuBoii h(t) B Touke t=0 oTcekaer Ha ropu3oHTaIBHOW mpsimolr h=K oTpe3ox,
paBHbIN mocTosiHHOW BpeMenu 1. Ilepexomnas ¢ynkuus npu t=T paBHa 0,632k,
npu t=3T dynkmus h(t) nocruraer 3navenus 0.95K. B npuOimkeHHBIX pacderax
OOBIYHO CUHUTAIOT, 4TO NpH t=3T nepexoHbIi MPoIecC MPAKTUIECKU 3aKOHYHUIICS.

NmnynecHas mepexonHas (yHKIHsS 3BE€Ha MOXET OBITh TMOJydeHa, Kak
U3BeCTHO, myteM nuddepennupoBanus ¢pyakiuu h(t) s mHEpIMOHHOTO 3BEHA
NIEPBOTO MOPSIKA UMITYJIbCHAS PyHKIIMA uMeeT Bu (puc. 3.3,0).
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Puc 3 3 XapakrepHCTUKH MHEPUMOHHOIO 3BEHA NEPBOro nopaaxa

[TpumeHnsist  JIEBOH 1 TpaBoii YacTsM ypaBHeHus (3.14) mpeodpa3zoBanue
Jlannaca, moIy4YuM ypaBHEHHE JUHAMHUKHU 3B€HA B OIEpaTOpHOU hopme:

[7p +1]¥(p) = kX (p) (3 17)

N3 ypaBuenus (3 17) Haxonum nepeaaTounyro (yHKIIMIO 3BeHA!

W(p) = Y(p)/X(p)=k/ (Tp+1) (3 18)
[ToacTapiisis B iepeaTouHyto QyHKIHIO p=j®, noaydum ADX:
W (o) =k/ (Tjo +1) (3 19)

YMHOXass YHCAUTEIb W 3HameHatelb (QyHkuuu (3.19) Ha BbIpakeHue
(1-/Tw), conpspkeHHOE CO 3HAMEHATEJIEM, MOXKHO M30aBUTHCS OT BEJIMYUHBI | B
3HameHarene u npeactaBut ADX B BUllE CyMMBbI JEHCTBUTENBHON U MHUMOU
qacTen:

W(jw) = P(w)+ j0(w), (3 20)

rae P(w) :RCWUW)=H(1+T:W2)’ } (3 21)

O(0) =ImW (jw) = —kTo/ (1+ Te?)

Beipaxenus (3.21) moxxHO paccmaTpuBaTh Kak ypaBHeHne ADPX W(jw),
3aJlaHHOC B MapameTpuieckoit popme B cucteme koopauHat P(w) u JQ(w). Ponb
TpeThel epeMEeHHOU (ITapamMeTpa) UrpaeT 4yacTora .

Eciu BeIpasuth MHHMYyIO cocTaBisionyo Q(w) dvepe3 neHCTBUTEIBHYIO
P(®w), To MoxxHO yoemuThest, uto ADX mnpeacraBisieTr co00M MOIYOKPYKHOCTD C
neHtpoM B Touke (k/2,0) u ¢ nuamerpom, paBHbIM x (puc 3.3,¢).



Pacripenenenne Touek, COOTBETCTBYIOIINUX PA3JIMYHBIM 3HAYEHUSIM (0 BJIOJIb
kpuBoit W(j®), 3aBUCHUT OT BEIMYMHBI IMOCTOsHHOW Bpemenu 7. Ha rpacduke
NOKa3aHbl XapakTepHble Touku ®=0, w=0w u .= 1/T.

Bripaxkenue miist AUX 15 paccMaTpuBaeMoro 3BeHa:

Aw) =W (o) = k/[ne+1= k/N1+ T} (322)

I'padux pynknmu A(w) nzodpaxkeH Ha (puc. 3.3,B).

OYX MHEPIMOHHOTO 3BEHA MIEPBOTO MOPSIKA:

o(w) = arctg [Q(w)/ P(w) ] = arctg wT". (3.23)

I'paduk ¢ynkuuu (3.23) nokaszan Ha (puc. 3.3,r). Uem Oosbliie yacToTa
BXOJIHOTO CHTHajia, TeM OoJibllle OTCTaBaHHE MO (ha3e BBIXOJHOW BETUYUHBI OT
BXOJTHOM.

Ha anropurmMuueckux cxemMax HWHEPUUMOHHOE 3BEHO IIEPBOrO MOpsJIKa
MPEACTaBIAIOT JU00 B BHiae Mojaenu "BXxoa-Beixon" (puc 3.4,a), nubo B BUJE
MOJIENIN B TIGPEMEHHBIX COCTOsIHUS (pHcC. 3.4,0).

[Ipu aHanmOroBOM MOJEIMPOBAHUH PACCMATPUBAEMOE 3BEHO PEATU3YIOT IIPH
IIOMOIIM CXeMbl HaOopa, mnpuBeneHHod Ha (puc.3.4,8). KoaddunumenTs
aHaJIOroBO MoAeNH (ITpH €IMHUYHOM MacITabe BpEMEHH):

o, =k/T, a, =|T (331)

¥(1) 1 > y(y
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Puc. 3.4. Moaenu HHCPUHOHHOIO 3BEHA NEPBOr0 NOPAAKA

[Hudporas mMojaenp 3B€Ha MOXKET OBITh peaii30BaHa B BUJIE OJIOK-CXEMBI
(puc. 3 4,r). COOTBETCTBYIOIICH MOJICIH B IEPEMEHHBIX COCTOSIHMS (cM.puc. 3.4,0)
U coziepkaliei nudpoBoi HHTErPaTop ¢ MIaroM MHTErpupoBanus At.



Anepuoanyeckoe 3BeHO BTOPOro MOPSIAKA.

HuddepenumansHoe ypaBHEHHE 3BEHA!

d’ (1) , . dy(t)
dr’

€My COOTBETCTBYIOT YpaBHCHHE JUHAMUKH B M300paxkeHUsX 1o Jlammacy (wim B

orepatopHoit hopme):

I} ——L+T, + (1) = kx(1), (3 35)

[r2p? + 1p +1]¥(p) = kX (p) (3 36)
Y MepeaTovHas (byHKuHﬂ:
W(p) = Y(p)/X(p)=k/(T2p? +T,p+1) (3 37)
XapakTepuUCTUUECKOE YPAaBHEHNE 3BEHA!
hp+Tp+1=0 (3 38)

HMEET 1Ba KOPHS

poy =T £ T =477 Jfor? (339)

Oobmee pemenue audQGepeHINaTLHOTO YpaBHEHHS, OIpeaensioniee cBOOOTHOE
JBIDKECHUE 3BCHA, HIMEET BHI:

W) =Ce” +Ce” (3 40)

XapakTep MmepexoqHOro Mmpoiecca 3Be€Ha 3aBUCUT OT Buaa kKopHei (3.39), koTtopeie
MOT'YT OBITh JICMCTBUTEIbHBIMH WM KOMIUIEKCHBIMH. Ecnu T1>2T,, To 00a kopHsA
nerictButTenbHbie. O003HAYNM UX:

PI:"UTy piz—i/f“. (3 41)
rae 75 u T; — HeKOTOpbIE YCIIOBHBIE MOCTOSAHHbLIC BpeMeHH, npuuey 13>7

[Ipu T,>2T,, mnepexogHas ¢yHKIUS 3BEHa WMEET MOHOTOHHBINH,
anepuoguyeckuid  xapakrep. Ilo3ToMy 3BE€HO B 3TOM CJy4yae Ha3bIBaIOT
anepuoouyeckum 6mopo2o NOps0Ka.

I[Ipu T1,>2T, 3HameHarens mnepeaatrouyHod ¢yakuuu (3.37) MOXKHO
pPa3IOKUTh HA JIBA MHOXWTENS M MPEACTaBUTh €€ B CIEAYIOUIUX ABYX OK-
BUBAJICHTHBIX (pOopMax:

W(p)=k/ (T,p+1)(I,p +1), (3 42)

7, k 7 k
. 343
#(p)= r.-T,T.p+1 T,-1, !p+] ( )

COTJIACHO KOTOPBIM HMHEPIMOHHOE 3BEHO BTOPOTO TOpsiika (puc 3.6, a) MOKHO
MpeACTaBUTh JUOO0 Kak mociienoBaresibHoe (puc 3.6, 0), 100 Kak mapauiesibHOe
(puc 3.6,B) coelMHEHUE IBYX MHEPIIMOHHBIX 3BE€HHEB MIEPBOr0 MOPSIIKA.
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Puc 36 ANropurMHMECKHME C\EMbl HHEPUMOHHBIN 3BCHLCB BTOPOTO MOPAIKA

[lepexonnass (QyHKIMS — anepuoAUYECKOrO 3B€Ha BTOPOTO  MOpPsAKa
MOXET OBITh TMOJydeHa cloxkeHueM obmero pemenus (3.40) ¢ dYacTHBIM
peIICHHEeM, COOTBETCTBYIOIIMM BBIHYKJIEHHOW coctapistonierr npu  X(t)=o(t).
[lepexoanast GpyHKLIMS UMEET BUA!

hty=Ce ' +Cye " +ko(t) (3 45)
HOI[CT&BJ'IHSI Ha4daJIbHBIC YCJ'IOBI/ISIZ
h0)=0 u H(0)=0 (3 46)

B Beipakenue (3.45). Haxogum:

O, ==kl o)/, ~T,). C,=-kI' o)/, -T,) (3 47)

Tornma nepexomaHas QyHKITUSA:

T r
hir) =k 1-T LTy *T e " lo(1) (3 48)

3_"4 ‘[J“ 4

Bpemennsbie xapakrepuctuku h(t) u w(t) aneprnoandeckoro aecHa moKa3aHbl
Ha puc 3.7,a u 6. B COOTBETCTBUM C TPE/ICTABICHHEM arepUoJINIeCKOr0 3BEHA
BTOPOTO TMOPSIKA B BHJE IMOCICIOBATEIBLHOTO COCAMHEHHS JBYX HHEPIIMOHHBIX
3BEHbEB MEPBOro mnopsiaka (cm puc 3.6, 6) Bce €ro 4acTOTHBIC XapaKTEPUCTHKU



(puc 3.7,B, T, 0, €) MOTYT OBITh MOJYYEHBI MO AHAJIOTUYHBIM XapaKTEPUCTHKAM
3BEHbEB MIEPBOTO MOPSAIKA, IPUBEACHHBIM B 3.3.

il
h(t)h

kp- -l

i o
A(o) 4 L(w)4
k 3
K0T B
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Puc 3 7 XapaxTepHCTHKM anepHOAH4ECKOro 3BEHA BTOPOro MOPSIK:



KoJse0aTeabHoe 3BEHO.

Eciu T1<2T,, To kopHH ypaBHeHHS (3.38) KOMILJICKCHBIC

p:=-azt )P, (3 44)

rac a=1/21%, P=y477 =17 /2?’33

Pemrenue (3.40) B 3TOM cilydae COJACPKHUT TAPMOHHUYECKHE COCTABJISIOIINE,
Y 3BCHO HA3BIBAIOT KOI€OAMENbHBIM.

Hakonen, Bo3moxken cimydait, korga T1:;=0. Ilpm sTomM 06a kopHS OymyT
MHUMBIMH, a TepexojiHas (PpyHKIs OyJeT MpeacTaBisTh cOOON HE3aTHXAOIIYIO
cuHycouny. MHeprumoHHOe 3BeHO BTOporo mopsiaka ¢ 1,=0 Ha3pBaercs
UOeabHbIM KONeOaMmelbHbIM, U KOHCEPBAMUBHBIM.

HuddepenunansHoe ypaBHEHUE KOI€OAaTE€IbHOTO  3BEHA 3allMCHIBAIOT B
CIIEAYIOIIEM BUJIE:

d’y(1)

?.Ihd!z +2§f'ffi’£_)-+y(r) = kx(1), (3 49)

rac 1=I> — NOCTOAHHAA BPEMCHH. XapaKTCPH3)IOWAA HHCPLHOHHOCTD
sseHa, E=1)/27, - ornHocutenbHbiit ko3(dHUHEHT AcMn(HPOBAHHA.

\apaKkTepH3yoLHit konebarcabHocTh 3BcHa (0 < E < 1)
[lepenarounas QpyHkius koieOaTeIbHOTO 3BCHA!

