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cpedHeao cmydeHma, A bydy 00ObsiCHSMb Ha narib-
uax. Omo He 04YeHb MPoeccuoHarbHO, 3amo [o-
HAMHO».
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Mpepucnosue

Ota MeToAnYKa IpeAHa3Ha4yeHa Ui IEpBOro 3HaKOMCTBa ¢ npeameroM. Ee 3anaya — 00BbsCHUTH
«Ha TaJblax» OCHOBHBIE MOHIATUS Meopuu AgmomMamuiecKko2o pe2yiupoeanus U cAenaTh Tak, YTOObI
MocJyie ee MPOYTEHHS BBl CMOTJIM BOCTIPHHUMATH NMPO(ECCHOHANBHYIO JTUTEpaTypy Ha 3Ty TeMy. HyxHO
paccMaTpuBaTh 3TO MOCOOHME TOJBKO Kak ()yHIAMEHT, CTapTOBYIO IJIOIIAJKY JUISI CEPbE3HOI0 M3yue-
HUS CEPhE3HOT0 MPEMETa, KOTOPBIH MOXKET CTaTh OYCHb HHTEPECHBIM U YBIIEKATECILHBIM.

EcTh coTHM yueOHUKOB 110 aBTOMaTHYECKOMY ymnpasieHuto. Ho Bcs mpobiema B TOM, 4TO MO3T
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HOCTEH M YIyIIEHUH, TOCKOJIBKY (B COOTBETCTBUH C LEISIMHU TIOCOOMS) MEXIY CTPOTOCTBIO M MOHST-
HOCTBIO BBIOOp BCET/Aa JeNaeTcs B MOJIb3y MOHATHOCTH.
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1. OCHOBHbIE NOHATUA

1.1. BeedeHue

C npeBHHX BpEeMEH YeJOBEK XOTeJ HCIOIb30BaTh MPEAMETHI M CUIIBI MIPUPOABI B CBOMX IEISIX,
TO €CTh YNpaeisims UMU. YTIPABIATH MOKHO HEOAYIICBICHHBIMU MpeIMETaMy (HapuMep, MepeKaThl-
Bas KaMEeHb Ha JPyroe MEeCTO), KUBOTHBIMH (JIPECCHUPOBKA), TIOAbMH (HaYaIbHUK — MOJYHMHEHHBIN ).
MHOXecTBO 3a/1a4 YIPaBICHUS B COBPEMEHHOM MHUPE CBSI3aHO C TEXHWYECKHMMHU CHCTEMaMH — aBTO-
MOOUIISIMHU, KOpaOIsiMH, caMoJieTaMH, CTaHKamMH. Hampumep, HY>KHO TOJIEPKUBATh 3aJlaHHBI Kypc
KOpalJisi, BEICOTY CaMOJIeTa, YaCTOTY BPAICHHS JBHUTATENsl, TEMIIEPATYPy B XOJOIMILHUKE WU B TIe-
yn. Ecnu 5T 3a1aun pemarorcst 63 y4acTus 4eoBeKa, TOBOPST 00 agmomamuyueckom ynpasieHuu.

Teopust ynpaBiieHUsI TBITAETCSI OTBETUTh HA BOIPOC «KakK HY»HO ympamisaTh?». Jlo XIX Beka
HayKu 00 YIpaBJICHWU HE CYIIECTBOBAJIO, XOTS MEPBbIE CUCTEMbI aBTOMATHUECKOTO YIPABICHUS yKe
ObuM (HarpuMep, BETPSHBIC MEIBHUIBI «HAYYWIN» Pa3BOpAadMBATHCS HABCTpeuy BeTpy). Pasurune
meopuu yIpaBlIeHUs] HA4YajJoCh B MEPHO] MPOMBILIUICHHON peBomonyu. CHayana 3TO HallpaBlICeHUE B
HayKe pa3padaThIBaJIOCh MEXaHWKAMU ISl PEIICHHS 3a7a4 pe2yauposanus, TO €CTh MOJIePKaHus 3a-
JAHHOTO 3HAYEHUS YaCTOThI BpAIICHHsS, TEMIEPATyphl, JaBICHUS B TEXHMUYECKUX YCTpOHCTBax (Ha-
MpUMeEp, B MAapOBHIX MamunHax). OTCI0]a MPOUCXOANT HAa3BaHUE TEOPHS aBTOMATUYECKOTO PETYIIHPO-
BaHUS.

[To3aHee BBIICHUIIOCH, YTO MPUHIUIBI YIPABICHUS MOXKHO YCHEIIHO MPUMEHATh HE TOJIBKO B
TEXHUKE, HO U B OMOJIOTUH, SKOHOMHUKE, OOIIIECTBEHHBIX Haykax. [Iporecchl ynpaBieHust 1 00paboTKH
nHpOpMaLMU B CUCTEMax JIt0OOH MPHUPOIbI U3ydyaeT Hayka xkubepHemuxa. OAUH U3 €€ pa3/esioB, CBA-
3aHHBII TJIaBHBIM O0Opa30oM C TEXHHYECKMMH CHUCTEMaMM, HA3bIBACTCSl meopuell asmomMamuyecko2o
ynpaenenus. KpoMe KIIacCHUECKUX 3ajad peryJvpoBaHus, OHa 3aHUMAETCS TaK)Ke ONTHMHU3ALUEH 3a-
KOHOB YITpPaBJICHUS, BOMPOCAMHU MTPUCTIOCOOIAEMOCTH (a1arTalluin).

WHorna Ha3BaHUS «TEOpUs aBTOMATHUECKOTO YNPABJICHUS» U «TEOPHsI aBTOMATUYECKOTO pery-
JUPOBAHUS UCHOJIB3YIOTCS Kak CUHOHUMBI. Hanpumep, B coBpeMeHHOM 3apy0eXHON JIUTEpaType BbI
BCTPETHUTE TOJIBKO OJUH TEPMUH — control theory.

1.2. Cucmembl ynpaesneHus

1.2.1. U3 ueco cocmoum cucmema ynpasieHus?

B 3agauax ympasneHus Bcerja ecThb JBa 00BbEKTa — YNpaBisieMblid U YIPABIAIOIMNA. YIIpaBise-
MBIl OOBEKT OOBIYHO HA3BIBAIOT 0OBEKMOM YNPAGIe s NN TIPOCTO 00beKmMoM, a YIPABIISIIONINHA 00b-
eKT — pecyramopom. Hanpumep, Npu yInpaBieHUHM YacTOTOM BpalleHUs] OOBEKT yNpaBIECHUS — 3TO
JIBUTATEIb (JIIEKTPOMOTOp, TypOHMHA); B 3a7ade cTabMiIM3annu Kypca Kopadisi — Kopaliib, TOTPYKeH-
HBI B BOJy; B 3ajade NOJIEP)KaHUs YPOBHS TPOMKOCTH — JIMHA-
MUK.

Perynaropel MOryT ObITh HOCTPOEHBI HA Pa3HbIX IMPUHIIUIIAX.
Camplii 3HaMEHHTBHIM M3 TEPBBIX MEXAHHMUECKUX PETyJsATOPOB —
LEHTPOOESKHBIA perynarop Yarra A cTaOMiIM3allud 4YacTOThI
BpalleHus MapoBoil TypOuHbI (Ha pucyHke cnpasa). Korma yacrora |
BpAIIEHHUs YBEIMIMBAETCS, IAPHKH PACXOIATCS W3-3 YBEIUYEHUSA |
LEHTPOOEKHOM CHIEL TIpH 3TOM uepe3 CHCTEMY PhIuaroB HEMHOTO .,
3aKpbIBAETCS 3aCJIOHKA, YMEHbINIAs IIOTOK Iapa Ha TypOuHy. /= fe---

Perynstop TemnepaTypbl B XOJOJMIBHUKE WA TEPMOCTATE —

9TO 3JIEKTPOHHAs CXEMa, KOTOpasl BKIIIOYAET PEXHUM OXJIaKIACHUS (=
(

(wn HarpeBa), €CiIM TEMIEpAaTypa CTAHOBUTCS BbIIIE (MJIM HUXKE) napwa

3aJaHHOM. TypGuHY

Bo MHOTMX COBPEMEHHBIX CUCTEMAX PETYISATOPBI — 3TO MUKPOIIPOLIECCOPHBIE YCTPOMCTBA, KOM-
npioTepbl. OHU YCIIENIHO YIPABIIAIOT CaMOJeTaMH U KOCMUYECKUMH KopaOisiMu 6e3 ydacTus 4eoBe-
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ka. COBpeMEHHBIIi aBTOMOOMIIb OYKBaJbHO «HANWYKAH» YMNPABISIOMEH 3JIEKTPOHUKON, BIJIOTH 10
OOPTOBBIX KOMITBIOTEPOB.

OOBbIUHO perynaTop JecTByeT Ha OOBEKT yNpaBlIeHHUs HE MPSAMO, a Yepe3 UCHOIHUTEIbHbIE Me-
XaHU3MBI (1pu600sbl), KOTOPHIE MOTYT YCHJIMBATh U MPEOOPa30BbIBATh CUTHAJ YIIPABICHUS, HAIIPUMED,
EKTPUUYECKUI CUTHAJI MOXKET «IIPEBPAIaThCS» B MepeMellleHHe KialaHa, peryJupyronero pacxos
TOIJIMBA, WJIK B IOBOPOT PYJIsl HA HEKOTOPBIN yTOJI.

YToOBl PEryasTOp MOT «BUAETHY», YTO (DAKTUUECKH MPOUCXOTUT C OOBEKTOM, HYXKHBI OamMUUKU.
C momomuIpl0 JaTYMKOB Yalle BCETO M3MEPSIOTCS T€ XapaKTEPUCTUKU OOBEKTa, KOTOPHIMH HYXHO
ynpaBiate. Kpome Toro, kauecTBo ynpaBieHHUs MOXKHO YIyUIIUTb, €CIIU MOJy4aTh JOMOJHUTEIbHYIO
nH(OpPMaLIMIO — U3MEPSTHh BHYTPEHHUE CBOMCTBA 00BEKTA.

1.2.2. Cmpykmypa cucmemol

WTak, B THIINYHYIO CUCTEMY YIIPABICHHS BXOJAT OOBEKT, PETyJIATOp, MPUBOJ U AaT4UKU. OHa-
KO, Ha0Op 3THX PJIEMEHTOB — €Ille He cucTeMa. [ mpeBpalieHusi B CUCTEMY HYXKHBI KaHAIbl C8A3U,
yepe3 HUX ujaeT oOMeH MHpopManueil Mexay sneMeHTamu. s nepenadn MHGOpMAaLMKU MOTYT HC-
MOJIb30BAThCS HIIEKTPUUECKHNA TOK, BO3AYX (ITHEBMAaTHYECKHE CUCTEMBI), JKUAKOCTh (THIPABIUYECKUE
CHCTEMBI), KOMIIBIOTEPHBIE CETH.

B3anMocBs3aHHBIE 3JIEMEHTHI — 3TO YK€ cucmema, KOTopas o0nagaet (3a cueT CBs3eil) 0coObIMU
CBOWCTBaMHM, KOTOPBIX HET y OT/IEJIbHBIX 3JIEMEHTOB U JII000H MX KOMOUHAIIHH.

OcHOBHasi HHTpHTa YIIPaBICHHUS CBA3aHA C TEM, YTO Ha OOBEKT JACHCTBYET OKpY Kalolas cpeaa —
BHeWHUe 603MYUjeHUs, KOTOPBIE «MEIIAIOT» PEryJIATOPY BBIIOJIHATH IOCTABJICHHYIO 3a1ady. bonb-
LIMHCTBO BO3MYILIEHUN 3apaHee HEIPEACKa3yeMBbl, TO €CTh HOCAT CIIy4alHBbI Xapakrep.

Kpome Toro, matunku u3MepsitoT mapaMeTpbl HE TOYHO, a ¢ HEKOTOPOM OIIMOKOM, MyCTh U Ma-
JI0M. B 3TOM cily4ae roBOpsT O «IIyMaX U3MEPEHUN» 110 aHAJIOTHUU C IIyMAaMH B PaJIHOTEXHUKE, KOTO-
PBIE€ NCKAXKAIOT CUTHAJIBL.

ITogBoxast UTOrO, MOXKHO HAPUCOBATH CTPYKTYPHYIO CXEMY CUCTEMBI YIIPaBICHUS TaK:

npaBneHun ‘“
safaHme ynpasnewne < = BHelHue
“2 Y BoamyweHns
s>\ pDETYNATOP |[wwsmssdy| MPUBOA 006BbEKT
; OaTYUKUN
obpatHas |: LY Mbl
CBs3b e/ '\V M3MEPEHUN

Hanpuwmep, B cucteme ynpaBieHUs] KypcoM Kopaost

® 00vexm ynpasienus — 3TO caM KOpadilb, HAXOIAIIUICS B BOJIE; sl YIPABICHHS €r0 KypCOM HC-
HIOJIB3YETCS PyJIb, U3MEHSIONINI HAalPaBJIEHHE OTOKA BOJIbI;

e peeynamop — UPPOBasi BHIYUCIUTENbHAS MAIINHA;

®  1puBo0 — pPyJeBOE yCTPOMCTBO, KOTOPOE YCHUIIMBACT YIPABISIOUIMNA 3JIEKTPUUECKUN CUTHAI U
npeoOpa3yeT ero B IOBOPOT PyJIs;

® OJamuuxu — V3MEPHUTENbHAs CUCTEMa, OTpeAesomas (GakTHIeCKUi Kypc;

®  gHewHUe 803MYUeHUsI — 3TO MOPCKOE BOJIHEHHE U BETEp, OTKIOHSIONINE KOPadIb OT 3alaHHOTO
Kypca;

®  WYMbl UsMEpeHUti — 3TO OIMINOKH JaTYNKOB.

Wudopmanus B cucteme ynpaBieHHS KaK Obl «XOJHUT IO KPYTY»: PETYJISATOP BBIIACT CHTHAJ
yTpaBJICHUS Ha TIPUBO/JI, KOTOPBINA BO3JCHCTBYET HEMOCPEICTBEHHO Ha OOBEKT; 3aTeM MH(OpMaIus 00
00BeKTe Yepe3 JaTYMKH BO3BpAIlaeTcsi 00OpaTHO K PETYJSATOpY M BCe HAYMHAETCS 3aHOBO. ['oBOpsT,
YTO B CUCTEME €CTh 0OPAMHAsL C653b, TO €CTh PETYJIISTOP UCIOIb3yeT HH(YOPMALIUIO O COCTOSHUN 00B-
eKTa JJ1s BEIpaOOTKH yrpasiaeHus. CucTeMbl ¢ 00paTHON CBA3bIO HA3bIBAIOT 3AMKHYMbIMU, TIOCKOJIBKY
nHpOpMAaLUs IepeaaeTCs 10 3aMKHYTOMY KOHTYPY.
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1.2.3. Kax pabomaem pecynsmop?

PerynsTop cpaBHUBaeT 3aJatolIMii CUTHAN («3aJaHUE», KYCMABKY», OKEIaeMoe 3HAUCHUE») C
CHUTHAJIaMU OOpaTHOHM CBSI3M OT JATUYMKOB M ONPEACTSIeT paccoenacosanue (OWubKy ynpasneHus) —
Pa3HUIly MEXIYy 3aJaHHbIM U (PaKTHUYECKUM cocTosiHueM. Ecii OHO paBHO HYJII0, HUKAKOTO yIpasie-
HUs He TpebyeTcs. Ecnu pa3HuIa ecTh, peryisTop BbAAET YIPABISIONUN CUTHAI, KOTOPBIA CTPEMUT-
Csl CBECTH paccoryiacoBanue kK Hymwo. [IoaToMy cxemy perynsaropa BO MHOTHX CIIy4asX MOXKHO HapH-
COBATh TaK:

3afaHue paccormnacoBaHue
m— (oLunbka) yrpasneHue

anroput™

7 [— yripaBneHms [ >

obpaTHas cBs3b
Takasi cxema MoKa3bIBaeT ynpasgienue no owubke (WU N0 OMKIOHEHUI0). ITO 3HAYUT, YTO AJI TOTO,
YTOOBI PEryJsATOp Hayal ACWCTBOBATH, HY)KHO, YTOOBI YIpaBisieMas BEJIWYMHA OMKIOHULACH OT 3a-
JAHHOTO 3Ha4YeHMs. biok, 0003HaUYCHHBIN 3HAKOM # , HAXOAHUT paccoriiacoBanue. B mpocTteiimem ciy-
Yyae B HEM U3 33JJaHHOTO 3HAYCHHS BBIYUTAETCS] CUTHAJ 0OpaTHO CBS3M (M3MEPEHHOE 3HAUCHUE).

MO>XHO 7T ypaBJIATh OOBEKTOM TaK, 4TOOBI HE ObUTO OMMOKH? B peasbHBIX CUCTEMax — HET.
[Ipexxne Bcero, u3-3a BHEIIHUX BO3JEHCTBUI U IIyMOB, KOTOpPBIE 3apaHee Heu3BecTHbI. Kpome Toro,
O0OBEKTHI yNpaBieHUs 001a1al0T UHEPYUOHHOCHIbIO, TO €CTh, HE MOTYT MTIHOBEHHO MEPEUTH U3 OJIHO-
IO COCTOSIHUS B Jpyroe. Bo3MOXHOCTH peryisTopa U NPUBOJOB (TO €CTh MOIIHOCTh CHTHAJIA YIIPaB-
JICHHsI) BCeTJja OTpaHUYEHbI, I03TOMY OBICTPOACHCTBHE CUCTEMBI YIIpaBieHUs (CKOPOCTh Mepexoaa Ha
HOBBI PEXUM) TaKXKe OorpaHudeHa. Hampumep, mpu ympaBlieHUU KopabiieM yroi MEepeKIagKud pyJis
00b1yHO He mpeBbimaeT 30 —35°, 3To OrpaHUYMBACT CKOPOCTh U3MEHEHHUS Kypca.

Ms1 paccMOTpenu BapHaHT, KOTJa 0OpaTHasi CBSA3b MCIONB3YETCs IS TOTO, YTOOBl YMEHBIINUTh
pasHUIy MEXIY 3a/laHHBIM U (DAaKTHYECKUM COCTOSTHHEM OOBEeKTa yrpaBieHus. Takas oOpaTHasi CBS3b
HA3BIBACTCS OMpuyamenbHoll, TOTOMY YTO CUTHAJI OOpaTHOM CBSI3U Gbluumaemcs U3 3aJal0IIeT0 CUT-
Hana. MoxeT i ObITh Ha000poT? OKa3wiBacTcs, Aa. B 3TOM ciydae oOpaTHas CBSA3b HA3BIBACTCS NO-
JIOJHCUMENbHOLL, OHA y8eludusaenm paccoriacoBaHHe, TO €CTh, CTPEMHUTCS «packadaTb» cucremy. Ha
MIPaKTHKE IMOJIOXKUTEIbHAsE OOpaTHas CBsI3b MPUMEHSIETCS, HAllpUMeEp, B FeHepaTopax Ul Hojaepxka-
HUS HE3aTYXaIOLUX AMEKTPUUECKUX KOTIECOAHU.

1.2.4. PazomxHymoble cucmemobl

MOHO 71 yHnpaBisiTh, HE UCHONB3Ys 00paTHyIO CcBsi3b? B mpunuune, Moxxno. B atom ciyuae
pEryJysaTop He IMOoJydyaeT HUKakoW MH(OpMalUu O pealbHOM COCTOSIHUM OOBEKTa, MOITOMY JOJKHO
OBITH TOYHO M3BECTHO, KaK ATOT 00BEKT ceOsi BexeT. ToNbKO TOraa MOXKHO 3apaHee pacCUuTaTh, Kak
UM HY’KHO YHPaBJISATh (IIOCTPOUTH HYXKHYIO npozpammy ynpasieHus). OJHAKO IpU 3TOM HeEIb3d Ia-
PaHTHUPOBATh, UTO 3a/laHKe Oy/eT BBINOIHEHO. Takue CUCTEMBI Ha3bIBAIOT CUCEMAMU NPOSPAMMHOZO
Ynpaenenuss WA pasoMKHYMbIMU cucmemamu, TOCKOJIbKY MH(pOpMaLUs MepelacTcs He 10 3aMKHYTO-
My KOHTYPY, a TOJIbKO B OJJHOM HaIIpaBJICHUMU.

ynpasrneHue <
nporpamMmma “5¢
mmmmmsl>-| pEryNATOp |mmsmmdy| NpuBoL [y OO0BLEKT
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Crnenoii FJ'IYXOI\/'I BOAUTCJIb TOXKEC MOKCT BCCTH MAIIHNHY. HeKOTOpOG BpeMs. IToxa oH MOMHHUT
A0pory mu CMOXET MPaBHUIIbHO pacCUUTaTb CBOC MECTO. Iloka Ha IMYTH HC BCTPETATCA MECIICXOAbl WJIN
APYTruc MalurHbIl, O KOTOPBIX OH 3apaHCC HE MOKET 3HATh. N3 sToro IpoCcToro nmpumepa sACHO, 4To 0e3
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oOpatHO# cBsi3u (MHGOpPMAILIMK C AATYMKOB) HEBO3MOXKHO YYECTh BIHMSHHUE HEH3BECTHBIX (DAKTOPOB,
HEMOJIHOTY HaIlllX 3HAHUU.

Hecmotpst Ha 3TH HEAOCTATKHU, PAa30MKHYTbIE CUCTEMbI IPUMEHSIIOTCS Ha mpakTuke. Hampumep,
nHpopManroHHOE TalIo Ha Bok3aie. Mmu mpocTeiiias cucteMa ynpaBJieHHUs IBUTATEIEM, B KOTOPOH
He TpedyeTcs O4YeHb TOYHO NOJACPKHBATh YaCTOTy BpamieHus. OJHAKO ¢ TOYKH 3PEHUS TEOPHUH
YIPaBJICHUS Pa30MKHYThIE CUCTEMbI MAJIOMHTEPECHBI, U MBI HE OyJieM OOJIbIlIe TPO HUX BCIIOMUHATH.

1.3. Kakue 6biearom cucmembl ynpaesieHusi?

Aemomamuueckasn cucmema — 3T0O cUCTeMa, paboTaromas 0e3 yyactus dyenoBeka. EcTb emie ag-
MOMAMuU3upo8anHvle CUCTEMBI, B KOTOPBIX PyTHHHBIE MPOIECCHl (cOOp W aHanu3 WH(OpMAIUK) BbI-
MOJIHSAET KOMIBIOTEP, HO YNPABJISET BCEl CHCTEMOI YeTI0BEK-0IepaTop, KOTOPhIM 1 MPUHUMAET perie-
HUs. MBI OyZieM Jlanee u3ydarh TOJIbKO aBTOMATHYECKUE CUCTEMBI.

1.3.1. 3a0auu cucmem ynpagnenus

ABTOMAaTHYECKHE CUCTEMBI YIIPaBICHUS TPUMEHSIOTCS JIJIsl PEIICHUSI TPEX THIIOB 3a7a4:
e cmabunuzayus, TO €CTh MOAJICPKAHUE 3aJAaHHOTO PeXUMa PabOThI, KOTOPBIM HE MEHSCTCS JIJTU-
TeNIbHOE BpeMs (3aal0luid CUTHAI — IOCTOSIHHAS, YaCTO HYJIb);
® npocpammuoe ynpaeienue — yIpaBJICHUE MO 3apaHee U3BECTHOM Mporpamme (3aJarolluid CUr-
HaJl MEHSETCs, HO 3apaHee U3BECTEH);,
® ciedicerue 3a HEM3BECTHRIM 3aJaf0IIM CUTHAJIOM.
K cucremam crabunm3aiiyi OTHOCATCS, HAIIpUMEp, aBTOPYJIEBbIE Ha KOpaOIsax (Moanep:kaHue 3a1aH-
HOTO Kypca), CHCTEMBI PeryJIMPOBaHUS YacTOTHI BpaimieHus TypOuH. CHCTeMBbl IPOrPaMMHOTO YIIPaB-
JICHHsI IHAPOKO MCIONB3YIOTCS B OBITOBOI TEXHUKE, HAPUMEP, B CTHPATbHBIX MamuHax. Creasiime
CHUCTEMBI CITyKaT JIJIsl YCHJICHHUSI W MPeoOpa3oBaHUs CUTHAJIOB, OHM MPUMEHSIOTCS B TIPUBOAAX U TIPHU
nepeaadye KOMaH/1 yepe3 JMHUU CBs3H, Hanpumep, yepe3 MuTepuer.

1.3.2. Oonomepnvie u MHO2OMEPHbBLE CUCTEMDbL

[To xomM4ecTBY BXOJOB U BBIXO/I0B OBIBAIOT
® 00HOMepHble CUCTEMBI, Y KOTOPBIX OJIMH BXOJ U OJUH BHIXOJ (OHHM pacCMAaTPUBAIOTCS B TaK Ha-
3BIBAEMOM KIACCUYeCKOl TEOPUN YIIPABIICHHS);
® MHO2OMepHble CUCTEMBbI, UMEIOIINE HECKOJIbKO BXOJOB H./MJIM BBIXOJOB (TJIaBHBINA IMpeaMeT
U3YYEHUS COBPEMEHHOU TEOPUN YTIPABIICHHUS).
Mpi OyaeM u3yuyaTh TOJIBKO OJIHOMEPHBIE CUCTEMBI, TJI€ U O0BEKT, U PETYJIATOP UMEIOT OJUH BXOHOM
U OAMH BBIXOAHOHM curHain. Hampumep, mpu ympasieHHH Kopabjem MO Kypcy MOXHO CUHTaTh, YTO
€CTh OJIHO YTPAaBIIAIOIICe BO3ACHCTBIE (TIOBOPOT PyJIsl) M OJHA PETyIMpyeMasi BeaTudrHa (Kypc).
Opnako, B caMOM JieJie 3TO He COBCEM BepHO. Jleno B TOM, 4TO IIpHU M3MEHEHHUH Kypca MEHSETCS
Takke KpeH u quddepent kopadins. B oqnomepHON Momenu Mbl IpeHeOperaeM 3TUMHA U3MEHEHHUSIMU,
XOTSI OHM MOTYT OBbITh OY€Hb CylIeCTBEHHBbIMH. Hampumep, nmpu pe3koM MOBOPOTE KPEH MOXKET J10C-
TUTHYTh HeJomycTuMoro 3HayeHus. C qpyroil CTOpOHBI, AJIS YIPaBJIEHUS MOXKHO HCIOJB30BaTh HE
TOJILKO PYJb, HO M Pa3IMYHBIC MOJPYIUBAIOLINE YCTPOUCTBA, CTAOMIN3ATOPHI KAYKH U T.I., TO €CTh
00BEKT UMEET HECKOJBKO BX0/J0B. Takum 00pa3om, peajbHas cucTeMa yIpaBlIEHUs KypCOM — MHOTO-
MepHasl.
HccnenoBanrie MHOTOMEPHBIX CUCTEM — JOCTATOYHO CIIOKHASI 3a7]auya M BBIXOJUT 32 PAMKHU 3TO-
ro noco6us. I1oaToMy B MHKEHEPHBIX pacueTax CTapaloTCs MHOTAA YNPOIIEHHO MPEACTaBUTh MHOTO-
MEPHYIO CUCTEMY KaK HECKOJIBKO OJJHOMEPHBIX, U JOBOJIHHO YacTO TAKOM METOJI MPUBOIUT K YCIIEXY.

1.3.3. Henpepuighovie u ouckpemuvie cucmembl

ITo xapakTepy CUTHAJIOB CUCTEMBI MOTYT OBITh
® HenpepbleHbIMU, B KOTOPBIX BCE CUTHAJIBI — (DYHKIIMH HENPEPHIBHOIO BPEMEHH, OTPEACICHHbIC
Ha HEKOTOPOM MHTEPBAJIE;
® OuckpemHbviMU, B KOTOPBIX HCIOJB3YIOTCS JAUCKPETHBIE CHUIHAJBI (IIOCIEIOBATENBHOCTU YH-
CEJl), OIIPENIETICHHBIE TOIBKO B OT/AEIbHBIE MOMEHTHI BPEMEHU;
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® HenpepuleHO-OUCKPEeMHbIMU, B KOTOPBIX €CTh KaK HEMPEPhIBHBIC, TaK M JUCKPETHBIC CUTHAJIBL

HenpepoiBHbIE (WIIN aHA0206ble) CUCTEMBI OOBIYHO ONUCHIBAIOTCS TU(GepeHIINaIbLHBIMEI YPaB-
HEHHSAMH. DTO BCE CHCTEMbI YIPAaBJICHHUS IBIDKCHHEM, B KOTOPHIX HET KOMITBIOTEPOB U APYTHX 3Je-
MEHTOB JIUCKPETHOTO ACHCTBUS (MUKPOIIPOLIECCOPOB, IOTHYECKUX UHTETPATLHBIX CXEM).

Mukponpoueccopsl ¥ KOMITBIOTEPHI — 3TO AUCKPETHBIE CHCTEMBI, IIOCKOIBKY B HUX BCsI MH(Op-
Malust XpaHuTcss 1 oOpabarbiBaeTcsi B JUCKpeTHOH popme. KomnbroTep He MOxeT 00pabaThiBaTh He-
IPEPBIBHBIE CUTHAIBI, TOCKOJIBKY PabOTaeT TONBKO C nocredogamenvHocmamu ducen. [Ipumepsr muc-
KPETHBIX CUCTEM MOYKHO HalTH B SKOHOMHKE (IIEPHUOJI OTCUYETa — KBapTall WIIM TO/1) ¥ B OMojoruu (Mo-
JeTb «XUIIHUK-KEePTBa»). [ MX onHMcaHus NPUMEHSIOT pa3HOCHHble YPAaBHEHUS.

Cy11ecTBYIOT TaKKe U THOPUIIHBIE HenpepbleHO-OUCKpenHble CUCTEMBI, HallpUMep, KOMIIBIOTEP-
HBIE CHCTEMBI YTPABIICHUS JBIKYIIUMHUCS OOBEKTaMH (KOpaOJIsiMHU, CaMOJIeTaMH, aBTOMOOHIISIMH U
ap.). B HuX YacTh 31eMeHTOB onuchiBaeTcs AU depeHIHaNbHBIMI YPaBHEHUSIMH, a 9YaCTh — Pa3HOCT-
HbIMU. C TOYKH 3pEHUS] MATEMAaTHKH 3TO CO3/1aeT OOJBIINE CIIOKHOCTH ISl UX MCCIECIOBAHMUS, TTOITO-
My BO MHOTHUX CJIy4asiX HEMPEPBIBHO-AUCKPETHBIE CUCTEMBI CBOJIAT K YIPOIIECHHBIM YHCTO HEIPEPhIB-
HBIM WJIM YACTO JUCKPETHBIM MOJICIISIM.

1.3.4. CmayuonapHvie u HecmayuoHapHwvle CUCMEMbL

Jlns ympaBiieHHsT OY€Hb Ba)K€H BOMPOC O TOM, M3MEHSIOTCSA JIU XapaKTEPUCTUKH OOBEKTa CO
BpeMeHeM. CHucTeMbl, B KOTOPBIX BCE IapaMeTpbl OCTAIOTCS MOCTOSIHHBIMU, Ha3bIBAIOTCA CMAyUoHap-
HbIMU, YTO 3HAUUT «HE W3MEHSIOIIMECS BO BpeMEHW». B 3TOM mocoOuH paccMaTpuBalOTCA TOJIBKO
CTallMOHAPHBIE CUCTEMBI.

B mpakTthueckux 3amayax 4acto Jeno oOCTOMT He Tak paayxHo. Hampumep, nersumias pakera
pacxoyeT TOIUIMBO U 3a CUET 3TOr0 ee Macca u3MeHsierca. Takum o0pa3oMm, pakeTa — HEeCTallMOHap-
HbI 00beKT. CHCTEeMBI, B KOTOPBIX MapaMeTpbl 00bEKTa UM PETYJISTOpa U3MEHSIOTCS CO BpEMEHEM,
Ha3bIBAIOTCS HeCMAayuoHapHbimu. XOTS meopus HeCTAIIMOHAPHBIX CHCTEM CyIecTBYeT ((popmMyiibl Ha-
MMCaHbl), IPUMEHUTH €€ Ha IPAKTHKE HE TaK MPOCTO.

1.3.5. Onpeodenennocms u cyuatiHocmo

Campblii TPOCTOI BapuaHT — CUMTATh, YTO BCE MapaMeTpbl 00bEKTa ONpeIeIeHbI (3aJaHbl) TOUHO,
TaK k€, KaK ¥ BHEIIHHUE BO3/EUCTBUA. B 3TOM cityyae Mbl TOBOPUM O OemepMuHuUpo8aHubix CUCTEMAX,
KOTOpPbIE pacCMaTPUBAINCh B KIACCUUYECKOIN TEOPUH yIPABICHUS.

Tem He MeHee, B pealibHbIX 3a7jauax TOYHbIX JAaHHBIX Y Hac HeT. [Ipexe Bcero, 3T0 OTHOCUTCS K
BHEIIHUM Bo3JeiicTBuaM. Hampumep, Ui nccieoBaHusl Kauku KOpaOuis Ha MEPBOM 3Tare MOXHO
CUMTAaTh, YTO BOJIHA UMEET (JOPMY CHHYCa U3BECTHOM aMIUIUTY/Ibl U YaCTOTHI. DTO I€TEPMHUHUPOBAH-
Has Mojienb. Tak u 310 Ha npakThke? EcrecTBeHHO HeT. C MOMOLIBIO TAKOTO MOAX0Ja MOXHO MOJY-
YUTh TOJIBKO MPUOIMKEHHBIE, IPyOble pe3ybTaThl.

[To coBpeMeHHBIM IpeACTaBICHUAM (hopMa BOJHBI MPUOIMKEHHO ONMHMCHIBACTCS KaK CyMMa CH-
HYCOHJI, KOTOpbIe UMEIOT CIyyatiHble, TO €CTh HEM3BECTHBIC 3apaHee, YacTOTHI, aMIUTUTYAbI U (a3bl.
[Tomexu, MIyM U3MEpPEHUN — ITO TOXKE CIIydalHbIE CUTHAJIBI.

CucreMsl, B KOTOPBIX JEHCTBYIOT CilydailHble BOSMYILEHHS WU MapaMeTpbl 00bEKTa MOTYT U3-
MEHATbCA CIy4alHbIM 00pa3oM, Ha3bIBalOTCA cmoxacmuieckumu (BEpOsITHOCTHBIMU). Teopus cToxac-
TUYECKUX CHCTEM IIO3BOJISIET IMOJIy4aTh TOJBKO BEPOATHOCTHBIE pe3ysbTaThl. Hampumep, Henb3s ra-
PaHTHUPOBAaTh, YTO OTKIOHEHHE KOpabis OT Kypca ececoa OyIEeT COCTaBIATh He Oojee 2°, HO MOYKHO
MOMBITAThCSI 00ECTICUUTh TAKOE OTKIIOHEHUE C HEKOTOPOU 8eposamHocmuio (BEpOATHOCTh 99% o3Haua-
eT, 4yTo TpeOoBaHue OyaeT BhIMOIHEHO B 99 ciydasx u3 100).