W(p) =Y (p)/X(p)=k/(I" p" +2&Tp+1) (3 50)

KopHu cOOTBETCTBYIOIIET0 XapaKTEPUCTUUECKOTO YPABHEHUS:

pra=-at B=—E/1)t 1-2 1, G 5l)

rac a=E&/T — xoaduument satyranus, ff=1-& / I" — kpyroeas 4ac-
TOTA 3ATV\AKOLH\ KoncOaHui, pat/c

[Moncrapnsas B oOmiee perienne (3.40) 3HAYCHHMS KOMILICKCHBIX KOpPHEH
(3.51) u ckimaapiBas €ro ¢ 4YacTHBIM perieHueM ko(t), MOJydHUM TEPEXOAHYIO
GyHKIIHIO K0JIe0aTeIhHOTO 3BEHA:

h(t)=Ce™ M 4 Clet @ X 4 ko(r) (3 52)
®dyukimio (3.52) MoxkHO peoOpa3oBaTh K BUAY:
h(t) =Ce ™ sm(Bt + 9 )+ ko(r) (3 53)

Hcnonb3ys nauansabeie yesioBus h(0) u h'(0)=0, Haiigem:



C = <ko(t) o’ + B /B = ko (1)/1-& | (3 54)

©= arctg(B/u) =arcsinf7 = arccos& (3 55)

OxkoHuaTeNnbHO nepexoaHast GyHKIHUS MOXKET ObITh 3allicaHa B CIEAYIONIeH
dbopwme:

h(t) =k[l - Bl;" e ™ sm(ﬂf + cp)}c{f} (3 56)

CBoOoaHas cocTaBisitomIas nmepexoaHou ¢pyaknun (puc 3.8,a) MpeacTaBiIsieT
coOOl CHHYCOUJly, aMIUIUTyJa KOTOpPOW YOBIBA€T IO HKCIOHEHIMAIBbHON
orubaroiei (MyHKTUpHAs! JIMHUSA).

a 8 0
h(t)a Afo)h Liw)4
2k

w H<ﬁ<{ﬂ [}

Puc 3 8 XapaxrepHcTukH K01e6aTCILHOrO 3BECHA BTOPOrO MOPAAKA

A®X konebatenbHOrO 3BeHA (puc. 3.8,¢) onucbiBaeTcsa PyHKITUECH:

W(jo) =k/[ (o) + 26T+ 1), (3 63)
eit coorBercTBYI0T AUX (puc. 3.8,B):

A(m}zk/\/(l—?‘zmz)ﬁ +48T 0’ (3 64)
N ®UX (puc. 3.8,r):
o(w) = —arctglzg?‘m/(l -7’ )) (3.65)



HNHuTerpupyonue 3BeHbs.

Paznnuaror ABa BHJA HHTCTPHUPYIOIIHNX 3BCHLBCB HIACAIIBHBIC W PCAJIBHBIC.
O6H16ﬁ 0COOECHHOCTBIO HHTCTPUPYIOIIHUX 3BCHLCB ABJIACTCA IIPOIIOPIMOHAJIBHOCTD
HpOI/I3BO,ZIHOI>’I BLIXOI[HOﬁ BCJIMYMHBI MTHOBCHHOMY 3HAYCHHIO BXOI[HOﬁ BCJINYNHEI.
HpI/I‘IeM, Y HACAIBHOI'O  HHTCTPUPYIOICTO  3BCHA  IIPOINOPHUOHAJIBHOCTH
CymcCTBYCT B OO0 MOMEHT BpCMCHH IIOCJIC IIOAA4YM  CTYIICHYATOI'O
BOBI[CﬁCTBPIH, d 'y pCAJIbHOI'O — TOJIBKO ITOCJIC 3aBCPHICHUA IMMCPCXOJHOTO IIponcccCa
B 3BCHC.

HuddepennnaibHoe ypaBHEHUE UI€aTbHOTO HHTETPUPYIOIIETO 3BEHA:

DO _ ey (374)
dt

KoadpduimenT mponopuroHaAIbHOCTH K 3aBHCHUT OT KOHCTPYKTHBHBIX
napaMeTPOB 3BE€HA U IMEET Pa3MEPHOCTD:

(1= [y1/[x](r] (3 75)
Ypapuenuo (3.74) paBHOCHIBLHO HHTEIPAIBHOE COOTHOIICHHE
r
Y0 =k[x(9)d 9+ y(0), (3 76)
]
KOTOPOC B SIBHOU (bopMe BBIpA’KacT 3aBHCUMOCTDH BLIXOI[HOﬁ BCIIMYHUHBI OT

BXOJIHOHM M 0OBSICHSIET Ha3BaHUE 3BCHA, 3B€HO MHTCTPUPYET BXOJIHOM CUTHAI.
[Moncraisas B cootHomeHue (3.76)

x(8)=o(1)
MO>KHO TIOJTYYHUTh MEPEXOTHYIO (DYHKIIHIO:
h(t) = kto (1) (G 77)
I'padux ¢pynkuuu h(t) mokasan na puc.3.11,a (iuaus 1),
a &
h{t)y Alw)
i--1- ‘4
{
ar] 1 7 ol
6 2
w(t)4.T. | (o}
0
2 -90°
» - 180°
0

Puc 3 11 Xapaxrepucrixu waeansnoro (/) u
PEAnbHOro (2) HHTErPHPYIOUIHX 3BCHBEB



[1®D naeanbHOrO MHTETPUPYIOLIETO 3BEHA:

w(p)=k/p (379)
ADX 3BeHa:

W(je)=k/jo=-jk/o (3 80)

Ha KOMIUIEKCHOM IUIOCKOCTH H300pa)kaeTcsi B BHJIE€ NPSIMOM, COBHAJAIONICH C
MHUMOM ocbio (puc 3 11,e - muawms 1)/
AUX:

A(w) =¥ (jw)| = k/w (3 81)
npejacTaBisger coboi rumepoony (puc 3.11,B - jgunus ), xotopas mnpu =0

CTPEMHUTCS K OECKOHEYHOCTH.
OYX maeabHOTO UHTErPUPYIOLLIETO 3BEHA!

-k/w
o(w) = arctg =

0
MOKAa3bIBAET, YTO CABUT (ha3, CO3/1aBaEMbIii 3BEHOM, Ha BCEX YaCTOTaX OJIMHAKOB U
paseH -90° (puc 3.11,r - muuus 1).

-90° (3 82)

PaccMoTpuM Temeph XapaKTEPUCTUKH PEabHOTO UHTETPUPYIOIIETO
3BeHa. Ero nuddepennmanbHoe ypaBHEHHE:!
d’y(t) | dy(r)
r + = kx(t), 3.84
dr’ dt ) (3.84)
a mepenaToyHas PyHKIUS:
W(p)=k/p(Tp+1). (3.85)

HerpynHo 3ameTuTh, 4TO 3BE€HO ¢ mepenaroyHor ¢yHkuuen (3.85) moxer
paccMaTpUBaTbCAd KaK MOCIEAOBATEIbHOE COEIMHEHUE JABYX D3JIEMEHTapHBIX
3BeHbeB (puc. 3.12,a): HaeaIbHOTO MUHTETPUPYIOLIETO C MEPeAaTOYHON (DYHKIHCH
1/p ¥ cTaTM4eckoro WHEPIMOHHOIO 3BEHa IEpPBOr0 MOpsA/Ka C MOCTOSHHOU
BpeMeHH | u mnepemarounbiM kod(p¢uimumentom K. TloaToMy Bec 4YacTOTHBIC
XapaKTePUCTUKU PEaIbHOrO0 WHTEIPUPYIOLIETO 3BEHAa MOTYT OBITh IMOJIyYEHBI 1O
XapaKTEPUCTHUKAM 3TUX HPOCTBIX 3BEHBEB, O COOTBETCTBYIOLIMM IpPaBHJIaM
MEPEMHOKEHHSI KOMILJIEKCHBIX (BEKTOPHBIX) BEJIMUHH.
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Puc. 3.12. Monems peaibHOr0O HHTErpPHPYIOMEro 3BCHA

Mogenu "BXOA - BBIXOA"' PEATbHOTO HWHTETPUPYIOIIETO 3BE€HA, U30-
OpaxxeHHO# Ha (puc. 3.12,a), COOTBETCTBYIOT MOJIENIU: B IEPEMEHHBIX COCTOSTHUSA
(puc. 3.12,B), ananorosas (puc. 3.12,0) u uudponas (puc. 3.12,r).



Ju¢pepeHumpyromme 3BeHb.

Huddepennupyronime 3BeHbs MOTYT OBITh HJICAIbHBIMH  (O€3bIHED-
IIMOHHBIMH) U PeabHBIMA (MHEPIMOHHBIMU). MTHOBEHHOE 3HAYCHHE BBIXOTHOU
BEJIMUMHBI HJCATBHOTO U PEepeHIUpPYIONIeTo 3BE€HA MPOMOPIMOHATIBHO B
Ka)XIbIii MOMEHT BPEMEHH MTHOBEHHOMY 3HAUEHHUIO BXOTHOW BETTUYHHEI.

()= ()
dr

KoadpduimenT mponopuuoHaAIbHOCTH K 3aBHCHUT OT KOHCTPYKTHBHBIX
napaMeTpPOB 3BEHA U IMEET Pa3MEPHOCTD:

[k}=1y)I1)/1x). (3.94)

h(f) Afw)d
k

T

(3.93)

W{?) P),
+
< ?- +jj:r-~\k.Q
k 0
T

Puc. 3.14. XapakTepHCTHKH MaeansHOro (/) u
peansHoro (2) au(ppepeHUMpYIOMHKX 3BEHLEB

[Mepexomuast GyHKIUS 3B€HA MOJIYyYaeTCs HEMOCPEICTBEHHO U3 YpaBHEHHS
(3.93) - moxacraHoBKOW U U GEPESHIIMPOBAHHEM EIMHUYHON CTYIEHYATOM
GyHKLINH:

h(t) = k3(t). (3.95)

I'paduk mepexomnoit GyHKIUMU HaeanbHOrO IU(HEPESHIMPYIOIIETO 3BEHA
nokaszas Ha puc. 3.14,a (uHus 1).

WmnynbcHas nepexoanas ¢pynkius (puc. 3.14,0-nmaausl).

w(t) = kdd(t)/dt . (3.96)

[lepenarounas GpyHKLMS 3BEHA:

W(p) = kp. (3.97)



AMIuTyaHO-(ha3oBas GyHKUIMSA

W(jw) =Ko (3.98)
COBIIAJIaCT C MOJIOKUTEILHON YacThi0 MHMMOM ocH (puc. 3.14,¢ — nunwus 1).
AUYX 3BeHa
A(®) = ko (3.99)

nokasbiBaeT (puc. 3 14,B - muHuA 1), 910 YeM OoJbIlle YacTOTa BXOJHOTO CHTHAJA,
TeM  Ooibllle  amMIUIMTYJa  BBIXOJHOTO  CHUTHajga. IJTa  OCOOEHHOCTb
TudGEepeHIMPYIOMUX 3BEHBEB BBITCKACT HEMOCPEICTBEHHO W3 OCHOBHOTO
ypaBHeHus (3.93): yem ObICTpee u3MeHseTcss BO BpeMeHH curHai X(t), Tem OoJiblie
ero MPOM3BOIHAS B IIPABOM YacTH M TeM OOJIbIIEC BBIXOIHOM curHai Y(t).

CnBur a3, co3maBaemblii HeaTbHBIM TU(DPEPEHIUPYIONUM 3BEHOM, HA
BCEX YacTOTax oAWHAKOB (puc. 3.14,r - muHus 1).

¢(w) = arctg -knﬁ = 490", (3.100)

Peanvnoe ougpepenyupyrowee 36€HO MPEJCTaBIISICT coboif
MOCIIEZIOBATEIbHOE COCAUHEHHE WICATBHOTO AU(PPEpEeHIUPYIONEr0o 3BeHA U
WHEPIIMOHHOTO 3BEHA TepBOro nopsiaka (puc. 3.15,a).

Ero ypaBHeHue:!

dy(1) _, ax(1)
2 +y()=k 2 (3.102)
a mepenaTouHast PyHKITUS:
W(p)=kp((Tp+1). (3.103)
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Puc. 3.15. Monemu peansHoro muhepeHIHPYIOMEro 3BCHA




Hetpyano y0eautscs, 4To 3BeHO ¢ nepenaTouHon ¢pyHkuuen (3.103) MoxHO
NPEICTaBUTh W B BHJIE MMAPAUICIBHOTO COEAMHCHUS O€3bIHEPIIMOHHOTO U
HUHEPLMOHHOTO 3BeHbEB (pHc. 3.15,0).

Bpemennsie xapakrepuctuku h(t) u w(t) peansaoro auddepeHnupyomero
3BEHA MOKa3aHbl Ha puC. 3.14,a U 6 TUHUAMU 2.

AHanUTHYECKHE BBIPAKEHUS /I YaCTOTHBIX XapaKTEPUCTUK pEaTbHOTO
G hepeHIMPYIOIIETo 3BeHa MOXKHO MOTYYHTh MO0 COOTBETCTBYIONIUM (PYHKIIHSIM
uAeanbHOr0 AU(PPEepeHIupyIONIEr0o U WHEPIIMOHHOTO 3BEHBEB MEPBOTO MOPSAKA
['paduku 3THX XapaKTepUCTHUK MOKa3aHbl TUHUSIME 2 Ha puc 3 14,6,B,2,0.

Ha puc 3.15 mpuBenensr Moaenu peanbHOTO nu(GepeHIUPYIONIEro 3BeHa B
IIEPEeMEHHBIX cocTosiHHs (B), aHayioroBas (r) u nudponan (0). KoaddurmenTs
aHaJIOTOBOW MOJIEIIN:

a, =k/T*; o,=YT; a,=k/T. (3.104)



3BEHO YHCTOr0 TPAHCIOPTHOI'O 3ana3saAbIBaHUs.