1.3.6. OnmumanvHvie cucmemol

Yacro TpeboBaHHS K CUCTEME MOXKHO c(HOPMYIHPOBATH B BUC 3a0auu onmumuzayuu. B onmu-
MAbHBIX CUCTEMAX PETYJISATOP CTPOUTCS TaK, YTOObI 00eCeYNTh MUHUMYM WM MaKCUMYM KaKOTO-TO
KpuTepus kauectBa. HyKHO MOMHHTb, YTO BBIPAXKEHUE «ONTUMAJIbHASI CUCTEMA) HE O3HAYAET, YTO OHA
NeNCTBUTENBHO HJleanbHast. Bee onpenensercst npuHATHIM KPUTEPUEM — €CJIM OH BBIOpaH y/1ayHO, CUC-
TeMa MOJTYYUTCS XOPOIIIasi, €CIH HEeT — TO HAa00OPOT.
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1.3.7. Ocobwie knaccol cucmem

Ecnu mapameTpsl 00beKTa WM BO3MYILEHUI U3BECTHBI HETOYHO UM MOTYT U3MEHSThLCS CO Bpe-
MeHEM (B HECTAIlMOHAPHBIX CHUCTEMaX), MPUMEHSIOT adanmugHble U CAMOHACTPAUBAIOIINECS PETy-
JSTOPBI, B KOTOPBIX 3aKOH YINpaBJICHHUS] MEHSETCS MPU U3MEHEHHM ycioBUM. B mpocTteiimem ciydae
(Korja ecTh HECKOJBKO 3apaHee M3BECTHBIX PEKUMOB paOOTHI) MPOUCXOIUT MPOCTOE MEPEKIIOUCHUE
MEX/1y HECKOJIbKUMH 3aKOHaMHU ynpaBiieHUs. YacTo B aJalTUBHBIX CHCTEMax PEryJsiTop OLICHUBAET
napaMeTpsl 0ObEKTa B peaJIbHOM BPEMEHU M COOTBETCTBEHHO M3MEHSET 3aKOH YIIPABJICHUS 1O 3aaH-
HOMY TIPaBHITY.

CaMoHacTpauBaroascs CUCTeMa, KOTOpasi MbITAETCSl HACTPOUTH PETYIISITOP TaK, YTOOBI «HANTI
MaKCHUMYM WJIM MUHUMYM KaKOT'O-TO KPUTEpHs KauecTBa, HA3bIBACTCS IKCMpeManbHou (OT CI0Ba IKC-
mpemym, 0003HAYAIONIETO MAKCUMYM WJIH MUHUMYM).

Bo MHOrHX COBpeMEHHBIX OBITOBBIX YCTPOMCTBAX (HAPUMED, B CTUPATBHBIX MAIIMHAX ) UCIIOJIb-
3YIOTCSl HeuemKue pe2yasimopsl, IOCTPOEHHbIE HA PUHIUIIAX HeYemKOoU 102UKy. ITOT TOJX0 03BO-
nsieT (popManu30BaTh YEIOBEUECKUI CIIOCOO MPUHSATHS PELIECHUS: «ECIM KOpabiib yIien CHIIbHO BIIpa-
BO, PyJIb HY’KHO CUJIBHO MEPEIOKUThH BIEBOY.

OaHO U3 MOMYJSIPHBIX HANpaBlIEHUI B COBPEMEHHOW TEOPUH — MPUMEHEHHE JOCTHXKEHUN HC-
KYCCTBEHHOTO HMHTEJUICKTA ISl yNpaBJICHHsS] TEXHUYECKUMH CHUCTeMaMH. Perynsrop crpoutcs (wiu
TOJIbKO HACTPauWBaeTCsl) Ha OCHOBE HeUPOHHOU cemu, KOTOPYIO MPEABAPUTENHHO O00ydYaeT 4eoBeK-
JKCIIEPT.
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2. MatemaTnyeckue moaenu

2.1. Ymo Hy)XHO 3Hamb OJis1 ynpaesieHusi?

Llenp mr0060r0 ynpaBiaeHUs — U3MEHUTh COCTOSIHME 00BEKTa HY>KHBIM 00pa3oM (B COOTBETCTBUU
c 3ajanuemM). Teopusi aBTOMaTHYECKOTO PETYIUPOBAHUS JODKHA OTBETHTH Ha BOIPOC: «KAaK IOCTPO-
UTb PEryJISITOpP, KOTOPBII MOXET yIpPaBJATh JaHHBIM 00BEKTOM Tak, 4YTOObI JOCTUYb Lenu?» s ato-
ro pa3paboT4MKy HEOOXOTUMO 3HATh, KaK CUCTEMa YyIpaBlIeHUs OyAeT pearnpoBaTh Ha pa3HbIE BO3-
JeMCTBUS, TO €CTh HyXHA MoOenb CUCTEMBL: 00bEKTa, MPUBOJA, AJaTYMKOB, KAHAJIOB CBSI3U, BO3MYIIE-
HUH, IIIyMOB.

Mooenb — 3T0 00BEKT, KOTOPBIM MBI HCIIOJIB3YEM I U3YUYECHUS APYTroro o0bekTa (opucunana).
Mogenb 1 OpUruHaI AOJDKHBI OBITH B Y€M-TO TTOXO0XH, YTOOBI BBIBOJIBI, CJICIAHHBIC TIPU U3yUYEHHH MO-
JIeNId, MOYKHO ObLJIO OBl (¢ HEKOTOPOM BEPOATHOCTHIO) IepeHecTH Ha opuruHai. Hac OynyT unrepeco-
BaTh B NEPBYIO OYEPEdb MamemamuuecKue Mooenu, BEIpaXKeHHbIe B Buae ¢opmyin. Kpome Toro, B
HayKe MCHOJIb3YIOTCS TAaKKe OIucaTesbHble (CIOBECHbIE), Trpaduueckue, TaOIUUHbIE U JpyTrue Moje-
.

2.2. Ces3b 8xo0a u ebixo0a

JIt000i1 00BEKT B3aUMOACHCTBYET C BHEIIHEH CPeIOi ¢ TTOMOIIBIO BXOJIOB M BBIXOJI0B. BXob1 —
3TO BO3MOXHBIC BO3,Z[€I>'ICTBI/I$I Ha O6’beKT, BbIXOAbI — 3TO TC CHUI'HAJIBI, KOTOpLIe MOXHO I/I3M€pI/ITL. Ha-
IpUMeEp, IS SJECKTPOJABUTATENS BXOJaMU MOTYT OBITh HANPsHKEHUE MTUTAHUS M Harpy3Ka, a BEIXOJaMu
— 4acTOoTa BpallleHus BaJla, TEMIepaTypa.

Bxoapl HE3aBUCUMBI, OHU «IIPUXOIAT» W3 BHENMIHEW cpeapl. [Ipu m3meHeHun wHGOpMANUU Ha
BXOJIE MEHSIETCS BHYTPEHHEE cocmosHue obvexma (TaKk HA3BIBAIOT €ro M3MEHSIOIINECsS CBOMCTBA) H,
KaK CJEJCTBUE, BEIXObI:

BXOO X BbIXO4

— U

DTO 3HAUYUT, YTO CYLIECTBYET HEKOTOPOE MPABUJIO, 10 KOTOPOMY 3JIEMEHT Ipeodpa3yeT BXOJ X B BbI-
X0/ ). DTO MPaBWIO HA3bIBACTCS onepamopom. 3anuch y =U[x] 03HaA4aeT, 4TO BBIXOJ Y MOJY4YEH B
pe3ynbTare npuMeHeHus onepartopa U Ko BXOZY X.

[TocTpouth MOJIENb — 3TO 3HAYUT HAWTH OTMEPATOP, CBAZBIBAIOLINI BXObI U BBIXObL. C €ro mo-
MOIIBI0 MOYKHO TPEICKA3aTh PEAKINI0 00hEKTa Ha JIF0OO0H BXOIHOW CUTHAIL.

PaccMmoTpuM »nekTpoABHUraTesb MOCTOSHHOIO TOKA. BX0J1 3TOro 00bekTa — 3T0 HanpsHKeHue mu-
TaHus (B BOJIbTAX), BHIXOJ — YaCTOTa BpallleHus (B 000poTax B ceKyHay). byaem cuutarsh, yTo npu Ha-
npsokenuu 1 B dacrora Bpamenus paBHa 1 00/cek, a mpu Hanpsbkenuu 2 B — 2 06/cek, To ecTh 4yacTo-
Ta BPAIICHMS PABHA 110 BEITMUYMHE HAMPSDKECHWIO' . JIETKO BHCTH, YTO JCHCTBHE TAKOIO OMEPaTopa
MO>KHO 3aMucaTh B BUJIE

Ulx]=x.

Tenepb NpeanoaoKuM, YTO ITOT XKE JIBUTATEINb BPAIAeT KOJECO M B KA4eCTBE BbIX0/Aa O0BEKTA
MBI BbIOpaJId 4HMCIO0 00OPOTOB KOJIeCa OTHOCHTEIBHO HaudajibHOro mojiokeHus (B MomeHtT ¢ =0). B
3TOM Cllyyae NMPH PAaBHOMEPHOM BpAIIECHUH MPOU3BENEHHE X-Af JaeT HaM KOJIMYECTBO 0OOPOTOB 3a
BpeMs At, 1o ectb y(t) = x-At (3mech 3anmuch y(¢) SBHO 0003HAYAET 3aBUCUMOCTH BBIXOJIa OT BpeMe-

HU ). MOXHO JM CYUTaTh, 4TO 3TOi (hopmynoit mMbl onpeaeniu onepatop U ? O4eBUAHO, YTO HET,
IMOTOMY YTO IMOJYYCHHAsA 3aBUCHUMOCTD CIIpaBCAJIMBA TOJBKO AJIA MOCTOAHHOI'O BXOJAHOTI'O CUTHAJIA. Ec-
T HanpsDKeHHWE Ha BXoze x(¢) MeHseTcs (Bce paBHO Kak!), yros MmoBOpOTa 3alMINETCS B BUIEC MUHTE-

rpaia

! KoneuHo, 970 Gy/IeT CIPaBeLTHBO TONBKO B HEKOTOPOM JIMANA30HE HAPSIKEHHIA.
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Ulx]= jx(t) dt.

Omneparop, KOTOPBII JEHCTBYET IO TaKOMY IPABHITY, HA3BIBACTCSI ONepamopoM UHMeZPpUuposd-
Hus. C MOMOIIBIO 3TOTO OMEpaTopa MOXKHO, HAMpPUMEp, OMHUCATh HAMOJIHEHHE IMYCTOro 0aka BOJOM.
Ecu ceuenme 6aka S (B M°) IOCTOSHHO IO BCEil €I0 BHICOTE, TO yPOBEHb BOMBI /i OMPEAEIACTCS KaK
MHTETpall OT MOTOKA BOABI ¢ (B M3/c), JNeJeHHbIN Ha S:

1 t
h(t)=—|q(t) dt,
(0= j q(0)
OOGparsblii oniepatop — onepatop AuddepeHIIUPOBAHNS — BEIYUCIISICT TPOU3BOIHYIO:
dx(t
U] = i) = 1.

Kaxk MBI yBUAMM, 3TOT OIIEpaTOpP UIPAET OYEHDH BAKHYIO ponL B OITMCAaHUU OOBEKTOB YIIPABIICHHUS.
OO6wruHO oneparop nuddepeHmupoBanms o003HavaeTcs OykBoi p. 3amuch y(¢) = p x(¢) BHeIIHE

BBITJIAIUT KaK «yMHOXEHHE)» OIepaTopa p Ha CUTHaN X(f), HO Ha caMOM Jelie 0003HavaeT delcmaue
3TOro OIepaTopa, To ecTh AU QepeHIrpoBaHHE:

p x(t) = (1)

I'ie BcTpeuaroTcst Takue ornepaTopbl? HpI/IBeIleM anMepm 13 2JIEKTpOTEXHUKU. Hanpumep, us-
BECTHO, YTO TOK I (B amnepax), NPOXOAALIMNA 10 LIENU ¢ KOHJIEHCATOPOM, IPONOPLHUOHAIEH IIPOU3-
BOJIHOM OT Pa3HOCTH MOTEHIMAIIOB U (B 801bMax) HAa €r0 IUIACTHHAX:

i du(t) _
dt

&),

11 —
L
< -

u
3necy C — eMKOCTb KOHJIEHCAaTOpa (M3MepsieTcs B ¢hapadax). Kpome Toro, najeHue HanpsbkeHUs u Ha
KaTylIKe MHYKTUBHOCTH IPONOPLHMOHAILHO IPOU3BOJHON OT MPOXOJAIIErO TOKA i :
]
YOS di
1t
u(ry = L0 ( )

i(t)=C——==C pu(t)

=L pi(t)

< »
-¢ -

u
rne L — MHIyKTUBHOCTD (M3MEPSETCS B 2eHpL).

Omneparop auddepeHIUPOBaHUS — 3TO UICATBHBIN (husuuecku Hepeanuzyemviil) OnepaTop, ero
HEBO3MOXXHO pEaJIn30BaTh Ha MpakTHUKe. UTOOBI MOHATH 3TO BCIIOMHHM, YTO MPH MTHOBCHHOM HM3MeE-
HEHUW CUTHAJIA €ro MPOM3BOJAHASA (CKOPOCTh BO3pacTaHMs) OyJeT paBHA OECKOHEYHOCTH, a HUKAKOE
pearbHOE YCTPOMCTBO HE MOXKET pad0TaTh C 0ECKOHEUHBIMU CUTHAJIAMH.

2.3. Kak cmposimcsi modenu?

Bo-niepBbIx, MaTeMaTH4eCKUE MOJICTH MOTYT OBITh MOJYYSHBI TEOPETUUECKH U3 3aKOHOB (PH3HU-
KM (3aKOHBI COXpPaHEHHsI MacChl, JHEPIHH, UMITYJIbCa). DTU MOJENIM ONKCHIBAIOT BHYTPEHHHUE CBS3H B
00BEKTE U, KaK MPaBUI0, Han0oJIee TOUHBI.

PaccmoTpum RLC-11emouKy, TO €CTh MOCIEA0BATEIbHOE COCIMHEHUE PE3UCTOPa C CONPOTHUBIIE-
HueM R (B omax), KaTylIIKd MHIYKTUBHOCTU C MHAYKTUBHOCTBIO L M KOHACHCATOpa ¢ eMKOCThiO C.
Ona MOXeT OBITh ONKMCaHA C IOMOIIIBIO ABYX YPaBHEHUM:

._ﬁ_mﬁw__t_ u(t) = u, 0+ L LD 1 R
" ﬁ), ¢ -|_ \ w0 i(t)= Cdud(t)

[lepBoe ypaBHEHHE O3HAYaE€T, YTO PA3HOCTh MOTEHIMAJIOB Ha KOHIAX RLC-IIENOYKHA paBHA CyMMeE
pa3HOCTE MOTEHIIMAIOB Ha BCEX MPOMEKYTOUHBIX yyacTKaxX. PasHOCTh moTeHnuanoB R-i(f) Ha pe3u-
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CTOpe BBIYMCIAETCA 1O 3akoHy OMa, a Ha KaTylke — 1o ¢popmyJe, IpUBEACHHON B MPEbIAYIIEM Ma-
parpade. Bropoe ypaBHeHHE ONHMCBHIBAET CBSI3b MEXKAY HANpPSHKEHHEM M TOKOM JIJIsl KOHJIEHCATOpA.
Bxon sToro obwekra — HampspkeHue u#(f) Ha KOHIAX IEMOYKH, a BBIXOJ — PAa3sHOCTh MOTEHLUAJIOB

u,(¢) Ha IIacTUHAX KOHJEHCATOpa.

Bropoii cnocob — nmoctpoeHre Mojenu B pe3yibTare HalaK0JeHus 32 00beKTOM IpU pa3ind-
HBIX BXOJHBIX CHTHaJIaX (3TUM 3aHUMaeTcs meopus uoenmugurayuu). OOBEKT paccMaTpUBaeTCs Kak
«UYEPHBIN SIIUK», TO €CTh, €r0 BHyTPEHHEE YCTPOUCTBO HEU3BECTHO. MBI CMOTPUM, KaK OH pearupyer
Ha BXOJHbIE CUTHAJIbI, U CTapaeMcs NMOJACTPOUTh MOEIb TaK, YTOObI BBIXOJIbI MOAETH U 00BEKTa COB-
na/iaid Kak MOKHO TOYHEE MPU Pa3HOOOPA3HBIX BXOJAX.

Ha npaxTuke 4acTo MCHOJB3YETCS CMELIAHHBIA CHOCOO: CTPyKTypa MOJAEIH (BUJA ypaBHEHHS,
CBSI3BIBAOIIIETO BXOJI M BBIXO) OTIPENENSIETCs U3 TeOpUH, a KOd()(PUIIMEHTHI HAXOIST OMBITHBIM ITyTEM.
Hanpumep, o6muit BU ypaBHEHUN ABMXKEHHS KOPaOIIsi XOPOIIO U3BECTEH, OJJHAKO B ATUX YPABHEHUSX
€CcTh K03()(PUIIMEHTHI, KOTOPBIE 3aBUCIT OT MHOTHX (akTOpoB (POpMBI KOpITyca, ILIEPOXOBATOCTH MO-
BEPXHOCTH M T.I1.), TaK YTO UX KpaiHe CI0XKHO (MJIM HEBO3MOXKHO) HAWTH TeopeTudecku. B aTom ciy-
qae [T ONpeAeTIeHUs HEN3BECTHBIX KOA((PHUIIMEHTOB CTPOSAT MacIITaOHbIE MOJIENIN U UCTIBITHIBAIOT MX
B OacceliHax MO CIeUaIbHBIM METOJUKaM. B aBuacTpoeHnn Juis Tex ke Ieliel NCIOoNb3YI0T adpoau-
HaMHUYECKHE TPYOBI.

Jns 1r060ro 00bEeKTa yHpaBiIeHUsT MOKHO IOCTPOUTh MHOXECTBO Pa3IUYHBIX MOJIENEH, KOTO-
pble OyAyT yUUTHIBaTh (WM HE YYUTHIBATh) T€ UM MHBIE (akTopbl. OOBIYHO HA MEPBOM ATale cTapa-
IOTCSI ONTUCAaTh O0BEKT KaK MOXHO Oosiee mopoOHO, COCTAaBUTH JIeTaIbHYIO0 Mo/eb. OHAKO IpU 3TOM
OyZeT TpyIHO TEOPETUYECKH PACCUMTATh 3aKOH YIPABJICHUS, KOTOPBIA OTBEYAET 3aJlaHHBIM TpeOoBa-
HUSIM K cucteMe. Jlaxke ecii Mbl CMOXKEM €ro paccuuTaTh, OH MOXKET OKa3aThCs CIUIIKOM CIIOXHBIM
JUTSL peaT3aliy I OYE€Hb JTOPOTHM.

C npyroii CTOpOHbI, MOXKHO YIPOCTUTh MOAEIL 00BEKTA, OTOPOCUB HEKOTOPBIE «AETalIN», KOTO-
pBIe KaXXyTCsl pa3padOTINKy MAJOBKHBIMU. J1JIs1 yIIPOIIEHHON MOJIENTN 3aKOH YTIPaBICHUS TaKXe I10-
JTy4aeTcs Mpolle, U C €ro MOMOILBIO YaCTO MOXKHO JOOMTHCS KesaeMoro pesysbrata. OJTHaKo B 3TOM
cilydae HET TapaHTHH, YTO OH OyJIeT Tak e XOpPOIIO YIPABISAThH MOTHONW MOJEIBIO (M peaTbHBIM 00b-
EKTOM).

OOBIYHO MCTONB3YETCs] KOMIPOMUCCHBIA BapuaHT. HauWHAIOT ¢ MpOCTBIX MOJelnel, crapasch
CIPOEKTUPOBATH PETYJIATOP TaK, YTOOBI OH «IOAXOIMII» U JUISl CI0KHON MOJETH. DTO CBOMCTBO Ha3bl-
BaIOT pobacmuocmuio (epybocmsvio) perynaropa (WIh CUCTEMBI), OHO 03HAYaeT HEUYBCTBUTEIIBHOCTD K
olmMOKaM MOJENUpPOBaHMs. 3aTeM MPOBEPSIIOT pabOTy MOCTPOSHHOIO 3aKOHA YMPABJIECHUS HA MOJHON
MOJIENIM WM Ha pealbHOM 0o0BbekTe. Ecnm momydeH oTpHnaTelbHBIA pe3yabTaT (IPOCTOM PeryssTop
«HE paboTaeT»), yCIOXKHIOT MOJEIb, BBOJS B HEE JONOIHUTENbHbIE TOAPOOHOCTH. Y Bce HauMHaeTcs
CHavasa.

2.4. JluHeliIHOCMb U HEJTUHEUHOCMb

N3 mikoibHON MaTeMaTUKX U3BECTHO, YTO MPOILE BCETO PEIIaATh JuHelHble ypaBHeHus . C Helu-
HEHWHBIMH ypaBHEHUSMHU (KBaJpaTHBIMH, KyOMUECKHMHU U 1p.) padOTaTh HAMHOTO CIIOKHEE, MHOTHE
TUIIBl yPaBHEHUN MaTeMaTHKa IOKa HE YMEET pelaTh aHATUTHYECKH (TOYHO).

Cpenu onepaTopoB camble IPOCTHIE — TAKXKe uHelinble. OHU 00JIaTar0T IByMS CBOMCTBAMU’:

® yMHO:KeHHe Ha KOHCTaHTy: Ul[a-x]=«a-U[x], rne « — nrobas mocTosiHHAs (TO €CTh, MPU

YBEIIMYCHUH BX0J1a B HECKOJILKO Pa3 BBIXO]T YBEJIUYHBAETCS BO CTOJIBLKO XKe pa3);
¢ MNPUHIHUN CYNEePHO3UI[UM: €CIIM HA BXOJ MOJaTh CYMMY JABYX CHTHAJIOB, BBIXOJ OyleT mpen-
CTaBJIATH COOOH CyMMy peakIiidi TOTO e OlepaTopa Ha OTJCIIbHBIC CUTHAIIBI:
Ulx, +x,] =U[x, ]+ Ul[x,].
Mogenu, KOTopble ONMUCHIBAIOTCS JIMHEHHBIMU ONEpaTOpaMu, Ha3bIBAKOTCS JuHeluHbiMy. C HUMU
MOKHO paboTaTh C MOMOIIBIO METOJIOB Meopul JUHEUHbIX cucmem, KoTopas Hanboliee pa3BUTa U MO-
3BOJISICT TOYHO PEIIaTh OOJIBIIMHCTBO M3BECTHBIX MPAKTUYECKHUX 3a/1a4.

* B MaTeMaTHKe 3TH CBOCTBA HA3BIBAIOT 0OHOPOOHOCH ¥ A0OUMUBHOCD.
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OnnHako, Bce MOJIENN PEANbHBIX CUCTEM — HeluHeliHble. ITO JIETKO MOHATh XOTs Obl IOTOMY, YTO
BCErJa €CTh MPEEIbHO TOMYCTUMOE 3HAUYEHHE BXOJHOTO CHUTHAJa — MPHU €ro MPEBHIIICHUH O0BEKT
MO>KET MPOCTO BBIMTHU U3 CTPOS WM JaKe pa3pyLIUThcs (JTMHEHMHOCTH HapymiaeTcs). MeToasl uccie-
JIOBaHMsI HEJIMHEWHBIX ONEPAaTOpPOB OYEHb CIOXKHBI MAaTEeMATUYECKH, B Meopuu HeIUHeUHblX CUCmeM
TOUYHBIE PEIICHUS U3BECTHBI TOJIBKO AJI JOCTATOUHO Y3KOTO Kpyra 3aiad. 31ech moka OoJblie «OembIx
IIATCH», YEM IMOJYUCHHBIX PE3YJIbTATOB, XOTA 3TO HAYYHOC HAIIPABJICHUC aKTHUBHO PAa3BUBACTCA B I10-
CJI€IHHE TO/IbI.

Uro xe nenats? Yarie Bcero cHauvaiga MpPOBOMAT JUHeapu3ayuio HEIIMHEWHONW MO 00BheKTa
(mpuBOAa), TO €CTh CTPOAT MPUOTIKEHHYIO JIMHEHHYIO MOJeNlb. 3aTeM Ha OCHOBE STOM MOJENH IMpO-
EKTUPYIOT 3aKOH YIPABJICHMS, IPUMEHSSI TOUHBIE METO/BI TEOPUH JIMHEWHBIX cucTeM. Hakonen, npo-
BEPAIOT MOJYYEHHBIN PETYJSATOP C MOMOUIBI0 KOMIIBIOTEPHOTO MOJEIUPOBAHUS HA MOJTHOW HEJMHEN-
HOW MOJIETIH.

HyxHO OTMETUTB, UTO eclii 0OBEKT WU MPUBOJ UMEIOT TaK HA3bIBAEMYIO «CYIIECTBEHHYIO» HE-
HI/IHCﬁHOCTL, 9TOT IIOAXOA MOXXET HE Cpa6OTaTI). Torna IMPUXOJUTCA HUCIIOJIB30BaTh MCTObI HeJIMHEH-
HOM TEOpHUH, a TAK)KE KOMIIBIOTEPHOE MOJEIMpOBaHuE. MOEeIMpPOBaHUE CTAJI0 OUYEHb MOMYJISIPHBIM B
IOCICAHEC BPEMs, ITIOCKOJIbKY MOABUIIMCH MOIIHBIC KOMIIBIOTECPHBIC MMPOrpaMMbl JJId IIPOBCACHUA BbI-
YUCIUTENBHBIX IKCIEPUMEHTOB, U MOXKHO MPOBEPUTH MOBEACHHUE CHCTEMbI IIPHU Pa3HOOOPa3HBIX 0-
IMYCTUMBIX BXOJHBIX CUT'HAJIaXx.

TakuMm o0pazoMm, B Kiaccu(UKAIMIO CUCTEM yMpaBieHHs B pasfene 1.3 Hy»KHO J100aBHUTH ellie
OJIHO JIeJIEHHE, MOXET ObITh, CAMOE CYILIECTBEHHOE — CUCTEMbI OBIBAIOT JIUHeliHble U HeluHelinvle. B
JIMHENHBIX CUCTEMax BCE 3BEHbs ONUCHIBAIOTCS JIMHEWHBIMU ONEPATOPAMU, U 3TO 3HAUUTEIBHO YIIPO-
jaet paboTy ¢ HUMH.

2.5. JluHeapu3auyusi ypaeHeHUU

BBl yke 3HaeTe, 4TO B TCOPHH YIIPABJICHHUS Jy4YIlle BCEro pa3paboTaHbl METOJIbI MCCIICIOBAHUS
JTUHEHHBIX cucTeM. OHAKO CTPOTO JIMHEHHBIX CUCTEM B OKPYXKAIOIIEeM Hac MHUpE He cymiecTByer. [1o-
3TOMY IS TOTO, YTOOBI 3TH METOJIBI MOXHO OBLIO MPUMEHHUTHh HA MPAKTHUKE, HY)KHO BBIOJHHUTD Jil-
Heapu3ayuio — MOCTPOUTh MPUOTIKEHHYIO JTUHEHHYIO MOJIENIb Ha OCHOBE 00Jiee pealuCTUIHON HeJH-
HEWHOU MOoJeIl 0O0OBEKTA.

2.5.1. Aneebpauueckue ypasreHus

[TpencraBum cebe 6ak ¢ Bomoil. B HikHEl yacTu 0aka MPOCBEpICHO
OTBEpCTHE, Yepe3 KOTOpoe BBITEKaeT Bojaa. Ilmomanp cedeHus Oaka 00o0- S
3Ha4MM 4epe3 S, a IUI0IIalb CEYeHUsI OTBEPCTUs — uepe3 Sp. \

[TocTpoum Mopenb, KOTOpasi CBA3BIBAET YPOBEHb BOJBI B Oake /1 (B
Mempax) ¥ pacxXojl BBITEKAIONIeH BOABI ¢ (B M/c). DTy CBSI3b MOXKHO HaiTH A

C TOMOUIBIO 3aK0HA bepHyJIIM, KOTOPBI B JAHHOM ClTy4ae MPUHUMAET BUT S, q
2
pv Y
pgh= S —

3 2
3nmech p — MIOTHOCTH XXHUIKOCTH (B k2/m”), g = 9,81.m/c” — yckopeHHe cBOOOIHOTO MaIeHusI, V — CKO-
POCTh BBITEKAaHUS KUIAKOCTU (B M/c). OTCIOAA MOJTydaeM v = ,/2gh . YUuTbIBasA, 4YTO PAcXO BOJbI BbI-
quciseTcs Kak g = S, - v, HaX0uM

g=ah, 2
rne o =S,4/2g — NOCTOSHHAsI BEIMYMHA. DTO crmamuyieckas MOJEIb, IOTOMY 4YTO OHA HE COJEPKUT

MIPOM3BOIHBIX, XapPAKTEPUIYIOIINX N3MEHEHUE CUTHAIOB BO BpeMeHH. CTaTHdyeckast MOJIeNb OIHUCHIBA-
eT ycmanogusuieecsi COCTOSIHUAC (Cmamuyeckuti pejicum), Koraa B 0ake MmojIep>KUBaeTCs MOCTOSTHHBIN
YPOBEHB BOJIBI M TIOTOK BBITEKAIOIIEH BOBI TOKE MTOCTOSHHBIH.
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OueBUIHO, YTO MOAETH (2) — HENMHEHHAs, TOCKOJIBKY COJEPKHT Jh . JInuneapusoBatb e — 3Ha-
YUT TPUOJIMIKEHHO 3aMEHHUTh YpaBHEHHE (2) TMHEHHBIM YpaBHEHHEM ¢ = k- /i, T1ie kK — HEKOTOPBIN KO-
a¢dunment. Kak ero BeiOpars? Ha 3TOT BOpoc HET 0JTHO3HAYHOTO OTBETA.

[IpenmnonoxuM, 4To ypoBeHb BOJbI U3MeHseTcs B uHTepBaie oT 0 1o 1 M. Toraa oaun U3 Bapu-
AQHTOB — BBIYMCIUTH KOX(PQPHUIMEHT KaK YroJ HaKIOHA OTpe3Ka, COEAMHSIONIETO TOYKH KPHBOMH

q = ah Ha KOHIaX ATOro MHTepBaya. [y ompeeNeHHOCTH Jaee Be3jie NMpuHUMaeM o =1, Toraa

nomy4daem k =1.

Koneuno, 3Ta Mojiens oueHb Tpy0ast U 1aeT OOJIBIIYIO OIHUOKY, 0COOCHHO ISl YPOBHEH B qUara-
30He ot 0,1 7o 0,6. YTOOBl yMEHBUINTH OMIMOKY, MOKHO HOMPOOOBAaTh HECKOJIBKO M3MEHUTH k (Ha-
MpUMep, YBEIUYHB €ro 70 1,2), 0THAKO TOYHOCTH MPHOIIKEHHS MO-TIPEKHEMY OyIeT HEBBICOKA, XOTS
U YyTb-4yTb Jy4llle, YeM B IEPBOM CIIydae.

q ) LAy
11 k=12 11
k=0,707 2
k=1 A
j i h
- : =
0 1 0 0.5 1

Tenepb MPEANONIOKUM, YTO OOBIYHO YPOBEHb MO0 M3MEHSIETCS BOJIM3M CPEIHETO 3HAYCHUS
h=0,5M. B aToM ciiydae MOXHO MPUMEHHUTDH APYro MOAXOHA. 3aMETHUM, YTO B 3TOM O00JACTH KpUBas

y 2 y
q = a~h noutu coBnanaer ¢ kacarenpHoi B Touke (0,5; 7), yroJl HaKJIOHa KOTOPOH paBeH Mpou3-

BOJHOH

dq _ 1 V2

=—z0,707.
dthS 2\/_h05

2
KacarenbHas — 310 npsimasi ¢ HaKJIOHOM k, ipoxosmas yepe3 Touky (0,5; 7), €€ ypaBHEHUE UMEET

BUI g = kh+b . CBOOOIHBLIN UlleH b OIpeneInM U3 PABEHCTBA
q p p

2 2 2

N kh+b=22.05+b =  h="=~0354,
2 4

TaK 4TO 1IoJIy4aeM MOACIIb

=£h+£.

2 4 @)

DTO IUHEHHOE ypaBHEHHE, OJTHAKO MoJeb (3) — HenuHetinas, TIOCKOIBKY ISl Hee HE BBITOIHSIETCS,
Harpumep, CBOICTBO YMHOXKEHHS Ha KOHCTAHTY. DTO JIETKO MPOBEPUTH, cpaBHUB U[2-h] u 2-U[h]:

U[2-h]=\/5h+g, 2-U[h]:\/5h+%¢U[2-h].

[IpuHIHMI Cynepno3unuy TakKe He BBIIOJIHAETCS.
Jnst Toro, 4TOOBI MOMY4YHTh U3 (3) TUHEHHYIO MOJENb, HY)KHO 3alllCaTh YPABHEHHS B OTKJIO-
HeHUSX OT paboueu mouxu (hy; q,), B KOTOPOH MBI ONPEIEISUIN HAKJIOH KacarenbHol. U3 (3) cnemy-

€T, 9TO
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2 52

q0+Aq:7'(h0+Ah)+T. (4)

ITockonbky rpaduk 3aBucumocTH (3) npoxoauT yepe3 Touky (4,; q,), MOXKHO IPUMEHHUTh PAaBEHCTBO
q, = \/2_ \{4_ Torna u3 (4) HaxoguM

NG

Ag == Ah. 5
9= (5)

[TonmyueHHOEe TakuM 00pa30M ypaBHEHHE — 3TO JIUHeliHAsL MOJENIb OObEKTa, 3alTUCAHHAS B OTKJIOHCHH-
X BXOJa U BBIXOJA OT HOMUHAnbHOU (paboueti) mouxu (hy; q,) . [lpubnuxennas moaens (5) TouHee

BCEr0 COOTBETCTBYET OOBEKTY BOIHM3HM ITOU TOYKH, a MPH OOJBIIMX OTKIOHEHUSX OT HEE OITMOKa MO-
KET 3HAYUTEJIbHO BO3PAcTaTh.

Ha sTtom IMPOCTOM IMPUMEPE MbI TIO3HAKOMHJIMCh ¢ OCHOBHBIMHU NPUHOUIIAMUA JIMHCAPHU3AINN HEC-
JUHENHBIX alreOpandeckux ypaBHeHUH. B cienyromem naparpade Te e camble UIeu UCHOIb3YIOTCA
Juist OoJiee CII0KHOM MOJIENH, KOTOpasi OMUCKIBAET OUHAMUKY CUCTEMBI (MI3MEHEHHE BO BPEMEHH).

2.5.2. lupghepenyuanvruvle ypasreHus

PeasibHble 00BEKTHI HE MOTYT MTHOBEHHO MU3MEHSTh CBOE COCTOSIHUE, IOITOMY BMECTO CTaTHYe-
CKUX MoJjeneil Tuna (2) 1 UX UCCIEA0BAaHUS UCHOIB3YIOT OUHAMUYecKUe MO, KOTOPbIE OMUCHI-
BAIOTCS JU(PPEepeHINaIbHBIMI YPAaBHEHUSMH, COAEPKALIMMU IPOU3BOJHBIE (CKOPOCTH HM3MEHEHUS
curHainoB). Kak mbl Buzenu B pazzaene 2.3, Takue MOAEIH MOTYT ObITh HOJTYYEHbI U3 (PU3NUECKUX 3a-
KOHOB. Bo MHorux ciydasx Oojiee WM MEHEe TOYHbIE MOJENU MPEICTAaBISIIOT COOOW HenuHeliHvie
muddepeHranbHble YpaBHEHUS, TIOATOMY Ul TOTO, YTOObI IPUMEHHUTh TEOPHIO JIMHEHHBIX CHUCTEM,
Tpedyercs runeapuzayus. IIpu 3ToM IpUMEHsETCs OYTH Ta )K€ METOAMKA, YTO U JUId alnreOpandecKux
YPaBHEHHUH.

Wnest nuHeapuzalvy 3aK04YaeTcss B TOM, YTO B CHCTEMax perylupoBaHUs (MOJAEpKaHUS 3a-
JTAHHBIX 3HAYCHHWH BEJIMYMH) CUTHAJBI MAJIO OTKIIOHAIOTCS OT pabouell mouku — HEKOTOPOTo MOJIO0XKe-
HUS PaBHOBECHUS, B KOTOPOM BCE CUTHAJIbI UMEIOT «IIPABUJIbHBIE» 3HAYEHUS U UX IIPOU3BOJIHBIE PABHBI
Hymo. [loaTomy [u1st perieHns 3a1a4 yInpaBiIeHUs 4acTo JOCTATOYHO UCIOIb30BaTh JINHEHHYIO MOJEINb
B OTKJIOHCHHSX OT 3TOU paboueld TOUKH.

Mogenp, TOJIBKO 4TO MOCTPOEHHast /Il 0aka ¢ BOJOW, HE COBCEM IPaBHJIbHAS, TOTOMY YTO HE
YUUTBHIBAET, UTO YPOBEHb B 0aKe M3MEHSETCS — YMEHbIIAeTCsl 0 Mepe BbITeKaHusi BoJbl. Kpome Toro,
MIPEAIIONIOKHUM, YTO JUIsl NOJJEPKAHUS YPOBHS MCHOJIB3YETCS HACOC, KOTOPBIN MOAKAaYUBAET BOJY B
0ak, ero pacxon 06o3HauuM depe3 Q. st Takoro o0beKTa BXOJOM SBISICTCS pacxoi O, a BBIXOIOM —

WU3MEHEHUE YPOBHS /1.
[Ipenmonoxum, 4To B TEYCHHE MAJIEHBKOTO MHTepBanga A¢ pacxoisl O U ¢ MOKHO CUUTAThH TIO-
CTOSTHHBIM. 3a 3TO BpeMs 00bEM BOJIbI, 100ABICHHOM B 0ak HacocoM, paBeH (-Af, a 00beM «yIIe-

miei» Bobl — ¢ - Af. YUuThIBast, 4TO IUIOLIA/b ceYeHUs1 Oaka paBHa S, MOIy4YaeM U3MEHEHHE YPOBHS:

Ah = Q -At . Ilepexons k npeneny npu At — 0, nosydaem nuddepeHanbHoe ypaBHEeHEe
dz(f) Low-qw).

OTa MOJENb YyUUTBIBAET, YTO YPOBEHb BOJbI U PacXo/bl U3MEHAIOTCA BO BpeMeHU. BcmoMHuM, yuTo
pacxo BBITEKAIOIIEH KUIAKOCTU ¢(f) 3aBUCUT OT YPOBHS BOJAbI B 0ake /(f) W CBA3aH C HUM HEJIUHEH-

HOM 3aBUCUMOCTBIO ¢(?) = & -/ h(t) . [loaTOMY ypaBHEHHE MOKHO 3aMKcaTh B BUJE

d’;(” 0050 ©)
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3/1ech OCTaNKNCh TOJIBKO JBE M3MEHSIIONIUECS BETUYHHBI: pacxoj Hacoca (J(f) (Bxoa 0OBEKTa) M ypo-
BEHb BOJBI A(t) (Bbixom). Jlamee /uist ypoOIEeHUs 3aluCH MBI HE OyJieM SIBHO YKa3bIBaTh 3aBUCUMOCTD

OTHUX CUT'HAJIOB OT BPCMCHHU.
B YCTaHOBUBIICMCS (cmamuquKOM) PEKUME, KOrga CMraajibl HC U3MCHAIKOTCSA, BCC IMMPOU3BOA-

dh(?)
dt

HBbIEC paBHBI HYJII0. B Hamiem cityyae, NpuHAB =0 B (6), mony4aem

0=0-a+h = th—j. (7)
(04

JTa 3aBUCUMOCTb MEXY YCMAHO8USUUMUCSA 3HAYCHUAMHU BXo/1a O U BBIXOJa /1 Ha3bIBA€TCS CTaTHU4e-
ckoii xapakTepucTukoii. OHa O3BOJSET A7 JIFOOOTO 33JAHHOTO HOCMOsIHHO20 3HaYeHUs () Ha BXOJIe
MOJIy4YUTh 3HaYEHHUE BBIXOJA /1.

Teneps npeanoaokuM, 4To 3aJjaHa HEKOTOpask paboyast TO4Ka, TO €CTh, 3HaUeHus Bxoga O =0,
U BbIXOZa © = h, yJIOBIETBOPSIOT ypaBHEHUIO (7), U cucTeMa Bce BpeMs paboTaeT OKOJIO TOTO I0JIO-
JKEHUS paBHOBeCHs. BOMM3H 3TOi TOUKH

0=0,+A0 u h=hy+Ah,

rae AQ u Ah — marnble OTKJIOHEHHUS BXOJa M BBIXO/a OT paboyeil TOUKH.

Jlanbie nms TnHeapu3aliy UCIIONIb3YyeTCs pa3iiokenne GyHKuui B pso Teiiopa. JIns HEKOTO-
poii dpyHkuuu f(x,y) B OKPECTHOCTH TOUKH (X, V,) ITOT Psii UMEET BUJ:

£ = Fxg )+ LEI) g SO gy 1 oy,
ox 4

R I (xq,¥0) - I (xg, o)
ox oy
F(x,y) 3aBUCHUT OT BBICIINX MPOU3BOAHBIX B TOM K€ TOUKE (BTOPOM, TpeThel U T.1.). [Ipu manbix 3Ha-

— YaCTHBIC MPOU3BOJHbBIE PYHKIUHU f(X,)) O X U 110 y B TOUKE (X,,V,), a

YeHUsAX Ax U Ay MOXHO CUHUTaTh, YTO «XBOCT» 3TOr0 psana F(x,y) odyeHb MaJ, IPUMEPHO pPaBEH Hy-
J10, TO3TOMY

X, of (x,,
F)= i)+ L)y TS, ®)
ox oy
[Tpumenum dopmyity (8) It TMHEapHU3aIMy MPAaBOM YacTy ypaBHEHUs (6), T/I€ B POJIA X BBICTY-
naet pacxo (O, a B poJH y — ypoBeHb /. Brimonuss nuddepeHpoBanme, Haxoaum

o |1 a 1 0|1 a a

—|=0—-—=Ah|=—, —|=0-——+h|=- .

8Q[SQ S } S 8h[SQ S\/_} 2SVh
Toraa ¢ momonisto popmysl (8) momydaem

1 a 1 a 1 a
—0-ZNh~ =0, - Z\fhy +—-AO - - Ah
5975 s& S*/_0 s8¢ 28\h,

d(hy +Ah)  dAh

IMoncrasum Q = Q, + AQ u h = hy+ Ah B ypaBHeHue (6) U y4urem, 4ToO = . Torma
t
dAh 1
— _|_ -AO -
dr */_ ¢ S\/_
BcnomuHas, uto ) ¥ /i, COOTBETCTBYIOT CTATUUECKOMY PEXUMY, TO €CTb —Q0 \/_ 0, mosyua-
€M JIMHeapu30BaHHOE YPABHEHHe B OTKIOHEHUAX OT paboueil TOUKH:
dih +k,-Ah=k,-AQ, 9)
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a 1
rae k, =——— u k, =— . 3aMeTuM, 910 KOIYPUIUUEHT k, 3aBUCHUT OT /i, TO €CTh OT BbIOOPA pado-
28\ h, S

yeil Touku. B 3ToM nposiBiisieTcsi HeMMHEHHOCTh 0OBEKTA.
OOBIYHO IIpH 3alMCH JTUHEAPU30BAaHHOTO YpaBHEHUS 3HAaK A (0003HAYaIOIMMK OTKIOHEHHUE) HE
nuiyT. Takum 00pa3oM, OKOHUATENbHO NOTyYaeM JIMHEapU30BaHHYI0 MOJEIb
%+kh-h(t):kQ-Q(t). (10)
Ho Hy»HO NOMHHUTB, 4TO 3TO ypasHeHue 6 OMKIOHEeHUAX, 1 OHO CIIPaBEIMBO TOJIBKO IIPHU MaJIbIX OT-
KJIOHEHUsX OT paboueil Touku (Q,,4,) . [Ipu BeiOOpe npyroii pabouei Touku ko3dduiueHT k, mnoy-

YUTCS APYTOH.

2.6. YnpaesneHue

[TocmoTpum Ha npuMepe, Kak MO>KHO YNPaBiIsTh 0OBEKTOM M UTO U3 ATOro nonydaerca. Hemuo-
ro U3MEHUM TIPEIBIIYIIYIO 3a/1a4y, pa3peliuB MOTOKY BBITEKAIOMICH KUIKOCTH ¢ U3MEHSTHCS HE3aBH-
CHMO (B TEOPHH yTIPABJICHUS 3TO HA3BIBACTCS HACPY3KOU HA OOBEKT).

s Toro, 4ToOBI 00ecreYnTh BOAOW BCEX YKUTENEH JAepEeBHU, MOCTPOMIN BOJAOHATIOPHYIO Oaril-
HIO, B KOTOPYIO HAacOCOM 3aKauyuBaeTcs Bojaa u3 peku. Kaxaplil KUTETh MOXKET B JIO00H MOMEHT
BKJIFOUUTH BOJy Ha CBOEM y4yacTKe, Harpumep, Uit noiauBa. Hy>kKHO MOCTpOUTh cUCTeMY, KOTOpasi aB-

TOMAaTHUYECKU MOJJIEPKUBAET 33JaHHBII YPOBEHb /) BOABI B LIUCTEPHE
0 (B mempax).

Bbynem cuurtarh, 4TO JKHUTENEH JOBOJIBHO MHOIO, IO3TOMY Yy KO-
ro-TO BCET/Ia BKJIFOUYEHA BOJA U HACOC IMOCTOSIHHO paboTaeT Ha 3aKauKy
BOJBI B IUCTEPHY. {151 yripaBieHus ypoOBHEM BOJABI /i MBI MOXKEM HU3-
MeHsATH ero moTok Q (B a’/c). Takum oGpa3oM, ypoBeHb /i — 3TO pery-
\ Tupyemasi BeIMYuHa, a MoToK ) — cCUrHain ynpasieHus. s odpatHoit
CBSI3HM MCIIOJIb3YEM JATUYMK, U3MEPSAIOIINUNA ypPOBEHb BOJBI /1 B LIUCTEP-
i HE.

q [ToctpouM MaTeMaTH4ecKyr0 Mojeidb O0BEKTa, TO €CTh LIUCTEP-
ubl. [I0TOK Ha BbIXOAE ¢ (B M’/c) MOKA3BIBACT, CKOBKO BOJBI BHITEKA-

€T U3 HUCTEPHBI 3a 1 ¢ — 3TO0 HazpysKa.
WN3menenue ypoBHs A/ 3aBUCUT OT Pa3HOCTH NIOTOKOB (J — ¢ W IUIOLIAJU CEYEHUS LIUCTEPHBI S .

t)—q(t
Ecnu pa3HOCTh OTOKOB MOCTOSIHHA B TEUEHHE MHTEpBajia BpeMeHu Af, To Ah(t) = MAL B

O6IJ_ICM CJIy4ac HYKHO HUCIIOJIb30BaTh UHTCTPAJI:
1 t
an(t) =< [(Q0) - () dr.
0

[Tycte B MomeHT BpemeHH ¢ = (0 ypoBeHb BOJABI PaBEH 33JJaHHOMY 3HAYECHHIO, & BXOJHOU U BBI-
xozaHoi notoku pasHbl (Q(0) = g(0) = g,), Tak 4TO ypoBEHb HE MEHSAETCA. DTOT PEKUM MBI IPUMEM 32

HomuHanbHbLl (Pabodyio Touky). st TOro, 4ToObl MOIyYUTh YPaBHEHUE B OTKIIOHEHUSX, IPECTaBUM
IIOTOKHU B BHJE

(1) = q, + AQ(), q(1) =g, +Aq(1),
rae AQ(t) u Ag(t) — manble OTKJIOHEHHS TIOTOKOB OT HOMHHAJIBHOTO pexuma. Torma, omyckas 3HaK
npupameHus A, MOXHO 3aIicaTh Modelb 00beKkma ynpasieHus B popme

)= [0 -0 dr.
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3nech h(t), O(t) u g(t) 0603HAYAIOT OTKJIOHEHHUS ATUX BEJIWYUH OT HOMHHAIBHBIX 3HAYCHHUH. 3ame-
THM, YTO 3Ta MOJIEJIb MOXKET OBITh 3amucana Kak JudQepeHnnaibHoe ypaBHeHHE (€CIIM HAUTH MPOU3-
BOJIHbIE 00EHX YacTell paBeHCTBA):
dh(r) 1
dt S
Jlnst ynpomenns ganee npuMeM S = 1.
B kauectBe 00paTHOI CBsi3W MbI OyJeM HCIOJIb30BaTh CUTHAN C JaTdyvka ypoBHs. OmnOka
YIPaBJIEHUS BBIYUCISIETCSA KaK pa3HULIA MEXY 3aJaHHBIM U U3MEPEHHBIM YPOBHSIMU BOJbL:
e(t)=hy(t)—h().
[IpuMeHUM caMblii POCTON perynsTop — ycunumens ¢ KodpdunuenTrom K (Wi nponopyuo-
HanbHblUL pe2yaamop, [1-pecynamop), KOTOPBIN yIIpaBIIsieT IOTOKOM IO 3aKOHY
q(t)= K -e(t) = K - [y (1) - h(1)]
CrpykTypHasi cxeMa CUCTEMbl YIIPaBICHUs NOKa3aHa Ha PUCYHKE HUKe. 3HaK MHTerpajia 0003Hayaer
3BEHO, MOJIENIb KOTOPOTO — OIepaTop WHTerpupoBanus. C MOMOIIBIO KPYXKKa C CEKTOpaMu 0003Hava-
eTcsl CIIO)KeHUe cUrHayoB. Eciiu Kakol-TO CeKTOp 3aKpalleH YepHBIM LIBETOM, BXOJAIIUN B HErO CUT-
HaJl BIYUTAETCs (YUUTHIBAETCS B CYMME CO 3HAKOM «MHUHYC»). KpoMe curHajioB, 0 KOTOPBIX YK€ LLIa
peub, HAa PUCYHKE TMOKa3aH TaKKe wym usmeperus: m(t) , ICKaKaIoLUUi MOKa3aHUs 1aTYMKa.

peryiusTop 1 00BEKT

hy + e o - j h

K | ]
_ + ®4_m—

[TpoBepuM paboTy STOrO peryisaropa MpH Pa3IuYHbIX 3HaueHHsX kodd¢umnuenta K. CHauana
Oy/ieM cuMTaTh, YTO IIyMa U3MEPEHUH HET, TO €CTh yPOBEHb M3Mepsiercs TouHo. [Ipeamnonoxum, 4to
pacxo]l BOABI HA BBIXO/IE ¢ YBEJIMYMBAETCS CKAYKOM (BCE HAYallU MOJMBATH Oropojsl). CHHSS TUHUS

[0()-q()].

Ha pUCYHKE (CM. HM)KE) TIOKa3bIBaeT U3MEHEeHHEe ypoBHA pu K =1, a 3enenas —opu K =5.
A
Ah

R /

[To »TMM JaHHBIM MOKHO C/I€TIaTh HEKOTOPBIE BBIBOIBI:
® [pU W3MEHEHUU HArpy3KH (MOTPEONICHUS BOJBI, MOTOKA ¢ ) PETYISATOP-YCHIUTENb HE MOXKET
NIOJI/ICP’KUBATH 3a/IaHHBIN YPOBEHb (rpauKu HE MPUXOAT K 3HaYeHHI0 Ah =0);
e yem Oonpbine K, TeM MeHbIIE OIIHOKa PeryIupoBaHns A/ B YCTAaHOBUBIIEMCS PEKHME; MOKHO
OXKHU/IaTh, YTO TIpu K —> o0 ommOKa J0JDKHA YMEHBIIUTHCS 10 HYJIS;
e yem Oosnble K, TeM OpICTpee 3aKaHYMBAETCS MEPEXO0/1 HAa HOBBIN PEXUM.
Kaxercs, uTo /Ui yaydiieHHUs yIpPaBICHUS HYXKHO YBEIWYMBATh K, OHAKO 3TO TOJBHKO MEPBOE BIIE-
yaTiieHue.
Teneps mocMOTpUM, 4TO OYAET, €CIIHU €CTh IIIyM H3MEPEHUN (ClTydaliHas OIMOKa JaTYNKa).
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AQ

K=1 0 \ t

[To rpadukam BHIIHO, UTO MPU HETOYHBIX H3MEPEHHUSX YPOBEHBb KOJICOJIETCS OKOJIO HEKOTOPOTO Cpejl-
HEro 3HaueHHus (TOro, 4To OBUIO MOJTYy4YeHO 0e3 IryMa), mpudeM npu 0ousbineM K KoieOaHus yBETHUYH-
BAIOTCS. DTOT 3PPEKT 0COOCHHO XOPOIIO BUJICH Ha rpaduKe M3MEHEHUs pacxoja Hacoca Ag (pucy-

HOK CITpaBa).

[Ipu yBennuenuu K MOBBIIIEHHE TOYHOCTH (YMEHBLICHHE YCTAaHOBUBIICHCS OMIMOKH) JOCTHIra-
eTcs 3a CYeT HOBBIIIEHHON aKTMBHOCTH HACcOCa, KOTOPBIM Bce BpeMs «aepraercs». [Ipu sTom mexaHu-
YeCKHUEe YacTU M3HAIIMBAIOTCS, M CYIIECTBEHHO YMEHBIIAETCS €ro0 CPoK ciy>KObl. [loaTomy Koaddurm-
eHT K HeNb3s CHIIBHO YBEIINYHBATb.

OnMH U3 TIaBHBIX BBIBOJIOB 3TOTO MPUMEpPA: YIPABICHHUE Yallle BCEIO CBA3AHO C KOMUPOMUCCOM.
3nech, ¢ OJTHOM CTOPOHBI, HY)KHO YBEIHYUBATh K, 4TOOBI MOBBICUTH TOYHOCTb, & C IPYTrOM — HYKHO
yMeHbIIaTh K, 4TOOBl YMEHBIIUTH BIUSHUE ITyMa H3MEPEHHS.

[Ipu BBIOOpE yNpaBICHUS MBI UM CaMbIM NPOCTHIM ITyTE€M, OCTAaHOBHUBILHCH Ha PEryJsiToOpe-
yeunurene (II-perynstope). Y BAyMunBOro yuratesnss HeM30€KHO JOKHBI ObUIM BOSHUKHYTH BOIPO-
CBI CIIEAYIOIIETO XapaKTepa:

e JIIO0BIM M 0OBEKTOM MOXKHO YTIPABIIATH C MMOMOIIBIO PETYJIISITOpA-yCHITHTENS ?
KaK MPaBUIIBLHO BBIOpaTh K03 durment K (Ha KakoM 3HaU€HHUH OCTAaHOBUTHCS)?
MO>KHO JIM JOOUTHCS YIyUIIECHHs YIPABICHHUS C MOMOIIBIO 00JIee CI0XKHOro perystopa?
KaKOH peryystop HyKHO PUMEHUTH, YTOOBI YIyUIIUTh yIpaBIeHUE?
KaK 00eCIeYnTh HYJIEBYIO YCTAaHOBUBIIYIOCS OIIMOKY (TIOCTOSHHBIM YPOBEHb MPH JIOO0M pac-
XOJIE ¢ ) U MOXKHO JIU 3TO C/eNaTh BooO1e?

® KAk MOJABUTh IIYMbI U3MEPEHU, YTOOBI OHU HE MPUBOIMIH K «ICpraHHio» Hacoca?
B cnenyrounmx pasnenax npeacTaBieHbl OCHOBBI TEOPUM aBTOMATHYECKOTO YMPaBIICHUS, KOTOpasl OT-
BEYAECT Ha TaKWe BOMPOCHI U MpeiJlaraeT HaJeKHbIe METO/bI MPOEKTUPOBAHUS PETYJIATOPOB, PEIIat0-
IIUX 33]a4y YIPaBJICHHs B COOTBETCTBUU C 33JJaHHBIMU TPEOOBAHHSIMH.
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3. Mogenu nMHeNHbIX OO BLEKTOB

3.1. QugpghepeHuyuanbHbIe ypasHEHUs

CocraBinsist MOJIeb OOBEKTa HA OCHOBAHUM (DPU3MUYECKUX 3a-
KOHOB, MBI Yallle BCEro MoIy4aeM cuctemy AaudQepeHnnarbHbIX
ypaBHEHUI TIEPBOTO U BTOPOTO MOPSIIIKA.

Jlns npuMepa nokakeM, Kak HOCTPOUTh MOAEIb Jgueamens
NOCMOSIHHO20 MOKA, WCTONB3Ysl 3aKOHBl MEXAaHUKU M JIIEKTPO-
TEeXHUKU. Bxox storo oObekTa — HampspkeHue skopst u(t) (B

601bMAXx), BEIXOJ — yroJl IoBopoTa Bana 6(t) (B paduarnax). O

>

" i
CHauana BCTIOMHHM HEKOTOPBIE «KUTEHCKHE» 3HAHUSA 00

9JICKTPOJIBUTaTeNsAX. Baj aBUrarens HaunHaeT BpaliaThCs, KOT/Ia MPUJIOKEHO HAIPSHKECHUE MTUTAHUS.

Ecnu nHanpshkeHne He MEHSIETCs, YIIIOBasi CKOPOCTh BpamieHus o(t) (B paduanax 6 cekyndy) ocTaetcs
MTOCTOSTHHOM, MPH 3TOM yroJl &(¢) paBHOMEPHO YBEINYUBACTCS.

Uewm Oounbliie HanpsKeHUE, TeM ObicTpee BpaiaeTcs Bai. Eciu 3axarh Bajl pyKod (WK MOAKIIIO-
YUTh HArpy3Ky, HAapUMep, 3aCTaBUTh JBUTATEINb BpalllaTh TYPOUHY), CKOPOCTh BpaIlleHUs! TOCTEIIEHHO
YMEHBIIIAETCS JI0 HOBOT'O 3HAYEHUS, MPU KOTOPOM BpAIAIONMINH MOMEHT JBHUTraTesi OyJaeT paBeH Mo-
MEHTY conpoTuBlieHUs (Harpy3ku). [Ioka 3T MOMEHTHI PaBHBI, CKOPOCTh BPAIIEHHUS OCTaeTCs MOCTO-
STHHOU ¥ €€ TIPOM3BO/IHAs paBHA HYITIO.

Tenepb nepeBeieM 3TU PACCYXKACHUS HA CTPOTUH S3bIK MATEMAaTUKU. YTIIOBAask CKOPOCTh Bpallie-

do(t)
HUSl @(t) BBIYHCISETCS KaK MPOM3BOIHAS OT yria moBopora Bama #(t), To ectb w(t) =———. CooT-
t

BETCTBEHHO, yros €(f) — 3TO MHTErpaj OT YIJIOBOI CKOPOCTH. B MexaHuke ypaBHEHHE BpallaTeIbHO-
IO JBUKEHHS OOBIYHO 3aMMCHIBAIOT B BUJIE
do(t
 do)
t

= M (1)~ M, (1),

rae M(f) — Bpamaromuii MOMEHT (u3mepsietcs B H-m), My(f) — MOMEHT Harpy3ku (BO3MYIIICHUE, TAKKE
B H-m). BykBoii J 0603HAYeH CyMMAapHbIi MOMeHm uHepyuu SKOps ¥ Harpy3ku (B kewm’). Bemmunna
MOMEHTa MHEpPIUU TOBOPUT O TOM, HACKOJBKO JIETKO «Pa30THaTh» JBUTATeNb (4eM OOoJbllle MOMEHT
WHEPLUH, TEM CIOKHEE «Pa30THATHY).
[Tepeiinem k snexkTpoTexHuke. B HameMm cioydae MOMeHT M () — 3TO 3JIEKTPOMAarHUTHBI MOMEHT
JIBUTaTeNsl, KOTOPBIA BBIYUCISAETCS 1O (hopMyie
M) =Cy-®-i(1),
rne C,, — kodpduiuent, © — MarHUTHBIN NOTOK, CO3/1aBa€MbIii OOMOTKON BO30YKICHUS (M3MepseT-
csl B 8ebepax); i(t) — TOK KOs (B amnepax), KOTOPBIA MOKET ObITh HaliJIeH U3 YpaBHEHUS
u(ty=e(®)+R-i(t),
rae e(t) — anexrpoaskymas cuna (3C) sixops (B 6orvmax) u R — CONPOTUBIICHUE STKOPHOU 11eTH (B
omax). B cBoto ouepenn, DJIC paccunThiBaeTcs yepe3 MAarHUTHBINA MTOTOK U YaCTOTY BpalllCHUSI:

e(t)=C, - ®-w(t),
rae C, — xoapduiment. Beoas Hosble noctosiuuble k, =C,, - ® u k, =C, -, MOXKHO 3anucath Mo-
Jie]Ib JBUTaTeNs B BUJIE CUCTEMBI YPABHEHHI

7990 _ k=M (@), et) =k, -0, o) =200

, u(t)=-e(t)+R-i(t). (11)
dt
Mopnens (11) onuchIBaeT cBsI3U peajbHBIX CUTHAJIOB B CUCTEME, €€ BHYTPEHHEE YCTPOHCTBO.
YacTo HaM TOCTATOYHO 3HATh, KaKk OyJeT pearnpoBaTh OOBEKT Ha 3a/JaHHBIA BXOJHOW CHUTHAI
(ympasnenue). [Ipu 3ToM ero BHyTpeHHEe YCTPOHCTBO HAacC HE OYEHb MHTEPECYeT, TO €CTh MBI pac-
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cMaTpuBaeM OOBEKT B KAUEeCTBE «UYEPHOTO slIuKa». [lojcTaBuB Bropoe ypaBHeHHE U3 cucTembl (11) B
TpeTbe, HaiiieM i(¢) u MoJCTaBUM B MepBOe ypaBHeHuUE. [lepexos k nepeMeHHoi 6(¢) , morydaeM:

00 _k [, 400
S = [u(t) b } M, ()

WJTU, TIEPEHOCS BCE WICHBI, 3aBUCSIINE OT €(¢), B JIEBYIO 4aCTh PaBEHCTBA
J d’o(t) N kk, ‘ do(t) _

dt* R 4t
Ot0 nuddepeHnanbHOe ypaBHEHHE BTOPOTo MopsiKa, CBsi3bIBatolee BXoa u(t) u Harpysky M, (1)

ky u(t)— M, (t). (12)

¢ BeIxosioM 6(t) . B cpaBHeHuu ¢ cucremoit (11), Bce BHyTpeHHUE CHTHAIBI HCXOMHOHN Moenu (e(t) u
i(t)) ObLIM uCKIIOYEeHbl U3 ypaBHeHuU. [losromy ypaBHenue (12) Ha3bpiBaeTCs ypaBHEHHEM «BXO/-

BBIXOI».

Topsoxom modenu Ha3BIBAIOT MOPSAOK COOTBETCTBYIOIIETO nuddepeHmanisHoro ypaBaenus. B
JTAHHOM CJTy4ae MbI MOJTYYHIN MOJIEdb BTOPOIO MOPSIKA.

B »TOM pasnmene Ha mMpocTOM MpHMEpPE MBI MOCMOTPENH, KaK Ha OCHOBE (DM3MYECKHUX 3aKOHOB
CTPOATCS MaTEMaTUYECKUE MOJIETTH OOBEKTOB ympaBieHus. Kak mpaBuio, OHU MPEACTaBISIOT CO00M
muddepeHIanbHbie ypaBHeHU. B nanpHeiiemM Mbl Oy1eM UCTIOIB30BaTh TOTOBBIE MOJIETH O0OBEKTOB
yIOpaBieHus, Ipeanoaras, yTo OHU ObUIM KEM-TO IOJIy4EeHbI paHee (Hampumep, MpeJoCTaBICHbI 3a-
Ka34UKOM).

3.2. Modenu e npocmpaHcmee cocmosiHul
st Toro, uToObI OBLIO JIeT4e MCCIIeI0BaTh MOJETh OOBEKTA, )KEJIATEeIbHO MMPUBECTH €€ K HEKO-
TOPOMY CTaHJAPTHOMY BHUAY, IIJIsi KOTOPOTO YK€ €CTh TOTOBBIE O0IIMEe peuieHus. Takum «cTaHmap-
TOM» B TEOPHH YIPABJICHUS CUHTACTCS cucTeMa AuepeHIHaNbHBIX YPaBHEHUH MEPBOTO MOPSIKA,
KOTOPasi Ha3bIBACTCS HOpMAIbHOU (opmotl Kowu.
PaccMmoTpuM CHOBa MOJIeIb JIEKTPOABUraTeNs, cuntas, uto M, (t) =0 (Harpy3ku HeT). Beriom-

HuB, uto @(f) = O(f) , MOXKHO 3armcath (12) B BHIe CHCTEMBI

0(1) = (1)
kk k
o) =——"2-o(t)+—=-u(t
(1) TR () T (1)
Orta cuctema audQepeHnnanbHbIX YpaBHEHUH IepBOro NOopsiika OBITh 3ayucaHa B MaTpU4HOM (opme:
: 0 1 0
ot o(t
[.()} o Kk { ()} oy |-uto (13)
a(t) JR| Lo TR

3naueHus O(t) u @(t) onpenensIoT cocmosHue TBUTATENE B MOMEHT BPEMEHH ¢ . DTO 3HAYHT,
YTO 3HAs MX 3HAYCHUS B HEKOTOPBI MOMEHT BPEMEHHU #, W BXOJHOW CUrHai u(f) HpHU BCeX [ >{,
MOYKHO pacCUYMTaTh MOBEACHHE 00beKTa Ul JTF000ro MOCIeayromero MoMeHTa. [Ipu 3ToM npeabiay-
mue 3HaueHus 0(¢), o(t) n u(t) (upu ¢ <t,) He UrparoT HUKaKoi posu. [lostomy O(¢) u @(t) Ha3bI-
o(t)
(1)

B Teopun ynpaBieHus MPUHITO 0003HAYATh BEKTOP COCTOSHUS uepe3 x(¢), BXo1 oObekTa (Cur-

BalOTCA nepemerHHbiMuU COCMoAAHUuA, a BEKTOP |: :| — BEKMOPOM COCMOAHRUA.

Han ynpasneHus) — uepe3 u(¢). Torna moxaens (13) MoxkeT ObITH 3aITMCaHa B BHJIE
x(t)=A-x(t)+B-u(t) (14)

0(1) 0 1 0
rae x(t) = , A=lg _ kik, | w B=| ki |. Mogens (14) ces3biBaet Bxox u(¢) W BEKTOp cO-
(t) J R JR

CTOSTHUS X(1), TOATOMY OHA HA3BIBACTCS MOOENbI0 8X00-COCMOSHUE.
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[TonHast Mosieb 0OBEKTA B IPOCTPAHCTBE COCTOSIHUN COJICPKHT €IIe OJHO YPaBHEHUE — ypaBHE-
HUE BBIX0JIa, KOTOPOE MOKA3bIBACT, Kak POpMHUpPYETCs BBIXOT 00BEeKTa Y(1) :

x(t)=A4-x(t)+ B-u(t) 15)
y(t)=C-x(t)+D-u(t)
Drta MOJielbh Ha3bIBACTCS MOJCIBIO 6X00-COCMOsIHUEe-6bIX00. BBIXOIHAS KOOpIWUHATA JUISl JIBUTATEIIS
MOCTOSIHHOTO TOKa — 3TO yTOJI MOBOPOTA Baja:

o
yo=om =l o °

a(t)

Tak yro C = [1 O] u D =0.Ecmu e B KaueCTBE BbIX0/1a IPUHATH YTJIOBYIO CKOPOCTh, TO C = [O ]

=[1 0]-x(,

C nomorsio Moaenu (15), uamensis Mmatpunbl C 1 D, MOKHO TIPUHATH 32 BBIXOJ JIIOOYIO JIH-
HEWHYI0 KOMOMHAITMIO IEPEMEHHBIX COCTOSHHS M BXOa. Bo MHOTHX MpaKTHYECKUX 3a7adaxX BBIXOM —
9TO OZHA UJIM HECKOJIBKO IMCPEMCHHLIX COCTOAHUA, KOTOPBIC MBI MOXKXCM U3MCPHUTD.

[TockonbKy MOMEHT MHEpLUU J , CONPOTUBIIEHUE KOpss R U ko3 duuuentsl k, u k, He 3aBU-

cAT OT BpeMeHU, Matpullbl 4, B, C u D B mozgenu (15) — nocrosuuble. Takue 00BEKTHI HA3BIBAIOTCS
CMAYUOHAPHLIMU, B OTIIMYUE OT HeCmayuoHapHsix OOBEKTOB, MapaMeTPhl KOTOPBIX W3MEHSIIOTCS BO
BPEMEHH.

3anuce Mojeneld B equHoi ¢opme (15) mo3BOISAET OTBICULCA OT CMBICIA IEPEMEHHBIX COCTOS-
HUS ¥ UCCIIEIOBATh CUCTEMbI Pa3HOM MPUPOABI CTAHJAPTHBIMU METOAaMH, KOTOPbIE XOPOIIO pa3pado-
TaHBl ¥ PEATM30BAHBI B COBPEMEHHBIX KOMITBIOTEPHBIX IPOTPaMMax.

ITokaxxem, kak ypaBHeHHs Buja (15) MOryT OBITH pelIeHbl U YeM yJo0Ha UMEHHO Takas (gopma
3anucu. IlpennonokuM, 4To Mbl 3HAa€M HayallbHbIE YCJIOBHUS, TO €CThb BEKTOp cocTosHusd x(0) mpu
t = 0. BcnomuuM, uto 3nanue x(0) u Bxona u(¢) mpu Bcex ¢ >0 naeT BO3MOKHOCTh OJJHO3HAYHO OTI-
peaenuTh najabHeillee NoBeIeHUE 3TOro 00bEKTa.