3BEHO 3alia3ablBaHUA TaK KC, KaK 6€3I>IH€pHI/IOHHOC CTaTUYCCKOC 3BCHO,
nepeaacT CMrHajl CoO BXOAa Ha BBIXOJ 03 MCKa)XKCHUS €ro (1)OpMI>I. O,Z[HaKO BCC
MI'HOBCHHBIC 3HA4YCHMI BXOI[HOﬁ BCJIMYMHBI BbBIXOAHAA BCIMYHNHA IIPUHUMACT C
HCKOTOPBIM OTCTABAHHNCM (SaHaS,ZH)IBaHI/ICM).

ypaBHCHHC 3BCHA 3arta3bIBaHUs.

y)=x(t-1), (3.108)

rac T — ANHTCAPHOCTD 3ana3fbiBaHHA.
VYpasuenne (3.108) He sBmserca AuddepeHUrnaTIbHbIM M OTHOCUTCS K

KJIacCy OCOOBIX YPaBHEHHUH CO CMEIICHHBIM (3ama3/ibIBatonuM) apryMmenTom. OHO
YKa3bIBAET, YTO BBIXOAHOH curHan y(t) MOBTOpsSeT Bce M3MEHEHHUS BXOIHOTO
curtaina x(t) Ho ¢ oTcTaBaHHEeM Ha BpeMs T.

[Moncrapiss x(t)=o(t), MOXKHO cpa3y MOJYYUTh €ro MEPEXOAHYIO PYHKITUIO:

h(t)=olt - 1), (3.109)
a moactaBirsisa X(t)=0(t), - ummybcHy¥O:
w(t) =8(t - 7). (3.110)

O0e »TH BpeMCHHBIC XapaKTEPHUCTUKH TOKa3aHbl Ha puc. 3.17,(a um 0).

Ypasuenue (3.108) B uzoOpakenusix no Jlamnacy:

Y(p)=X(p)e™, (3.111)
orcrona 1D 3Bena:
W(p) = Y(p)/X(p) =" (3.112)
A®X 3BeHa
W{(jw)=e '™ =coswt - Jsin 0t (3.113)

MPEJICTABISIET COOOW OKPYKHOCTB C IIEHTPOM B Havajie KOOPJIWHAT U C PaInyCcoOM,
paBHbIM efauHuIE (puc. 3.17,e).

a ] d
hiyA Afo)} L(o)
- — — Y EE——
_a(t-t)
L(a)=0
o o) ;
0 T ! 0 © lgo
0 ‘ © 06
w(t) A JElo
/ ofw)} "
2t
_ P(o)
(1-1) S >
Il {t 0 : (O] oNot mz@
» X H
0 T t —% -------- mzx(}n*l} (n=0,12...)
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Puc. 3.17. XapakTepuCTHKH 3BCHA 3ana3AbIBAHHA
VY paccmarpuBaemoro 38eHa AUX (puc. 3.17,B):

A(w) =1=const (3.114)
u ®YX (puc. 3.17,r):
o(w) = ~ort. (3.115)



Buabl coeauHeHN THNMOBLIX 3BEHbEB.

Anroputmudeckasi CTpykTypa 6o CY mpeacraBisieT co0Oi  KOM-
OMHAIMI0O TpeX THIOBBIX COCAWHEHUN OSJEMEHTOB: TOCJIEIOBATEILHOTO,
napajuIeIbHOTO M BCTPEYHO-TIapajuIeIbHOTO (0XBaT 00paTHOM CBs3bI0). Ecim Tn
COCMHEHMSI COCTOAT M3 DJIJIEMEHTOB HAMPAaBJICHHOTO JEWCTBUSA, TO KaXKI0e
COCTMHEHHE MOXKET OBITh IO MPOCTHIM IPaBUJIAM 3aMEHEHO OJHHM d3JIEMEHTOM,
CTaTHYECKHWE W JMHAMHYECKHE CBOMCTBA KOTOPOTO SKBHBAJICHTHBI CBOHCTBAM
BCETO COCTUHECHUS.

[Ipu nocrneoosamenvrom coedunenuu (puc. 2.19,a) BBIXOIHAS BETUYHHA
KOKIOTO TPEABIAYIICTO DJJIEMEHTA SBJISETCS BXOIOHBIM BO3ICHCTBHEM IS
MOCJICYIONIETO  dJeMeHTa. Eciam  2JIeMEeHThl JWHEHHBI W B CTAaTHKE
XapaKTEpU3YIOTCs TMepenaTouHpiMu kodddummentamu Ky, Ky, ... Kj, ... Kq, TO,
COTJIACHO OMPEACNICHUIO TepeaTouHoro KodhduimeHTa, MOXKHO 3amucaTh
CUCTEMY PAaBEHCTB!

¥ =kx, =kx,
Y, =k x, =k,

T T R R

y,=kx =ky,.,;

(2.136)

W=y
e

Puc. 2.19. Tanoseie COENHHEHHA THHEHHBIX JIEMEHTOB:

a - MoCNEfoBaTeNbHOe, 6 — MApaIeNbHOE,
8 — BCTpeyHO-naparnenbHoe (¢ oGpaTHo# CBA3LIO)

Uckimrouast u3 (2.136) npoMexyTOUHbIE IEPEMEHHBIE Y1, Y2, .. Vi1, Vis - Yo
— TOJIyYUM PaBEHCTBO:
y=kk,. k. kzx, (2.137)

u3 Kotoporo cneayer, uto [1K skBHUBaIEHTHOTO AJieMeHTa:



k,=y/x=kk, k. ky=]]k,. (2.138)

Taxkum oOpaszom, obwuti IIK nociedosamenvio coeOuHeHHbIX INEMEHMO8
pagen  npou3BeoeHur)  nepedamounvix  Kodg@duyuenmog dmux — 1eMeHmOs.
Paszmepnocms o0bweco nepeoamounozo kosgpguyuenma paeéna npouzgedeHuro
pasmeprocmeti KO3POUYUeHMOos.

Tak kak TpU MOCIEAOBATEIHFHOM COCIWHEHWW BBIXOJ KaXKIOTO IIpe-
JBITYIIET0 SJEMEHTa SBIAETCS BXOJOM IMOCIEAYIOIIEr0, TO MepeaaTOYHBIC
KO3 PUIMEHTHI BCEX AJIEMEHTOB JODKHBI OMPEICTIATHCA IyTeM JIMHEapHu3aIlun
CTaTHYECKUX XaPAaKTEPUCTUK B TOYKAX, COOTBETCTBYIOIIUX OJHOMY M TOMY K€
PEKUMY.

IapannenvHvim coedunenuem Ha3bIBAIOT TAKOE COCIUHEHHUE, IPU KOTOPOM
Ha BXOJl BCEX DJIEMEHTOB IOCTYIAET OJHO U TO € BO3JECHCTBUE, @ UX BBIXOJIHBIC
BEJIMYMHBI (C COOTBETCTBYIOIIMMH 3HaKaMHu) cymmupyrootes (puc 2.19,0).
CornacHo 3TOMY OIpeEICHUIO:

X=X =X,=..=X, =...=X; (2.139)
Y=y tytoty .oty (2.140)
[Toacrasnss B (2.140) ypaBHEHHSI CTATHKHU OTJIEIBHBIX AJIEMEHTOB
Y, =kx, (2.141)
HOJIYYHM:
y=(k +k, +..+k +..+k)x (2.142)

Orcrona cuenyetr, 4to akeusanenmuvli IIK napannenvno coeouneHHvlX
JIUHEUHBIX DJIEMEHMO8 PABEH CYMMe NepedamounblX KOIPDUYUEHMO8 IIeMEeHMO8:

n
k, =D k.. (2.143)
=]
OTMCTUM, YTO CyMMUPOBAHHUE CUTHAJIOB ); B OJIHOM TOYKE BO3MOYKHO JIUIIIH
B TOM CIydae, €Clii OHHM HMEIOT OJMHAKOBYIO pa3MepHOCThb. [loaTomy
KO3(phUIIMEHTHI BCEX MapaJICIbHO COCIMHEHHBIX JJIEMEHTOB M HX OOIui
k03 durmeHT K, Bceraa UMEIOT OHY U Ty e Pa3MEPHOCTb.

Bcmpeuno-napannenvruvim coedunenuem JIBYX 3JIE€MEHTOB (COCIUHEHUEM C
0oOpaTHOM CBSI3BHI0) HA3BIBAIOT TAKOE COCIUHEHNE, TPU KOTOPOM BBIXOJHOW CHTHAJ
IIEPBOTO 3JIEMEHTA ITOCTYIIAET HA BXOJ BTOPOIrO, a BBIXOJHOM CUTHAIl BTOPOIO
JIEMEHTa C COOTBETCTBYIOIIMM 3HAKOM CYMMHUPYETCS C OOIIUM BXOJHBIM
curHaioMm (puc. 2.19.). IlepBriii 37€MEeHT, B KOTOPOM HamIpaBjeHUE Teperadn
CUTHAJIa COBMAJAaeT C HAMpaBlICHWEM INepelayd OOIIero CHUrHajga, Ha3bIBaloT
a71eMeHmom npamou yenu. BTOpoN 3J1€MEHT, y KOTOPOrO HaIlpaBJICHHUE MEPEAadn
CUTHAJIa TIPOTUBOIOJIOKHO HAMpPaBJICHUIO Mepeayu OOIIero CUrHaia, Ha3bIBalOT
91eMeHmoM 0OPaAmMHOU CE53U.



B 3aBucuMocTM OT 3HaKa cHTHajga OOpaTHOW CBSI3UM Pa3IMYalOT I10-
JIOKUTENbHBIE U OTpULIATENbHBIE 0OpaTHbIe CBsI3U. Eciau curnam oOpaTtHOW cBS3U
Voo CyMMHpyeTCs (Ha cxeme 3Hak "+") ¢ OOIMM BXOJHBIM CHUTHAJIOM X, TO
oOpaTHasi CBSI3b SBIAETCS nonoxcumenvuou. Ecnu cur”Han oOpaTHOW CBS3U
BBIYMTAETCS U3 OOIIEro curHania (Ha cxeme 3Hak "-"), To oOpaTHas CBSI3b SIBISETCA
ompuyamenbHou.

PaccmoTpuMm cTaTMdeckue CBOMCTBA COEIUHEHUS C OOpaTHOM CBSI3bIO.
[IycTh snemMeHThl OpSIMOM M OOpaTHOM CBSI3M JIMHEMHBI M XapaKTEPU3YHOTCS
koapurmentamu K, u K,.. Torma, corimacHoO onpenencHUI0 MOHATHS «0O0paTHast
CBSI3b», MOXKHO 3aIIMCaTh YPABHCHUS:

MPAMOM LEH

y=kyx,: (2.144)
00paTHOM CBS3U
Yoo =keed; (2.145)
U y3Jla CyMMHPOBaHMSI
x, =xFy,_. (2 146)

[Toncrainsisi Beipakenue (2.145) B (2.146), a 3arem Boipaxkenue (2.146) B
(2.144), monyyuM ypaBHEHHUE CTATUKHU BCETO COCAMHEHUS C 0OPaTHOI CBA3BIO:

y=xk [(1tk k). (2.147)
Otcrona >xBuBaiieHTHRIN 11K
k,=k [(tkk.), (2.148)

"

rae 3Hak "+" COOTBETCTBYET OTpHUIIATEIBLHOM OOpaTHOM CBSI3M, a 3HAK
nosioxkuTenbHON. Dopmyia (2.148) BeipaxkaeT 01HO U3 (PyHIaMEHTAIbHbBIX MPABHII
TEOPUU yIPABICHUSA:

akeueanenmuviti [IK snemenma, oxeaueHHo2o ompuyamenvHol 00pamHou
C63b10, pagen KodIpduyuenmy npamou yenu, paz0eleHHOMY HA eOUHUYy MII0C
npouseeodenue Kodghhuyuenmos npsamotl u 0OpamHotl Ces3uU.

Pasmeprocts skBuBasieHTHOro IIK paBHa pasmepHocTH kKodddumnmenta K,
[Mpoussenenue kodddurmenton KKy, Bcerma 6e3pasmepHo.

N3 Beipaxenus (2.148) cienyer, 4To OTpHLaTelibHAas OOpaTHAasl CBS3b
YMEHBIIIAECT SKBUBAJICHTHBIN KOA(DPUIIUEHT, a MOJOXKUTEIbHAS - YBETUUUBACT.



CTpyKTypHasi cxeMa aBTOMaTH4YeCKOM cucrembl peryaupoBanusi (ACP).

WUtak, B TUNHYHYIO CHUCTEMY YIPABIEHUS BXOAIT OOBEKT, PETyIATOp,
npuBoa W aaruyuku. OjHako, HAOOp ITUX SJIEMEHTOB — elle He cucteMma. Jlis
NpeBpalleHus B CHUCTEMY HYXXHbI KaHalbl CBS3M, 4Yepe3 HHUX HUIET OOMEeH
uHdopmaruent Mexay oanemeHTamu. Jlns  nepegaun  uHGOpMAIMM  MOTYT
UCIIOJIb30BAThCS  DJIEKTPUYECKUA TOK, BO3JIyX (MHEBMATUYECKUE CHCTEMBbI),
KUIKOCTH (TUIPABINYECKUE CUCTEMBI), KOMITBIOTEPHBIE CETH.