[lepBoe ypaBuenue B (15) mo3BossieT HAUTH MPOU3BOAHYIO, TO €CTh, CKOPOCTh U3MEHEHUS BEK-
TOpa coCTOsIHUSL X(¢) B M000M MOMEHT BpeMeHH. byaem cuurarte, urto npu 0 <7< Af, rne At — ma-
JBI MHTEpBaJ BPEMEHH, 3Ta MPOU3BOJAHAs He MeHsercsa. Torjga 3HayeHHe BEKTOpa COCTOSIHUS IpU
t = At ipuOMIKEHHO onpenenseTcs GopMyoi

x(Af) ~ x(0) + x(0)- At = x(0) +[4- x(0) + B-u(0)]- At
TO €CTh, €0 MOXHO JIETKO BBIYUCIUTH. 3Hasg Xx(Af) W curHan ympasieHus u#(Af), HAXOAUM BBIXOJ]
CHCTEMBI B TOT K€ MOMEHT
V(At) = C-x(At)+ D -u(At).
DTy METOAMKY MOXHO IPUMEHSTh U JJaJbliie, B KOHIIE BTOPOI0 HHTEPBAJIa IMOJIy4aeM
X(2-Af) = x(At) + x(Ar) - At = x(At) +[A- x(Af) + B-u(Ar)]- At
V(2-At)= C-x(2-At)+D-u(2-At).
Taxkum oOpazoM, MOXKHO (TIPUOIMHKEHHO) pACCYUTATh BBIXOJT CHCTEMBI IpH Beex ¢ > 0. Koneuno, Tou-
HOCTb OyJeT TE€M BBIIIE, YEM MEHbIIE Af, OJHAKO 00bEM BHIUMCICHUN MPU ATOM TAKKE yBEIUYUTCS.
DTOT METOJ MPHOIMKEHHOTO pemieHns aupHepeHITnalbHBIX YPaBHEHHUS HA3BIBAETCS Memooom Diije-
pa. Tak xak Mbl HE JIeJIaji HUKAKUX MPEATNON0KEHUN 0 TOCTOAHHBIX MaTtpuniax 4, B, C u D, ero
(kak u jgpyrue, Oojiee COBEPIICHHBIE METOJbI) MOKHO HCIIOJIb30BaTh 0€3 M3MEHEHHH ISl PEIIeHUs
moObIX ypaBHeHUH Bua (15).

3.3. lNepexodHasi ¢hyHKUUsI

OauH W3 METONIOB MOCTPOEHHUS MOJENel «BXOJ-BBIXOA» — OIpeAeTeHHE Peakuu OO0beKTa Ha
HEKOTOPBIN CTaHAAPTHBINA curHai. OJMH U3 MPOCTEHIINX CUTHAJIOB — TaK HA3bIBAEMbIN «EIMHUYHBIN
CKa4OK» («EAMHUYHBIA CTYNEHYAThI CUTHA»), TO €CTh MTHOBEHHOE U3MEHEHHUE BXOJHOTO CUTHAJA C
0 1o 1 B MmoMeHT ¢ = 0. @opManbHO 3TOT CUTHAJ ONPEAEISIETCS TaK:

0,1<0
1(r) =

Lt=0
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Peakuust 00beKTa Ha €AMHUYHBINA CKaYOK Ha3bIBa€TCA MepexoaHoi pyHkuuei u o6ozHaqyaercs A(r):

104 h(t) A

l— 1(1) h(1)

> >
0 t 0 t

HpI/I 9TOM IIPCAIIoJIaracTcs, 4To 06’LCKT B HAYAJILHBII MOMEHT Haxo4JUuTCsa B COCTOSIHHH IIOKOA, TO

€CTb, UMCCT H)Jjle8ble HA4d/lbHble YCIOBUA. 9TO 3HAYUT, YTO BCC €ro NMEpPpEMCHHBIC COCTOSAHHA PABHBI

HYJIIO 1 BHYTPCHHSS DHCPIUA TAKIKE HYJICBAA.

ECJII/I Ha4daJIbHBIC yCJIOBI/ISI HeHy.HeBBIe, TO OJIA HOCTpOGHI/ISI CUrHaJIa BbIXO4a HpPI JIIO6OM BX0OO€
HYKHO HCIIOJIb30BaTh ,Z[I/I(l)(bepeHL[I/IaJIBHBIe YPaBHCHUA 06’beKTa Wi MOJCJIb B IIPOCTPAHCTBE COCTOA-
HUU. DTO 3HAYMT, YTO MEPEXO/HAS XaPAKTEPUCTUKA JTACT MEHBIIIC HHPOPMAIINH, YeM UCXOIHBIC YPaB-
HCHUS.

[Tycte Monens o0bekTa 3aaana nudepeHnnanbHbIM ypaBHEHHEM TIEPBOTO MOPSAKA:

T%w(z):k-x(z), (16)

rne k — 6e3pasMepHblii kKodpduureHT, a 7' — HEKOTOpasi MOCTOSHHASA, KOTOpasi MMEET pa3MEepHOCTh
BpeMeHH (M3MepseTcs B cekyHoax). Haiinem mepexomHyro XapaKTepHUCTHKY 3TOro 3BeHa. Pemas ypas-
Henue (16) nmpu x(¢) =1 (¢ > 0), nomyyaem

t
y(0) =k+C 'eXP(—?j :

A€ IIOCTOsIHHAA Cl AOJDKHA ONpCACIIATHCA U3 HAYaJIbHBIX YCHOBI/II‘/JI. HOCKOHBKy HaC UHTCPCCYCT IIC-
pexonHas XapaKTepHCTHKA, HadalbHbIC YCIOBHS CUMTaeM HyJeBbIMH, TO ecTb »(0) =0, uto maer
C, = —k nnostomy

h(t) = (1) = k l—exp(— %j . 17)

Ha pucynke moka3anbl nepexoaHbie xapakTepucTuku (17) nmpu pa3audHbIX 3HaUYCHUSX mapamerpa 7T,
KOTOPbIH HA3bIBAETCSI MOCTOSIHHOW BpPeMEHH 3BEHA:

0 1 2 3 4 5 6 !t
BuHo, uro npu yBenuueHun T BBIXOA ) MeUIEHHEE JOCTUTAET YCTAHOBUBILETOCS 3HAYEHUS, PABHO-

ro k, TO €CTh MOCTOSIHHASI BPEMEHU XapaKTepusyeT uxepyuoHnocms 38eHa (16). Uem Oomblie mocTo-
sIHHasl BpEMEHH, YeM MeJUIeHHee pearupyer oObeKT Ha yNpaBiIeHHE U TeM OOJIbIIe YCHUIHM HYKHO JUIs
TOTO, YTOOBI IEPEBECTH €r0 B HOBOE COCTOSIHUE.

3aMeTUM, YTO CTYINEHYAThIil CUTHAJ JIETKO MOJYYUTh Ha MPAaKTHKE, MO3TOMY MEPEXOJHYIO Xa-
PaKTEPUCTUKY MOKHO CHATH SKCIIEPUMEHTAIIBHO.
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3.4. UmnynbcHas xapakmepucmuka (eecoeasi pyHKUUSI)

B kauecTBe TECTOBOTO CHTHaja MOYKHO, B TIPUHITUIIE, UCIIOIB30BaTh JIF000M curHan. Hampumep,
MOJKHO M3y4aTh PEaKLHUIO CUCTEMbI Ha MPSIMOYTOJIbHBIN UMIYJbC. Borpoc B TOM, YTOOBI onpenenuTh
HEKOTOPBIA CTaHIAPTHBIN BUJ 3TOro MMmylibca. Ha pucyHkax a)-B) MoKa3aHbl TpU UMITYJIbCA, UMEIO-
[IMX OJTMHAKOBBIC IIOMAAN. Il IPOCTOTHI OyIeM CUMTATh, UTO 3Ta TUIOMIA (b PaBHA STUHUIIC.

a) A 6) A B) A r

) 5(1)

> —
0 t 0 t 0 t 0 t
Yro Oyner, eciiu Mbl OyJIeM YMEHbBIIATh MIUPHHY MMITYJIbCA, COXpaHss ero riomaab? O4eBu-
HO, YTO BBICOTa UMITyJIbca OyJIeT PacTH U B mpeese (Koraa MUpUHa CTPEMHUTCS K HYJII0) CTaHeT Oec-
KOHE4HOW. TakuM 00pa3oM, MbI MOJYUYHIH €IIe OJAUH KIACCUYECKUI TECTOBBIH CUTHAI — eOUHUYHDBIIL
umnyiec Wi denvma-@yuxkyuio Jupaxa O(t). DTO uaeanbHBIN (HEBO3MOXKHBIN B peaabHOU >KU3HH)

CHUTHAJI, KOTOPBI PaBEH HYJIO BO BCEX TOYKax, Kpome ¢ =0, rie OH yXOOUT K OECKOHEYHOCTh, MPH-
YeM ero Iomaas (MHTerpail no Bceil ocu BpeMEHH) paBeH eAMHULIE:
o, t=0
0, t#0
ITockonbKy OECKOHEYHBIM MMITYJIbC HEBO3MOXKHO HAPUCOBaTh, Ha rpauke OH M300pa)aercsi CTpel-
KOH, BEICOTa KOTOPOH paBHA €IUHMIIE (CM. PUCYHOK T).

WHorna onpenensor aenbTa-(QyHKIUI0 KaK IPOU3BOIHYIO OT €IMHUYHOIO CTYIIEHYaTOro0 CUrHa-
na 1(¢) . JlelictBuTenbHO, 3Ta MPOM3BOIHAS PABHA HYJIIO NP BCEX 3HAYEHUAX f, KpOME HYJIA, I7le OHa

5(t) = , Ta(r) dt=1.

oOparaeTcsi B 06CKOHEYHOCTb.
Peakuust cucteMbl Ha €AMHUYHBIA MMITYJILC (A€TIbTa-(QYHKIIMIO) HA3bIBACTCS MMILYJIbCHOM Xa-
PaKTEepUCTUKOM 1 0003HavaeTcss w(t):

3(9) w(t) A

(1) w(?)

| |
0 t 0 t

NmMnynbcHas XxapakTEepUCTHKA, TaK )K€, KaK U MEPEX0JIHas XapaKTEPUCTHKA, ONPEILISICTCS PU HYJIe-
BBbIX HAYaJbHBIX YCIOBHSIX, TO €CTh, 0OBEKT JOJIKEH HaXOUTHCS B COCTOSIHUH MOKOSI.
PaccmaTpuBast nenpTa-pyHKINIO KaK TPeeNIbHbIN clTydail IpSIMOYTOJILHOTO CHUTHAIA SUHIY-
HOM TUTOIIAIM, MOXXHO HAWTH CBSI3b MKy TIEPEXOAHON (PYHKITUEH M MMITYJIbCHON XapaKTEPUCTHKOM.
[Tycth mmpuHa npsIMOYTOIBHOTO UMITyJIbCa paBHa &, a BbicoTa — 1/ & . Takoil UMIyIbC MOXKHO
MIPEICTaBUTh B BUJIE PA3HOCTH JIBYX CTYNEHYATHIX CUTHAJIOB

x(1) =§[1(t)—1(t—s)],

rae 1(—&) — 3TO eMUHUYHBIN CTYNEHYAThlil CUTHAN, KOTOPBI MPUXOIUT B MOMEHT f = &, TO €CTbh,
CMEIIEH 10 BPEMEHH Ha & (CM. PUCYHOK Jaliee).
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x(t) A A A
: 1() 1(t-¢)
- | — f-—
<
— — -
0¢ t 0 ¢ &

Tax kaK aJ1s TMHEWHBIX CUCTEM CIPABEUIUB MPUHITUI CYTICPIIO3HUIIMN, CUTHAJ Ha BBIXOJIC OYJIET paBeH
Pa3HOCTH peakiuii cucteMbl Ha Bxoabl 1(f) u 1(f — &), ymHOXKeHHON Ha K03 dunueHt 1/& . YuuTsi-

Bas, 4TO peakmus Ha curHan 1(¢) —aTo mepexonHas GyHKIuUs /(?), momydaem

1
y(o) = ;[h(t) —h(t—¢&)].
Ilepexons k npeaeny npu € — 0, HAOJUM, YTO UMITYJICHAS XapAaKTEPUCTHKA
w(t) = lim h(t)—h(t—¢) _ dh(t)
&0 & dt
KaK OKa3bIBAaETCsl, paBHA MPOU3BOAHON OT mepexoanoi ¢pynkuuu. HaoGopor, nmepexoaHas GyHKIus —

b

9TO MHTETPaJl OT UMITYJILCHOM XapakTepUCTUKU Ha MHTepBaie ot 0 1o #:
t
h(t) = j w(z)dr .
0

JuddepeHmupys mepexoqHyo XapakTepucTuky (17) 3BeHa mepBoro mopsiaka, MoaydaeM COOT-
BETCTBYIOIIYIO UMITYJIbCHYIO XapaKTEPUCTUKY:

o= gl-o - )35

Hpyroe Ha3zBaHWE UMITYJIbCHOW XapaKTEPUCTUKU — 8eco8asi (hyHKYus. ITO Ha3BaHUE CBSI3aHO C
TEM, 4TO JJIsi IPOU3BOJIBLHOTO BXOAHOTO CUTHANA X(¢) BBIXOJ CUCTEMBI )(f) MPHU HYJIEBBIX HaYaJIbHBIX

YCIIOBUAX BBIYHUCIIACTCA KaK HUHTETpall

t ©

(1) = j x(D)w(t—7)dr = j x(t—t)w(r)dr .

—o0 0
3nech GyHKIMS W(¢) Kak Obl «B3BEIIMBACTY» BXOJAHOW CUTHAN X(f) B MOJBIHTETPATLHOM BBIPAXKEHUH.

3aMeTI/IM, 4YTO UMITYJIbCHAS XaPAKTCPUCTHKA JaCT HCIIOJIHY O I/IH(1)OpMaI_II/IIO 00 O6’beKTe, IMOCKOJIbKY HE
YUUTBIBACT HCHYJICBBIC HAYAJIbHBIC YCIIOBUA.

B otnuume ot CTYIICHYATOTO CUI'HaJia, MTI'HOBEHHBIN HUMITYJIBC OECKOHEYHON BEJIWYHUHLI HEBO3-
MOJKHO IIOJIYYUTh HAa PCaJIbHOM yCT’pOfICTBG, IMO3TOMY CHATH UMITYJIbCHYIO XapPaKTCPUCTUKY CHUCTCMBI,
CTpPOIo roBops, SKCIICPUMCHTAJIBHO HC YIaCTCA.

3.5. lNepedamoyHasi hyHKUUSI

Br1 yxe 3HaeTe, BBIXOJAHOW CUTHAJI CUCTEMBI MOKHO MPEJICTABUTh KakK pPe3yibTaT JEeUCTBUS He-
KOTOpPOTO omeparopa Ha €€ BXoA. JlJisi JIMHEHHBIX MOJENEeN TakoWl OImepaTtop MOXKHO 3amucaTh clie-
TYIOIIUM 00pa3oMm.

[Tyctb Monenb 00bekTa 3a7aHa JIMHEHHBIM i pepeHnalIbHBIM YPaBHEHUEM BTOPOTO MOPSAIKA,
CBSI3BIBAIOIINUM BXOJ X(¢) W BBIXOM )(?):

d2 t dv(t dx(t
b, dJ;z()+b1 );l(t)"‘boy(t)zcﬁ d(t)+a0x(t) (18)

rne a, (i =0,1) u b, (i =0,1,2) — nocrosiHHBIE.
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d N
Beenem onepamop ougghepenyuposanus p = o KOTOPBIA JEHCTBYeT Ha curHai x(f) 1o mpa-
t

dx(t
By p x(t) = % OOparute BHUMaHUE, UYTO 3aMUCh p Xx(¢) 0003HAYACT He YMHONMCEeHuUe OTepaTopa

p Ha x(t), a deticmgue 3TOTO oIeparopa, To ectTh AuddepeHuupopanme x().
Teneps 3anuieM Mpou3BOAHBIC CUTHAIOB X(f) U )(f) O BpEMEHHU B OnepaTopHOi hopme

. dy(t) . d’y(t) ) i dx(t)
1) =—"—2=py(t), ¥(t)=——== 1), x(t) =" = px(1).
y(1) 4 py(t), ¥(1) = Py, x(2) % px(t)
[Moncrapmnsist 3tH BeipaskeHus B (18), momyunm
b, p* (1) +b, py(t) + by y(1) = a, px(t) + ayx(t). (19)
MosxHO (opMaNbHO BBIHECTH 3a CKOOKHU Y(?) B JieBOM dacTu paBeHcTBa (19) u x(¢) B mpaBoif yacTH:
(b2p2+b1p+b0) () =(a,p+a,) x(1). (20)

Jlepas yacth (20) o3HauaeT, 4to oneparop b, p’ +b,p+b, nelcTByeT Ha curHan y(¢), a B MpaBoii Yac-
TH OLIEPaTop a,p + a, ACUCTBYeT Ha curHan x(¢). «Pa3genus» (yciaoBHO, KOHEUHO) 00e dacTu (20) Ha

onepatop b,p’ +b,p +b,, CBA3b BHIXO/a U BXOJIa MOKHO 3aITHCaTh B BUJIE

a +a
w)=—PTD )= (p) x(1), 21)
b,p” +bp+b,
rae 3anuck W(p) x(¢f) o3Ha4YaeT HE YMHOXKEHHUE, a IEHCTBUE CIIOKHOTO ONepaTopa
W(p)=—aL (22)

b,p’ +bp+b,
Ha curHan x(¢). Muade roBops, popmyna y(t) =W (p) x(¢) — 3TO HE YTO MHOE, KAaK CUMBOJIHYECKAS
3anuch ypaBHeHus (18), KoTopyto y100HO HCTIONB30BATh.

Oynkuuss W (p) Ha3bpiBaeTCs NepelaTO4YHOl (yHKIMeill 00bEeKTa, KOTOPBIM OMHCHIBaeTCS
ypaBHeHueM (18). OHa MOTHOCTHIO OMHCHIBAET CBSI3U MEXKIY BBIXOJOM M BXOJOM OOBEKTa MpHU HyJe-
BbIX HAYaJIbHBIX YCJIOBHSIX, HO HE YUUTHIBAET €r0 BHYTPEHHEE YCTPOICTBO.

Yacto nepenarounoit pyHkimeit Ha3piBaroT GyHkIuo W (A), koTopas noimydaercs u3 (22) B pe-
3yJbTaTe 3aMEHBI OrepaTopa p Ha HEKOTOPYIO HE3aBUCHUMYIO MepeMeHHyIo A. DTa (yKHIus mnpen-
CTaBJIsIeT COO0M OTHOIIEHUE IBYX IMOJTMHOMOB (MHOTOWIEHOB) OT A .

[lepenarounas ¢ynkums W(A) Ha3pIBaeTcs NMPaBWIBLHOM, €CIIM CTENEHb €€ UYUCIUTENS He
Oonvue, YeM CTENeHb 3HAMEHATENsl; CTPOro NPaBUJIbHOM, €CIIM CTENICHb YUCIUTENS MeHblle CTETIEHU
3HAMEHaTeNsl; HeMPaBUJIbHOM, €CIIU CTENeHb YHCIUTENS Ooiblle, YEM CTENeHb 3HaMeHaTens. Hampu-

1
Mep, QyHKIHS T CTPOro MpaBWIbHAS U OJHOBPEMEHHO NPAaBUIIbHAS, — IIpaBUJIbHAA, HO HE
+

P +A+1
CTPOTO MpaBUIIbHas (MHOTIA TaKWe (QYHKIMU HA3BIBAIOT OUNPAGULLHBIMU), & ————— — HETIPABHIIb-

A+1
Hasl.
HynsiMmu miepenatodHoil (pyHKIMH Ha3bIBAIOTCS KOPHH €€ YHCIIMTEIS, a MOJI0CAMH — KOPHH
A -
A +34+2

3HameHarens. Hanpumep, dynkuus W(A) = UMeeT HyJb B Touke A =1 u 1Ba momoca B

TOYkKax A=-1nu A=-2.

3.6. lMpeobpaszoeaHue Jlannaca

3.6.1. Ymo maxkoe npeobpazosanue Jlanraca?
OIlHa M3 ICPBLIX 3a/1a4, KOTOPLIC OBUIM IIOCTAaBJIEHEI B TCOpHU YHIPaBJICHUA — BLIYHUCIICHHUC BbI-

XOJ[a CUCTEMBI TIPH U3BECTHOM BX0Je. MBI BUJIETH, YTO ISl €€ PEeIICHHs HY>KHO pemaTh TuddepeHIm-
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aJIbHbIC ypaBHEHUs. UTOOBI YIIPOCTHUTH MPOLEAYPY, MATEMATHKH MPHIyMald MpeoOpa3oBaHue, KOTO-
pO€ TO3BOJWIO 3aMEHUTH pelieHrne auddepeHanbHbIX YpaBHEHHN anreOpanuyecKUMU BBIYHCIIC-
HUSIMH, TO €CTh, OTIEPALIUSMU C TIOJTMHOMaMHU (MHOTOWIEHAMH) B PallHOHATBHBIMU (QYHKITUSMHU.

s dpynkuuu f(¢) BBoguTCs npeodpa3zoBanue Jlamnaca, kotropoe o6o3nauaercs kak L{ f(¢)}:

E(s)=L{f(0)} = I f@)e™dr. (23)

Oyuknust F(s) Ha3bIBaeTcs uzobpasicenuem nns pynkuuu f(¢f) (opurmnana). 3mech § — 3TO KOM-
TICKCHAs! TIEPEMEHHast, KOTOpasi BEIOUPAeTCsi TaK, 4To0bI HHTErpa (23) CXOLHICS .

O6paTHoe npeodpazosanue Jamnaca £7{F(s)} no3Bonser BHUNCINTE OpuUrHHAN f () 10
M3BECTHOMY M300pakeHuto F'(s):

o+ joo

FO =L@} = [F(s) e ds, (24)
27 475
rae j=+/—1, a mocTosHHAS ¢ BBHIOUPACTCS TAK, YTOOBI HHTErPAT CXOTHICS .

Ha mpaktuke BMecTo unterpaia (24) yaiie BCEro UCHOJIb3YIOT TOTOBBIE TAOIHIIbI, IO KOTOPBIM
MO>KHO Cpa3y ONpEeIeNUTh N300pakeHre o OpUruHany u Haobopot. Hampumep, nuzobpaxenus mno Jla-

1 I ACbTa-(YHKIOHWHU, CAMHUYHOT'O CKa4YKa 1 HKIUUA € BHEI, TBCTCTBCHH
ac (& a € Oro CKadka “ pa COOTBETCTBCHHO

L@} =1, £{1(t)}=§, Ll =]

s+a

(25)

3.6.2. Ceoticmea npeobpazoeanus Jlaniaca

[IpeobpazoBanue Jlammaca UMeeT HECKOJIBKO 3aMEYaTEeNIbHBIX CBOMCTB. Bo-nepBbIX, HCHIOIB3YS
(23) u (24), nerko A0Ka3aTh, YTO MPUHIIMIT CYNEPIIO3UIIMN BBIOIHAETCS KaK JUIsl MPSMOTO, TaK M JIst
obOparHoro npeobpazoBanus Jlamnaca:

LD+ L,O) = L{[O)+ LS5 (26)
LE(s)+ Fy(s)y = L7{F ()} + £7{F, ()} . (27)
Bo-BTophIX, n300pakeHue s mpou3BogHON (GyHKIMK f () paBHO

2| L0V Fo)- 0,

rae F(s) — m3obpaxenue pynxumn f(¢), u f(0) — ee 3Hauenne’ npu ¢ = 0. [TodTOMY npu Hyneswix
HAYanIbHbIX YCI08UAX U300pakeHUe MPOU3BOAHON PaBHO M300pakeHHI0 caMoi (DYyHKIUH, YMHOMKCH-
HOMY Ha §. AHAJOTHYHO Ui OCTPOCHUS M300paKeHHsI i -0i MPOU3BOAHON HYKHO YMHOXHTBH H30-
Opaxkenne QyHKIMK Ha s' (3TO Tak)kKe CHPABEUTMBO TOJIBKO IIPH HYJIEBBIX HAYaIbHBIX yCIOBHSAX).

Kpome toro, ¢ nomouisto npeodbpaszoBanue Jlamiaca MOXKHO cpa3sy HalTH HA4YaJIbHOE H KOHeY-
Hoe 3HaYeHus1 QyHKuuu-opuruHana (mpu ¢ =0 U ¢ — 00 ), He BRIYUCIISS CAMOTO OPUTHHAJA:

f(O)=lims-F(s), f(@)=lims-F(s). (28)

3 IpeoGpazosanue Jlamtaca onpenensercst 1is (yHKIHHA OrpaHHIeHHOT0 pocTa, Takux uto f (1) < Me™ ,rne M u o —

MOCTOsIHHBIC, U (X HAa3bIBACTCS noxkaszamejem pocma (I)yHKIII/II/I f(t) . I[J'[H BCEX §, BEHICCTBECHHAA YaCTh KOTOPLIX 00JIb-

me & (B o6nactu Res > a ) dyuxums f(¢ )e_” 3aryxaeT npu ! —> 00 u uHTerpaiu (23) cxomurces.
* TloctosiHHas O JOMKHA GBITH GONBIIE, YeM ToKa3aTenb pocta & (ynkimu-opuruaana f (). IIpu 5TOM MOXKHO MOKa-
3aTh, YTO 3HAUEHHE MHTerpaiia (24) He 3aBUCUT OT BbIOOpa O .

5 Ecam (yHxuus umeet paspeis npu ¢ = 0, HyxHO GpaTh IIpeaen cleBa, TO ECTh €€ 3HAYEHUE IPU OECKOHEYHO MAJIOM OT-
puLaTensHoM [ .
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3.6.3. Cnosa nepedamounasn (hynkyus
Paccmotpum cHoBa ypaBHeHue (18):

d2 t dv(t dx(t
b, d)t}2()+bl );(t)+b0y(t):a1 d(t)+aox(t) 29)

[IpumenuM K JieBOH M MpaBoil yacTsAM mpeodpas3oBanue Jlamnaca, cuuTasi, 4TO BCe HaYaJIbHbIE YCIOBUS
nynessle. [lonyyaercs ypasuenue 6 uzobpasicenusix, csizpiBarolee npeodpazoBanus Jlamiaca Bxoaa
X(s) uBbixona Y(s):

b, -s’Y(s)+b, -sY(s)+b,-Y(s)=a, sX(s)+a,  X(s)
Mo3xHO BBIHECTH 3a CKOOKH Y (s) B neBoi yactTi 1 X (s) B paBoOM 4acTu:
(bys> +b,s+by)-Y(s) = (a5 +ay) X(s).

PasjienuB 06e 4acTu 3TOro paBeHcTBa Ha b,s” +b,s + b, , IoTyUaeM

a,s +a, a,s +a,
——X(5)=W(s)-X(s), rae W(s)=———.
b,s* +b,s+b, (s) () X(s) (<) b,s* +b,s +b,

Cpasuenue (22) u (30) moka3zeiBaet, uto W (s) — 310 nepedamounasn ¢yHxkyus o0bEKTa, 3aTUCaHHAS B

Y(s) = (30)

BU€ (PYHKIUU OT KOMIUICKCHOW MEpPEeMEHHOW s, a HE OT omeparopa Ju(QepeHIMpOBaHus p , Kak
B (22).

Takum 00pa3om, IIpU HyJIEBBIX HAYaJIbHBIX YCIOBHSAX U300padiceHue 8bixo0d NUHEUH020 00beK-
Ma GbIYUCIAEMCS KaK NpoussedeHue e2o nepeoamoyHoli hyHKyuu Ha uzoopasicenue 6Xx00H020 CUSHA-
aa.

W3 (30) cnegyer u Apyroil BaKHBIN BBIBOM: nepeodamoyHas QyHKYus pasHa OMHOUWEHUI) U30-
opasicenuti no Jlannacy 6vixo0a u 6x00a Npu HyneeblX HA4ATbHbIX YCIOBUSIX.

3.6.4. IIpumep

PaccMmoTpum mpumep Hcmosib30BaHus Mpeodpa3oBanus Jlammaca uisi BEIYMCICHUST BBIXOAA CHC-
TCMBbI ITPHU U3BCCTHOM BXOIAHOM CHUTHAJIC. HYCTI: OG’bCKT YHOpaBJICHUA ONUCBIBACTCA YPABHCHHUCM IICP-
Boro nopsiaka (16):

T%+y(t):k-x(t) 31

Y Ha ero BXOJl MOCTYMAaeT eIMHUYHBINA CTyneHuaTslil curHan x(¢) = 1(¢) . TpeOyeTcst HAlTH cUrHai BbI-
xona y(t), KOTOPBIA B IAHHOM CJIydae MpeACTaBISIET COO0M MEPEeXOTHYI0 XapaKTePUCTHKY .

Pemmm 5Ty 3amady ¢ moMomIbIO MepeaaTodHbIX (pyHKIUI 1 n300pakeHuit curaainos mo Jlama-
cy. UroOsl HaliTh u300paxeHue Beixoaa no Gopmyie (30), HyHO 3HaTh NU300pAKEHUE BXOTHOTO CUT-
Hama X (s) u mepenarounyio (GyHkuuio 3BeHa W(s). M300paxkeHne BXo/la HAXOJUM MO TaOJIMYHBIM
naHHbIM (cM. (25)), a nepenaTtouHyto ¢yHKIMIO — U3 (31), TOBTOPSS MPUBEAECHHBIE BBILIE pacCyKIe-
HUSL:

1 k

AO=0 POy

Teneprs HaxoAMM M300paKEHUE BHIXO/IA

yy- L.k _k_ AT

s Ts+1 s Ts+1
Y TIPE/ICTABIISIEM €0 B BHJIC CyMMBI 3JIEMEHTAPHBIX JPOOEH:

k k
Ys)=———~—.
) s s+1/T

Vcnonp3ys NpUHIUI CYTIEPIIO3UITUH T N300paskeHui (27), BBIYUCIISIEM OPUTHHAI — CUTHAJ BBIXO/IA!

41 1 1

O6parnble peoOpa3zoBanus Jlammaca HaxoauM 1o Tabmure (25):
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y(t):k—k-exp(—%j mpu ¢t >0,

yTto coBmanaetr ¢ (17). Takum cmoco6oM MOXKHO BBIYUCISATH PEAKIIUIO CUCTEMbI Ha M3BECTHBIN BXO/I-
HOU curHai 6e3 npsiMoro pemeHus 1uphepeHuanTbHOr0 ypaBHEHHUS.
[Tpumensst dopmyiibl (28) nist BBIYMCICHUS HAYAJILHOTO M KOHEYHOTO 3HAYCHUI CUTHAja BBIXO-

na y(t):
y(0) = lgrpws Y(s), y(o)= liirols Y(s).

1
[Ipu cTyneH4yaToM BXOJHOM CUTHaJIE ¢ U3o00pakeHrueM X (s) =— moiiy4aem
s

WO =1mW(s),  y() =W (0).
Takum 06pa3om, Ui paCCMOTPEHHOTI'O BBIIIE IPUMEPA

YO =lim—"= =0, y(0) =W (0)=k.

3nauenne W (0) Ha3bpIBAIOT CTATHYECKUM KOI(P(PUIMEHTOM YCHJIEHHsI 3BE€HA, IMOCKOJIbKY OH IOKa-

3bIBACT, BO CKOJIBKO pa3 YCUIINBACTCA MOCTOSHHBIN CUTHAII.

3.7. lNepedamo4Hasi pyHKUUSI U NpOcCmMpaHcmMeo coCmosiHUl

Hcnonb3yst mpeoOpazoBanue Jlamiaca, MOKHO IMMOCTPOUTH MEPENATOYHYIO (YHKIIHIO TS MOJICIH
00BEKTa B IPOCTPAHCTBE COCTOSTHHMA
x(@)=A-x(t)+ B-u(t)
y(@)=C-x(t)+ D -u(t)
Hanmomuum, uto 3mech u(t), y(¢) u x(¢) 0003HAYAIOT COOTBETCTBEHHO BXO/I, BBIXOJl U BEKTOP COCTOSI-

Hus oobekTa. [IpeoOpa3ys neBble U MpaBble YaCTH KaXA0ro ypaBHeHus o Jlammacy (mepexoas Kk u3o-
OpakeHUsIM CUTHAJIOB 110 Jlanyacy npu HyJIeBbIX HAYAJIbHBIX YCIOBUSX), TOJyYaeM

s X(s)=4-X(s)+B-U(s)
Y(s)=C-X(s)+D-U(s)

B nepBoM ypaBHeHHH TIEpeHECEM BCE WICHBI, 3aBHCAIINE OT X (), B IEBYIO YaCTh:
(s-1-4)-X(s)=B-U(s),

rne / 0003HavaeT eOuHUYHYIO Mampuyy, Y KOTOPOH Ha TJIABHOW TUArOHAJM CTOST €AWHUIIBI, a BCE OC-

(32)

TAJIbHBIC 3JICMCHTBI — HYJIU. YMHOXKasd 066 YJaCTHU MOCJIICOAHCTO PAaBCHCTBA Ha (S -1 —A)_l, MMOoJIy4Ynm
BBIpakeHHE 111 X () :
X(s)=(s-1-A4A)"-B-U(s)
KOTOPOE TIPH TMOJICTAHOBKE BO BTOpPOE YpaBHEHHE B (32) maer
Y(s)=C-(s-1-A)"-B-U(s)+D-U(s) = |C-(s-I- 4y - B+ D|-U(s) .
UToObl onpeAenuTh nepeaaTounyto GpyHKIIMI0, HaliieM OTHOILICHHE U300pa)KeHUI BBIX0a M BXO/a:
W(s):@:C-(S-I—A)’I-B—i-D. (33)

U(s)

OOpaTHbIii epexoi, OT MepeAaTouHol (GYyHKIUU K MOJETH B IMPOCTPAHCTBE COCTOSHUM, Oonee
CJIOKCH W HEOJHO3HAYCH. J[e70 B TOM, UTO Ka)/JI0H TMepeaaToqHoi (yHKIIUH COOTBETCTBYET Oecdrc-

JIEHHO€ MHOXXECTBO MOJEJeH B mpocTpaHCTBE cOCTOSIHUN. OHY M3 HUX MOXKHO HAWTH CIIEAYIOLINM
obpazom. /s nepenarounoii GyHKIMNA

a,s’ +a,s+a,
b
s +b,s> +b,s+b,

W(s)=d+

rned, a, (i=0,1,2)u b, (i =0,1,2) — nocrostHHbIe KO3(GULNUEHTHI, MOJEIb B IPOCTPAHCTBE COCTOSHUN
3aJaeTcs MaTpUIlAMA
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0 1 0 0
A= 0 0 1| B=|0|, C=[a, @ a,] D=d. (34)
~b, —b b, 1

[Ipu yBenuyeHnun mopsiika nepenaToyHol GyHKIMK (CTETIEHU €€ 3HAMEHATEIs1), 3TH MaTPHUIIbl PaCIIH-
pstorcsi. B HWKHEH cTpoke MaTpullbl 4 3amuCBIBAIOTCA KOA(PQHUIMEHTHI 3HAMEHATENsI ¢ OOpaTHBIM
3HAKOM, HaJl TJIABHOW JTMaroHajbI0 — €IMHUIIBI, & OCTAJIbHBIC 3JIEMEHTHI — HyJIM. B MaTpurie B ToIbKO
caMblil OCIeIHUI 3IeMEHT — €AMHUIA, a OCTalIbHble — Hynu. Hakonen, matpuna C cTpouTcs U3 KO-
3G PUIMEHTOB YUCITUTENS IEPEIATOTHON (PYyHKITHH.