B3aumocBsi3aHHbIe 3JIEMEHTHI — 3TO YXKE CHUCTeMa, KoTopas oOiamaer (3a
CUeT CBsi3el) OCOOBIMH CBOMCTBAMH, KOTOPBIX HET y OTHAEIBHBIX 3JIEMEHTOB H
060 ux komOuHaimu. OCHOBHas MHTPHUTa yIpPaBICHUS CBS3aHA C TEM, YTO Ha
OOBEKT JEHCTBYET OKpY’Kalollasi cpela — BHEIIHME BO3MYILIEHHUSA, KOTOPHIE
«MEIIAIOT» PETYJSATOPY BBIIOIHATH IIOCTABJICHHYIO 3aaady. boJabmIMHCTBO
BO3MYUIECHUH 3apaHee HENpeICKa3yeMbl, TO €CTh HOCAT CIy4alHbII XapakTep.

Kpome TOro, matdyuku M3MEpSIOT MapaMeTpbl HE TOYHO, a C HEKOTOPOH
OLIMOKOW, MycTh W Majol. B 3TOM ciydae roBopsiT O «lllymMax HU3MEpPEHUi» IO
aHAJIOTUH C IIIyMaMH B PAAUOTEXHHUKE, KOTOPHIE UCKAKAKOT CUTHAJIBI.

IToaBos UTOTO, MO’KHO HAPUCOBATh CTPYKTYPHYIO CXEMY CHCTEMBI YIIPABJICHHUS

TakK:
ynpasneHune il
enb ———s Z BHewHue
iy BO3MYLLEHUS
)| PEFYNATOP |(mmmmms| NpWMBOA (mmmmmls| OGbLEKT

AaTUYMKK

=

obpaTtHas & LWyMbl
CBA3b e n3MepeHui

Hampumep, B cucteme ynpaBieHUs: KypcoM Kopaois
* 00BEKT yIpaBJICHUS — 3TO CaM KOpalJib, MOTPYKEHHBIN B BOY; JIJIsl YIIPABJICHHUS
€ro KypCOM HCIIOIb3YETCS Pyilb, U3MEHSIONINI HAMpaBlIeHUE MTOTOKA BOJIBI;
* perynsaTop — nu¢poBas BEIUUCIUTEIbHAS MallINHA,
* TMPHUBOJI — pYyJIeBOE YCTPOHCTBO, KOTOPOE YCWIMBAET  YHPABISIOIIUI
AIEKTPUYECKUI CHTHAJ W MpeoOpasyeT ero B MMOBOPOT PYIIS;
* JTATYWKH — THPOCKOMMYECKask CUCTEMA, ONpeAeIstonias (akTHIeCKUil Kypc;
* BHEIIHWE BO3MYIIEHHUS — 3TO MOPCKOE BOJHCHHE W BETEP, OTKJIOHSIOIIHE
KOpalJjb OT 33JJaHHOTO Kypca;
* IIyMBI U3MEPEHHUI — 3TO OMIMOKH TaTIYNKOB.
Nudopmaruss B cucteMe ympaBlieHUS Kak Obl «XOIUT TIO KPYTY»: PEryJsaTop
BBIZIACT CUTHAJI  yMOpaBJICHHUS HA TIPUBOJA, KOTOPBIH  BO3JEHCTBYET
HEIMOCPEJICTBEHHO Ha OOBEKT; 3areM uH(opMaius 00 OO0BEKTe uepe3 AaTYUKU
BO3BpAIAETCs 00PATHO K PETYISITOPY U BCE HAUMHAETCS 3aHOBO. [ OBOPSIT,
YTO B CUCTEME €CTh 00paTHas CBSI3b, TO €CTh PETYJSTOP UCIOIL3YET HH(DOPMAIUIO
O COCTOSIHUM O0OBEKTa JUisi BRIpaboTKH ympaBiieHus. CucteMbl ¢ 00paTHOM CBSI3bIO
HAa3bIBAIOT 3aMKHYTBIMH, IMOCKOJBKY HWH(OpMAaIus IepeaacTcss Mo 3aMKHYTOMY

KOHTYpY.



Px

Ilepenarounsie pynkuuu ACP.



3akons! peryaupoBanus. [I-peryasitop. IIU-peryasitop. IIU/I-peryasitop.
JIOCTOMHCTBA U HEJOCTATKH PEryasiTopoB.

PaccMoTpum Temephr THUIOBBIE  AJNTOPUTMBI  YNpaBJICHUS (3aKOHBI
peryJupoBaHus), NMpUMeHsieMble B TUHEHHBIX CVY.

[Ipocreiimuii  3aKOH  PETYJIMPOBAHUA  PEATU3YETCd TPU  HOMOIIU
0e3bIHepIIMOHHOTO 3BeHa ¢ [1D:

W, (p)=p)e(p)=k, =k, 4.61)

CornacHo BeIpakeHuto (4.61) yrpabisioliee BO3I€MCTBUE U B CTaTHKE, U B
JUHAMUKE MPOMOPIUOHAIIBHO CHrHainy owmuOku €. [loaToMy Takoil 3aKkoH
pEryiaupoBaHUs Ha3bIBaeTCs nponopyuornanrbrvim (11).

JHoctouncta Il-perynsaropa - mpocTora U OBICTPOAEHCTBUE, HEIOCTATKHU -
OTpaHUYEHHAs] TOYHOCTHh (OCOOEHHO MpH YINPaBIECHUU OOBEKTAMH C OOJIBLION
WHEPIIMOHHOCTBIO H 3ala3/IbIBAaHUEM ).

3aKOH peryJIMpoBaHusi, KOTOpOMY cOOTBeTCTBYeT [1D:

W,(p)=k,[p=k,[T,p, (4 62)

Ha3biBaeTcst unmezpanvuoim (). 1lpy HMHTErpaJlbHOM 3aKOHE PEryJIHpO-

BaHUS YOPaBISIONIECE BO3JACHUCTBUE V B KaXIbIH MOMEHT BpPEMEHH IIpoO-
MOPIIMOHATILHO MHTErpany oT curHana omubku €. [lostomy W-perynstop
pearupyeT TJaBHBIM O00pa3oM Ha JJIUTEIbHBIE OTKJIOHEHUS YHIPABISIEMON
BEJIMYMHBl ~ OT  3aJaHHOTO  3HaueHWs. KpaTKOBpPEMEHHBIE  OTKJIOHEHUS
CTJIZKUBAIOTCS] TAKUM PETYISTOPOM.
JIoCTOMHCTBAa  MHTETpajbHOrO 3akoHa - Jy4mas (10  CpPaBHEHUIO C
MPOTOPIIMOHATIEHBIM 3aKOHOM) TOYHOCTh B YCTAHOBUBIIUXCS pexkumax (cMm. 4.4).
HenmocrarkamMyu HHTErpajbHOIO 3aKOHA PETYJIMPOBAHUSL  SABJISIIOTCS  XYJIIHE
CBOMCTBAa B TMEPEXOAHBIX PEXHUMaxX: MEHbIIee OBICTPOJACHCTBUE U OObIIas
K0J1€0aTEeIbHOCTb.

Haubonwliee pacnpocTpaHeHHE€ B MPOMBIIIJIEHHON aBTOMATHUKE MOJYYHIT
nponopyuoHanrvHo-unmezpavHuili (11N) 3aKoH peryaupoBaHus:

W,(p)=k, +k,[p=k, +k,[T,p=k,(T,p+1)/T,p. (4.63)

bnaromaps Hamuumioo wuHTErpampHOM cocraBisitomierd [IM-3akoH  pe-
T'YJIUPOBaHUS 00ECIIEYMBAECT BHICOKYIO TOYHOCTh B YCTAHOBUBIIUXCS PEXHUMAax, a
IIPH OIPEICICHHOM COOTHOIIeHHH Ko3ddummentor K, u K, 3akon obecneunBaer
XOpOIIWe MOKa3aTeN U B MEPEXOIHBIX PEeKUMAX.

Haunyumee OBICTpOACHCTBHE  JTOCTUTACTCS TIPU  NPONOPYUOHATILHO-
ouggpepernyuanvrom (I1]1) 3axoHe peryampoBaHusi:

W (p)=k, +k,p=k, (T.p+1). (4.64)
[1/I-perynstop pearupyer He TOJHKO Ha BEJIMYMHY CUTHAJIa OIIUOKHU, HO U
Ha CKOPOCTb €ro u3MeHeHus. bnaromapst 3ToOMy IpU yIpPaBICHUU TOCTUTAECTCS

abpdextr ynpexnaenus. HemocratkoM mponopiruoHaibHO-AUGPEpeHITnaTIEHOTO
3aKOHA PETYJIUPOBAHUS SIBJISECTCS] OTpaHUYEHHAsI TOUHOCTb.



HawnGonee ruOkuM 3aK0OHOM peryaupoBaHus (B Kiacce JMHEHWHBIX 3aKOHOB)
SIBJISIETCS MPONOPIIMOHAIBHO-UHTETpalibHO-aud Pepenimansubiii (ITN/]) 3akoHn:

T p+1+T.T p*
W (p)=ky + 50 vk pot, LT T 0laP (4.65)
P r,p
HI1H
i (?‘MJP-'-EXEAFP“I-I) |T' +T ’ k ' "
W (p) =k, \ ke, 2Pl T kT ),
T, p T, T, p
(4.66)

KOTOPBIH coueTacT B ceOe MpeuMyIecTBa 00jiee MPOCThIX 3aKOHOB (4.61-4.64).

KoadduuneHTs u nocrosHHeie BpeMeHH, Bxoaswue B [1® TunoBeix
PErynsaTOpPOB, HA3bIBAKOTCA HACTPOCYHBIMHM MapaMeTpaMHd H MMCKOT Chne-
AYIOIHE HAKMECHOBAHHA. &y, &y, k3 — KO3 (DHIHEHTH MPONOPLIHOHAILHOH,
MHTErpanbHOH H aHGdepeHunanpHOR 4acteH; k,, k,' — nepeaatoqHbie
koapuuuentel perynaropa; 1,7, — nocTOsHHBIE BpeMeHH auddepeH-
LIMPOBaHHA.

[MapameTpsl, Bxoasmue B pa3nuuHeic 3amucu (4.63) u (4.66) [TH/1-
3aKOHA, CBA3aHbI MEXKIY CODOH COOTHOLICHHAMH

K =k, =k, [T_ p+T, p)/r_ L k=k T, =k [Tk =k T =k T,

(4.67)

M3 KOTOPBIX CNEAYET, uTo kp#ky', T.2T,, 1= T, .

¥



YcroitunBoCTh JJuHEeHHBIX CY.

OpnHolt n3 BakHeWIIMX xapakTepucTuk CY Hapsay ¢ TOYHOCTBIO SIBJISIETCS
€€ yCTOMYMBOCTh. IlpuueM eciy Moka3aTrelid TOYHOCTU ONPEACISIIOT CTENEHb
noyie3HocTH U A(G(EKTUBHOCTH CHUCTEMBI, TO OT YCTOMYMBOCTH 3aBUCHUT
pabotocniocoOHOCTh cucteMbl. Cuctema, He oOnagarouias yCTOWYHUBOCTHIO,
BOOOIIIE HE CMOCOOHA BBIMOMHATh (YHKIMU YNPABICHUS U UMEET HYJEBYIO WIIU
Jaxe OTpUIaTENbHYI0 3(ppekTUuBHOCTD (T.€. cuctema BpenHa). Heycroitunsas CY
MOXXET TpPUBECTHU OOBEKT B aBapuilHoe coctostHMe. [losTomy mpoOnema
YCTOWYHUBOCTH CUCTEM SIBIIIETCS OJTHOW U3 LIEHTPAIbHBIX B TEOPUU YIIPABICHHUS.

Packpoem BHawane (QU3NYECKUN CMBICT TIOHSTHS  «yCTOWYUBOCTH)
VYeroitunBocth CY - 3TO CBOMCTBO CUCTEMBI BO3BPAILIATHCS B UICXOJTHOE COCTOSTHUE
PAaBHOBECUS TIOCJIE TIPEKpPALIECHUs BO3JECUCTBHs, BBIBEIIIEIO €€ U3 3TOro
cocTostHusA. HeycTronumBas cucteMa HE BO3BPAIIAETCA B MCXOJHOE COCTOSIHHE, a
HEIIPEPBIBHO YIAIAETCS OT HETO.