OTMmeTuM, 4TO MOJETb, 33/1aHHYI0 HenpasuibHoU iepelaTouHol (pyHKIMel (y KOTOpol CTeneHb
YHUCIIUTENS 60/blie CTETIEHH 3HAMEHATENST) HEJIb3s1 IPEJCTAaBUTh B IIPOCTPAHCTBE COCTOSHUM.

PaccMoTpuM npocToit 00BEKT, MOAETH KOTOPOTO 33/1aHa B MPOCTPAHCTBE COCTOSIHUN MaTpUIIAMHU

3 -05 1
A= , B=| |, C=[1 025], D=0.
4 0 0
Ucnons3ys hopmymy (33), momydaem
-1
0| |3 -05 1
W(s)=C(sI-A)B+D=[ 025]||° |- S L
s 4 0 0| s°+3s+2
Teneps BeImoaHUM 00paTHBI niepexo. [To dopmynam (34) cpasy HaXoauM MaTPUIIBI
~ 0 1 ~ |0 =~ ~
A= , B=| |, C=[1 1, D=o0.
-2 -3 1

3aMeTuM, 9TO ITH MATPUIIBI OTIIMYAIOTCS OT UCXOJHBIX, OJIHAKO €CJIM HAWTH MepelaToOuHy0 (QYHKIIUIO
o popmynam (33), MbI IOJIyYUM TOT K€ CaMbIi pe3yJbTaT. DTO TOBOPHUT O TOM, YTO OJTHOM U TOH Ke
nepenaTouyHor (YHKIIMH MOTYT COOTBETCTBOBAThH Pa3HbIE MOJEITHU B MPOCTPAHCTBE cocTostHMiA. Ecim
M3BECTHA OJIHA TaKas MOJieib ¢ MmaTpuriamu A, B, C u D, To BCce OCTaIbHBIC MOJIETH MOTYT OBITh IOJTY-
YeHsbl 110 Gpopmysiam
A=P4AP"', B=PB, C=CP"', D=D,

rae P — HekoTopas oOpaTumasi MaTpuiia (ee onmpenenuTeNnb JOJKEH ObITh HeHYJeBbIM). [Ipu Takom
npeoOpa3oBaHuu nepenaTouHas QyHKIUsS He MeHseTcs (mpoBepbTe 3T0!). DaKTHUECKU MBI TEPEXOAUM
K JpYyromMy BEKTOpPY COCTOSIHUS X'(f), KOTOpBIM CBS3aH C MCXOJIHBIM 3aBUCHUMOCTBIO X'(f) = P-x(1).

Jlerko mTpOBEpUTh, YTO B JAHHOM CJIy4yae HYKHOE IpeoOpa3oBaHME BBHINOJIHSACT MaTpHIA
0 025

1 0
BuumatensHO mocMoTpeB Ha GyHKIUIO W (s), MOKHO 3aMETHUTh, YTO €€ YUCIUTENh U 3HAMEHa-

TeJIb UMEIOT OJMHAKOBBI MHOXKHTEIb § + 1, KOTOPBIM MOYKHO COKPAaTHTh. TakuM o0pazoM,
1

W(s)= .
s+2
Jlist 5TOM epeaTouHON PYHKIIMK MOJIEIb B POCTPAHCTBE COCTOSIHUN BBITJISIIUT TaK:
A=-2, B=1, C=1, D=0. (35)

BmecTo MCXOMHON MOJIenH BTOPOTO MOPsIKa (Ba ypaBHEHUS, JBE IMEPEMEHHBIC COCTOSHUS) MBI T10-
JYYWIA MOJIENb TIepBOro mopsiaka. Yto ke mpousonuio? Okazanock, YTO Npu HYIe8bIX HAYAIbHBIX )C-
JI0BUSIX COCTOSIHUE OOBEKTa OIPEICACTCS OAHON MEPEMEHHOM, a 3aBUCUMOCTDh MEXIy BXOJOM U BBI-
XOJIOM CHCTEMBI — OJJHUM YPaBHEHHEM IEPBOro mopsnaka. [103ToMy mpou30IuIo cOKpalieHne Yuciu-
TSl ¥ 3HAMEHATEIISI IePeIaTOYHOM (PYHKIIHH.

Ecnu Hac MHTEpECyIOT TOJIBKO CBSI3b BXOJa U BBIXOJa (2 HE BHYTPEHHUE CUTHAIIBI B 00BEKTE) U
HavaJIbHbIC YCJIOBHS HYJIEBbIC, MOXHO HCITOJI30BATh MOJICNb TIEPBOTO Mopsiaka. OIHAKO PH HEHYJIe-
BBIX HAYaJbHBIX YCIOBHSX HYXKHO MCIOJB30BaTh UCXOMHYIO MOJIENh B MIPOCTPAHCTBE COCTOSHUM, IMO-
TOMY YTO TiepeaTouHas QYHKIHS JaeT HeMoJHY0 HHpopMamui. IT0 0COOCHHO BaXKHO MPH aHAIIA3E
YCTOMUMBOCTU CUCTEMBI (CM. pazll. 6.4).
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3.8. YacmomHsbie xapakmepucmuku

Eme onuH nmomyIspHBIN 3TaJOHHBIA CUTHAT — TAPMOHUYECKHUHA (CHUHYC, KOCUHYC), HAllpUMED:
x(t) =sinawt, (36)
I7Ie @ — yrioBas yacToTa (B paanaHax B CEKyHAY). M0OXKHO noka3aTh, 4TO IIPU TAKOM BXOJI€ HA BbIXO-
J€ THHEIHON CHCTEMBI B YCTAHOBHBIIEMCS PeXiMe (IIpH OOJIBIINX ¢ ) GyIeT CHHYC TOMH %e 9acTOThL,
HO C Ipyroif aMIIUTy 10l A U cBUTOM (a3bl @ : x 4

y(t) = A(w)-sin(wt + ¢()) .
Jyis Kax Mol 4acTOThI BXOJHOTO CHTHAa OYJeT CBOSI aMILIH-
Tyaa ¥ cBoW caBur (asbl. UToObl ompenenuTs 1o rpaduky
(ha3oBbIil CABUT ¢, HY)XKHO HAWTH paccTosHUE Af TO OCH

1.-_..

v

BPEMEHH MEXAy COOTBETCTBYIOIIMMH TOYKAMHU CHHYCOUJ
(HanmpuMep, TOYKaMH MEPECeYCHUs] C OChI0 { WM BEpIIMHA-
mu). Ecnmu Af yMHOXUTH Ha 4acToTy @, MOJIy4YaeM CABHI e
¢ba3el ¢ (B paguaHax). 74

Ha pucynke mokasan ciydail ¢ >0 (omepexeHue Io y

¢a3ze), Korga BbBIXOJ CABHHYT «BJIEBO» 110 OCH BPEMEHM OT- \ ---------- /\ /\

HOCHUTEJIBHO BX0/1a, TO €CTh, «MAET PAHBIIE) BXOIHOTO. . >
3Hasl nepeaToYHy0 (PYHKIHIO CUCTEMBI W (s), MOXKHO \_/ \_/

BBIUMCIIUTH AMIUTUTY Ly U CABUT (pa3bl Mo Gpopmynam

A(w) =W (jo) %

3anuce W (jw) o3Hauaer, 4To B epeaaTounyto GyHKuuo W (s) NoACTaBIsSeTCS YMCTO MHUMOE YHCIIO

~

-

&
I -
|-

o) =argh(jow) = arctg

s=jo, rne j=+-1. lna kaxnoil yactotel @ 3HaueHue W(jw)= P+ jO — 3T0O HEKOTOPOE KOM-

IUIEKCHOE YHCII0, UMEIOLIEE AMILIUTY LY | wW(j a))| = P> +Q° udasy argl(jow) = arctg%.

Oynkuus W (jw) Ha3bIBacTCs YaCTOTHOW XapaKTePHCTHKOM 3BEHA, MMOCKOJIBKY OHA XapaKTe-
PHU3YET BBIXOJl CUCTEMBI IPH TAPMOHMUYECKUX CUTHAJIAX Pa3HOM 4acToThl. 3aBucuMoctd P(®w) nu Q(w)
(BemecTBeHHass 1 MHUMas 4actu W (jw)) — 31O sewecmeennas u MHUMAS 4ACMOMHblE XAPAKMepU-
CMUKU.

Oynkunn A(w) n ¢(w) (OHU I KKIO0M 4aCTOTHl MPUHUMAIOT BEIISCTBEHHbBIE 3HAYCHUS) Ha-
3bIBAlOTCA COOTBETCTBEHHO AMILIMTY/AHON U (pa3oBoii 4acTOTHBIMM XapakTepucTukamu (AUX u
OUX). AMIIUTyAHas 4acTOTHAs XapaKTEPUCTUKA — 3TO KO3(PPUUUEHT yCHIIEHHs] TapMOHUYECKOTO
curHasna. Ecnm Ha kakoii-To yacrore @ 3HayeHue A(w)>1, BXOAHON CHrHall yCUIMBAETCS, €CIU
A(w) <1, To BXOJ JaHHOW YaCTOTHI OCIA0IAETCS.

ITo popme AUX pa3nmugaroT HECKOJIBKO OCHOBHBIX THIIOB 3BCHBCB:

1) @uremp nuzkux yacmom — nporyckaeT HU3KOYACTOTHBIE CUTHAJIBI IPUMEPHO C OAMHAKOBBIM

K02(pPHUIIMEHTOM yCHIIEHUS, OJIOKUPYET BEICOKOYACTOTHBIE IITYMbI U TIOMEXH;
2) ¢@unomp evicokux uacmom — MPOIYCKAET BBICOKOYACTOTHBIE CUTHAJIbI, OJOKUPYET CUTHAJIbI
HHU3KOM YaCTOTEI,
3) nonocosoii purbmp — NPOIYCKAET TOIBKO CUTHAJBI C YACTOTaMH B I0OJIOCE OT @, JI0 @, ;
4) nonocosoti pesxcekmopHubiii punrbmp — OIOKUPYET TOIBKO CUTHAJIBI C YACTOTAMHU B I1OJIOCE OT
@, 10 @,, OCTAIIbHBIE IIPOITyCKAET.
Ha pucyHke noka3zaHbl aMITUTYAHbIE YaCTOTHBIE XapaKTEPUCTUKU UJCATbHBIX (DUIBTPOB 3TUX YETHI-
pex TUIIOB:

% 3j1eCh, KOHEUHO, MPEITIONATACTCS, YTO IPH CHHYCOHMIATBHOM BXOIHOM CHTHAJIE CHCTEMa He «HJET BPa3HOC», TO €CTh, e
BBIXOZHOW CHTHAII HE PACTET HEOTPAaHWYEHHO (CHCTEMA SIBIISIETCS YCHOUYUBOIL).
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A(w) A A(w) A(w) A(w)A
> - L |
0 w 0 w 0 o o0, o 0 o 0 o
(bHIBTP HU3KUX (GUIBTP BHICOKHX HOJIOCOBOM HOJIOCOBOM
4acToOT 4acToT bubTp PEKEKTOPHBIH QUIBTP

B PAAUOTEXHUKE UCIIOJIB3YECTCA ITOHATHUEC 1010Cbl NPONYCKAHUA — 9TO HIXPHUHA ITOJOCHI 4aCTOT, B KOTO-

poii 3nauenue AYX Oosbiie, yem 1/4/2 0T ee MaKCUMAJIbHOTO 3HAYCHUS.
YacToTHBIE XapaKTEPUCTUKHA BO MHOTHX CIIy4asiX MOXKHO CHSATh dKCHEpHUMEHTaNbHO. Ecnu 00b-
€KT yCcmou4usslli, Ha €ro BXOJI MOIaeTCsl TApMOHUYECKUN cUTHAN (36) U 3amuchiBaeTcsi curHan )(f) Ha

BBIXOJC. OHpC,Z[eJ'II/IB AMIUIUTY Y U CABUT (1)33]51 AJI pa3HbIX 4aCTOT, MOKHO IMOCTPOUTH 110 TOYKaM aM-
IUTUTYTHYIO U ()a30BYIO YaCTOTHBIE XapaKTEPUCTUKH.
yAFquC»

. Y

—_—

yCTONYMBbIN
00bekT

Ecnu o0bekT neycmoiiuug, TO MpH MojAa4Ye Ha BXOJ| CUHYCa aMIUIUTYJa KojeOaHuil Ha BbIXOJE
Oyner HeorpaHM4eHHO pacTd. OHAKO YAaCTOTHYIO XapaKTEPUCTHKY BCE PABHO MOXHO ONPEIEIIUTH
JKCHEPUMEHTaIbHO. J[JI 3TOro Hy’>KHO CHayajla HalTH KaKOM-HUOYAb PEeryisTop, KOTOPbIH caenaer
3aMKHYTYIO CUCTEMY yCTOMYMBOMW. 3aTéM Ha BXOJ 7(f) MOJAIOT CHHYCOUJAJIbHBIN CUTHAI U CpaBHU-

BalOT CUTHAJIBI Xx(¢) W y(¢) Ha BXOJE M BBIXOJEC MHTEPECYIONIETO HAC OOBEKTA, ONIPEACIISS ISl KK 10
9acTOThl @ «KOd(hGUIueHT ycuneHus» A(@) (OTHOUICHHE aMIUIUTYT CUTHAIOB X(¢) U y(t)) ¥ CABUT

dhazsl g(w) .
4 %_* X % y iq%»

perynsatop |——m

HeyCTONYMBbLIN
06beKT

\ 4

3.9. Jloeapugpmuyeckue 4yacmomHble xapakmepucmuKku

YacToTHBIE XapaKTEPUCTUKU JOCTATOYHO CJIOKHO CTPOMTh BpyuHylo. B 60-e roasl, koraa pas-
BUBAJIACh KJIACCUYECKasi TEOpHUsl YIPABIEHHs, HE OBLIO MOIIHBIX KOMITBIOTEPOB, IMO3TOMY HaWOOIb-
IIYI0 MOMYJISPHOCTb NPUOOPETH MPUOIMKEHHBIE METO/Ibl, C TOMOILBIO KOTOPBIX MOYHO OBIJIO MPOEK-
TUPOBATh PEryJSATOPbl C MOMOIIBIO PYUYHBIX BBIYUCICHUM U mocTpoeHUd. OJUH U3 TaKuX MOJIXOJ0B
OCHOBA Ha HMCIOJIb30BaHUU JJOTapH(PMHYECKHX YACTOTHBIX XaPAKTePHCTHK.

Bmecto A(w) 6bUI0 TPEAsIOKEHO UCTIONB30BATh J102APUPMUUECKYIO AMAIUMYOHYIO YACTNOMHBIX
xapaxmepucmuxy (JIAUX): rpaduk, Ha KOTOPOM 10 OCH aOCLUCC OTKJIAAbIBAETCS JAECATHUHBIN Jiora-
pudm gacrots! (lgw ), a mo ocu opaunat — BenmunHa L (@) = 201g A(®) , u3mepsiemas B nerubenax
(nb). IIpu moctpoenun norapudmmuyueckor (a3oBoil wactotHoW xapakrepuctuku (JIOUX) mo ocu
a0CIMCC TakKe OTKIIAABIBACTCS JIOTapru(M 4acTOThl 1gw .

Enununeii orcyera Ha Torapu(MUYECKO OCH YacTOT SIBIISIETCS OeKadd — TAana3oH, Ha KOTOPOM
yactoTa yBenuuuBaercss B 10 pa3 (a 3HaueHue ee jorapudma yBelndyMBaeTcss Ha eAMHUILY). Bmecrte
JIAUX u JIOUX nHa3zpIBatoTCs JIOTapu(pMUIECKON aMIUTUTYIHO-(Pa30BOI 4YaCTOTHON XapaKTEPUCTHKON
(JTA®YX) unu ouaepammoui booe.

Jlorapugmuyueckue XapakTepUCTHKH 00J1a1at0T ABYMS [ICHHBIMU CBOWCTBaMM:
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1) JJAUX n JIOUX nnsa npousBeaenus W, (s)W,(s) Bbrancnsorces kak cymmsl JIAUX u JIOUX

OTACJIBHBIX 3BCHLCB.
201g A(w) = 201g A (w) + 201g A, (@) ; (37)

d(w) = ¢, (o) +¢,(0); (38)
2) B obnacTu BBICOKMX M HHU3KUX 4acTOT JIAUX acuMOTOTHUECKH MPUOIMIKAIOTCS K HPSIMBIM,
HAKJIOH KOTOpBIX cocTaBisieT +20 nb/mek (meuuben Ha aekany), + 40 nb/nek u T.x.

B xnaccuueckoil Teopun ynpaBieHHs XOpOIIO pa3paboTaHbl METO/IbI aHANIM3a U CUHTE3a CUCTEM

Ha OCHOBE acumnmomudeckux JIAYX, KoTOpbie MPEACTABISIIOT CO00I TOMaHbI€ JTUHUU U JIETKO CTPO-

arca BpyuHyro. C MOsIBJIEHHEM KOMIBIOTEPHBIX CPENICTB pacyeTa MpakTudeckas mneHHocTh JIADUX

HECKOJIbKO CHU3MJIACh, OJTHAKO OHM IO Ced JI€Hb OCTAIOTCS MPOCTEHUIINM MHCTPYMEHTOM IPUKHI0Y-
HBIX PacyeToB I HHKEHEepa.

-90 -

Ha pucynke moka3anbl ToyHas (CIUIOIIHAS CHHSS JUMHHS) M aCUMOTOTHYEcKas (IITPUXOBas KpacHas
muaus ) JIADUX 115 3BeHa TIEpBOTO TOPSIIKA C MEPEAATOTHON (YHKITHCH

1
Wi(s)=
() Ts+1

npu 7 =1 c.

[lepBast acumnroTa, onpenessitomas noseaeHre JIAYX Ha HU3KMX 4acTOTaX, UMEET HYJIEBOM Ha-
KJIOH, IOTOMY YTO 3B€HO OTHOCHTCS K KJIACCY NO3UYUOHHBIX 3BEHBEB, UIMEIOLINX MOCTOSHHBINA HEHYJIe-
BOI cTaTMYeCKH KOAPPHUIUEHT YCUIECHHS, TO €CTh
W0)=1+0.
Ecmu W(0) =0, nepenarouynas GyHKIMS COAEPKUT MHOKHUTEND ' (k > 0), KOTOPHI COOTBET-

CTBYET NPOM3BOAHOM Topsnka k. B astom cimywae HakinoH JIAUX Ha HM3KMX 4YacTOTax paBeH
k20 nb/nex.

Ecmu W(0) = o0, 3B€HO COIEPKUT OAMH WIIK HECKOIBKO UHmMe2pamopos, TO eCTh B 3HaMEHaTele
ecTh comHoxkutenb s* . Torma naknon JIAUX Ha HU3KHX 4acToTax paBeH —k-20 nb/nex.

Haknon JIAYX Ha BBICOKHX YaCTOTAX OINPEIEIACTCS PAa3HOCTHIO CTENEHEW YHMCIHUTEINSI U 3Ha-
MeHaTelns nepeaaroyHoi GyHkuuu. Eciu yucnurens UMeeT CTeneHb m , a 3HaMeHaTesb — CTENEeHb 71,
TO HAKJIOH mocienHed acuMntotsl paBeH 20-(m—n) nb/nex. B namem npumepe m—n=0-1=-1.
[ToaTomy BTOpasi acUMOTOTA, OMpEAEIAIONIas CBOMCTBA 3B€HA HA BBICOKMX YAacTOTaX, UMEeT HAKIIOH
—20 nb/nek, To ecTh, 3a OJIHY JAeKady 3HaueHHe yMeHbaercs Ha 20 nb (mpoBepsTe mo rpaduky!).
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4. TunoBble AUHaAMN4YecKue 3BeHbs

OOBIYHO cUCTEMa YNPaBIECHHUSI COCTOUT U3 OTIENbHBIX OJIOKOB, KaXAbIM U3 KOTOPBIX ONMHCHIBA-
€TCs YPaBHEHUSIMU HU3KOTO MOpsiKa (4Yalle BCero — MepBoro Wik BTOporo). Jns nonumanus paboTsl
CHCTEMBI B IIEJIOM JKEJIATEIbHO XOPOLIO IMPEJICTABIATh, KaK BEAYT CeOsl €€ OTHAENbHbIE JJIEMEHTHI.
Kpowme Toro, npu nocrpoenun JIAOUX ciaoxHON cucTeMBbl IIepeaaToOuHy0 (PyHKIHIO pa30MBaiOT Ha
MPOCTEUIIINE COMHOKHUTEIN

W (5) = W,(5)- Wy (5)... Wy (5)
U Jjasee, BOCIOIb30BaBIINCH cBoiicTBaMu JIADUX, cTposAT XapaKTEpUCTHKHU JI BCEM CHCTEMBI Kak
cyMMbl JIAUX n JIOUX oTnenbHBIX 3BEHBEB.

4.1. Ycunumensb
3BeHbs, UMEIOIINE KOHEYHBIH HEHYJIeBOW KOA(D(PUIIMEHT yCHIIEHUS MOCTOSHHOIO CHUTHAla, TO
ectb W (0) =k # 0, Ha3BIBAIOTCS NO3UYUOHHHIMU. DTO 3HAYNUT, YTO YUCIIUTEIh U 3HAMEHATENb Tepea-

TOYHOM (PYHKIIMU UMEIOT HEHYJIEBbIE CBOOOIHBIC WICHBI (TOCTOSTHHBIE ClIaracMbie).

[IpocrTeiinee mMO3UIIMOHHOE 3BEHO — UACAIBbHBINA (O€3BIHEPIIMOHHBIN) yCHIUTEIb. Ero nepena-
touHast ¢pyHkus W (s) =k . CTporo roBopsi, OH HE SBJIACTCS TUHAMHYECCKHUM 3BEHOM, MTOCKOJIBKY W3-
MEHEHHUE BBIXOJIa MPOUCXOTUT MTHOBEHHO, Cpa3y BCIIe] 3a M3MEHEHHWEM Bxoja. llpu neiictBum Ha
BXOJI €IMHUYHOTO cTyneH4yaroro currana 1(f) (wim nenpra-GyHKIMH O(f)) Ha BBIXOJE OyAET Takoi
K€ CUTHAJI, yCUJICHHBIN B k pa3, MOATOMY MepeXOoAHasi U UMITYJIbCHAsI XapaKTEPUCTUKH 3B€HA PaBHbI

ht)=k >0 u wlt)=k-0(t).

Ecnu Ha BXoa ycunurtens JeHCTBYET CUHYCOUJAIbHBIN CUTHAJ, HA BBIXOJE OH YCHJIMBAeTCA B k
pa3 6e3 u3MeHeHus (a3bl, TOITOMY aMIUTUTYAHAs U (a30Basi YaCTOTHAS XaPAKTEPUCTHKU HE 3aBUCST

OT 4aCTOTBI BXOJTHOTO CUTHAJIA:
Aw)=k, ¢@)=0.

4.2. Anepuoduyeckoe 38€HO

OmHO W3 CaMbIX YacTO BCTPEUAIONIMXCS 3BEHHEB — alepHOIHYeCcKOe, KOTOPOE OMHCHIBACTCS
nuddepeHInaTbHbIM ypaBHEHUEM

T% +3(0) =k - x(2) (39)

U UMeeT nepeaaTounyo GyHkuuto W(s) = % 3nech k — 6e3pazmepHslil koapduuuent, a 7' >0 —
S+

MOCTOSTHHASI, KOTOpasi Ha3bIBACTCS NOCMOAHHOU 6pemenu 3BeHA. [locTOSHHAs BpeMeHH — pa3MepHas
BEJINYMHA, OHA U3MEPSAETCA B CEKyH/aX M XapaKTePHU3yeT UHepyuoHHOCmb 00bEKTa, TO €CTh CKOPOCTh
€ro peakli Ha N3MEHEHUE BXOJHOTO CHTHAJIA.

B pa3zn. 3.3 u 3.4 Mbl yKe HallIM IEPEXOAHYIO U BECOBYIO (DYHKIIMU allepUOAMYECKOTO 3BEHA

h(t) = k l—exp(—%j W) =§exp(—%j.

Onu nokasaHbI Ha PUCYHKC!

34



© K.IO. Ilonsaxos, 2008

L
t

0 t

OOpaTtuTe BHUMaHUE, YTO MPEEIbHOE 3HAUCHUE MEPEXOAHON XapaKTepUCTUKU paBHO k , a Kacareib-
Has K Hell B Touke ¢ = ( mepecekaeTcs ¢ IMHUEH ycTaHOBUBIIETocs 3HaueHus rpu ¢ = T . [lepexoanas
U MMITYJIbCHAsI XapaKTEPUCTUKU BBIXOJSAT Ha yCTaHOBHBIIEECsS 3HaueHHE (¢ omuOKoi He Oornee 5%)
npuMepHO 3a Bpems 37 . DT (DaKThl MO3BOJISIOT OMPEENATh MOCTOSHHYIO BPEMEHH IKCIICPUMEH-
TaJIbHO, TI0 IEPEXOAHOM XapaKTEepUCTHKE 3BEHA.
YacToTHast XapaKTepUCTHKA OMPEAETSeTCs BRIpaXKEHUEM
W(jw) = k k(Q-Tiw)  k JkTw

/ Tio+l T’0’+1 T'0’+1 T’o’+1

Jlist ka0 yacToThl @ 3HadeHue W (jw) — 3To TouKa Ha KOMIUIEKCHOM TuiockocTu. [Ipu n3menenun
o ot 0 70 oo Tosy4yaeTcsi KpuBas, KOTOpas Ha3bIBaeTCs codocpagpom Haiikeucma (muarpammoit
HaiikBucra). B 1anHOM city4ae MOKHO IMOKa3aTh, YTO YaCTOTHAsI XapaKTEPHCTUKA — 3TO MOIYOKPYK-
HOCTh ¢ 1ieHTpoM B Touke (0,5k; 0) pammyca 0,5k . ['omorpad HaumHaercs (Ha HyJEBOW 4acTOTE) B

touke (k; 0) u 3aKkaHYMBAETCS B HaYaIe KOOpAUHAT (IIPH @ —> ©).

201g k ———————mmmmemzccooon S —20 nb/nex |
£ | |

-

Acumnrornyeckass JIAUX 3toro 3BeHa 0Opa3oBaHa JBYMs MPSMBIMH, KOTOPBIE IMEPECEKAIOTCS

. 1 .
Ha conpsiearoueu vacmome @, = — . Ha HH3KHX YacTOTax OHAa UMEET HYJICBOW HAKJIOH (TaK KaK 3BCHO

MO3UIUOHHOE), IpUYeM B 3Toi obnactu L, = 201gk .

Ha Beicokux yactorax HakiaoH JIAUX paBen —20 nb/mek, Tak Kak CTeneHb 3HAMEHATENS TIEpe-
I[ﬂTO‘-IHOfI q)yHKIII/II/I Ha CZ[I/IHI/IHy 6OJ'II)HIC CTCIICHU €€ YHNCIIUTCIIA. d)azoBaﬂ XapaKTepI/ICTI/IKa MCHICTCA

ot 0 1o —90°, mpuyem Ha conpsrarouiel 4acToTe @, OHA paBHa —45°.
[Tockonbky JIAUX ymMeHbIIaeTCs Ha BBICOKMX YacTOTaX, allepHOAMYECKOE 3BEHO MOJABIISET Bbl-

COKOYACTOTHBIE IIIyMBI, TO €CTh 00JIa/Iae€T CBOHCTBOM Quibmpa HU3KUX 4aACHOM.
Jlns cpaBHEHMsI PaCCMOTPHUM TaKXKe HeyCcmoudugoe anepuoouyeckoe 36eHo, KOTOpoe 3aJaeTcs

ypaBHEHUEM
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Tdﬂﬂ

———y()=k-x(1) (40)

dt

Kak Bugum, Bce orinuue ot (39) — TOIBKO B 3HaKe B JIEBOM 4acTu h(t) A

ypaBHEHHUS (IUTIOC CMEHUJICS HAa MUHYC). OJTHAKO MPHU 3TOM KapIuHaIIb-
HO MEHSIIOTCSI IEPEXO0/IHASI U UMITYJIbCHASL XapaKTEPUCTUKHU:

h(t)=k exp(%j 1], w@)= %exp(%} .

OObIuHO TpeArnoaraeTcs, YTo NocTostHHas Bpemeru 7 > 0, Toraa sKc-
MOHEHTHI B 3TUX BBIPAXKEHUSIX OECKOHEYHO BO3pAcCTalOT C POCTOM f.
ITosTOMY 3BEHO HA3BaHO «HEYCTOMYMBBIM»: B IIOKOE OHO HAXOAWUTCS B

HEYCTOMYMBOM pAaBHOBECHM, a4 NPHU MAJICHIIEM BO3MYIIEHHH «UIET -

BPAa3HOCY.

HHTEepecHO CpaBHUTH YaCTOTHBIE XapPAKTEPUCTUKN YCTOWUUHUBOIO U
HEYCTOWYMBOTO alepUOIMUYEeCKUX 3BEHbEB C TEMHU XK€ KOI((UIMEHTAaMH YCUJICHUS U MOCTOSHHBIMU

BPEMEHH.

201gk
2

~

IS
A L

-90

2135
=2

-180

U3 sroro rpaduka Buano, uro JIAUX Heyc-
TOMYHMBOTO 3BE€Ha TOYHO coBmanaer ¢ JIAUX ana-
JIOTUYHOTO YCTOMYMBOTO, HO OTpUIATENbHBIN (a-
30BBIA CABUT 3HAYUTENILHO OOJbIe. YCTONYMBOE
anepuoINYeCKOe 3B€HO OTHOCUTCA K MUHUMANbHO-
¢hazo6vim 3BEHBSIM, TO €CTh €ro ¢aza Mo MOIYIIO
MeHbIIIe, 4yeM ¢aza Jr00ro 3BeHa ¢ TaKOH Ke aM-
IUIMTYAHON XapakTepucTukoi. COOTBETCTBEHHO,
HEYCTONYHMBOE 3BE€HO — HEMUHUMAIbHO-Pa3080e.

K HemumHHUMAJIIBLHO-(A30BbIM 3BEHBSIM OT-
HOCSITCSI BCE 3BEHBS, MepeAaTOuHble (DYHKIUU KO-
TOPBIX UMEIOT HYIU UAU NOJIOCA B TPABOM MOIIY-
IJIOCKOCTH, TO €CTh, C IOJIOXKUTEIBHOU BEIIECT-

BEHHOM 4acThio. [ munumanvro-gasosvix 3B€HbEB BCE HYJM U IIOJIIOCA MEPENATOYHON (YHKIMH
HaXOJATCS B JIEBOM IMOJIYINIOCKOCTH (MMEIOT OTpULIAaTEIbHbIC BellleCTBEHHbIE yacT). Hanpumep, npu

HIOJIO’KUTETIBHBIX TIOCTOSHHBIX BpeMeHu 1,, T, u T, 3BEHO ¢ mepeaaToyHoil GpyHkuumen
W (s) = Iis+1
(Ts+1)(Tis +1)
— MUHUMaJIbHO-()a30BOE, a 3BEHbA C MePeIaTOYHBIMH (PYHKITUSAMH
W (s) = Iis+1 L W(s) = Iis—1 . Wi(s) = Iis+1
(Tys +D)(Tys = 1) (Tys +)(Tys +1) (Tys—D)(Tys—1)

— HEMUHHUMaJIbHO-(a30BbIE.

4.3. KonebamesnbHoe 38€HO

KonebarenpHOe 3B€HO — 3TO 3B€HO BTOPOTO TOPSIZIKA C TIEpeIaTOYHON QyHKIIMEH BUIa

Wi(s)=

k

bys* +bs+1’

v 2
3HAMCHATCIIb KOTOPOU NUMECT KOMIIJICKCHO-COIIPSIZKECHHBIC KOPHU (TO €CTh, bl —4b2 < 0) Kaxk m3BecT-

HO U3 Teopuu nupdepeHaNIbHbIX YPaBHEHUH, CBOOOIHOE IBM)KEHUE TaKOM CUCTEMBI COEPIKUT rap-
MOHHYECKHE COCTABJISIOIINE (CUHYC, KOCUHYC), UTO JaeT KoJeOaHus BhIXOa IPU U3MEHEHUH BXOIHO-

T'0 CUrHa’ia.

HecnoxHo nmpeacTaButh nepeaTouHyto GyHKIHIO Koie0aTeaIbHOro 38eHa B (hopme
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k
T?s” +2T& +1
rae k — xoddpdumment, 7 — MOCTOsSHHAS BpEeMEHU (B cekyHoax), & — napamemp 3amyxaHus

W(s)= (41)

(0< & <1). llocrosiHHAs BpeMEHH OIPEACIIeT HHEPIIMOHHOCTh 00OBEKTA, YeM OHA OOJIBIIE, TEM ME]I-
JICHHEEe M3MEHSETCS BBIXOJ MPU M3MEHeHHU Bxoaa. Yem Oombine &, TeM ObIcTpee 3aTyxaroT Koseba-

HUSL.
IIpu & =0 B (41) monyvaercs koHcepsamugHoe 3B€HO, KOTOPOE JAeT He3aTyXaroIre KoueOaHus

Ha Beixone. Ecnu & > 1, moaens (41) npeactaBisieT anepuoouueckoe 36eHo 8mopo2o NopsioKkd, TO eCTh

MOCIIE0BATEIbHOE COSTMHEHUE IBYX AllePHOANIECKUX 3BEHBEB.
KonebarenpHoe 3BEHO OTHOCHUTCS K MO3HMIMOHHBIM 3BEHBSIM, €r0 CTaTHUECKUH Ko3(dduimeHt
ycwtenust paper W(0) =k .
[lepexoaHas W MMITyJIbCHAsl XapaKTEPUCTUKU OTIMYAIOTCA BBIPAKEHHOW KOJIEOATEIbHOCTHIO,
0c00EHHO TIpH MaNbIX 3HAYCHHSX MapaMerpa 3aryxaHus &. Ha cimemyromumx AByX rpadukax CHHUE

JAUHUH c00TBETCTBYIOT & = 0,5, a kpacHbie — & =0,25.

h(t) A 2025
k X 7£
=05
0 r

Acumnroruueckas JIAUX storo 3BeHa oOpazoBaHa ABYyMs MPSIMBIMH, KOTOpPBIE MEPECEKAIOTCS

. 1 .
Ha conpsiearoueu yacmome @, = ? . Ha Hu3KuX 4yacToTax oHa MMeEeT HYJICBOW HAKJIOH (TaK KaK 3BCHO

MO3UIUOHHOE), IpUYeM B 3Toi obnactu L, = 201gk .