HarnsimHoe mpeacTaBieHHe O MOHSITHU «YCTOWYMBOCTBY naeT puc 5.1, Ha
KOTOPOM IIOKa3aHbl TPU BHUJA PABHOBECHS MEXAHUYECKOM CUCTEMBI a -
YCTOMYMBOE; 6 - HEUTPAIbHOE, 8 — HEYCTOMUUBOE.

a 6 8

Prc. 5.1. Buasl paBHOBCCHA MCXAHHYECKOH CHCTEMBI

HeycroiunBocte 3amkHyTOM CVY  BO3HMKAaeT, Kak MpPaBWIO, H3-3a
HEMPaBWIHHOTO WJIM OYEHb CWJIBHOTO JCHCTBUS TJIAaBHOM OOpaTHON CBSI3U.
Bo3HuKaromyo npu 3T0M HEYCTOMYMBOCTh HA3BIBAKOT CIMAMUUECKOMU.

Bonee cnoxubiM U 0ojiee pacnpOCTPaHEHHBIM BHJIOM HEYCTOMYMBOCTU
ABJISIETCA OuHamuueckas Heycmotiyusocms. (OHa TPOSBISIETCS B CHUCTEMAxX C
OTpUIIATEILHOM O0OpaTHOM CBS3BIO, NPU JOCTATOYHO OOJBIIOM 3HAYCHHUH
nepeaaTouyHoro ko GuiMenTa pa3oMkHyToro koutypa (K > 8) u npu KojauuecTBe
VHEPLIMOHHBIX 3BEHbEB, HE MEHBIIIEM TPEX.

PaccmoTtpum  Temepp MareMaTHM4ECKYK) CYWHOCMb YCTOMYMBOCTU U
HeycToWunBOCTH. CoOrjacHO JaHHOMY BbIIE (U3MUECKOMY  OIPECIICHHIO,
YCTOMYMBOCTh 3aBHCHT TOJIBKO OT XapakTepa CBOOOJHOTO JABUKEHUS CHCTEMBI.
CBo0OoHOE JBMIKCHHE JIMHCHHOW WIIM JIMHEApHW30BAHHON CHCTEMBI OIHCHIBACTCS
OJTHOPOJHBIM U PepeHIINaTbHBIM YPaBHEHUEM

d"x(t a" ‘x(t d" x(t
“__.E._{__}.-J-an_1___.i)_+an_z-—-u—u—l:-(.—)-+_”+ﬂ'ﬂx(f}=0, (51)

dt" ar"! dr"?

rae x(f) = x_(f) — csoboaHas COCTABNAOWAA BBIXOAHOH BENHYMHE CHC-
TEMBI.



Janum MaTeMaTUYeCKOE ONPEEICHUE MOHATHS «yCTOMYMBOCTh». CHcTema
SIBJISIETCS.  YCTOWYMBOM, eciu cBoOomHas coctaBistomas Xq(f) mepexomnoro
npolecca ¢ TCYeHUEM BPEMEHHU CTPEMUTCS K HYIIIO, T. €. €CIIH

}_lﬂ x.(£)=0. (5.2)

YcroilunBocth B cMbicie  ycnoBus  (5.2)  NpUHATO — HA3bIBATh
ACUMNIMOMUYECKOU.

Ecnu cBoO0HAs cocTaBiIsIomas HEOrpaHUUEHHO BO3PACTAET, T. €. €ClU

lim x, (1) = oo, (5.3)
TO CUCTEMA Heycmozlquea.

Hakonen, ecnu cBOOO/IHAs COCTABISIONIAs HE CTPEMHUTCS HU K HYJIO, HU K
OECKOHEYHOCTH, TO CUCTEMA HaXOJIUTCA HAa FPAHMIIE YCTONYHUBOCTH.



KopHeBoii meTo onpeae/ieHus1 yCTOMYMBOCTH JMHeHbIX CY.

Haiinem obuiee ycinoBue, mpu KaropoM CUCTEMa, ONKChIBaeMasi ypaBHEHHEM
(5.1), ycroituuBa. Pemienue ypaBuenus (5.1) mpu OTCYTCTBUU Y HETO OJIMHAKOBBIX
KOpHEH paBHO CyMMe:

x (=3 cke”*’, (5.4)

k=1

rae C; — MOCTOSHHbIE, 3aBUCALIME OT HAYAAbHBIX YCJIOBHH, Py — KOPHH
XapaKTEPHCTHYECKOr0 YpaBHEHHS

" LI n-2 sz
+ +...+a =0, ,
ap'ta p' +a p a =0 (5.3)

n-1

KopHH xapakTepHCTHYECKOrO YpaBHEHHA MOTYT ObITh AEHCTBHTEIb-
HbIMH (Py = O), MEUMBIMH (P = JPB4) 1 KOMIIIEKCHBIMH

Pe =0 T jPBr, (5.6)
MpHYeM KOMILIEKCHBIE KOPHH BCEr/a TOMAPHO CONPSKEHbI MEXIYy COOOM: eciu
eCTh KOPEHb C MOJIOKUTENBHOM MHHMOM 4YacThio, TO 00A3aTE]bHO CYIIECTBYET

KOPEHB € TaKOM K€ [0 MOJYJII0, HO OTPULIATEIbHOW MHUMOM 4acThIO.
[Tepexonnas cocrapistomas (5.4) npu t—0 cTpeMUTCs K HYJIO JIUIIL B TOM
gt
Cke g
ClIy4dae, €CJIM KaXJ0€ ClIaraeMoe BHAa CTPEMUTCA K HYJIO. XapakTep
3TOM (DYHKIIMHM BPEMEHM 3aBUCHUT OT BHUA KOpHS Py. PaccMoTpuM Bce BO3MOKHBIC
Cllydal pacriooKeHUsT KOpHEH Py Ha KOMIUIEKCHOM Iuiockoctu (puc. 5.2) u
COOTBeTCTBYOIIME UM (GyHKIUU Xi(t),KoTOphle Ha puc. 5.2 TOKa3aHbl BHYTPH
KPYKOUYKOB.

TI'panuya yemoiiwusocmu

P

P P;

"&::""“
"R"\"_"""
Qy

Py ps

Obuacms yemoiiuusocniu Oénacmb Heyemoniuueocmu

Puc 52 BnusHue kopHeil XapaKTepHCTHHECKOro ypaBHeHHa CV
HA COCTARMAKIIKE ee CBOOOIHOTO TRIKCHHSA



1 Kaxnomy ACHCTBHTENBHOMY KOPHIO Py = O B pewueHuH (5.4) co-
OTBETCTBYET CJAaraeMoe BHAA

x(r) =C e+ . (5.7)

Ecmu oy< 0 (1a puc. 5.1 kopeHsb p;), To pynkus (5.7) npu t—0 crpeMutcs K
Hymo. Ecou o > 0 (kopeHb p3), To GyHKIHS (5.7) HEOrpaHMUYECHHO BO3pacTacrT.
Ecmm o= 0 (kopeHs pz), TO 3Ta PYHKITUS OCTACTCS TOCTOSTHHOM.

Ha ocHOBaHMM TpHWBEACHHOTO aHajaM3a MOXKHO c(opMyInpoBaTh oOIIce
YCJIOBHE YCTOWMYUBOCTH:

ons yemouyusocmu auneunot CY neobxooumo u odocmamouno, 4moowvl
OelicmeumenvHble 4acmu 6cex KOPHel Xapakmepucmuieckozco YpaeHeHUs
cucmembl ObLIU OMPUYAMETLHBIMU.



Kputepun ycroitunBoctu CY. Anredpanyeckuii Kpurepuii yCTOH4UBOCTH
I'ypBuna.

Haubonbiiee pacnpocTpaHeHHE B HMHKEHEPHOM MpPaKTUKE IOJIY4HIIU
kputepun ['ypBuna u Payca. Huwxke npuBoastcs (OpMyJIHpPOBKM U METOJIUKA
IPUMEHEHUS ITUX KPUTEPUEB O€3 10Ka3aTeIbCTBA UX CIPABEIMBOCTH.

['ypBui pa3pabotain cBOI KpUTEpHil, peliast YUCTO MAaTEMATUYECKYIO 3a/auy
— 3amauy UCCJICIOBAHMUS YCTOWYUBOCTH penieHuin JMHENHOTO
g depeHInaTbHOTO YpaBHEHUS.

[IprMeHUTENBHO K 3a/1adaM TEOPUH YNIPABICHUSA KpUTEpUM [ ypBUILIa MOKHO
chopmynupoBate Tak: auneunas CV, onucvieaemas xapaxmepucmuueckumu
ypaeHeHuem

o =3
a,p" + a1 p" 40, 2" P 4 +ag =0, 5 10)
ycmouyuea, ecau noaodxcumenvHvl 6ce n+l kosggpuyuenmoe a, u e6ce n
onpeoenumerei Aj suoa.
ay dy ds...dy
a a, a;...ﬂ:,_z

0 @y az .4y, 5

. (5.11)

Eciu xots Obl omun w3 ompenenuteneit (5.11), Ha3piBaeMbIX ormpeze-
mutensiMu ['ypBunia, oTpUIaTENEH, TO CHCTEMA HEYCTONYMBA.

Martpuipr (5.11), Mo KOTOpPBIM BBIYHCIAIOT omnpeaenurenu [ypeuma A,
COCTABJISIIOT CJIEAYIOIIMM O0pa3oM Ha TJABHOW JMAroHalM 3alKChIBAIOT BCE
KO3 (PUIIMEHTHl XapaKTEPUCTHUECKOTO YpPaBHEHHUsSI OT 8; 10 aj, (B MOpsAKe
BO3pacTaHUsl WHJEKCA), 3aTeéM B KaXJOM CTOJOIE BBINIC JUArOHAIBHBIX
K03 puIeHToB 3aIUCHIBAIOT K03 HULIMEHTHI c ITOCJIEA0BATEIIBHO
BO3pACTAlOIIMMHU HWHAEKCAaMH, a HWXKE - C TMOCIEAOBATEeIbHO YOBIBAIOIIUMU
WHJIEKCaMU, Ha MECTO KOA(PUIIMEHTOB C UHACKCAMH OOJIBIIIE 7 UJIM MEHbIIIE HYJIS
npocTapisioT Hynu. [Ipu sTOM Kaxmas I-s MaTpuia IOoJydaeTcs KBaJpaTHOU
pasmepom i X I.

Bceerna rimaBubIi onpenenuTenb Ay

¢n=ﬂuﬁn-l~ (5]2)

Ecnu rnaBubiii onpenenurens A, = 0, a BCE OCTaJIbHBIE OMNPEACIUTENN
MOJIOKUTENIbHBI, TO CHUCTEMA HAXOJUTCS Ha epanuye ycmouuugocmu. C ydeTom
BbIpaxkeHus (5.12) 3To ycinoBUe paciaiaeTcs Ha JABa:

ady= 0 unu .ﬂiﬂ.[ =, (5}3)



VYcnoButo ap= (0 COOTBETCTBYeT OJWH HYJIEBOW KOpPEHb, T. €. amepuo-
JIUdecKasi TpaHuIa YCTOMYUBOCTH, a YCIOBUIO An1= 0 - mapa MHUMBIX KOPHEH, T.€.
Kosie0aTeIbHAs TPaHUIA YCTOMUNBOCTH.

PaccmoTpum wactHeie ciydam — kpurtepus ['ypeuna g n = 1; 2; 3; 4.
PackpriBasi onpenenurenu, Gurypupyrome B o0meld GopMyIHpoBKe KpUTEpHs,
MOJKHO TTOTYYHTh CIICITYIOIINE YCIOBUS
Jlyis ypaBHEHuUs miepBoro mopsaka (N = 1)

apta,=0 (5.14)
YCJIOBHE YCTOHYHBOCTH
ap=>0ua, = 0. (5.15)

T.e. TIOJOKUTEIBHOCTh KO(GDHUIIMEHTOB YPAaBHEHHUS SBISCTCS B JaHHOM CiTydac
HEOOXOMMBIM U IOCTATOYHBIM YCIIOBHEM.
Jlns ypaBHEHHUs: BToporo nopsijka (N = 2)

agp2+a,p +ay=10 (5 16)
YCIIOBHE YCTOHYHBOCTH

a,>0, A =a >0,a,>0, (5.17)
Takum 00pa3om, U Ui CUCTEMBI BTOPOTO MOPSIKA HEOOXOIUMOE YCIOBHUE
YCTOMUUBOCTU (MOJIOKHUTEIBHOCTh KO3(DPHUIIMEHTOB) SBISCTCS OIHOBPEMEHHO H
JOCTATOYHBIM.
Jlns ypaBHEHHUs TpeThero nopsiaka (N = 3)

ap’+ap’ +ap+a,=0 (5.19)
YCJIOBHE YCTOHYMBOCTH

a, >0, Aj=a,>0; a,>0;, ay,>0;

a as (5.20)
A, = =aya; —ayay > 0; .ﬂ; =apA,; > 0.
ap a

[Tocnennee HepaBeHCTBO TIpH dg > 0 PKBUBaJIGHTHO HEpaBeHCTBY A, > 0.
CrnenoBaTeNbHO, AJII CUCTEMBI TPEThETO MOPSIKA, KpOME TOJIOKUTEIHHOCTH BCEX
koddurenTo, TpedyeTcs, 4To0bl A, > 0. YuuThIBas BeIpaxxeHue s Ay MOXKHO
chOpMyIUPOBaTh CIEAYIOIIEe MHEMOHUYECKOE MPAaBUIIO OICHKUA yCTOWYUBOCTHU
CUCTEM TPETHETO MOPSIKA:

| nmpouseedenue cpeonux rosgp@uyuenmos ypaenenus 00aHCHO Oblmb |
OobULe NPOU3BEOeHUsT KDALHUX.

Jns ypaBHEeHUs: 4eTBepTOTO nopsiaka (N = 4):



ap'+ap +aptap+a;=0, (5.22)

KPOME TIOJIOKUTENBHOCTH BceX KOA(p(UIMEHTOB, TpeOyeTcss BBINOJIHEHUE
YCIIOBHUSL:

A, =a,a,a, —a,al —ala, >0. (5.23)

HerpynHo noka3aTh, 4TO TPH TOJOXHUTEIBHOCTH BceX KOAh(HUIMEHTOB
ycioBue (5.23) obecnieunBaeT BRITIONHEHUE U ycaoBus A, > 0.

Takum 06pazom,
0151 YCMOUYUBOCMU CUCIEM He 8bllile UYemeepmoco NopsoKa HeoOX00uMo u
docmamouto, umoobwl 6ce KOIPhuyueHmvl Xapakxmepucmuyecko2o YpasHeHus u
onpedenumenvAn.1 ObLIU NONOHCUMNENLHDL.
Kpurepuit ['ypBuiia nenecooOpazHO NPUMEHATHh JUIsl aHalU3a yCTOWYHUBOCTU
CUCTEM HE€ BbIlIe MATOro mnopsaka. [lpu n > 5 BeuMcIeHUE omnpeaenuTenei
CTaHOBUTCS TPOMO3KUM.



YacroTHble KpuTepuu ycronyuBocTd. Kpurepuii ycroitunsoctu Muxaiiiosa.
Kpurepuii ycroitunBoctu HalikBucra.

Kputepuii ycroitunBocty MuxaiisioBa

Kputepnit MuxaiioBa OTHOCHUTCS K TpYIIIE YACTOTHBIX KPUTEPHUEB
ycrorunBocTu. Kputrepuii MuxainoBa Tak ke, kak u kputepuil ['ypBuiia u Payca,
OCHOBAH Ha aHaJIM3€ XapaKTEPUCTUUYECKOTO YPABHEHUS CUCTEMBI, U TIO3TOMY C €0
MOMOIIBI0 MOXXHO CYIUTh 00 YCTOWYMBOCTH W 3aMKHYTBIX, U Pa30OMKHYTBIX
CUCTEM.

[Iycts 1neBas 4YacTh XapakTEPUCTUUYECKOTO ypaBHEHUs, Ha3bIBacMas
Xapakmepucmudeckum noJuHOMOoM, AMEET BUL:

Fp)=ap"+ a, p™' +.+ ao. (5.34)

[logcTaBuM B 3TOT MOJMHOM BMECTO IEPEMEHHOIO p YHUCTO MHHUMBII
KOpEHb, KOTOpBIM B JanbHeimem Oyaem oOo3HayaTh jo. Torga mnmoayyum
(YHKLIHIO KOMIUIEKCHOTO IEPEMEHHOTO:

F(jo) = a,(o)'+ a, (o)™ +..+ a. (5.35)

KOTOPYI0 MOYKHO TaK XKe€. Kak  aMIUIUTYyJHO-(a30ByI0 XapaKTEPUCTHKY,
IIPEJCTABUTh B BUJIE CYMMBbI JEUCTBUTEIBHON U MHUMOW YaCTE:

jo) = P(e)+ jQ(). (5 36)

JlelicTBuTenbHas 4YacTh P(w) COAEPKUT TOJBKO YCETHBIC CTEICHH IIe-
PEMEHHOTO M:

P(®)=ay - ae’ + aw*- ..., (5.37)
a MHIMas 4acTh Q(w) - TOJbKO HEUCTHBIC:
O(®) =aw—aw’ + ... . (5.38)

Kaxnomy QukcupoBaHHOMY 3HAUYEHHIO TEPEMEHHOTO (O COOTBETCTBYET
KOMILJIEKCHOE YHCJIO, KOTOpPO€ MOXXHO M300pa3uTh B BHJAE BEKTOpa Ha
KOMIIJIEKCHOM TIIOCKOCTH. Eciu Tenepp u3MeHATH mapamerp @ oT 0 10 oo, TO
koHerr Bektopa F(jow) omumer HekoTopyro JsmHUIO (puc 5.3,a), KoTOpas
HA3BbIBACTCA XApPaAKmMepucmuieckou Kpusou, Win coooepagom Muxaiinosa. 1lo
BUJTy 3TOM KPUBOM MOKHO CYyIUTh 00 YCTOMYMBOCTH CUCTEMBI.

dopMynupoBKa Kputepuss Muxaniaosa TakoBa:

nuneunas CVY, onucvieaemas ypasHeHnuem n-20 NoOpsaoKa, YCMOUYUBA,eClu Npu
uzmenenuu o om 0 0o © xapakmepucmuyeckuti eexmop cucmemvl  F(jw)
NOBEpPHeMCsl NPOMUE YACOBOU CMPENKU HA Y20l NTT/2, He 00pawjascsy npu 3mom
H)JTb.
DTO 0O3HAYaeT, YTO XapaKTepUCTHUECKas KpUBasi YCTOWYMBOW CUCTEMBI JOJIKHA
MpU M3MEHEHHH ® OT 0 JO 0 MPOWTH MOCIIEIOBATENIBHO Yepe3 n KBaJApaHToB. M3
BeIpakenuit (5.37) u (5.38) cnenyer, uro kpuBas F(jo) Bcerna HAYMHACTCS B TOUKE
Ha JICICTBUTEIBPHOU OCH, YIAJICHHOM OT Hadajla KOOPAWHAT HA BEJIUYUHY do.



Ha puc 5.3,6 mpuBeneHbl XapakKTepUCTUIECKUE KPUBBIE, COOTBETCTBYIOIIIHE
yCTOHYHMBBIM crucTeMaM. KpuBble MMEIOT TUIaBHYIO crimpaieodpasnyo Gopmy u
yXOIIT B OECKOHEYHOCTh B TOM KBaJIpaHTE, HOMEpP KOTOPOTO PaBEH TMOPSAKY
ypaBHeHus. Ecim XapakTtepucTHueckas KpuBas MPOXOIUT 7 KBAJApPAaHTOB HE
MOCIICZIOBATEIbHO WM TMPOXOJUT MEHBINEE YHCIO KBAJAPAaHTOB, TO CHCTEMa
HeycToiuuBa (puc 5.3,B).
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Puc 53 Xapaxrepucruueckue kpussie (rogorpader) Muxatnosa
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Kpurepuii ycroiiunoctu HalikBucra.

B ommune ot kpurepueB ['ypBunia 1 MuxaimoBa, KOTOpbI€ OCHOBAHBI Ha
aHAJIN3€ XapaKTEPUCTUYECKOTO YpaBHEHHS CHUCTEMBI, Kputepuil HaiikBucra
MO3BOJIAET CyIUTh 00 YCTOWYMBOCTH 3aMKHYTOM cuctembl 1o AdDX ee
PAa30MKHYTOTO KOHTypa. B 3TOM 3aKir04aercs CyIIECTBEHHOE IPEUMYIIECTBO
Kputepus, T.K. moctpoeHne ADX pa3oMKHYTOro KOHTypa Uisi OOJBIIMHCTBA
peaNbHBIX CHCTEM OKa3bIBACTCS MPOIIE, YeM MOCTpoeHue rogorpada Muxaniaos.
OcuoBHas popmynupoBka kputepusi HaiikBucra:

cucmema ynpasenenus ycmouuuea, eciu ADPX W(jw) pasomxuymoeo
KOHmMypa He oxeamovléaem mouky ¢ koopounamamu (-1;]J0).



Ota ¢GopMynHpoBKa CIpaBeIMBa JIJIi CUCTEM, KOTOPHIE B Pa3OMKHYTOM
COCTOSIHUMA YCTOMYMBBI. TakOBBIMU SIBIISIFOTCSI OOJIBIIMHCTBO PEANbHBIX CHUCTEM,
COCTOSIIIINX U3 YCTOWYHBBIX FJIEMEHTOB.

Ha puc. 5.5,a wuzobpaxenst ADX pazoMKHYTOro KOHTypa, COOTBET-
CTBYIOIIME TPEM pa3jIu4HbIM ciydasMm: 1 - cucrema ycroiluumBa, 2 - CUCTEMa
HAXOJIUTCS HA KOJeOaTeIbHOM ITpaHulle YCTOMYMBOCTH; 3 - CUCTEMA HEYCTOWYUBA.

¢ QM)

k+f Pl@)
w={] .

Puc. 5.5. AQX pa3oMKHYTOr0 KOHTYpa (@) H
¢du3mdyeckas TpakToBka kpurepua Halixsucra (6)



Hudposbie CY. OcHoBHbIe NOHATHSA. Kitaccupukanus CUTHATIOB M CHCTEM.

PaznuuaroT ananoroBble curHaibl (puc. la), onpeaesieHHbIE TPH JIFOOBIX
3HAUEHUAX BPEMEHM t BHYTPU paccMaTpUBAEMOr0 WHTEpBaia, U JUCKPETHBIC
CUTHAJIBI, ONpEJENICHHbIE TOJBKO B JTUCKPETHbIE MOMEHTHI BpemeHH i, 1y,

t;.....(puc. 10).

|

00 0 L
Puc. 1. AHanoroesid (a) w guckpeTHsIA (B) curHans

CucteMbl, B KOTOpPhIX HH(pOpMaIUsi TMEepeAacTcss C  MOMOIIbIO
aHAJIOTOBBIX CHUTHAJOB, HA3bIBAIOTCA AHAJIOTOBBIMU WU  HENPEPHIBHBIMU
cucremMamu. Jlns onucaHuss UX JUHAMHUKHA HUCHOJB3YIOTCS AuddepeHimanbHbie
ypaBHEHUS.

Ilepemaua wuHbGOpMAIMM B JIUCKPETHBIX CHCTEMaX OCYIIECTBIACTCS C
MIOMOIIIbIO JIMCKPETHBIX CHUTHAJIOB, KOTOpPbIE MOXKHO paccMaTpuBaTh  Kak
MOCJICIOBATEILHOCTH  4YKcel. [IpuMepoM  AUCKPETHOM  CHUCTEMBl  CIIYKHUT
nudpoBoit KommbroTep. IS ONMMCaHUSA JAUCKPETHBIX CHUCTEM HCIIOIb3YIOTCS
pPa3HOCTHBIC  YpPaBHEHHS, KOTOpBHIE  OIPEIESSIOT 3aKOHBI IPE0Opa30BaHMS
YHUCJIOBBIX MTOCIIEI0BATEILHOCTEM.

TepmunoM 1udpoBbie cucTeMBbI OyzieM 0003HaYaTh CHCTEMBI, B KOTOPBIX
nUPpoBOM  pPErynsaTop  HUCMHOJB3YeTCS  JJIsl  YNPaBJICHUS  HENPEPHIBHBIM
o0bekToM.  [loCKONIbKY TakWe  CHUCTEMbl BKIIOYAIOT  HENPEPBIBHBIE U
JIUCKPETHBIE AJIEMEHTHI, MX YacCTO TAKXE€ Ha3bIBAIOT HEMPEPHIBHO-AUCKPETHBIMU
uinu a"asnoro-uugpoeiMu. [udpoBsie cUCTEMBI MPEACTaBISIOT CO00M 0COOBIN
KJIaCC CUCTEM YyImpaBiieHusi. Hamuuue pasHOPOJHBIX HJIEMEHTOB BBI3bIBACT
3HAUYUTENIbHBIE CJIO)KHOCTU TMPU MATEeMaTUYECKOM ONHUCAaHUU  MPOIECCOB.
AHaM3 W CHUHTE3 LHUQPPOBBIX CHCTEM C ITOMOIIBIO KJIACCHUYECKHUX METOOB,
pa3pabOTaHHBIX JJI HEMPEPHIBHBIX WM JTUCKPETHBIX CHCTEM, JIaeT, KaK IMPaBHIIO,
TOJIBKO MPUOIMIKECHHBIC PEIICHHMS.



PazomkHyThle M 3aMmKkHyThIe HUdpoBbie CY. llndposoii komnbroTEp.

BO3MYLLEHWA
saganuime CUrHaNeE! ynpasnaembie
BO30EHCTENA YNpasneHna BENHYHHBI
—_— KOMMOBHTED | oDBEKT -

Puc. 2. PaaoMmedyTans unpposan cucTema

[{udpoBbie cUCTEMBI yIpaBIeHUS MOXKHO pa3AeIuTh Ha JBa Kiacca:
Pa30OMKHYTHIE M 3aMKHYTHIE. Llenb ynpaBiieHus B 000X Cllydasix — O0OECIeYUTh
TpeOyeMble 3HAYCHUS YMPaBISEMBIX BEIUYHH.