Ha Bricokux vacrorax HakiaoH JIAUX paBeH
—40 nb/nek, Tak Kak CTelneHb 3HAMEHATelNs Iie- 201gk . — 40 1B/nex |
penaToyHoi GyHKIMU Ha ABa OOJIbIIE CTENICHH €€ 3
yucnutens. da3oBasg XapakTepUCTUKAa MEHSETCA _El
ot 0 mo —180°, mpuueM Ha compsTaroIIe YacTo-
TE @, OHa paBHa —90°.

[Ipu 3nauenusx & < 0,5 JIAUX umeer tak

Ha3bIBa€MBI «TOpO» B pailoHe compsraromei
4acTOThI, MPUYEM €ro BBICOTA YBEJIMYUBACTCS C
YMEHBIICHHEM & . DTO 03HAuYaeT, YTO MPH 4acTo-

)
8

TC BXOJHOI'O CHTI'HAJIA, paBHOﬁ a,, Ha6J'IIOI[aeTC$I

Ppe30HaHc, TO €CTh 4aCTOTAa BO3MYIICHUS COBIIaia- -180

€T C YaCTOTOW COOCTBEHHBIX KOJICOAHUI CHCTEMBI.
B npenensnom ciyuae ipu & =0 (korcepsamusnoe 36eno) JIAUX Teprnut pa3priB (oOpamaetrcs

B OECKOHEYHOCTh) Ha YaCTOTE @, , IPH TAKOM BXOJ€ aMIUINTYAA KOJIeOaHUH HEOTPaHUYEHHO PacTeT U

Ha MpaKTUKE OOBEKT pa3pyIIaeTcs.
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4.4. UHmeepupyrouwee 38eHO

[Ipocreiimmii mpuMep MHTETPUPYIOIIETO 3B€HA — BaHHA, B KOTOPYIO HaOupaeTcst Boaa. BxomHou
CUTHAJI — 3TO IOTOK BOJBI Y€pe3 KPaH, BbIXOJ CUCTEMBI — YPOBEHb BOJbI B BaHHE. IIpu nmocrymieHun
BOJIbI YPOBEHb PACTET, CUCTEMA «HAKAIUIMBAET» (MHTETPUPYET) BXOAHON CUTHAJ.

HNHTerpupyrolee 38€HO ONUCHIBAETCS YPABHEHUEM

YO _ .
o =kex(0), (42)

k
KOTOPOMY COOTBETCTBYET nepeaarouHast pyHkuus W(s)=—. Pemenue ypaBHenus (42) gaer
s

1(t) = (0) + k j x(r)dr.

Hcnonb3ys 3T0 pemeHue A eAMHUYHOro ckadka (x(f) =1 npu ¢ > 0) npu HyJleBbIX HaYalbHBIX yC-
noBusix ( ¥(0) =0), monyyaeM JUHEHHO BO3PACTAIOIIYIO NEPEXOOHYIO XAPAKMEPUCUKY:

h(t)=k-t.
Jnis Toro, yToOBl HAWTH UMNYILCHYIO XAPAKMEPUCMUK)Y, BCIIOMHUM, YTO HMHTErpaj oOT JAeibTa-
¢byHKIMU Ha T1000M MHTEpBaje, BkiatovaomemM ¢ =0, pasen 1. [Tostomy w(¢) =k (npu £>0).

h(6) w(r) A
k
tea =k
>  — >
0 ¢ 0 t
YacToTHass ~ XapakTepUCTHKa  MHTETPUPYIOLIETO  3BeHa  ompeneisiercs  (GOpMyJIoif
: k k
W(jw) =—=—j—. MOXHO NOKa3aTh, 4TO €ro JOorapupMuyIecKas aMIUIMTYJAHAS YacTOTHAs Xapak-
jo @

TEPUCTUKA — 3TO TpsimMasi ¢ HakimoHoM —20 nb/mek. Ha HU3KMX dYacTOTax yCHJIEHHUE MaKCHMAJIbHO,
TEOpEeTUYECKH Ha yacToTe @ = (0 OHO paBHO OECKOHEUHOCTH. BhICOKHE 4acTOThl, HAOOOPOT, MOJABIISI-
FOTCSI HHTETPATOPOM.

—_ i —20 nb/nex
< | 201gk
| Y
0
o=1 o=k
0
g 90
=
-180

Ha gyactore @ =1 3nauenue JIAUX paBuo 201gk, a npu @ =k JIAUX oOpamaercs B HyJIb, IOCKOJIb-
Ky |W( jo) |: 1. ®a3oBas xapakrepuctuka @(@w)=-90° — roBOPUT O TOCTOSIHHOM CIBUTE (pa3bl HA

BCCX HaCTOTax.
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4.5. JQuophepeHyupyrowue 38eHbs

Juddepenuupyroiiee 3BeHO JaeT Ha BBIXOJE MPOU3BOAHYIO BXOIHOIO CHTHajia. YpaBHEHHE

dx(t)
dt

ujaeanpHoro auddepeHnupyomero 3seHa y(t) =k , €ro omeparopHas 3anuck y(t)=k-p x(t), a

nepenarounas pynkuus W(s)=k-s.

N3BecTHO, YTO TPOM3BOAHAS €IWHUYHOTO cTyrneH4datoro curHaia 1(¢) B touke ¢t =0 — 31O
nensTa-pyHKIMs O(¢) . IloaTomy nepexoanas U BecoBast pyHKUUH UG PEpEeHIPYIONIETo 3BeHa
d5(t)

dt
Ot0 pu3nvecku Hepeanuszyemble (PyHKIMH, TaK KaK OeNbTa-(QyHKIUIO U ee MPOU3BOIHYI0, UMEIOINE
OeCKOHEYHBIE 3HAUCHMS, HEBO3MOXKHO TOJyYHTh Ha peaJbHOM ycTpoiicTBe. [loaTomy naeansrnoe aud-

(epeHIpyoIee OTHOCUTCA K (husuiecku Hepeanu3yembim 3BEHbSIM.
Jlorapudmuueckas aMIUIUTyAHas 4acTOTHAs XapakTepucTuka MudGdepeHIHpYIOIero 3BeHa —

W) =kS(@t), w(t)=kI2

1
npsimast ¢ HakioHoM 20 nb/mek, mepecekaromasi ock abermuce L, (w)=0 Ha yactoTe a):;. [Ipu

o =1 JIAYX pasna L, (1) =20lgk . Juddepenunupyromniee 3B€HO MOIaBISET HU3KHUE YaCTOTHI (IIPOH3-

BOAHAsA OT MOCTOAHHOI'O CMI'Hajla paBHA HYJ'IIO) 1 0ECKOHEYHO YCUIIUBACT BBICOKOYAaCTOTHLIC CUTHAJIbI,
qTo Tpe6yeT OECKOHEUYHOM OHEPTUU U HECBO3MOXKHO B (I)I/ISI/I‘ICCKI/I pealIN3yEMbIX CUCTEMAX.

—~ 20 nb/ ]
g ABIAICK ::201gk
-0
a)Zl/k w=1
180
2 90
=
0

®a30Bas XapaKTEpUCTHKA HE 3aBUCUT OT YACTOThI, 3BEHO JIa€T MOJIOKUTEIbHBIA CABUT (a3bl Ha

90° . JleticTBUTENBHO, IpU AU PEPESHIIMPOBAHUN CUTHANIA X (1) = Sin @f TIOTydaeMm
y(t) = coswt = sin(wt +90°).

Huddepennmpyroiiee 3B€HO pearupyeT He Ha M3MEHEHUE CaMOi BXOJIHOW BEJTWYHMHBI, a HA W3-
MEHEHHUE ee MPOU3BOIHOM, TO €CTh Ha meHoenyuio pa3BUTHA coObITuil. [loaToMy TOBOPAT, UTO AU(-
(depeHuupyoliee 3BeHO 001alaeT YIPEeXKIAIOUINM, npocrosupyrowum neictsueM. C ero moMoIunsko
MO>KHO YCKOPHUTB PEAKLHUIO CHCTEMBI.

B TexHuKe HE MOTYT UCHOIB30BaThCs (PU3MUECKU Hepealln3yeMble 3BeHbs. [103ToMy BakHO pac-
CMOTPETh aHAJIOTUYHOE 3BEHO, KOTOPOE BHIMOIHAET AU PepeHIIMPOBAHUS HU3KOYACTOTHBIX CUTHAJIOB
U OJIHOBPEMEHHO MMEET OTPaHHMYEHHOE YCUJICHHE Ha BBICOKUX YacToTaX. Muepyuonnoe ougpepenyu-
pyroujee 36eH0 OTHMCHIBACTCS YPaBHEHUEM

0 () =k ED dx(t)
dt dt

. @aKTUYECKHU 3TO IIOCIEAOBATEILHOE COCIUHEHUE

U UMeeT nepeAaTouHyro QyHkuuoo W(s) =
Ts+1

U/1€aIbHOT0 JU(GEepeHIMPYIOLIEr0 U alepuOJUUECKOrO 3BEHbEB.
Aniepronmieckoe 3BEHO J00aBIseT WHEPUUOHHOCTH: OONazast CBOMCTBaMHU (HIBTpa HHU3KUX
4acTOT, OHO OIPAaHMYMBACT YCHUJIEHHE Ha BBICOKMX yacToTax. Ilockonbky mepenaTodHas (yHKUUS
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UMEeT paBHbIE CTENEHH YMCIUTENS U 3HAMEHATeNs, Ha BBICOKUX 4acTOTax (BBILIE conpsearouel uac-
mombsl @, =1/T) JIJAUX numeeT HyneBOH HAKJIOH, MOTOMY HEOTPAaHHYCHHOTO pocTa KoddhdHuuneHra

ycuJIeHHs He TpoucxoauT. OQHOBPEMEHHO TEPSETCSl TOYHOCTh Au(QepeHIpoBaHus, Tak Kak (a3o-
Basl XapaKTEpUCTUKA U3MeHsAeTcs oT 90° 1o HyJIA.

20 nb/nex ,,/’/

e Tl
£
-

4.6. 3ana3odbieaHue

IIpencraBum cebe TpyOy, uepe3 KOTOPYIO BEHTHJISATOP IpOKauyuMBaeT BO3AyX. B Hauane TpyOsl
YCTaHOBJIEH HarpeBaTesb, a TEMIIEPATypa BO3yXa U3MEPSIETCS JaTYUKOM B TOUKE A.

3aaHHas
Temnepatypa
—  » | HarpeBaTelb AaTtymk
Temnepatypsl
MNoTOK l 5
| BO3ayxa .
1 [N
: E
| g »
[} >
1 '
L
OueBuHO, YTO MpPU U3MEHEHHM TeMIIepaTypbl BO3JyXa Aat- YA

YuK OOHApYXUT 3TO HE cpasy, a uepe3 Bpemst 7 = L/v,rae L
— JyHa TpyOBI (B Mempax), a v — CKOPOCTh MOTOKA BO3AyXa
(B m/c). B aTOM city4ae roBOPSIT, YTO B CUCTEME €CTh TPaHC-
MOPTHOE 3ama3/bIBaHNe Ha BETUYUHY T (B CEKYHOAx).

Jpyroil pacnpOCTpaHEHHBI NPUMEP — BBIYUCIUTEIb-
HOE€ 3ama3jblBaHue B KOMIIbloTepe. Tak Ha3bpIBaeTCs BpeMs,
KOTOpOE€ HEOOXOAMMO IS pacueTa HOBOTO YIPAaBIISIOIIETO
CUTHAJIa MOCJIE MOJYYEeHUs BCEX UCXOIHBIX JaHHBIX. VA

3amazgpiBaHUEe B CHCTEME IPOCTO CIBUTAET CHTHAI
BIIPAaBO HA BPEMEHHOI ocH, He MEHAs ero (opMmbl. Marema-
THYECKH 3TO MOXKHO 3aIiCaTh B BUIE

y(t)=x(t-1).

N300pakeHne curHaga Ha BBIXOJE 3BEHA 3alla3[bIBaHUS BBI-
YHUCIIACTCS TI0 meopeme 0 cCMeujeHuu apeymenma Al npeoo-
pa3oBanus Jlamnaca:

v

<\

~

LT
-«

0

Y(s)=L{y@)} = Tx(t —7)e dt = e’”jx(z‘) e dt =" X(s),

0

M03TOMY TepeaTouHast (yHKIUS 3BE€HA YUCTOTO 3ama3/IbIBaHus paBHa W (s) =€ " .
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O‘ICBI/I,Z[HO, YTO IIpHU TAapMOHHUYECKOM BXOJHOM CHUI'HAJIC 3alla3/IbIBAHNEC HC U3MCHACT aMIUINTY Y,
HO BHOCHUT I[OHOHHHTGHBHBIﬁ OTpI/IIIaTCJ'H)HHﬁ CABUT (1)33131. YacroTHas XapPaKTCPUCTHKA 3TOr0 3BCHA

. ITo o6muMm popmynam HAXOAUM:

A(jo)=|W.(jo)|=1, $(jo)=argl (jo)=-ot
Taxum o6pa3om, (a3oBast YaCTOTHAS XapaKTEPUCTHKA 3BEHA 3ala3/IbIBaHUs — TMHEWHAs (PYHKIUS dac-
TOTHI @ , YeM OOJIbIIIC YaCTOTa, TeM OoJIbIIe (ha30BBIN CIIBHUT.

—jot

umeet Bug W (jw) =e

4.7. «O6bpamHbie» 38€Hbs

3BeHO ¢ mepenaTtouHo QyHkmuen W(s) = HA30BEM «0OpAMHLIMY» 36eHOM JJIA 3BEHA C

nepenatounoit pynkuuennr W(s) (wnm umnsepcueri myis 3Toro 3BeHa). IIpeanonokum, 4To MbI 3HaEM

JIA®UX npns ucxomHoro 3BeHa U xoTuM HaTu JIADUX «oOpaTtHOro» 3BeHa 0e3 BBHIYMUCICHHM. DTa
3a7ja4ya UMEET MPOCTOE PEUICHHUE.
Hns ucxomguoro 3BeHa W (jw) = P(w)+ jO(w), tne P(w) m Q(®w) — COOTBETCTBEHHO BEIIECT-

BEHHAsl U MHUMas YaCTOTHbIE XapaKTEPUCTUKU. AMIUINTY1HAsA U (a30Basi XapaKTEPUCTUKU UMEIOT BU]T

A(w) = \/Pz(a)) + Qz(a)) , @(w)=arctg QE ;
Jli1 «0OpaTHOr0» 3BEHA MOIYYUM
I 1 _ P(o)- jO(®)

W(] (0) = . - . - 2 2 s
W(jo) Plo)+j0@) P(o)+0 (o)
4TO MOCJIC NPOCThIX npeo6pa3013aHHﬁ aacT

A(w) = — L G =—arctg 22 - ).
VP (0)+ 0% (o) " A(w) P(o)
Taxum oOpaszoM, 1711 TorapupMUUECKUX XapaKTEPUCTHK MOTydaeM

201g A(w) = ZOIgﬁ =-20lgd(®), ¢(0)=—¢(o).

DTO 3HAYUT, YTO MPH Nepexozae K «oOparHoit» nepenarounoit ¢pynkimuu JIAUX u JIOYUX mpocTto me-
HSIOT 3HAK.
PaccmoTpum, Hampumep, 3BeHO ¢ nepeaatouHoit ¢yHkumeid W(s)=Ts+1. OHo sBusieTcss «00-

paTHBIM» ISl AallEpUOJUYECKOr0 3BEHA, TOATOMY MOKHO cpazy HapucoBaTh ero JIAOYX rtak, kak Ha
PHUCYHKE.

20 nb/nex

L (o)

90

45

®(w)

Jlnsg 3BeHa YHMCTOro 3ama3fbplBaHUs «OOpAaTHBIM» OYIET 3BEHO C IEpelaToOuyHON (yHKuuen
W_(s)=e€’", ero aMIIMTy1Hasl YaCTOTHAs! XapaKTEPUCTHKA paBHA 1 Ha BCEX 4yacToOTax, a (ha3oBas BbI-

YUCIACTCA KaK ¢(G)) = w7 . [lonoxuTenpHLIN CABUT (1)21351 TOBOPHUT O TOM, YTO CUTHAJI HA BBIXOJC I10-
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SABIISICTCS paHbuie, YeM Ha BXoJle. Takoe 3B€HO Ha3bIBACTCS 36€HOM YNPeXCOeHUs. TN NpeOCKa3aHUsl.
[ToHATHO, YTO B peaybHBIX CHCTEMaX HENb3s «3ariisiHyTh B OyAyIIee», MO3TOMY 3BEHO YIPEKICHUS
¢u3nuecku HepeanusyeMo. TeM He MeHee, MOJeNIM HEKOTOPhIX MPAKTUYECKHUX 33a]a4 MOTYT BKJIIOYaTh
3BEHbs yNpexaeHus. Hanmpumep, U3BECTHBI «aBTOMWIOTED JUIsSI aBTOMOOWIIEH, KOTOPhIE UCIIOIB3YIOT
JaHHbIE O pesibede TOpOru Ha HEKOTOPOM PAacCTOSIHUU gnepedu MaluHbl (Oynylue 3HayeHus!), mo-
JTy4EHHBIE C IOMOUIBIO JIA3€PHOTO0 U3MEPUTEIISL.

4.8. JTA®YX cnoxHbIx 368eHbe8

Jst moctpoenust JIADUYX 3BeHBEB CO CIOKHBIMU MEePEAATOUYHBIMU (DYHKIIUSAMU UX YUCITUTENb U
3HaMeHaTesb Pa30MBAIOT HA COMHOXKUTEINU MEPBOr0 U BTOPOTO MOPSAKOB. DaKTHUECKU CIOKHOE 3BE-
HO IIPH ATOM IPEACTABIIACTCA KaK MOCIEAOBATEIbHOE COCIUHEHHME IMPOCTBIX 3BEHBEB, ISl KOTOPBIX
U3BECTHBI Bce XapakTepucTUKH. [Ipu a3Tom acumnrornueckyro JIAUX MOKHO JIETKO MOCTPOUTH JaKe
BPYUHYIO.

PaccMmoTpuM 3BeHO BTOPOTO MOPSI/IKA € TIEpeIaTOYHON QyHKIUEH

W (s) = fls ta, k(T,s—1) .
b,s"+bs+b, (I;s+1)(T;s+1)
3necy I(i=1,..3) — NOJIOXHUTENbHbIE IOCTOSIHHbIE BpeMeHHU. J[lji1 ONpeNesIeHHOCTH IHpUMEM
I,>T,>T,.
IIpencraBuM nepeaTouHy0 (YHKIHIO B BUIE IPOU3BEACHHS
1 1
W(s)zk-m-(]“zs—l)-m. (43)

Takum oOpa3om, 3TO 3BEHO MpPEICTaBIsIET COOOM MOCIEI0BATEIIbHOE COEAMHEHHE YCHIIUTENS, JBYX
anepuoMYECKUX 3BEHbEB U ycuiutens ¢ auddepeHnupoBanueM (ero mnepenatodHas (QyHKIUsS
I,s—1).

Kaxk cnenyer u3 cBovicts JIADUX (37)—
(38), nns moctpoenus JIAUX cuctemsl ¢ mepe- i 1
natouHoi pyukuuen W(s) (43) J0cTa- 201gk
TouHO ciokuTh JIAUX Bcex ee COMHOXKHUTE-
JIen.

2~ 20 nb/nex

— 20 nb/nex

SN

Ha Hu3zkux qacToTax, Ao nepBoﬁ COoIpA-

Ly®)

. 1
raloleil 4acToThl @,, = — , «pabdOTaeT» TOJIBKO -
1

ycuuTenb, u acumnrorudeckas JIAUX wmper
Ha mocTtossHHOM ypoBHe 20lgk. Hauunas c .

1
HJaCTOThI a)cl = HepBoe aHepHOﬂquCKoe
1 ., =

1
cl ? a)c2 =
3BeHo gaer HakioH JIAUX —20 nb/nmek, a c 1

1 1
= a)c3 =
T, Iy

4acTOThl @), :i 3BeHO 7,5 —1 BOCCTaHaBIMBAeT HyJeBOM HakyOH. Ha yacToTax BhIIE @, :F
2 3
BKJIIOUaeTcsi BTOpoe (ObICTpONEHCTBYIONIEE) anepuoIUYecKoe 3BEHO, KOTOPOE OMpeleisieT HAKJIOH
—20 nb/nex ocrasmieics BeicoOKkoYacTOTHON yactu JIAUX.
Jis moctpoeHus: Ga3zoBOl XapaKTEPUCTUKU JKEIATeNbHO HCIOJIb30BaTh KOMITBIOTEPHBIC TPO-
rpammbl. OHAKO TIPUHITUIT OCTaeTcsl TOT ke, uTo u st JIAUX: nonmHas (a3oBas xapakTepuCTHKA
paBHa cyMMe (ha30BBIX XapaKTEPUCTHK OTICIIbHBIX 3BEHHEB, BXOASIIUX B IPOU3BEICHHUE.
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5. CTPYKTYpHble CXeMbl

5.1. YcnoeHblie 0603HaYeHus

CucteMy ynpaBiieHUs] MOXKHO pa30UTh Ha OJIOKH, UMEIOLUE BXOA U BBIXOJ (OOBEKT, PEryysaTop,
MIPUBO/I, U3MEpUTENbHAsA cucTeMa). [{ist Toro, 4ToObl MOKa3aTh B3aUMOCBS3H ATUX OJOKOB, HCIONb3Y-
IOT CTPYKTYpHBbIE€ cXeMbl. Ha HUX KaX/blil 371eMeHT U300pakaeTcsi B BUJE NMPSAMOYTOJbHUKA, BHYTPU
KOTOPOTO 3alMChIBAETCs €ro nepeaarouHas GyHKuus. Bxoa u BbIxoa 00Ka MOKa3bIBAlOT COOTBETCT-
BEHHO «BXOJIAIIEH» U «BBIXOIALIECH» CTPEIKAMHU.

x(?) (?) X(s) Y(s)
—» W(p) —> —» W(s) —»

Crporo roBopsi, ecTb JBe (POpPMBI 3aMucH:
® onepamopuas 3anucv, KOTaa rnepenaTovynas (QyHKIHS 3alMChIBACTCS KaK (QYHKIHUS onepaTopa
nudepeHIMpoBaHUs p , BXOJBI U BBIXOJIBI OJIOKOB — ()yHKIIMM BPEMEHH;
®  3anucv 6 u3006padiceHusix, Korua nepeaarouHas (YHKIHUsS 3alUChIBACTCS Kak (YHKIHS KOM-
IUIEKCHOM MepeMeHHOH s, a /Ui 0003HauYeHHs BXOJOB U BBIXOJOB HCIOJIB3YIOT UX H300paske-
Hus 1o Jlamacy.
OpHako cyThb Jena OT 3Toro He MeHsercsa. IloaTomy manbie mpu 0OO3HAYEHUH CUTHAJIOB MBI, HE-
CKOJIBKO KEPTBYSI CTPOTOCTBIO Pajiii TIPOCTOTHI 3alucH, OyeM 0003HauaTh CUTHAIIBI CTPOYHBIMH OYK-
BaMU, HE YKa3bIBas HE3aBUCUMYIO NIEPEMEHHYIO (¢ UJIH §), a B 3aMIUCH NIEepeIaTOYHBIX (PyHKIUN OyneM
UCTIOJIB30BaTh MIEPEMEHHYIO 5, KaK MPHUHSATO B JINTEPATYPE.
JUii CyMMUPYIOIIHUX 3JIEMEHTOB HMCIOJB3YIOT CIIEHalbHOe 0003HAYeHUE — KpYT, pa3OUThIi Ha
cekTopa. Ecim CexTop 3aJHT YepHBIM I[BETOM, MTOCTYTMAIONINA B HETO CHTHAJI BBIYUTACTCS, a HE CKJIa-
IBIBa€TCS C APYyruMu. Pa3zBeTBieHmne curHaia 0003Ha4aeTcs TOUKOH, KaK U paTUOTEXHHKE.

<+
v

X

Ha cnenyromemM pucyHke mokazaHa TUIIMYHAS CX€Ma CHUCTEMBI yIIpaBlieHHs KopalieM 1o Kypey. 3aech
BXOJ X — 3aJJaHHBIA KypC, BBIXOJ ¥ — (akTHUeCKuil Kypc. CHUrHaIBI e, u U O 0003HAYaIOT COOTBET-

CTBEHHO OIIMOKY peryJupoBaHUs, CUTHAN yIpPaBICHUS W YIPABISAIOIICE BO3JICHCTBUE MPHUBOJA HA
00BeKT (yroi nmoBopora pyJisi). CUTHall g — 3TO BO3MYIIEHUE (BIUSHUE BETPA U MOPCKOTO BOJTHEHUS),

a m — IIyM U3MEPEHUN.

perymsarop  ------- S , & o6bext
X+ e u | 55 y
C(s) gﬂ?a Ro(s) —T—' P(s)
H(s) -
U3MEpUTENbHAs
cucreMa m

B »10ii cucteMe kpoMe «OOIBIIOro» KOHTYpa YIpaBlIeHUs (PETyJsiTOp — IPUBOJ — OOBEKT) €CTh ellle
BHYTPEHHUI KOHTYp NpHUBOJA (3BE€HO € NepenaTodyHoil GpyHkuuen R,(S) OXBau€HO ompuyamenbHOl

00pamHoIlL C83010).
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5.2. lNpaeuna npeobpasoeaHusi

MHorue MHXeHepHbIe (KJIACCUYECKHE) METO/AbI UCCIIECAOBAHUS CUCTEM YINPaBJIECHUS OCHOBAHbBI
Ha UCMOJIb30BAaHUU NEPEAaTOUHBIX QYHKIMA. /|11 mocTpoeHus nepeaaTouHon (pyHKIUN CUCTEMBI Me-
Xy 33JaHHBIMU BXOJIOM U BBIXOJIOM HY>KHO Npeo0pa3oBaTh CTPYKTYpHYIO CXEMYy Tak, 4TOObI B KO-
HEYHOM CYeTe OCTajcs OJUH OJIOK ¢ M3BECTHOH mepenarouHoi ¢yHkumei. i 3TOro MCIoNb3yIOT
CMpYKMYpHble NPeodPa306aHusl.

Jlerko mokasatb, 4TO NepeaaTouHble (PyHKIUN NapaIeIbHOTO | MOCJIEI0BATEIILHOTO COEINHE-
HUI paBHBI COOTBETCTBEHHO CyMME U NPOU3BEICHUIO HCXOAHBIX IIEPEAaTOUHBIX (DYHKIHMIA:

g
¥ W](S) y . v
(%)_" —> W](S)+W2(S) —>
WAs) Ya
e B e E ] mieowe)

JlelicTBUTENBHO, B M300pakeHusX 1o Jlannacy ajst napajuieIbHOTO COeIMHEHUS MoyYaeM
Y(s) =Y (5)+ Y, (s) = W, ()X () + W,(s) X (5) = [W,(s) + W, ()] X (5),
a JJIs ITOCJICIOBATEIILHOTO
Y(s)=W,(s)Y,(s) = W (s)W,(s) X (5) .
J171s KOHTYypa ¢ OTpULIaTeIbHON 0OpPATHOM CBSI3bIO HMEEM
X e y
—> Wi(s) > x Wi (s) y
1+ W, (s) W,(s)

A

f W(s)

Jlns okazaTenbcTBa 3aMeTuM, uto Y (s) = W (s) E(s), a u3o0paxeHne omrOKN paBHO
E(s)=X(s)=F(s) =X (s)=W,(s)Y(s).
ITosTOoMy
Y(s) = W)X ()= W, ()Y (5)].
[lepenocss X (s) B JIeByIO 4acTb, NOJydaeM

YOO WO X6 = V)= WV?S()S;V X

Ecnu oOpaTHas CBA3b — MOJIOKUTENbHAS (CUTHAIBI X M f CKJIaJIBIBAIOTCS), B 3HAMEHATelNe OyIeT CTo-
SITh 3HAK «MUHYCY:
W(s)=—)
1=W,(s) W,(s)
3BEHO MOXHO MEPEHOCUTDH UYEpPe3 CyMMATOp KakK BIEpe, Tak U Hazal. YToObl IIpH ATOM nepenaa-
TOYHbBIE PYHKIIUU HE U3MEHHIIUCH, TIEPE]] CyMMAaTOPOM HYXKHO TIOCTaBHUTh JONOJITHUTEIBHOE 3BEHO:

¢f

f W(S)
v
x—»é—» Ms) > 2 m) 4%)—&

OOparuTe BHUMaHME, YTO MEepeaTouHble (PYHKIUN OT 0O0MX BXOJIOB K BBIXO/Y Ha JABYX CXeMaX OfH-
HakoBble. [l caenyroniei napsl 3TO yCIOBUE TOKE BBIIOIHAETCS:
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A 1/W(s)
X y X Yy
—> W(s) —»é—» — W(s) —>

3BEHO MOKHO IEPEHOCUTH TaKXkKe uepe3 TOUKY pa3BEeTBIICHUS, COXPaHss BCce NepeaTouHble QyHKINU:

X N

b Vi » W
—>» W(s) —E: () =
y2 ld W(S) —>

OTH JIBE CXEMbI TOXKE PABHOCHJIbHBI:

X M X Vi
> W(s) —> —» W(s) L —>
Y
*y 1W(s) >

5.3. Tunoeasi OOHOKOHMYypPHasi cucmema

[IpruMeHNM TNOKa3aHHBIE BBILIE TPHEMBI JJI BBIYUCICHUS MEpelaTOYHbIX (YHKLUH paccMoT-
PEHHOM BBILLIE CUCTEMBI. 37€Ch TPU BXOJa (X, g U m), a B KAYECTBE BbIXO/JI0B OOBIYHO pacCMaTPUBAIOT
BBIXOJ] CUCTEMBI ), CUTHAJI yIpaBJIeHUs # U olMOKY e. Takum o0pa3oM, BCEro MOXKHO 3amucaTh 9 me-
penaToyHbIX (QYHKIHA, COSAMHSIONINX BCE BOZMOKHBIE TIAPBI BXOA-BBIXO/I.

______ npuBoOA g
SN SR d ris) o P(s) 4
S —E—»(?—» o(s T’ s
H(s) <
m

CHauvana HaliileM HOJHYI0 NepeaTouHyro (YHKLHIO NMpHBoJa (0OBEIEHHOIO HITPHUXOBOM paM-
KOi1), HCTIONB3YsT POPMYITy U KOHTYpPa C OTPULATETILHON 0OpaTHOM CBS3BIO:

R(s) = _R(s) )
1+ R,(s)
[Tonyyaem cremyromryto cxemy:
g
X + e u 0 Yy
C(s) R(s) —* P(s)
H(s) -
m

Tenepp HaiiieM nepeaaTouHbie PYHKIUU OT BXOJa X KO BCeM BbIxojam. J[ist 3Toro Bce octaib-
HBIC BXObI 6YJ1€M CUUTATb HYJCBBIMU U yAAJIUM CO CXCMBI. KpOMe TOIr'o, 3aMCHHUM IIOCJIE€A0BATCIIBHOC
COCTMHECHHE 3BEHBEB C TiepenatouHbiMu pynkiusmMu C(s), R(s) u P(s) Ha OHO 3BEHO:
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C($)R(s)P(s)

H(s)

JIJis osrydeHus: OKOHYATEIILHOTO Pe3ysibTaTa CHOBAa UCHOJB3yeM (opMyiy Ui KOHTypa C OTpHIla-
TEJILHON 00paTHOM CBSA3BIO:
C($)R(s)P(s
(s - CORSPG)
1+ H(s)C(s)R(s)P(s)
[IpuHMMast B KauecTBe BBIXO/OB yIPaBICHHUE U U OMIMOKY e, MOJIYYHM IMOX0XKHE CXEMBbI:

X 4+ e e

C(s) T 1
H(s)R(s)P(s) H(s)C(s)R(s)P(s)

IlepBast U3 3TUX CX€M JaeT NepelaToOuHy0 (YHKIHIO 10 ynpasieHuto W (s), a BTopas — nepeaaTod-

Hy!0 QyHKIMIO 10 omubke W, (s) (3aech OJIOK ¢ NMepeAaTodHol GyHKIMEH, paBHON €IUHUIIE, MOKHO

ObuT10 BOOOIE HE pucoBaTh). CHOBa mpuMeHss (OpMyIy s KOHTypa C OTpPHLATENIbHOW OOpaTHOM
CBSI3BI0, TTOTYYaeM:
W.(s)=

W; (S) = B - .
1+ H(s)C(s)R(s)P(s) 1+ H(s)C(s)R(s)P(s)
Hcnonb3ys 3TOT MOIX0/, IErko HalTH nepeaaToynble GyHKIUH A7 APYTUuX BXoA0B. Teneps Bbl BIOJ-
HE MOKETE CIIeNaTh 3TO CAMOCTOSITENIBHO.

C(s) 1
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6. AHanu3 cuctem ynpasrieHuA

6.1. TpeboeaHusi K ynpaeJsieHUro
Yto MBI XOTHM OT yIpaBiieHus1? DTO 3aBHCHUT, MPEKIE BCEro, OT peniaeMoil 3agaun. B 3agaue
cmadbunuzayuy HandoJiee BaKHBI CBOMCTBA ycmanogusuiecocs pexuma. s credawux cucreM B mep-
BYIO OuYepe/lb HY»KHO O00ECIEeYUTh BHICOKOE KAaueCTBO MEPEXOIHBIX MPOIECCOB MPU HW3MEHEHUU 3a-
JAIOIIIETO CUTHAMA (ycmasKku).
B 1ienoM MO>XHO BBIJICTUTH YETHIPE OCHOBHBIX TPEOOBAHUS:
® TOYHOCTb — B YCTAaHOBHBIIIEMCS PEXKUME CHUCTEMA JIOJKHA MOJIEPKUBATh 3aJJaHHOE 3HAUYCHUE
BBIXO/Ia CHCTEMBI, IpHYEM OIMHUOKa (pa3HUIA MEXIY 3aJlaHHBIM M (AKTUICCKUM 3HAUCHHEM )
HE JOJIKHA MPEBBIIIATH JOMYCTUMYIO;
® YCTOMYMBOCTb — CUCTEMA JIOJKHA OCTABaThCsSl YCTOMUYMBOM HA BCEX PEKUMAX, HE JOJDKHA UJI-
TH «Bpa3HOC» (KOpalib HE JOJHKEH UATH 110 KPYTy IIPU CMEHE Kypca);
® Ka4yecTBO MePEeXOJAHbIX MPOIECCOB — IPU CMEHE 3aJJaHHOI0 3HAYEHUsI CUCTEMA JOJKHA TIepe-
XOJIUTh B HY’KHOE COCTOSTHUE 110 BO3MOKHOCTH OBICTPO U TJIABHO;
® Ppo0ACTHOCTBL — CHCTEMA JOJKHA COXPAHATh YCTOWYUBOCTh U MPUEMIIEMOE KAa4eCTBO JaXKE B
TOM cllydae, €Clid JMHAMHKa 0O0OBEKTa M CBOWCTBA BHEIIHUX BO3MYIIICHU HEMHOTO OTIUYAIOT-
Csl OT T€X, YTO UCIOJIb30BAIUCH IPU MPOEKTUPOBAHUMU.