B pasomknymoii cucmeme KOMIIBIOTEp TMOJIYy4YaeT TOJILKO KOMAaHIAHbBIC
CUTHAJIBI (3aJaroliue BO3JCHCTBUSA), HAa OCHOBE KOTOPBIX BbIPaOATHIBAIOTCS
CUTHAJIBI YIpaBJICHUs, MOCTyMHalolue Ha OOBEKT.

Hcnonp3oBanne Takoro (MMpOrpaMMHOTO) YIPABIEHUS BO3MOKHO TOJBKO
B TOM cIyyae, €CIM MOJeJdb TMpolecca W3BECTHA TOYHO, a 3HAYCHUS
YIPABISIEMBIX BEJIMYUH TMTOJTHOCTHIO OMPEICISIOTCS CHTHAJaAMHU yropaBieHus. [lpu
TOM HEBO3MOXXHO YYECTh BIHMSHUE BHEIIHUX BO3MYIICHWA M ONPEICTUTH,
JOCTUTHYTA JIN 11eJIh YIIPaBICHU.

B 3amkmymeix cucmemax WMCHONB3yeTCsT OOpaTHas CBSI3b, C MOMOIIBIO
KOTOPOH  yMPAaBISIOMIMN KOMIBIOTEp TOJNy4YaeT WH(POPMAIMIO O COCTOSHUU
00BEKTa yNpaBlieHUs. ITO MO3BOJISIET YUUTHIBATh HEU3BECTHBIC 3apaHee (DAKTOPHI:
HETOYHOCTh 3HAHUM O MOJIETM TMPOIecCa W BIMSHUE BHEIIHUX BO3MYIIECHUN.
[ToaToMy B OOJBIIMHCTBE TEXHUYECKUX CHUCTEM YIPABICHUS WCIIOIb3YEeTCS
oOpaTHasi cBsi3b. B KoMmbIOTEp MOXKET Takke MocTynaTh uHPopMaius o0
U3MEPSEMBIX BO3MYIICHHIX, YTO TO3BOJISIET YIYUIIUTh KAYECTBO YIIPABICHUSI.

BO3MY L EHAR

Ja0gdawHa CHrHamme! ¥NpaenAsmMee
BO3QENCTEMA YyNpEBsnEHWA BEAHYMHE
EE—
| KOMNEKTED obwexT
-
CHIHanNn=
ODpaTHOR CBAIN OaT4MKM [

Puec. 3. 3amenyTan undpoRan cHCTema

[Hudposoit komnbroTEP

PaccmoTpuM  1oipoOHO  KOMITBIOTEP, BXOJSIIMIA B COCTaB 3aMKHYTOMH
undpoBoil cucteMsl ynpasiieHus (puc. 4). 31ech U Jajgee aHaJIOrOBbIE CHUTHAJbI
0003HayvaTCA CIUIOIIHBIMU JIMHUSAMU, a JUCKPETHBIE (YUCIIOBbBIE
MOCJIENOBATENBHOCTH) — TOYEUYHBIMH.
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FPuc. 4. Bnok-cxemMa undpoBoro KOMNeRTEDS

AHanoroBbie BXOJHBIE CUTHAJIBI (33/1al0IIHUE BO3ICUCTBUS, CUTHAI
OIIMOKHM, CUTHANBI OOpPaTHOM CBSI3W C JAaTYMKOB) TIOCTYMAalOT Ha aHaJoro-
udpoBoit mpeodpazoratens (ALLIL), rae mpeodpasyroTcs B mudpoByo  (Gopmy
(nBowunblid  kox). B OonbmmHcTBe  ciywaeB  ALIIl BwimonHseT 3To
npeoOpa3oBaHne TMEPUOTUYECKH C HEKOTOPBHIM HHTepBaioM T ,  KOTOpBIH
HA3bIBACTCSI HMHTEPBAJIOM KBAHTOBAHWS WM TIEPHOJOM KBAHTOBAaHMS. |aKuM
o0pa3oM, W3 HEMPEPHIBHOTO CHUTHAJIA BEHIOMPAIOTCS UCKPETHBIC 3HAUCHHUSI
e[k]=e(kT) mpu nemsix k=0,1, ..., obpasyromue mocieaoBaTebHOCTh {e[k]}.

OTOT TpolecC Ha3bIBACTCSl KBAHTOBaHMEM. [akuM 00Opa3oM, CUTHaJI Ha
BbIxojie ALIIl MOXHO TpakTOBaTh KaK MOCIEI0BATEIHLHOCTD YUCEN.

BoluucnurenbHas mporpaMma B COOTBETCTBUM C HEKOTOPBIM aJTOPUTMOM
npeoOpasyeT BXOIHYIO YHCIOBYIO mocienoBaTenbHocTh {€[K]} B ympasisionyio
nocjeaoBaTeIbHOCTh {V[K]}.
[uppo-ananoroseiii npeodpazosatens (LIAII) BoccraHaBiuMBaeT HeNpepbIBHBIN
curHaj  ympaBiieHuss 1o  nocienoBatensHocTu {e[k]}. Yame Bcero IIAII
paboTtaeT ¢ TeM xe nepuojom, uto u AllIl Ha Bxoge kommbroTepa. OnHAKO IS
pacuera O4YEpeTHOTO YIPABISAIOIIECTO CUTHAJIA TpeOyeTcss HEKOTOPOe BpeMs, U3-3a
ATOTO0 BO3HUKACT TaK HA3bIBAEMOE BBHIYMCIIMTENIbHOE 3ama3jpiBaHue. Ha mpakTuke
NPUHATO OSTO 3aMa3JAblBAHME OTHOCHUTh K HEMPEPHIBHOW YacCTH CUCTEMBI H
cuntarb, yTo ALII m IJAIl pa®oTaroT HE TOJBKO CHHXPOHHO (C OJMHAKOBBIM
MIEPUOJIOM), HO ¥ CUH(A3HO (OTHOBPEMEHHO).



Ocob6ennoctu nundposbix cucreM. Meroasl ucciaenosanus undpossix CY.

Ocob6eHHoCcTH TU(POBBIX CUCTEM:

OdeBUIHO, 4YTO OCHOBHBIE XapaKTepHBIE YEPThl MHQPPOBBIX CHCTEM
yIpaBICHUS CBSA3aHBI C HAJIMYUEM KOMITbIOTepa (IHM(pPOBOTrO yYCTPOHCTBA) B
COCTaBe CHCTEMBI. | TaBHBIE TPEUMYINECTBa IU(PPOBON YMPABIAIONICH TEXHHUKH
CBOJIATCSA K CIICAYIONIEMY:

— HCIIOJIb3YEeTCS CTaHIapTHAA almaparypa;

— HeT jApeiida napaMeTpoB, XapaKTEPHOTO JJIsi aHAJIOTOBBIX AJIEMEHTOB;
— TIOBBIIIACTCS HAJISKHOCTh M OTKAa30yCTONYHBOCTb;

— CYIIECTBYET BO3MOXXHOCTh pEaTHM3allH CIOXHBIX 3aKOHOB

— yIpaBJCHUS, B TOM YKCJIE JIOTHYECKUX U aJalITUBHBIX;

— TUOKOCTh, IPOCTOTA MEPECTPOUKH AITOPUTMA YTIPABIICHHSI.

MGTOIII)I HCCICA0OBAaHUA III/I(l)pOBLIX CHCTCM

B coBpeMeHHOI TeopuH YINpaBIEHUS CYILIECTBYET TPHU TPYIIIBI METOJIOB
UCCIIeT0BaHUS IIU(PPOBBIX CUCTEM '

1) MeToabl, OCHOBaHHbIE HA MPUOIMKEHHOM CBEICHUU LU(PPOBOI CHCTEMBI
K YHCTO HENpPEephIBHOM CHUCTEME, MPU 3TOM MICHOPHUPYIOTCS BCE IMPOLIECCHI,
CBSI3aHHBIE C KBAHTOBAaHUEM U HAIMYHUEM LU(PPOBBIX 3JIEMEHTOB;

2) METOZbl, KOTOpPbIE CBOJSATCS K HCCICAOBAHUIO JIUCKPETHON MOJACIH
HM(POBOIl CHCTEMBI, IPU 3TOM PACCMATPUBAIOTCS TOJIBKO 3HAYEHUS CUTHAJIOB B
MOMEHTHl KBAHTOBaHUS M UTHOPUPYIOTCS BCE TIPOILECCHI MEXKIYy ITUMU
MOMEHTaMH;

3) TOYHBIE METOJBI WCCIENOBAaHUSA, TMPU KOTOPHIX IMdpoBas cucrema
paccMaTpHBAETCs B HEMPEPHIBHOM BPEMEHH 03 KaKuX-Tu00 YMpOIICHUN U
aIMmpOKCUMAaIH.

[Ipu wucnonb30BaHUM METOJIOB TEPBOM W BTOPOM TPyHm TuUOpUIHAS
HENPEPBhIBHO-IUCKPETHAsT cucTeMa (aKkTUUYEeCKH MOJMEHseTCs Jpyrou, Ooiee
MPOCTOM, YTO MOKET NPUBECTU K KAUECTBEHHO HEBEPHBIM PE3YyJIbTATaM.

C npyroit CTOpOHBI, TOYHBIE METO/IbI MPOEKTUPOBAHUS, UCIIOJIB3YIOT BEChMa
CIIOXHBIM MaTeMaTHYeCKUI amnmapar U MOATOMY IMOKa HE MOJYYHJIH IIUPOKOTrOo
pacnpocTpaHeHUs] B MHKEHEPHOU mpakTuke. X mpumMeHeHne ocoOOEHHO Ba)XXHO B
CIIOXKHBIX ClIy4asX, HampuMep, NpPU OTHOCHUTENIbHO OOJBIIMX WHTEpBaIax
KBAHTOBAHMUSI.



Buabl kBaHTOBaHMA cUrHajoB. KBaHToBaHue 1o BPEMCHH U I10 YPOBHIO.

KBaHTOBaHUE 110 BPEMEHHU U YPOBHIO

KBaHTOBaHME COCTOMT B TOM, YTO QHAJOTOBBIM CUTHAJI 3aMEHAETCS
IIOCJIEIOBATEIBbHOCTBIO €I0 3HAYEHNUN B IUCKPETHBIE MOMEHTHI BPEMEHHU.

B umudpoBeix cucremax NOpUCYTCTBYET JBa THNA KBAHTOBAHUS:
KBAaHTOBAaHUE II0 BPEMEHU M KBAaHTOBAHHE IO YPOBHIO (puc. 5).

B pesynerate Kkeawmoeanus no 6pemeHu W3 AHAIOTOBOIO CHUTrHaja
BBIOMPAIOTCS TOJIBKO €ro 3HAY€HUs] B MOMEHTBHI KBAHTOBAHMS, YA€ BCETO
MIEPUOANYECKH YE€PE3 HEKOTOPBIM MHTEPBAI T , KOTOPBHIM HA3bIBACTCA NEPUOIOM
KBaHTOBaHMA. [Ipu 3TOM BCe 3HAUYEHMS CUTHAJA MEXIYy MOMEHTAMU KBAHTOBAHUS
UTHOPHUPYIOTCS, T.€., IPHU KBAaHTOBAaHHM TMPOHCXOAUT TMOTeps HH(DopMaimu.
CucreMbl ¢ KBAHTOBAHHEM 10 BPEMEHU HA3bIBAIOT UMITYJIbCHBIMU.

z(t) 4

-
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Puc. 5. KpauToBaHHE NO BPEMEHW W N0 YROBHKD

Keanmosanue no ypoemio cBsazano ¢ teM, uto ALl u LAII umeror
KOHEUYHOE YHUCJIO JIBOMYHBIX pa3psaoB (damie Bcero OT 8 n0 16). DTo 3HAYMT,
yT1o Ha BhixoAe ALl MOXHO MOTYYUTh TOJBKO OTPAHUYEHHOE YKCJIO PA3TUYHBIX
KOJIOBBIX 3HaueHmi (256 mis 8-paspsauaoro LAIT u 65536 ms 16-pa3psaHOTO).
[lopToMy TIpM KBAHTOBAaHUM 3HAYEHHUS BXOJHOIO CHUTHaja MCKaXKarOTCs
(okpyrmstoTcsi).  KBaHTOBaHME MO YpPOBHIO MPEACTABISAET COOOM HEIMHEHHYIO
omepalnuio, U Ipu MajioM KoymdecTBe pazpsgoB ALl u IHAII B 3aMkHyTOM
CUCTEME MOT'YT BO3HUKATh aBTOKOJieOaHus. CUCTEMbI ¢ KBAHTOBAaHUEM I10 YPOBHIO
OTHOCSIT K KJIACCY PEJIEHHBIX CUCTEM.

ih=R J

Puc. 6. HenuMelHaa xapakTepdcriea ALLN

Ha puc. 6 wuzoOpaxena HenwHeiHass xapaktepuctuka Allll, koTopsrit
npeoOpa3yeT HEMpephIBHBIA cUrHal g B Koa ¢ . Ecim 0A — mmpuHa
«CTYTNEHBKW», TO MAaKCUMaJIbHasl OIITMOKA, BhI3BaHHAS JIMHEapu3aluen (IITpuxoBas
JUHUS Ha puc. 6), cocTaBisieT 0A /2.



B umxenepHbix pacuerax nu@poBasi CUCTEMa Yallle BCETo JUHeapu3yeTcs U
Jlajiee paccMaTpuBaeTcs Kak JUHEHHas UMITYJIbCHAsl CUCTeMa, a KBAaHTOBAaHUE IO
YPOBHIO YYUTBIBACTCS KaK SKBUBAJICHTHAs Cly4yailiHas romexa.

AHanorunyHo yuuthiBaeTcsi kBantoBanue B L{All Ha Beixoie koMmbIoTEpAa.

Jlanee ™Mbl Oynem paccMaTpuBaTh TOJBKO HACATIbHOE KBAHTOBAHHE I1O
BPEMEHHU, T.C., NMEPUOJUUYECKYI0O BBIOOPKY IMCKPETHBIX OTCUETOB CUTHana 0e3
MCKQKEHUSI UX 3HAYCHUH.

ITycte g(t) — aHanmoroBblii CUTHAJ, ONpeIeSIeHHbIN pu t >0 .

Yepes {g[k]} o003HaunM mocien0BaTenbHOCTh 3HAUCHUH:

g[0].g[1].g[2],..., 1)
NOJYYCHHYIO B pe3yJibTaTe ero KBaHTOBaHUS ¢ mepuogoM T, T.e.,
g(k)=g(KT) npu tienmsix k > 0.

Ecnu curnan g(t) Tepnut pa3peiB B MOMEHTBI KBAHTOBAHHMS, OyIEM CUMTATh,

g[k]=g(kT+0), 2)

qTo

T.€., IPY KBAHTOBAaHUU (PUKCUPYETCS NpeIeIbHOE 3HAUYEHUE CIIPaBa.



Teopema Korenbnukosa-lllennona. ¢ ¢ekT norjiomeHus 4acror.

C TeopeTnuecKkold TOUKH 3PEHHUSI MHTEPECHO, KOrJa MOKHO (M MOKHO JIH
BOOOIIIE) TOYHO BOCCTAHOBHUTH HEMNPEPBHIBHBIM CHUTHAJT MO JUCKPETHHIM
u3MepenussM? OTBeT Ha 3TOT Bompoc naetr teopema KorenbHukoBa-lllenHoHa,
COTJIaCHO KOTOPOW BO3MOKHOCTh BOCCTAHOBJICHUSI OMPEIEISETCS YaCTOTHBIMU
CBOWCTBAMHM CHUTHAJIa M YaCTOTOM KBaHTOBaHHS ms = 27/T .

Teopema Komenvruxosa-Illennona.

HemnpeppIBHBINT ~ CHUTHaN, CHEKTP KOTOPOTO paBEH HYJII0 BHE HHTEpBasa
(—®max;®max) , OMHO3HAYHO  TMPEACTABIACTCS  CBOMMHU  3HAUYCHUSIMH B
PaBHOOTCTOSIIUX TOYKAX, €CIHH s > 2Mmax . HEMPEPHIBHBIA CHUTHAT MOXET
OBITH BOCCTAHOBJICH 110 (hOpMyJI€:

: sinm (1—kT)/2
r(1) = sk : . 3
&(t) ZM ] w (1 —kT)/2 )

Takum 00pa3oM, HENPEPHIBHBIA CUTHAJ TEOPETUYECKH MOXKET ObITh
BOCCTAHOBJIEH MO JIUCKPETHBIM HU3MEPEHHSIM, €CJIM €ro MakCUMajibHas 4YacToTa
omax MeHblle  4yacTtoThl  HalikBucta on=0¢/2=rn/T. Hanpumep, mi1s
BOCCTAaHOBJICHUS] CUHYCOUJIAJIbHOIO CUTHAJIa HaJ0 OpaTh OTCUETHI Yallle, YeM JBa
paza 3a nepuoj QyHKIIUH.

Ecnu kpome 3HadyeHuit camoro curdHaia g(t) B MOMEHTHl KBAaHTOBAHUS
W3BECTHBI TAaK)X€ W 3HAYEHHsI €r0 MPOM3BOJHBIX, YACTOTA KBAHTOBAHUS MOKET
ObITh YMEHbIICHA. Tak NMpu U3BECTHBIX NMPOU3BOJHBIX TEOPETUUECKHU JIOCTATOYHO
UCITOJIB30BaTh KBAHTOBAHHME C YACTOTOM s >Wmax-

D@ heKT morIoIeHus 4acTOT
Ecnu yacTtoTa ®ma, OrpaHUUYMBAIONIAS CIEKTP HEMNPEPHIBHOTO CHUTHAJA,
Oonpiie yactorhl HaiikBHCTa, HENpPEpPBIBHBIM CUTHAJNT HENb3S OJIHO3HAYHO
BOCCTAHOBUTH IO JUCKPETHBIM U3MEPEHUSIM.
PaccmoTpuM, 4YTo mpoucxoauMT Tpu KBaHTOBaHMM curHana g(t)=-sin 1,8t
c nepuogoM T =1 . Ero yrmoBas udactora, paBHass wg=1,87, OOJbIIE YaCTOTHI
HaiikBucta oy =7, T.e. ycioBus Teopembl KotenpuukoBa-llleHHOHa HapyIIIEHBI.

0 & 10 ¢

Puc. 7. 3ddert nornowWeH WA YacToT NP KBEAHTOBAHWH



I'padmk u3menenus curnana ¢(t) Bo BpeMeHU TOKa3aH CILIONTHOW JTMHHUEH
Ha puc. 7. ToukamMu OTMEUYEHbl 3HAYEHMs] CHTHAja B MOMEHTbl KBAaHTOBaHUS,
KOTOpBbIE TOYHO JjoXkaTcss Ha cuHycoumy (i(t)=-sin 0,2znt (mTpuxoBas TUHES).
YyuthiBas MepuoOAMYHOCTH

CHHYCa U PABEHCTBO 27 = s , pH LenbiXx K momydaem

—sinmok T =sin (2nk—wkT) = sin[(ms— kT ]).

B nmamnOoM cimydae o =1,8m u ®;— wg= 0,21, mO3TOMY MBI HE CMOXXEM
oranunth curHaiael Q(t) m  Qi(t) mo muckpeTHBIM oTcueTam. ['OBOpST, HUTO
yriaoBas dactota 0,2m mornomaer yactory 1,8m. B obmem ciyudae mro0as
gactota ® W3 auana3oHa 0 < ® < @y IOTJIOIIAeT YacTOTHI

Ws = ®, 20 £ O, 30+ O, ...,

T.€., 3TH YaCTOThI B CIIEKTPE BXOJHOI'O CUTHAja IIOCJIE KBAHTOBAHUH HEOTINYUMBI
OT YacTOThI .

Kak mpaBuio, crekTpbl peajibHbIX CUTHAJIOB HE pPaBHbI HYJIIO B 00iacTu
4acTOT BbILIE YyacToThl HailkBucTa, mMOTOMY B pe3yibTare 3(@eKTa MOoryIomeHus
4acTOT BBICOKOYACTOTHBIE IIOMEXU IMPOSBIAIOTCS HA HU3KHX 4YacToTax. CHcTeMbl
yIpPaBICHUS IUHAMUYECKUMHU OOBEKTAaMH OOBIYHO  CTPOATCA TaK, YTOOBI
pearupoBaTh TOJBKO HAa HHU3KOYaCTOTHBIE M CPEAHEYACTOTHBIE BO3MYILICHMUS.
M3-3a s¢¢dexTa MNOIIOMIEHNUs YacTOT peryiasaTop OyIeT pearupoBaTb Ha
BBICOKOYACTOTHBIE IIOMEXHM, 4YTO KpailiHe HexenarenbHo. [loaTomy Ha BXoze
nM(pPOBOl YACTH yCTaHABIMBAIOTCS (DHIBTPBI HU3KOM 4YacTOThI, KOTOpbIE
OTQUIBTPOBBIBAIOT BBICOKOYACTOTHBIE MOMEXM Mepe]l KBAHTOBAHUEM.



u¢pposbie 3aKOHBI yIIPaBJICHUS.

Onucanue paboTel LU(PPOBOI YacTU
PaccMoTpum  Omok-cxemy  KOMIBIOTEpa, TIOKa3aHHY0O Ha puc. 4.
BXOIHBIM CUTHAJIOM ISl MPOTPaMMBbI SIBISIETCS TIOCIIEIOBATEIBHOCTh 3HAUCHUH
{e[k]}, mocrynatommx ¢ Beixoma AIII. Ilporpamma ympaBiieHHs HpPEACTaBISCT
co00Oif  HEKOTOpOe TMpaBWJIO  (aNropuTM), IO  KOTOPOMY BXOJTHAS
MIOCIIEI0BATEIHHOCTh {e[k]} npeodpazyeTcs B YIPAaBISIONIYIO
nocienaoBareabHoCTh {V[K]}.
Ha momeHT ty = KT xoMmmbloTepy JAOCTYIHBI TEKyIee W BCE MPEAbLIYIIHE
3HAYCHUS BXOJHOTO CHTHAJIa
..., e[k=2], e[k—1], e[K], (4)
a TaK)Ke MPEIbIIYINE 3HAUYSHUS YIPABIISIONIETO CUTHAJIA
..., V[k—=3], v[k — 2], v[k —1].

3amaya mporpaMmMbl — TOCTPOUTH OUEPEIHOE 3HAUCHUE
v[K] = 3(e[K].e[k —1], ..., v[k —1], v[k = 2], ... ), (5)
rae 3(K) — Hekoropas pyHKIHSA CBOUX apTyMEHTOB.

[Tockosbky B (5) HE UCMIONB3YIOTCS OYyIyIIME 3HAUYCHUS] BXOJIHOT'O CUTHAJIA,
TaKOW 3aKOH YIIPaBJICHUS HA3bIBACTCSA (PU3UUECKH PeATU3yeMbIM. JTO 3HAYUT, YTO
€ro MO’KHO pPeasii30BaTh B peaIbHON CUCTEME 0e3 «IpecKa3aHus OyayIIero.

JInHenHbIe 3aKOHBI YIIPABJICHUS

JIuHelHBIM Ha3bIBAETCS 3aKOH IUGPOBOro yrpanieHus (5), B KOTOPHIA BCe
BEJIMYMHBI BXOJAT JIMHEWHO, T.C., MPOCTO YMHOXAIOTCS Ha KOA(DPUIIMEHTH U
CKJIQ/IBIBAFOTCA.

JIvHENHBIN 3aKOH, IPU KOTOPOM HCHOJIB3YIOTCS TOJIBKO 3HAYEHUS

BXOJHOM ITOCJIEOBATEIBHOCTH:

v[K]= age[k]+ aie[k —1]+ ... + ane[k — N], (6)

rne  aii = 0, ... , N) — uyucnoBblec KOI(PPHUIMEHTHI, HAa3bIBACTCSA
ckomp3smM cpeaauM (CC).

JIuHEWHBIA 3aKOH yOpPaBJIEHHUs, IPU KOTOPOM MCHOJIB3YIOTCS TOJBKO
NPEABIAYIIME 3HAYEHHS  BBIXOJHOM  MOCIENOBATEIBbHOCTH W IOCIIEIHEE
3HAYEHHE BXOJA!

V[K]+ byv[k-1]+ ... + byv[k — N]=e[k],

rne bi(i =1, ... , N) — uwncioBbie KOI(PPHUIMEHTH, HA3BIBACTCS
aBTOPErPECCUOHHBIM mpoiieccoM (AP).

JIuHelHBI  3aKOH  yIpaBieHUs  OOIIEro  BHWAA, TMPU  KOTOPOM
HCIIOJIB3YIOTCS MpeIbIayIIIE 3HAYCHUS BXOJHOU 151 BBIXOJIHOM
MOCIIEI0BATEIbHOCTEM:

vE]+ bk =1]+.. .+ b k- N]=

: (7)
agelk]+aelk -1]+... +a,elk-N]

rae ai(i=0,...,N)u bi(i =1, ..., N) — uncnoBsie K03(HUIHEHTHI, Ha3bIBACTCS
ABTOPETPECCHOHHBIM TPOIIECCOM CO CKOJb3sImuM cpeaaum (APCC).
VYpaBuenus Buga (7), CBS3BIBAIONIME JBE YHCJIOBBIC MOCIEAOBATEIIBHOCTH,



Ha3bIBAIOTCS JIMHEMHBIMU PA3HOCTHBIMU YPABHEHUSMHU. DTO HA3BAHUE CBA3AHO C
TEM, YTO OHU MOTYT OBITh 3aMMCaHbl B (hOpMe:

BV k4B VAT 4 Byvlk] =
o VVelk]+o, V" elk]+... +oe[k],
rae o, w B (i=0,...,N) — koapcbuumentsl, a V' g[k] ana noboii
nocnegoeartensHocTw gk ]} obozxadvaeTr obpaTHyw pasHOCTL No-

pAgka {:
vV glk]=glk]-glk-1],
Viglk]=Vg[k]-Ve[k-1].

Viglk]l=V""g[k]-V" glk -1]