6.2. lMpouyecc Ha ebixode

Haunewm ¢ IMPOCTOI0 — MOKAXXEM, KaK BbBIYHUCIUTL MPOLUECC HA BbIXOAC CHUCTCMBI C HepeI{aTo‘-IHDfI
dbynkuueir W (s) npu BXOAHOM CHUTHAJE, Il KOTOPOTO W3BECTHO M300paxeHue mo Jlammacy X (s).

[Ipu HyJeBBIX HadadbHBIX YCIOBHSIX M300pakeHHe BBIXona paBHO Y (s) =W (s) X (s). [Ipenmo-
noxum, 9to W(s) u X(s) — panmoHalbHbIe (PYHKIIUH, TO €CTh MX MOYKHO MPEJICTABUTh B BUEC OTHO-
IICHWSI TIOJTHHOMOB

wis)="w8)  x(g= a8
A(s) dy(s)
Jli1s IpocTOTHI OyA€M CUUTATh, YTO MOIMHOMBI A(S) U d, (S) UMEIOT TONBKO IPOCTHIE BELIECTBEHHBIE
KOPHH, TaK 9TO
As)=(s—a)(s—ay)..(s—ay), dy(s)=(s=F)s=p)(s=Fy),
npuyeM ofIMX KOpHEH y Hux Her . Uncnia @, (i=L..N) n B, (j=L..M) HaspiBaroTcst nomocamu
¢bynkuuit W(s) u X(s) COOTBETCTBEHHO.

[Tpu >Tux ycnoBusx npousseaeHue Y(s) =W (s) X (s) MOXKXHO pa3I0KUTh HA TIPOCTHIE APOOH

+ TS R b - b, +ot by :
S—a ST s—ay s=p s=p, s =Py
3neck a, (i=1,...N) u b, (j=1,...M) — NOCTOSHHbIE, KOTOPbIC B JAHHOM CIIy4ae ONPEACIAOTCS MO

(hopmynam:

a, a

Y(s)=

a, =W(SX($)s=a)| . b=WESHX)s=5)|_, -
Janee Mbl IPEANOI0KHUM, YTO IpousBeneHue W (s) X(s) HecokpaTtumo. B aToM ciaydae Bce uucia q,
v b, He paBHBI HYJIIO.

Uto0OB! HalTH BBIXOA )(t), HY)KHO BBIYHCINTH OOpaTHOE mpeoOpa3oBanue Jlarumaca mist Y(s).
[To Tabmumam (cMm., HarpumMep, GopMyJs (25)) HaxOaUM

7 Bonee cnoxnbie Cllydaun (KOMHJ’IGKCHO-COHpH)KCHHI)Ie " KPATHbIC nomoca) pacCMaTpuBAOTCA aHAJIOTUYHO.
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y(t) = ae™ +a,e™ +...+ae™ +be’ +be™ +..+b,e™. (44)
BeroMHuM, 4TO0 QYHKIHS €™ IpH f —> 00 CTPEeMHTCS K HYIO, ecii A <(0; ocTaercsl IOCTOSHHOIM
(paBHo#i 1) mpu A =0 u yxomut B 6eckoHeuHOCTh pu A > 0 . [TosTomy BeIpaskeHue (44) mo3Bosser
CeNaTh CIEAYIONINE BIBOIBI:
® CHTHAJl HAa BBIXOJIE CUCTEMBI 3aBUCUT KaK OT CBOWCTB MEPEAATOYHON (DYHKIIUU CUCTEMBI, TaK U
OT BXOJIHOTO CUTHAJA;
® I TOTO, YTOOBI MEPEXOAHBIA Mporecc 3aryxan (pyHkius »(f) CTpeMuiach K HYJIO), BCE
yucna , (i =1,..N) u S, (i =1,...M) noiKkHbI ObITh OTPULATEIBHBIMU (MMETh OTPULIATENbHbIE
BEILIECTBCHHBIC YaCTH);
® eCM OJIMH U3 MoMocoB W (s) unu X (s) paBeH HyNO, V(f) MOKET UMETh MOCTOSHHYIO (He3a-
TYXAarOIIyI0) COCTaBIISIONIYIO;
e eciu XOTA OBl 0/IMH U3 MONIOCcOB W (s) mmu X (s) Oombiue Hyns (MMEET MOJIOKUTEIBHYIO Be-
[IECTBEHHYIO YaCTh), BBIXOJ] CHCTEMBI HEOTPAHUYCHHO PaCTeT.
Eme pa3 orMeTum, 4TO MBI MpeANoaraii HECOKPaTUMOCTh npousBencHust W (s) X (s), nHaue HEKO-
TOpbIe KOOODUUMEHTBI g, W/UIKM b, MOTYT OKa3aTbCsl HyJIEBHIMU U COOTBETCTBYIOUIUE IKCIIOHEHTHI
«ucuezaro™» u3 hopmysl (44). Torna, HampuMep, MOXKET OKa3aThCsl, YTO BBIXOJI HE «YXOJIUT B OECKO-
HEYHOCTH» Jaxe ecnu W (s) unu X (s) UMEeT MOMIOC C MOJI0KUTEIbHOM BEIeCTBEHHOM YacThio (M OH
cokpaTmics B mpousBeaeHuu W(s) X(s)).
Kak cnenyer u3 (44), vactb nokasarenel SKCOHEHT (uucna ¢, (i = 1,...N)) HOJHOCTBIO Onpese-
JISIIOTCSL CBOMCTBAMHU CHCTEMBI — 3TO KOpHH nonuHoma A(s). Ecnu cpey HUX ecTh uucia ¢ MOJI0XKH-

TENLHOH BEIIECTBEHHOH YacThIO, CUTHAJT BBIXOAA OyIeT HEOTPaHUYEHHO BO3PACTATh IIPHU J1H0O0M 8XO-
de, IU1sl KOTOporo npousBeaeHue W (s) X(s) Hecokpatumo. B 3ToM ciyuae roBopAT, 4TO cucmema He-

ycmouuusea, a COOTBETCTBYIOIIME MOII0CA TaKXKE HAa3bIBAIOT HEycToMunBbIMU. [lonrHoM A(s) Ha3bIBa-

€TCSl XapaKTePUCTHYECKUM MOJMHOMOM, TaK KaK PacCIONIOXKEHHE ero KOpHEH orpenenseT yCTOWIH-
BOCTb (WJIM HEYCTOMYHMBOCTH) CUCTEMBI (TIoJipoOHEe cM. pas3a. 6.4).

6.3. To4yHOCMB

To4YHOCTb cHCTEMBI OOBIYHO OLIEHMBAETCS JJII OJHOTO M3 TAJOHHBIX BXOAHBIX CHUTHAJIOB. DTO
MOYET OBITh, HAIPUMED, €TUHUIHBIA CKAYOK

1 0,1<0 ¥ 1
x(1)=1(r) = Li20° (S)—;
WJIY JIMHEWHO BO3PACTAIOIIUI CUTHAI
_ 0,t<0 X(s) = L
x(0) 4t>0" 52
WJIM TAPMOHUYECKUN CUTHAJ C YaCTOTOU @ :
x(t)=sinot, X(s)=—o—.
s“+w

ToYHOCTH CHCTEMBI B YCTAaHOBHBIIIEMCS PEKUME ONPEEISICTCS OMUOKON e(f) Win ee n300pakeHneM
E(s). lns ee uccienoBaHus UCHOIb3YIOT nepedamounyio gynkyuto no owudke W,(s), KOTopas CBs-
3bIBaET N300paKeHUS OMIMOKY U BXOJHOTO CUTHAJIA!
E(s) =W, (s) X(s).
PaccMoTpuM KOHTYp yIpaBlIeHHs, COCTOSIINNA U3 PEryisiTopa U 00beKTa:
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perysTop 00BEKT

X o+ e u Yy
C(s) P(s)

[IpencraBum nepegatounsie pynkuuu C(s) u P(s), a Takke n3o0paxkeHue Bxona X (s) B BHIE OT-
HOIIICHHS TTOJTMHOMOB

C(S):nc—(s) P(S)—Ls) X(s) = ny(s)

dc(s) d(s)’ dy(s)
B nannoMm ciydae nepeagatouHasi GyHKIIUS IO OITMOKE paBHA
Wi L _de)de)

1+C(s) P(s)  A(s)
rae A(s)=d.(s) d(s)+n.(s) n(s) —xapakmepucmuueckuti NOIUHOM 3aMKHYTOU CUCTEMBI.

PaccMoTpuM peakiivio cHCTeMbl Ha €UHHYHBIN CTYNEHYaThlii BXOJIHOW CUTHai, n300pakeHue
koToporo paBHo X (s) =1/s. Kak cnemyet u3 pa3a. 6.2, curaan ommOKu onpeessieTcs MoTcamMu Te-

penarouHoit GyHkuuu W,(s) (TO €CTb KOPHAMHU XapaKTEPUCTUYECKOTO MOIUHOMA A(S)) U MOJI0caMu
n3obpaxenust X (s). Ha npaktuke Bce momoca W, (s) TOMKHBI UMETh OTPULIATEIIbHbIE BELIECTBEHHbIE

4acTH, WHAYe cucTema OyAeT HeycToNuuBOM (moapodHee cM. B pasn. 6.4). [ToaTomy HyJEBBIX MOJIO-
coBy ¢ynkiuu W,(s) ObITh HEe MOkeT. Toraa

v 1
1+C(s) P(s) s

3,[[60]5 I/1306pa)KeHI/IC YO(S) HUMCCT IIOJIOCa TOJBKO C OTpHHaTCHBHOﬁ BCHICCTBGHHOﬁ 4aCTbIO, a IMOCTO-

W,()X (s) = ~ 1)+ 2.

ssHHast b paccuuThIBaeTCs 10 (hOpMyIie pa3ioKeHHs Ha MPOCThIC IPOOH:
b= ! _dc(0)d(0)
1+ C(0) P(0) A(0)
Kak cnenyer u3 pasn. 6.2, mocie 3aTyxaHHs BCEX SKCIIOHEHT C OTPUIATENbHBIMU MTOKA3aTeNsIMU MOITY-
guMm lime(t) =b.

t—o0

3amMeTuM, 4TO ISl TOTO, YTOOBI CIeNaTh HYJEBOW CTAaTHMUYECKYIO OMIMOKY, JOCTATOYHO oOecte-
quth d-(0) =0 (TO ecTb perynsarop nomkeH coaepxarh naTerpatop) uian d(0) =0 (00BEKT conepKUT

HUHTETpaTop).

DTOT pe3yNbTaT MOXKHO 0000IIUTh AJs JIFOOBIX HE3aTYXaIOUINX BXOJHBIX CUTHAJIOB, H300pake-
HUS KOTOPBIX UMEIOT MOJIF0CAa Ha MHUMOM ocH (B Touke s = (0 uiau B TOukax § ==+ jw). [ns Toro, uro-
OBl OIMOKa CTPEMHJIACh K HYJIIO MPU ¢ — 00 HEOOXOJAMMO, YTOOBI 3TH MOJI0CA COKPATHIIUCH B MPOU3-
BEJICHUU
(s)d(s) ny(s)
A(s)  dy(s)
A 3TO, B CBOIO OYepe[b, BO3MOXXHO TOJBKO TOTJA, KOTJa OHHU SBJISIOTCS KOPHSMH IOJIMHOMA
d.(s)d(s), TO ecTb, 6Hympu CUCTEMBI €CTb MOJEIb BXOJHOIO CUIHaja. DTOT MPUHLUI HA3bIBAETCS

W,(5)X (s) = ¢

NPUHIUIIOM BHYTPEeHHeil MoJeu.

Hanpumep, 1u1st TOYHOTO OTCIIEKUBAHUS CTYTIEHYATOTO CHTHAJA HY)KHO, YTOOBI OOBEKT MU pe-
TYJISITOp COAEpKall MHTErpupyloliee 38eHo (¢ nmepenatouHoit pynkiueii 1/5 ). Torma npoussenenue
d.(s) d(s) UMeeT COMHOXHUTENb S, U Homoc X(s) B Touke s =0 cokpaTuTcs B IPOU3BEICHUU
W.(s) X(s). Takum obpa3om, eciu mepenarouHas (yHKUus pasoMkHyToro koHrypa C(s)P(s) co-

JEpKUT MHOXKHTENNb § B 3HaMEHaTene, 00ecleurBaeTcsl HyjeBas OIIMOKA CIEXKEHHS 3a IOCTOSHHBIM
CUTHAJIOM (HyJieBast craTuyeckast omunoOka). [loaToMy Takyro cuCTeMy Ha3bIBAIOT ACTATHYECKOI.
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JUis OTCNEXXUBAHUS JUHEUHO 803pACMAIOWe20 CUSHANA B KOHTYPE JAOJKHO OBITh YK€ /1Ba MHTe-
rpaTopa (Hy>KHO COKpaTHTb JBOWHON momoc X (s) B Touke s =0). Takas cucrema obnamaer acma-

musmom 8mopo2o nopsoka. B obmiem ciayyae cucrema, B KOTOPOH
C$)P(s) =~ G(s).
s

rae v >0 — HarypampHOE uncio u QyHKws G(s) HE UMEeT HyJIeH W IMOIIOCOB B Touke s = (), Ha3bI-

BAETCSl acCmamu4eckol cucmemot v -020 nopsioka. Takas cuctemMa B YCTaHOBHUBIIEMCS pexkuMme 0e3
OIIMOKH OTCIICKUBAET CUTHAII BUJIA

x(t) =X, +xt+ 8"+ +x, ¢
IpU JII0OBIX 3HaYeHUsAX K03dduuneHtos x,(i =0,..v —1).

Kazanoce Obl, sl OBBILIEHNSI TOYHOCTH MOXKHO IOCTaBUTh MHOI'O MHTETPAaTOPOB, U BCE MPO-
Onembl OyayT perieHsl. Ho mpu 5TOM HY>KHO Y4€CThb, YTO MBI TOBOPHIIM TOJIBKO O TOYHOCTH 8 YCIMAHO-
BUBULEMCS pediciMe, HE 3aTparuBas epexoiHble MPoLecchl (IEpexo ¢ PeXUMa Ha PexXUM) U BOIPOCHI
ycroitunBocTu. Jl00aBieHnE Ka)XI0TO HOBOTO HHTErpaTopa YyXyAIIAeT MEPEeXOJHBIE MPOIECCHI, OC-
JIOXKHSIET CTAaOUIIM3AlMI0 CUCTEMBI, CHIDKAeT ObIcTpoeiicTBue. Hanpumep, TBOWHBIM UHTErpaTopoM B
NPUHIAIIE HEBO3MOXKHO YIPABISATH C TIOMOIIBIO TIPOCTOTO PETYJISATOPA-yCUIUTENS (TaK HAa3bIBAEMOTO
nponopyuonansHozo peryistopa uinm I1-perymisropa). Kpome toro, ecinu pa3soMKHyTasi CUCTEMa BKITIO-
YaeT JIBa MHTErpaTopa u bosee, JUIsl CUTHANA OIIUOKH e(f) CIpaBeAIUBO OTPAHUYCHUE

©

j e(t)dt =0.

0
Ha Bompoc «Hy ¥ 4T0?» MOXHO OTBETHTH TaK: IIOCKOJIBKY MHTETpall OT OMIMOKK paBeH HYJIO, YacTh
BpPEMEHH OIIMOKa JOJKHA OBITh MOJIOKUTEIBHOM, a yacTh — oTpuuaTteabHoi. I[lostomy nipu nrobom
yIpaBJICHUH HE yAACTCS MOJyYUTh MOHOTOHHBIN MEPEXOIHBIN Mpolecc (KOraa CUrHal BIX0/1a TOAX0-
JIUT K 33JJaHHOMY 3HAQUYEHUIO «C OJJHOH CTOPOHBI», KaK y allepuOIUUYECKOro 3BEHA).

s cTOXacTU4EeCKOM CUCTEMBI, B KOTOPOW BCE IMPOLECCHl MMEIOT CIy4alHBIA XapakTep, TO4-
HOCTb OLIEHUBAETCS C MOMOIIbIO MaTEMATUYECKOTO OXKHIAaHHs U Aucniepcuu omnoku. Ho atu Bompocs!
BBIXOJIAIT 32 PAMKH ITOCOOHSI.

6.4. Ycmou4yusocmb

6.4.1. Ymo makoe ycmouyusocmu?

«bbITOBOE» MOHATHE YCTOMYMBOCTH M3BECTHO HaM ¢ JeTcTBa. Hampumep, Tabyperka ¢ AByMs
HO’KKaMHU HEYCTOMYMBA, OHA yIAJET IIPU MAJICHIIEM JTyHOBEHUH BETPA, a C TpeMs — ycronuusa. Becem
3HAKOMBII MpUMeEp HEYCTONUMBOM CHUCTEMBI — OJIN3KO PacHojOkKEHHbIE MUKPO(DOH U KOJOHKHU, KOTO-
pble HAYMHAIOT «CBUCTETHY». HEyCTOMYMBOCTh MOKET NPUBECTU K TPAarudecKUM nocieacrsusM. Jloc-
TATOYHO BCIIOMHUTH aBAPHH CaMOJIETOB, OMABIIMX B I'PO30BOI ()POHT MM B ILTOIOP, B3PHIB AJEPHO-
ro peakropa Ha YepHOOBUIbCKOM aTOMHOM cTaHIuu B 1986 T.

TepMUH «yCTOMYMBOCTB» UCIOJIB3YETCSl B UUCIIEHHBIX METOJAaX, MEXaHUKE, JKOHOMHKE, COL[UO-
JIOTHH, TICUXOJIOTMU. BO BCeX 3TUX HayKax MMEIOT B BUIY, YTO YCTOWYMBAs CUCTEMa BO3BPAILAETCS B
COCTOSIHUE PABHOBECHUS, €CIIM KaKas-TO CHJIa BBIBEJIET €€ U3 3TOro cocrosHus. [llapuk Ha pucyHke Ha-
XOJUTCS B YCMOUYU80M PABHOBECUU B MOJIOXKEHUU A — €CJIM HEMHOT'O CABUHYTbH €0 C MECTa, OH CKa-
TUTCS OOPATHO B SIMKY.
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OnHako MBI MOXKEM 3aMETUTh, UTO €CIU LIAPUK CUIbHO OTKIOHUTH OT PABHOBECHUS, OH MOXET CBa-
JUTHCSI Yepe3 TOPKY BOOK, TO €CTh yCTOWYMBOCTh HAPYIIHTCS.

B nonoxenusix b u B mapuk taxxe HaXoAUTCs B MOJIOKEHUU PABHOBECHS, HO OHO HeEyCmouyu-
60, TaK KaK IPU MaJICHIIIEM CIABUTE B CTOPOHY IIAPUK CKATHIBAECTCS C BEPIIUHBI.

B nonoxenusix I' u [ paBHOBecue mapuka HeumpaibHoe — IpU HeOONIbIIOM CMEIIEHHUH OH OCTa-
€TCsl B HOBOM IOJIOKEHUU. [Ipr 3TOM roBOpAT, YTO CUCTEMA HelumpanibHO YCmMou4ued, T0 €CTh HaX0-
JIUTCS HA TPAHUIIE YCTOMYMBOCTH.

MO’KHO MOKa3aTh, 4YTO CUCTEMA «IIAPUK-TOpKa» — HeJuHelHasi. Kak Mbl yBuaenu, 1id Hee

® YCTOMYMBOCTH — HE CBOMCTBO CUCTEMBI, @ CBOMCTBO HEKOTOPOTO MOJIOKEHHUSI PABHOBECHS;

® MOXKET OBITh HECKOJIBKO MOJIO0KEHUI paBHOBECHS, 13 HUX HEKOTOpbIE — yCTONYMBBIE, 2 HEKOTO-
pbl€ — HET;

® TIOJIO)KCHHE PABHOBECHUSI MOXKET OBITh YCTOMYMBO MPU MAJIBIX OTKJIIOHEHUAX (CUCTEMA YCTOMUHU-
Ba «B MaJIOM») U HEYCTOMYMBO TIPHU OONBIIHX («B OOIBIIIOM).

6.4.2. Yemouuusocms dvieaem pasnas

M3BECTHO HECKOJIBKO OMPEICIICHUN YCTOMUMBOCTH, KOTOPBIE OTJIIMYAIOTCS HEKOTOPBIMU JI€TalIsA-
Mmu. Ecinu paccMaTpuBaeTcs TOJIBKO BBIXOJ CUCTEMBI IIPU PA3JIMYHBIX OTPAHUYEHHBIX BXOJAX, TOBOPSAT
00 yCTOWYMBOCTH «BBIXOA-BBIXOI».

KpomMme Toro, 4acTo u3y4yaroT yCTOMUYUBOCTb A8MOHOMHOU CUCTEMBI, HA KOTOPYIO HE ACHCTBYIOT
BHEIIIHUE CUTHAJIBI (Bce BXO/bI HyJIeBbIe). [Ipeanonaraercs, 4To cuCTEMY BBIBENIU U3 MOJIOKEHUS paB-
HOBecus (3a1aJI1 HeHYlegble HaualbHble YCa06Us) N «OTImycTuiIn». Cuctema, KOTopas cama BO3Bpalla-
€TCsl B UCXOZHOE I0JIOKEHNE PAaBHOBECHSI, HAa3bIBAETCsl yCTONUMBOM. Ecin mpu 3TOM paccmaTpuBaercs
TOJIbKO BBIXOJ CUCTEMBI (a HE €€ BHYTPEHHUE CUTHAJIbI), TOBOPAT O «MEXHUYECKOU YCMOUYUBOCTUY
(v yemotiyusocmu no vixo0y). HanpoTus, euympennsas Ul Mamemamuieckds YCmouyu8oCcms 03-
HAyYaeT, YTO HE TOJBKO BBIXOJ, HO M BCE BHYTPEHHHE IePEMEHHBIE (IIEpEMEHHBIE COCTOSHHS) TPHOIH-
JKAIOTCSL K CBOMM 3HAUYEHUSIM B IIOJIOKEHUU PAaBHOBECHSI.

B HekoTOphIX 33amaduax OCHOBHOW pabouuii peXHM — 3TO MEPUOTUYECKUE KOJICOAHUs, TIOATOMY
MOKHO PacCMaTpuBaTh YCMOUYUBOCMb NpOYeccog, a HE TOJIBKO IOJIO0XKEHUs paBHOBecHs. OmHako
IIOYTH BCE TAKHE CUCTEMBbl — HEJIMHEIHBIE, U 3TU BOIPOCHI BBIXOIAT 32 PAMKH HAILIEr0 IOCOOUS.

6.4.3. Yemouuusocmo «6x00-661x00»

OOBIYHO U1 MHXXEHEPOB IPAKTUKOB B MEPBYIO OYEpE]b Ba)KHO, YTOOBI CHCTEMa HE «IIOILIA
Bpa3HOC», TO €CTh, YTOOBI yIpaBisieMas BEJIMYMHA HE pOCiia HEOTPAHUYCHHO NP BCEX JOIYCTHMBIX
BXOJHBIX CUTHaiax. Eciau 3To Tak, roBOpAT, 4TO cHCTeMa OOJIAZIAET YCMOUYUBOCIBIO «8X00-8bIXO0»
(Ipy OrpaHMYEHHOM BXOJI€ BBIXOJ TAaK)K€ OTPAHMYEH). 3aMETHM, YTO IPU ITOM HAC HE MHTEPECYET,
KaK MEHSIOTCSI BHyTPEHHUE TIEPEMEHHBIE 00BEKTA, BaXKEH TOJIBKO BXOJ U BBIXOJ,.

PaccmoTpuM BaHHY, KOTOpasi HAaIlOJIHAETCS BOJOM U3 KpaHa. MoOAENb 3TOW CUCTEMBI — UHTETPU-
pyrouiee 3BeHO. [Ipy MOCTOSSHHOM (OrpaHUYEHHOM I10 BEJIU4YMHE!) BXOJAHOM IOTOKE YPOBEHb BOJIbI B
BaHHE OyJeT HEOTrPaHMYEHHO YBEIMYHMBATHCA (IIOKAa BOJA HE MOJBETCS yepe3 Kpail), Mo3TOMY Takas
cucreMe He 00/1aJaeT yCTOMYMBOCTBIO «BXO/I-BBIXO/1».

6.4.4. «Texnuueckasn» ycmouuugocms

B oTnnuune ot yCTOHYMBOCTH «BXOA-BBIXO», TOHITHE «TEXHUYECKAs! yCTOMYUBOCThY» OTHOCUTCS
K aBTOHOMHOM CHUCTCMC, Y KOTOpOfI BCC BXOAHBIC CUT'HAJIbI paBHBI HYJIIO.

Ilonosicenuem pasHnogecusi Ha3bIBAIOT COCTOSIHUE CHCTEMBI, KOTOpash HAXOJIUTCS B TOKOE, TO
€CTb, CUTHAJI BbIXOJa y(l) — HNOCTOSAHHAA BCJIMYNHA, U BCC CT'O MTPONU3BOAHBIC PAaBHBI HYJIIO.

Cucremy BBIBOAST M3 TOJOKEHUSI PaBHOBECHs U yOUparOT Bce BOo3MyIIeHUs. Ecnu mpu 3ToM ¢
TEYEHHEM BpEeMEHH (Tpu { —> o0 ) CUCTEMa BO3BpallaeTcs B MOJOKEHUE PAaBHOBECHSI, OHA HA3bIBACTCA
ycemotiyusou. Ecin BRIXOHAsE KOOpAMHATA OCTACTCS OTPAaHMYEHHON (HE YXOIUT B OECKOHEYHOCTH),
cHCTEeMa Ha3bIBACTCS HEUMpAlbHO YCMOUYUBOLL, a €CITU BBIXOJl CTAHOBUTCSI OECKOHEUHBIM — HEYCMOou-
YUBoll.
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Ecnu BepHYyThCA K IpUMEPY ¢ BAHHOM, CTAHOBUTCS MOHITHO, YTO 3Ta CUCTEMa — HEUTPaIbHO yC-
TONYMBA, MIOTOMY YTO YPOBEHb BOJbI OCTACTCS IMOCTOSHHBIM, KOrja Mbl niepekpoeM kpaH. C omHoOU
CTOPOHBI, YPOBEHB BOJIbI HE BO3BPAILIAETCS K MPEAbIAYLIEMY 3HaYCHHIO, a C IpPyroi — He pacTeT Oec-
KOHEYHO (CHCTEMa HE SBJISICTCS] HEYCTOMYMBOIN).

6.4.5. Bnympennssa ycmouuugsocmo

['oBOpst 0 BHYTpEHHEH YCTONUMBOCTH, pACCMAaTPUBAIOT HE TOJBKO BBIXOJ, HO M BCE IIEPEMEHHBIE,
OIMCBIBAIOIINE COCTOSTHME CUCTEMbl. B MaTremMaTudeckoil TEOpUH CHUCTEM BEKTOp COCTOSHUS 0003HA-
4aroT uepe3 x(7), a ypaBHEHHE JBUKEHHSI CUCTEMBI 3alMCHIBAIOT B BUJIE

dx(t

D ren 45)
dt

dakTryecku 3T0 cuctemMa aupHepeHIHaTFHBIX YPAaBHEHUH IEpPBOTO TOPSIIKA, B HEM TpaBasi 4acTh 3a-

BHCHT TOJIBKO OT 3HA4eHUH ¢ M X(¢), HO HE OT MPOU3BOAHBIX. Eciu BeKTOp cocTOsIHUS X(f) COCTOUT

U3 IBYX KOMIIOHEHTOB, X,(f) U X,(t), ypaBHeHue (45) MOKHO 3alucaTh B pa3BEpHYTOH popme

dx,(#) _
dt _fl(xat)

dx,(t) _
dt _fz(xat)

rae Gynkunu fi(x,t) u f,(x,t) 3aBUCAT OT BEKTOPA COCTOSIHUS U BPEMEHHU.

Y CTONYUBOCTB ONPEAENSAETCS UIsl HEKOTOPOTO IOJIOKEHUSI paBHOBECHs. /{11 HEIMHENHOU cuc-
TEMBbl MOXET ObITh HECKOJIBKO IOJO0XEHUN pPaBHOBECHS, IIPUYEM HEKOTOpBIE U3 HUX MOTYT OBITH yC-
TOMYUBBI, @ HEKOTOpPbIE — HET. B 10JI0KEHNU paBHOBECHUS BCE NMPOU3BOAHBIE PABHBI HYJIIO, TO €CTh

% * o
f(x",H)=0, e x* — COOTBETCTBYIOMIHMII BEKTOP COCTOSIHHS .
[IpenmnonoxuM, 4To CUCTEMY BBIBEJIM B HEKOTOPOE HayasbHOE cocTosiHue X, = x(0) (3ananu Ha-

YaJbHBIE YCIIOBHS), a TIOTOM BHEIIHEE BO3ACUCTBUE MpeKpaTwin. [lampHeiiee n3MEeHEHHEe KOOpIUHAT
(«IBUXKEHHE» CUCTEMBI X(f)) MOXHO HAlTH Kak pelieHne ypaBHeHUs (45) mpH 3aJaHHBIX HadallbHBIX

YCIIOBUSIX.
Hectporo roBopsi, ycmotiuueocms 03Ha4aeT, 4YTO Bce JIBIKEHUS X(f), KOTOpble HAUYMHAIOTCS

* o *
OJIM3KO OT MOJIOXKEHUS] PABHOBECHUS X , IIPU BCEX / OCTAKOTCS B HEKOTOPOIl OKPECTHOCTH X .
Jlyuiie, KOHEUHO, €CIIM CUCTEMA HE MPOCTO yCTONMYMBA, a €I1€ M BO3BPAIIAETCS B IOJIOKEHUE
*
paBHOBECHS, TO €CTh, X(f) CTpPEMHUTCS K X TIpu ¢ —> 0. B 3TOM cityuae roBopst o0 acumnmomuye-

CKOU YCMOu4Uu8oCcmu.

PaccMOTpUM MasTHUK Ha PHCYHKE a) CIIpaBa, COCTOSALIMHA U3 TOBE- a)
LIEHHOTO METAJJTMYECKOr0 CTEPKHS U IIapHKa. 37ech MOJI0KEHHE PaBHOBE- )
CHsl — IIIAPUK B HIDKHEW Touke. EClii He yYUTHIBaTh TPEHUE, MATHUK, BHIBE-

JNEHHBIA W3 TOJOXKEHHUs] paBHOBecHs, OyJIeT KauaTbCsi OECKOHEYHO JO0Jro,
MpUYeM aMIUIUTyAa KojeOaHui He OyaeT yBeIWYHBAThCS, TO €CTh, CHCTEMa
yCTOHYMBA.

B peanbHOCTH TpeHUE, KOHEUHO, €CTh, IIOATOMY KOJIeOaHUsI MasiTHUKA N
OylyT IOCTETICHHO 3aTyXaTh (aMIUTUTYya YMEHBIIIAECTCS ), U CHCTEMAa B KOHIIE *
KOHIIOB BO3BpAILIAETCs B MOJOXKEHUE PAaBHOBECUS. DTO 3HAYUT, YTO MASITHUK C TPEHUEM — aCUMIITOTH-
YECKHU yCTOMYMBasi CUCTEMA.

MasTHUK Ha pUCYHKE 0) TOKE HAXOJIUTCS B MOJI0XEHUU PAaBHOBECHS, HO OHO HEYCTOMYHMBO: MPH
MajieiilieM OTKJIOHEHUU MasiTHUK yTaJleT BHU3.

6)

8 * ~ *
Yacro st ynobersa cuntator, uro X = 0. Eciu 910 He Tak, Moskuo 3amenuts X(f) na X(f) = x(¢f)— X , Tak 4ro6s1

B IIOJIOKCHHUH PABHOBECHS BCE KOOPAMHATHI HOBOI'O BEKTOpa X (t) ObLIN HYJIEBBIC.
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dopmanbHOE OmpejelicHHe BHYTPEHHEH YCTOWYMBOCTH OBUIO BBEIEHO B  paborax
AM. JIsmyHOBa’, TO3TOMY TaKOE TOHSATHE YCTONYMBOCTH MPHHSTO HA3BIBATD YCMOWUUE0CHbIo no Jla-
NYHOEB) .

JIJist IPOCTOTHI PAaCCMOTPHUM CHUCTEMY MEPBOTO MOPSIKA, C OJHON MEPEMEHHON COCTOSIHHS X(1).
CucTeMa Ha3BIBAETCA YCTOMUMBOIL 10 JIAIYHOBY B MOJIOKEHMM PABHOBECHS X , €CIU HPHU HAYATbHOM
OTKJIOHEHHH OT TIOJI0)KEHHNs PABHOBECHS X He Ooiee, YeM Ha O , TPAeKTOPHs JABMKEHHS OTKIOHACTCS
oT x He 6Golee, 4eM Ha & , IPUUEM JUIS KKJIOTO € MOJKHO HAMTH COOTBETCTBYIOIIEE eMy (&) :

xo—x*‘<§ = ‘x(t)—x*‘<g npu Beex £ > 0.

dakTUUEeCKH dTO 03HA4acT, YTO Y€M MCHBLUIC HAYAJIBbHOC OTKIIOHCHHEC, TCM MCHLBIIC TPACKTOPUA NBU-
JKCHHA OTKIIOHACTCA OT IMMOJIOKCHUA PABHOBCCHS.
Ecmu KPOMC TOT'O BEKTOP COCTOSAHUA CTPEMUTCA K ITOJIOKCHHUIO paBHOBECUA, TO €CTh,

|x(t)-x"| >0 npn t >0, (46)

CHCTEMa Ha3bIBACTCS ACUMNIMOMUYECKU YCMOUMUeoll B TOJOKEHNY PABHOBECHS X . 3aMETHM, UTO
BBITMIOJIHEHHUE YCJIOBUS cxoauMocTu (46) He rapaHTupyer ycToWduBocTh 1o JlsmyHoBy. CylecTByIOT
MPUMEPBI TOCTATOYHO CJIOKHBIX HEJIMHEWHBIX CHCTEM, B KOTOPBIX Jake MPH OYCHb MAJIBIX OTKIIOHE-
HUSX OT TOJIOKEHUSI PaBHOBECHs CHadala HaOmogaeTcsi OONBIION «BBIOPOC», a 3aTeM TPACKTOpHs
CXOIMTCS K TOUKE PAaBHOBECHSI.

O4eBUAHO, YTO ACUMITOTHYECKAs YCTOWYMBOCTh — Ooinee cuibHOe TpeOoBanue. IlomoskeHus
pPaBHOBECHS], KOTOPBIE YCTONYMBEI 110 JISTIyHOBY, HO HE ACUMITOTHYECKH YCTONYMBEI, HHOT/Ia Ha3bI-
BAIOTCS HEUMPAIbHO ycmouuuevimu (MassTHUK 0€3 TPEeHHUs, BAHHA C BOJIOM ).

[TonoxxeHne paBHOBECUS HEYCMOUYLUE0, €CITA ISl HETO HE BBIMIOJIHSACTCS YCIOBUE YCTOWIMBOCTH
JIsmyHOBa. DTO 3HAYHMT, YTO CYMIECTBYET Takoe & > 0, 4To TpaeKkTopus x(¢) BBIXOIUT 3a TPAHUIILI 00-

JacTH ‘x(t)—x ‘< & TIPU CKOJIb YTOJHO MajOM OTKJIOHEHMM Ha4aJbHOI'O COCTOSIHUS X, OT IOJOXe-

*
HUS paBHOBecHst x . Hampumep, cuctema nepexoauT B Opyeoe MON0KEHUE paBHOBECHUS, MK X(¢) He-

OTPaHUYEHHO BO3PACTAET.
Ha cnepyromeM puCyHKe MOKa3aHbl ABUKEHHUS YCTOMYMBOW, ACUMIITOTUYECKHM YCTOMYMBOU M
HEYCTOMYMBOW CUCTEM IEPBOTO MOPsiAKa (C OJJHON KoopAuHATOU X(7)).

aACUMNTOTUYECKN

ycTonyvBa " AN .
X4 |/ yeroimea .7 ~ HeycToluMBa
P Ay 4 7 X
~ \ - =~ Py . N
A TR~
/

shxf T v R
st == N S A f

&

Ecnu BEKTOp COCTOSIHMSI COJEP>KUT HECKOJIBKO MEPEMEHHBIX, JUIsl OLEHKH Pa3HOCTU BEKTOPOB
X,—X ¥ x(f)—Xx BMECTO MOZYJs UCIOJB3YIOT €BKINIOBY HOPMY (KOPEHb U3 CYMMBI KBaJpaTOB OT-

KJIOHEHHUH TI0 KXo KoopauHate). Harmpumep, 171st cucTeMbl BTOPOTO TTOPSIIKa
*\2 *N\2
[x(t)=x.] =i () =) + (v, ()= x)*

* * *
rac X, U X, — KOMIIOHCHTBI BEKTOpa X .

TpaekTopHio JBM)KEHUS CUCTEM BTOPOrO HOpsiiKa OOBIMHO M300pa)aroT Ha ¢hazoeoii niocko-
cmu, TIIe IO OTHOM OCH OTKJIajabIBaeTcs X, (), a mo apyroi — x,(¢) . Ha cnenyromem pucyHke nokasa-
Hbl JIBIKEHUsl YCTOMYMBOM, aCUMIITOTUYECKH YCTOWYMBOM M HEYCTOWUYMBOW CUCTEM. [[1s1 MPOCTOTHI
IIPEIII0JIAraeTcs, YTo MOJ0KEHUE PABHOBECUS — ATO HA4YaJI0 KOOPAUHAT, rae X, = X, =0.

°® AM. JIsnynos (1857-1918) — pycckuii MaTeMaTHK 1 MEXaHHK.
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a)
& X 4
ycTon4mea acuMNTOTUYECKU HeycTonumnea
ycTonymnea

6.4.6. Ycmotiuusocms nunelinvix cucmem

JlunHeiHpIe cucTEeMBI 001a1al0T PSIOM OCOOEHHOCTEH, KOTOPhIE BO MHOTUX CIy4asX yMpOINAIOT
aHaJIU3 YCTOMYUBOCTH:
® aBTOHOMHAs JIMHEWHas cUCTeMa (Ha KOTOPYIO0 HE JCHCTBYIOT BHEIIHHME CHJIBI) MOXKET UMETh
€IMHCTBEHHOE TIOJIOKEHUE PaBHOBECHs (B KOTOPOM BCE CUTHAJIBI PaBHBI HYJIIO) WM O€CKOHEY-
HO MHOTO TIOJIO’KEHUH paBHOBecHS (ILIApHUK Ha IJIOCKOW MOBEPXHOCTH);
® YCTOWYUBOCTBH — 3TO CBOMCTBO JIMHEHHOW CUCTEMBI, @ HE OTJEIBHOTO MOJIOKEHUS PABHOBECHS:
WJTU BCE €€ ABUKEHUS yCTOUYUBHI (ACUMITOTHUECKH YCTOMYUBEI), UM BCE HEYCTOMUHUBHIL;
®  ACHMIITOTHYECKAas YCTOMYMBOCTD JIMHEMHOW CUCTEMBI «B MajJOM» Cpa3y O3HAYaeT €€ yCTOMYH-
BOCTbH «B I[EJIOM», TO €CTh, IIPU JIOOBIX OTKJIOHEHHUSAX OT MOJOKEHUS PABHOBECHS;
® ACHMIITOTMYECKH YCTOWYHMBAs CHUCTEMa TaKkKe 00JlajaeT YCTOMYUBOCTHIO «BXOJ-BBIXOI», a
MPOCTO yCTOWUYMBAsI (HEUTPAIBHO YCTOMYMBAs, HE ACUMITOTHUYECKH YCTOWYMBAs) — HET.
Jlyis TOro, 94TOOBI MOMYYUTh YCIOBHS YCTOMYMBOCTH, PACCMOTPUM YPaBHEHHE JBHKEHUS JTUHEI-
HOM CHCTEMBI, Ha KOTOPYIO He ACWCTBYIOT Bo3mylieHus. [lycte W (s) — ee mepenatounast GpyHKITHS.

bynem cunrtaTh, 4TO OHa UMEET TOJILKO MIPOCThIE (He KpaTHbIe) nomoca «, (i =1,...,N) (kopHH 3Hame-
HaTens):
ny, (s ny, (s
sy =) ) (5) |
A(s)  (s—a)s—ay)..(s—ay)
rae n,(s) u A(s) — noauHoMsl. M3 Teopun nuHeNHHbIX quddepeHranbHbIX YpaBHEHUN U3BECTHO,

4TO IPU OTCYTCTBHU BO3MYILEHHUI BBIXOJ TAKON CHCTEMBI MOKHO IIPEICTABUTE B BUJIE:

y(t) = ae” +a,e™ +..+a,e™, (47)
rae a,(i =1,...,N) — IIOCTOSIHHBIE, KOTOPBIE ONPEIETISAIOTCS HAYATBHBIMU YCIOBUAMHE. Takum 06pasoM,
npouecc y(f) 3aTyXaeT NpH JOObIX HAUaIbHBIX YCIOBHAX TOTJIA M TONBKO TOT/a, KOTAA BCE KOPHH
a, (i =1,..,N) UMeOT ompuyamensvle eeujecmeentvle yacmu. B 3TOM CITydae CHCTEMA ACUMNIMOMU-

YecKu YCmouyusa. m A
[TockonbKy yCTOMYMBOCTh JUHEHHON CHCTEMBI OIpe/e- obnacts 1 obnacte

JISIFOT KOPHU ToJHOMa A(s) — 3HAMEHATeNsl MepelaTouHoil  YCToM4MBOCTM HeyCTo4MBOCTM

dbyukmum W (s), 3TOT MOJIMHOM HAa3bIBACTCS XAPAKMEPUCMU- i *

YyecKUM NOJUHOMOM CUCTEMBI. . . . >
Ecnu nokaszate KOpHU XapaKTePUCTUYECKOTO TTOJIMHOMA Re

(B 06IIEM CTydae — KOMITIEKCHBIE drcia'’) Ha KOMITIEKCHOM

IUIOCKOCTH, TO CJ€Ba OT MHUMOH Ocu OynyT ycmouuusbvie

KopHu (C OTPULIATENILHON BEIIECTBEHHON YaCThI0), a CIpaBa —

HeycToiuuBble. Takum o0pa3oM, 00JIaCTb yCTOHUMBOCTH —

' Tak kax Bce K0 duiEenTs mommuoMa A(S) — BelecTBEHHbIE, KOMILIEKCHBIE KOPHH BCET/Ia GyIyT IapHBIMH, TO €CTh,

BMecTe ¢ KopHeM O + jf Bcerna Gyner npucyTcTBoBath O — j[3 . Ha KOMIUIEKCHOI IIOCKOCTH 3TH TOYKH Pacrioio-

JKEHbI CHMMETPUYIHO OTHOCHTEIBHO ocH abcrmcc. 3mech u qanee j = —1 — MHUMas enuHULA.
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3TO JIeBask MOITYTIOCKOCTb.

IIpennonaoxum, 4To OAMH U3 KOpHEHN noauHoma A(s) paBeH HyIo (ckaxeM, ¢, =0), a ocTaib-
HBIE YCMOUYUEbl, TO €CTh, UX BEIIECTBEHHBIC YAaCTH OTPHUIATENbHbIE. DTO 3HAYUT, YTO CHCTEMA CO-
JIepKUT MHTETPUPYIOIIEe 3BeH0. YuuThiBas, uto e = e’ =1 mpu Beex ¢, HojTydaem

y(t)=a, +ae™ +..+ae™ .

31ech Bce ciaraeMble B TIPaBOM 9acTH, KPOME MEPBOT0, 3aTyXar0T ¢ TEYCHUEM BPEMEHH, a TIOCTOSTHHAS
cocTaBisiromas a, ocraercsa. C Ipyroi CTOpOHBI, BBIXOJ HE BO3PACTAaET HEOIPAHUUEHHO, IOITOMY CHC-
TEMa HeumpanibHO YCMOUYUBA.

Tenepb NOMyCTHM, YTO XapaKTEPUCTUYECKUN MOJMHOM HMEET Mapy YMCTO MHHUMBIX KOpHEH:
a,=jo n a,=—jo.IT0 3HAYUT, 4YTO CUCTEMA COAEPKUT KOHCEep8amusHble 36eH0 — TEHepaTop Ko-

—jot

nebanuii. [Ipu 3Tom mporecc (47) Ha BBIXOJE CUCTEMBI COJIEPIKUT ClIaracMble alej “u a,e’™, koro-

pble MOTYT OBITh (¢ TOMOILBIO (hOpMYJIBI Ditiepa) NpeACTaBICHbI B BUJE
=aq,(coswt+ jsinat), a,e’” =a,(coswt— jsinat).

Jjor —jot

ae

1
OTH COCTaBIIAIONINE JAI0T He3aTyXarolue KoieOanus (1Mo KpaifHel Mepe, Uil HeKOTOPBIX HaYallbHBIX
YCIIOBHIA), TO3TOMY CHUCTEMa HAXOJUTCS HA TPaHMIIEe YCTOWUMBOCTH (HeumpanbHo ycmouyuea). 3ame-
TUM, YTO IIOCTOSIHHBIE @, U 4, — KOMIUIEKCHO-CONpPSDKEHHBIE, TO €CTh, €clu a, =b+ jc, TO
a, =b— jc.llpu sTom cymma

jor —jot

ae’” +a,e”’” =2bcoswt —2csin wt

HE COACPIKUT MHHMOM YacCTH.

6.4.7. BHympeHrHsAs yCmOoUuyusoCcmo TUHEUHbIX CUCTEM

B mpensinymem maparpade mMbl QakTHUECKH PACCMOTPEIH MEXHUYeCKVIo YCMOoUuuu8ocms, TO
€CTh, YCTOWYMBOCTD IO BBIXOJY IIPH HEHYJIEBBIX HaYaJIbHBIX YCIOBUSX.

Tenepp MOCMOTPUM, KaK OINPEAEIUTb GHYMPEHHIOW YCMOUYUEOCMb JUHEUHON CHUCTEMBI, TO
€CTh, YCTOMUMBOCTh BHYTPEHHUX MporeccoB. [IockoIbKy BBIXOJ CHCTEMBI HAC MOKa HE MHTEPECYET,
HCIIOJIb3YEM MOJIEIb «BXOJI-COCTOSIHUE):

x(t) = Ax(t) + Bu(t),
rae x(¢) — BEKTOp COCTOsIHUS, u(f) — BXOIHOU curHan, 4 u B — mocTosiHHbIe MaTpullsl. Ecnu BXoa

paBeH HyJIIO (HET BO3MYIIICHUH ), ypaBHEHUE yIIPOITAETCS

x(t) = Ax(¢). (48)
Taxum 06pa3om, CBOOOAHOE TBIKEHUE OMPEAEIIACTCS TOJIBKO CBOMCTBAMU MATPHUIIBI A .
o, 0

. Torma

CHauvana a1 IpOCTOTHI OyJIeM CYHMTaTh, YTO MaTpuna A wuMmeer Bux A= 0
a
2

ypaBHeHue (48) pacmanaercs Ha Ba HE3aBUCUMBIX YPaBHEHUS (JIBE MOJACUCTEMBI):
x, (1) = a,x(1)

X, (1) = a,x(2)
3JICCL yCTOfI‘IPIBOCTB onpeAcCsIeTCA 3HAYCHUAMU @ U &, . Ecau onn o6a OTpULATCIIbHBI, TO CUCTCMA

ACUMITOTUYECKH ycToiunBa. Eciau olHO U3 HUX — HYJIb, @ BTOPOE OTPUIIATENHLHO (MM 002 HYJIEBBIX),
TO CUCTEMA HEUTPAJIIBHO YCTOWYUBA.

B ob6memM ciayyae BHYTpEHHSSI YCTOMUMBOCTh 3aBUCUT OT COOCMBEHHbIX yucel MaTpulbl A, TO
€CTh, OT KOpHEH xapaxmepucmuuecxkoeo ypasnenus det(Al —A) =0, rae [ — equHUYHAS MaTpHIA, a
«det » obo3HayaeT ompeaenUTeNb KBaapaTHOW Martpuilel. [lomuHom det(Al — A) ot mepeMeHHON A
Ha3bIBAIOT Xapakmepucmuieckum noaunomom. Hampumep, Ayt pacCMOTPEHHOH BBIIIE AUArOHATBHON
MaTpuibl A

I 0| | O A-a, 0

det(Al — A) =det| A — = det

0 1 0 g« 0 A-a, (A-a)d-a)
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O‘leBI/II[HO, 9TO KOPHHU 3TOr0 IIOJIMHOMA — 3TO ) U (&, .

Ecnu Bce KOpHU XapaKTepUCTHUECKOTO MOJIMHOMA YCTONYMBBI (MMEIOT OTPHUIIATENIbHBIE BEIIECT-
BEHHBIE YaCTH, PACIOIOKEHBI B JIEBOW MOIYIUIOCKOCTH), TO CUCTEMA ACUMNMOMUYECKU YCMOUYUBA.
Ecnu ecth HeycTOIUMBEIE KOPHU (C MOJTOXKUTENBHOM BEIIECTBEHHOM YaCThIO), TO CUCTEMA HeyCmOolu-
6a. Ecnu XapakTepUCTUYECKUN IOJMHOM HMMEET OAWH HYJIEBOM KOpPEHb WIM Iapy KOMIUIEKCHO-
CONPSIYKEHHBIX KOPHEW HA MHUMOM OCH, CUCTEMA HEeUMPAlIbHO YCMOUYUBA !

BHyTpeHHSIsI yCTOWYHBOCTH — O0Jiee CHIIbHOE TpeOOBaHKE, YeM TEXHHYECKasl yCTOWIHBOCTb, I10-
TOMY YTO ONpEENsieT OTPAaHUYEHHOCTh HE TOJIBKO BBIXOJIAa, HO M BCEX BHYTPEHHUX IEPEMEHHBIX MPU
TH00BIX HaYaJIbHBIX yCIIOBUSAX. PaccMoTpuM, Hanmpumep, Takyto MOJIEdb B IPOCTPAHCTBE COCTOSHUN

1 1
x() = x(t)+ u(t
=|, _ |50+ |u®
¥ =[0 1]x()
1 0 .
3necy marpuna A4 = nMeeT coOCcTBeHHBIC uncia | 1 —1, mpudyem nepBoe U3 HUX — HEYCTOM-

YHBO, [IO3TOMY CHCTEMa BHYTPEHHE HEYCTOWYHBA.
Teneps Haliem nepenaTouynyro GyHKIHIO (cM. pa3aen 3.7):
-1
1 0 1 0 0 1

wis)=lo 1] _ 101
(S)[]S01o—1 1 5+1

Ee 3namenarenp (XapakTepuCTHUECKHM MOJMHOM) A(s) =s+1 ycTOWYUB, TaK KaK UMEET €JUHCTBEH-

HBIA yCTOMYUBBINA KOpeHb — 1, XOTS cucTeMa BHyTpeHHe HeycToiiunBa! OOpaTuTe BHUMaHHUE, YTO CHC-
TeMa UMEEeT MOPSAJIOK 2, a 3HAMEHATEIb NepeAaTouyHor PyHKIMU — mopsiiok 1. B manHOM ciyuae 3T10
O3HayaeT, YTO HEKOTOPbIE BHYTPEHHHUE JIBUKECHUS CHUCTEMBI He Habnio0aembl HA BBIXOJE, HE BIUSIOT
Ha HEro.

BcenomuuM, 4to mepenatouHas (yHKIHS ONMUCBHIBAET CBOMCTBA CHCTEMBI TOJIBKO MpU H)JIE6bIX
HauanbHulx ycaosusax. [103ToMy BBIBOJBI 00 yCTONYMBOCTH BHYTPEHHHX IPOLIECCOB B CHCTEME, Cle-
JaHHBIE N0 MEpPeAaTOYHON (YHKIMU, MOTYT OKa3aThCsl HEBEPHBIMH, €CIIM CTENCHb €€ 3HaMEHaTells
MEHbIIE MOpPsiIKa UCXOHOTO U hepeHITNaTBHOTO YpaBHEHUS.

6.4.8. Ycmouuusocmu nuneapu308aHHbIX cucmem

VY CTONYMBOCTh HETMHEHHON CUCTEMBI MOKHO BO MHOTHX CJIy4asX OLEHUBATH C NMOMOILIBIO JIH-
HEApU30BaHHOW CUCTEMBI. {1 3TOro MpUMEHSIOT TeopeMbl JIANMYHOBA, KOTOPBIE CBS3BIBAIOT KOPHHU
XapPaKTEPUCTHUYECKOTO MOTMHOMA A(S) JMHEWHOW MOJEIN W YCTOMYMBOCTh HEJMHEHHOW CHUCTEMBI B

OKPECTHOCTH TOYKH JIMHEAPU3ALIN:
1) ecnu Bce KOpHH MMEIOT OTpHUIATENIbHBIC BEUIECTBEHHBIE YACTH, TO HEIWHEHHas cucrema
TaK)Ke yCTOMYMBA,;
2) ecnu ecTh XOTs Obl OJJUH KOPEHb C MOJIOKHUTEIHHON BEIIECTBEHHOMN YacThiO, TO HEJIMHEWHAs
CHCTEMA HEYCTOMYUBA;
3) ecnu HET KOpPHEH ¢ MONOKUTETHHON BEIIECTBEHHON YacThi0, HO €CTh XOTSI Obl OMH KOPEHb C
HYJICBOW BEIIECTBEHHOH YacCThIO, TO 00 YCTOWYMBOCTH HEJTMHEHHOW CUCTEMBbI HUYETO HENb35
CKa3aTh 0e3 JOMOJIHUTEIBHOTO UCCIIeIOBAHMUS.
Takum o0Opa3om, ISl MCCIEAOBAHUS yCTOWYMBOCTH TOJIOKEHUS PABHOBECHSI HEITUHEHHOW CHCTEMBI
HY>KHO JINHEApU30BaTh MOJENIb B OKPECTHOCTH 3TOM TOYKH U HAUTH KOPHU XapaKTEPUCTUUYECKOTO MO-
JIMHOMa.

"' Eciu ecTh HECKONBKO HyJNIEBBIX KOPHEH (MJIM HECKOJIBKO OJMHAKOBBIX I1ap MHMMBIX KOPHEH) CHCTEMa MOYXeT ObITh KaK
HEUTPaJIbHO YCTOWYMBA, TAK U HEYCTONYMBA.
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6.5. Kpumepuu ycmouyusocmu

Nrak, nns ucciaeqoBaHusl yCTOMYMBOCTU JIMHEMHOW CUCTEMbI JIOCTATOYHO HAWTHU KOPHU €€ Xa-
PAKTCPUCTUYICCKOT'O ITOJIMHOMA. Ecnu Bce KOpPHU UMCIOT OTPpULATCIIbHBIC BCIICCTBCHHBIC YaCTU (HaXO-
JATCS B JIGBOW TOJYIUIOCKOCTH, CJIeBa OT MHUMOW OCH), TAKOW IOJIMHOM Ha3bIBACTCS YCHMOUYUBLIM,
MOTOMY YTO COOTBETCTBYIOIIAs IMHEHHAs cucTeMa ycToiuuBa. [{oMMHOMBI, UMErOIIHe XOTs Obl OJIUH
KOPEHB C MOJIOKUTEITHHOW BEIIECTBEHHONW YacThiO (B MPABOM MOJTYIUIOCKOCTH) HA3BIBAIOTCS HEYCMOl-
YUBLIMUL.

Ha panneil cranuu pa3BUTHS TEOPHUH YNpaBiICHHs aKTyallbHOM Oblia 3ajada OIpeneseHHs yc-
TOMYMBOCTH TOJIMHOMA 0e3 BBIYUCIICHUs ero KopHeil. KoHeuHo, ceifyac 1erko HallTH KOPHU XapakTe-
PUCTHYECKOTO ITOJMHOMA C IMOMOIINBKO KOMIIBIOTCPHBLIX IMPOrpamMm, OAHAKO TaKkou Imoaxoa gacT HaM
TOJILKO KOJIMYECTBEHHbIE (2 HE KaYECTBEHHBIE) PEe3yJIbTAaThl U HE TMO3BOJSET HUCCIENOBATh YCTOWYH-
BOCTh TEOPETUUYECKH, HAIPUMED, OTIPEACIIATh TPAHUIIBI 00JIACTEH YCTOMYMBOCTH.

6.5.1. Kpumepuu I'ypsuya
CyIecTByeT HECKOJIKO aJlTOPUTMOB, TIO3BOJISIFOIIUX MTPOBEPUTH YCTOWYMBOCTD MOJUHOMA
A(s)=a,s" +as"" +..+a, s+a,,
He BbIUMCIAA ero KopHu. IIpexne Bcero, st ycTo4uBOCTH Bee KOdhduuenTs! a, (i = 0,...,n) T0IK-

HBbI OBITh OJIHOI'O 3HaKa, OOBIYHO CUMTAIOT, YTO OHU MOJIOKUTENIBHBIE. DTO HE0OX00umoe yciosue yc-
motiuugocmu noaunoma. OJHAKO IpU n > 2 3TO YCIOBUE HEJOCTATOYHO, €CIIU MOJIMHOM UMEET KOM-
TJICKCHO-COTIPsDKEHHBIC KOpHH. [103TOMY OBUTH pa3paboTaHbl HeoOXx0duMble U OOCMAMO4Hble YCIOBUS
(KpuTepuun) yCTOHYMBOCTU MOJIMHOMOB.
OnuH 13 caMbIX U3BECTHBIX KpUTEpHUEB — KpuTepuii I'ypBuIa — ucnons3yer Matpuny H, pas-
MEpPOM 7 X7 , COCTaBICHHYIO U3 KO3((HUIIMEHTOB nosinHOMa A(S) CIEeIyIOIUM 00pa3oM:
e T1IepBas CTPOKA COJECPXKUT KOXPQPUIUEHTH! a,,d,,ds,... (BCE C HEUETHBIMU HOMEpPAMHU), OCTaB-
IIMECS DJIEMEHTHI 3aMOHAIOTCS HYJISIMHU;
® BTOpas CTPOKA CONEPKUT KOAPPULUEHTHI q,d,,d,,... (BCE C YETHBIMU HOMEPAMN);

® TpEThs W YETBEPTask CTPOKA MOJYyYaIOTCs CIIBUTOM MEPBOM M BTOPOU CTPOK Ha | Mo3uiuio BIpa-
BO, U T.JI.
Hampumep, nnst nonuHOMa nsiToro nopsaka (7 = 5) sTa MaTpuia UIMeeT BUJT

a a a 0 0
a a, a, 0 0
H;={0 a a a; 0 (a,>0)

0 a a, a, O

0 0 a a; a

Kpurepuii I'ypBuna. Bce xopau nomuaoma A(S) MUMEIOT OTpHUIIATEIbHBIC BEIISCTBEHHBIC YaCTH TO-
I7la ¥ TOJNBKO TOIJa, KOrJa Bce # TIIaBHBIX MUHOPOB Matpuubl /, (onpedenumeneti I'ypeuya) noiuo-

KHUTCIIbHBI.

BceromuuM, 4TO 17151 YCTOWYMBOCTH MOJIMHOMA He0OX00uUMO, 4TOOBI Bce ero Kod(ppuuneHTs Obl-
JH TIOJIOKUTENBHBIMU. [103TOMY 10CTaTOYHO MPOBEPUTH TOJMBKO 7 —1 TepBbIX ompenenuteneid ['yp-
Buna. Hanpumep, 11 n =5 peub uaer 06 onpeaenuTenix

a a4
a, a4y 4
a, a, a a, a, 0
D =a>0, D,= >0, D;=|a, a, a,|>0, D, = >0.
a, a, 0 a a, as
0 a a
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PackpeiBas onpeaenuTens MaTpulbl H, 1o nociaeqHeMy cronbduy, noaydaem D, =det H = a;D, . Tak
Kak as >0, u3 ycnosuss D, >0 cpasy cnenyer D >0.

Takum 00pa3oM, yCIOBUS YCTOWYMBOCTH CBOJAATCS K HECKOJIBKUM HEPABEHCTBAM. DTO OYEHb
y0OHO JJIsi CUCTEM HU3KOro nopsaka. Hanpumep, st n =2 HeoOXoIuMoe M JOCTATOUHOE YCIOBUE
YCTOMYUBOCTH — MOJOXKHUTEIBHOCTh BCEX KOA(D(UIMEHTOB monuHoMa. st n =3 XapakrepucTuie-

CKMii MONMHOM UMeeT BUA A(s) = a,s’ +a,s’ +a,s +a,, no3ToMy ycious ['ypBuIla ONpeeNsioTcs

MaTpuIen
a a 0
H,=|a, a, 0 (a,>0).
0 a a

ITonuuom YCTOI‘/‘I‘II/IB, €CJI1 BCC K03(1)(1)I/II_II/IGHTBI ITIOJIOKUTCIIbHBI U

a, a
D, = =a,a, —a,a; >0. (49)
a, a,
PaccMmoTpum cructemy, B KOTOPOW OOBEKT U PEryIIsSITOp 334at0TCs TIepeIaTOYHBIMU (DYHKIIUSMU:
1 K
P(s) = , C(s)=—.
(Tis+1)(Ihs +1) S
peryJsaTop 00BEKT
X + e u Y
C(s) P(s)

C nomorukio kputepus ['ypBuIla MOKHO ONpEAETNTh, IPU KaKuX 3HaueHUsIX K 3aMKHYyTas cucrema (¢
OTpULIATENbHOM 00paTHOM CBA3bI0) ycToiuuBa. [lepenaTounas pyHKIMs 3aMKHYTONH CUCTEMbI paBHA

W(s) = C(s)P(s) _ K ’
1+C(s)P(s) A(s)
/1€ XapaKTePUCTUYECKUN OJMHOM UMEET BUJ
A(s)=(Ts+1D)(Ts +D)s+K =TT,s° +(T, +T,)s* +s+ K .
HeoOxonumoe ycnoBue ycroitunBoctu naetr K > 0. Ilpumenss kputepuil ['ypBuma st cucteMsl
TpeTbero nopsaaka (49), momydaem

I,+T,>KIT, = K<l+L.

1 2

. 1 1
Taxum obGpaszom, cuctema yctounBa npu 0 < K < —+—.

4
Tenepb MPeaNnOI0KKM, YTO MOJICITh CUCTEMBI 3a/laHa B TPOCTPAHCTBE COCTOSIHUI:

x(t)=A-x(t)+ B-u(t)

y(t)=C-x(t)+D-u(t)
Kak mpoBeputh ee ycroiumBocTh? Mcmonb3ysi pe3ynbraThl paszjeia 3.7, TMOCTPOUM IepelaTOYHYO
(byHKIHIO

W(s)=C(s[—A)"'B+D.
XapaKTepuCTUYECKHUI MOJTMHOM 3TOW CUCTEMBI (3HaMeHatenb W (s) ), onpenensercs Gopmyioi
A(s) =det(s] — A4),

rae det o0o3HauUaeT ONMpeNeNUTeNh KBAJAPATHOW MaTpHIlbl. YTOOB ONpeeuTh, YCTOWYHNBA JIU CUCTE-
Ma, HY>KHO MTPUMEHHUTH K 3TOMY TIOJTMHOMY KpuTepuil ['ypBuiia.
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6.5.2. Kpumepuu Havxeucma

Kputepuit HaitkBucta mo3BoJII€T ONPEACINTh YCTOMYMBOCTh 3aMKHYTOW CUCTEMbI, MOCTPOUB
YaCTOTHYIO XapaKTEePUCTUKY pazomkHymotl cuctembl. [lycts L(s) — mepenaTtouHas QyHKIHS pa30MK-

HYTOM cUCTeMBI, a L(jw) — ee 4acToTHas XapaKTEPUCTHKA.

X o+ e y
> L(s)

Jlj1s mpocToThl cCHavaja OyJieM cuuTaTh, YTO Pa30MKHYTasl CUCTEMa yCTOMYHMBA U HE COAEPIKUT UHTET-
pPHUPYIOHINX 3BeHbEB, TO ecTh L(0) = K # 0o, rie K — HEKOTOPOE YUCIIO.

JIist kax ol 9acToTel @ 3Ha4YeHue L(jw) — 3TO KOMIUIEKCHOE YHUCIIO, KOTOPOE MOXHO M300pa-

3UTh TOYKOM HA KOMIUIEKCHOU TiockocTH. [Ipu n3menenun yactotsl oT 0 10 00 U3 3TUX TOYEK CKJIa-
IBIBaeTCS 2co0oepag Hatikeucma — HEKOTOpas KpuBasi, KOTopas HaunmHaeTcs B Touke (K; 0) Ha Bere-

CTBEHHOW OCH W 3aKaHYHMBAETCS B Hadalie KoopauHaT (ecinu L(s) — cTporo mpaBuiibHas (QpyHKUIUS, TO

€CTh CTENEHb €€ YHCIUTENS MEHbIIE CTeNeHU 3HameHartess). MOXKHO J0Ka3aTh, YTO CUCTEMa YCTOil-
YHBa TOT/Ia U TOJIKO TOTJa, koraa rogorpad L(jo) He oxBarbiBaeT Touky (—1; 0). Ha pucynke cneBa
rogorpad He OXBaThIBAET ATy TOUKY (M 3aMKHYTas CHCTEMa yCTOMYMBA), a HA PUCYHKE CIIpaBa — OXBa-
THIBAET (CUCTEMA HEYCTOUYNBA).

Im 4 Im 4

-1 K Re m K Re
° 9 >

Bripakenne «cnucrema HaxXOJUTCS Ha TPAHUIIE YCTOMYMBOCTHY» O3HAYAET, YTO YaCTOTHAS Xapak-
TEPUCTHKA MPOXOAUT uepe3 Touky (—1;0). B aTom ciydae st HEKOTOPOH YacTOThl @ MBI UMEEM
A(w)=1n ¢(®w)=-180°. DTO TOBOPUT O TOM, UTO TOCIIC MPOXOKACHUSI KOHTYpa BEITMYNHA CUTHAIA
MEHSET 3HaK, COXpaHss a0COJIOTHYIO BEIMYNHY (SHEPTHIO), TO €CTh YCTAaHABIMBAIOTCS HE3aTyXalOIINe
KoJie0aHus.

Im 4
Alw)=1

#(@) = —180°

-1

Yacrora @, , g kotopoil A(w,) =1, Ha3pIBaeTCs 4aCTOTOM cpe3a. [l yCTONYMBOM CUCTEMBI

3HadeHHe (ha3pl Ha YacTOTE cpe3a JAOJDKHO ObITh Oonbmie, yeM —180° ; B 3ToM cimydae romorpad He
oxBaTuT Touky (—1;0).

59



© K.IO. Ilonsaxos, 2008

Ecnu nepenatounas ¢yukius L(s) umeer momtoca B Touke s =0 (To ectb oOpaiaercs B Oec-

KOHEYHOCTh B OTOW TOUKE), CHTyallusl yCIOXKHseTCs. Terneph rogorpad HaunHAeTCsl HE Ha BEIIECTBEH-
HOW OcH, a MPUXOAUT U3 OECKOHEYHOCTH. Toraa B KOHTYp HEOOXOAMMO BKIIOYUTH HE TOJBKO IOJTY-
YEHHYI0 KPHBYIO, HO M YacTh OKPY)KHOCTH OECKOHEYHOTO pajJinyca OT BEIIECTBEHHOW OCH JIO TOI0Tpa-
da B mopsake o0xoaa mo yacoBoil crpenke. Ecnu gpynkuus L(s) umeer k momrocoB B Touke s =0,
HYXKHO 700aBUTh k cexTopoB no 90°. Ha pucyHkax moka3ansl ronorpadsr HalikBucra ycTOWYMBBIX
CUCTEM, B KOTOPBIX (PyHKIMSA L(s) WMEEeT COOTBETCTBEHHO | W 2 moitoca B Touke s =0. DT rogo-
rpa¢sl He 0XBaThIBaIOT TOUKY (—1; 0).

Im 4 Im

Ecnu B cucreMe ecthb 3ama3abplBaHue Ha BpeMs 7 , Ha JII00O0M 4acTOTE MOSBISAETCS AOMOTHUTEIb-
HbIN cABUT ¢a3pl HA — 7@ (0€3 M3MEHEHHs aMIUTUTY/IbI). DTO 3HAYMT, YTO KaXKaas Todka romorpada
IIOBOPAYMBAETCSI HA HEKOTOPBIN YroJI IPOTUB YaCOBOM CTPEJIKH.

Im
-1 K Re
.&

Ha pucyHke cuHssS JIMHUS — YaCTOTHAs XapaKTEPUCTHKA CHCTEMbI O€3 3ama3iblBaHusl, a Kpac-
Hasi — aHAJIOTUYHAS XapaKTEPUCTHUKA JUTsl CHCTEMBI C 3ama3blBaHieM. BUIHO, 4TO 3ama3/ibIBaHue MPH-
BEJIO K HEYCTOMYMBOCTH CUCTEMBI (rogorpad oxBaTui KpuTHueckyio Touky (—1; 0)). Takum obpazom,

CUCTEMa MOXET MOTEPSITh YCTOMUMBOCTD U3-32 «MEAJICHHOr0» AaTdynuka. MOKHO TOBOPUTH O TOM, YTO
3anazovieanue ecez0a yxyouiaem yCmoudugocmy cucmemyl, 1 3TOT (PaKT BaXKHO YUUTHIBATh IPHU IMPO-
€KTUPOBAHUU.

Ecmu L(s) umeer moiroca ¢ TOJOXHUTEIBHON BENMIECTBEHHOW YacThiO (Pa30MKHYyTasl CHCTEMa
HEYCTONYMBA), HYy’)KHO CUHTATh, CKOJIBKO pa3 rojorpad nepecekaer ock adbcmuce jieBee Touku (—1; 0).

HqueM Nnepexoabl «CBCPXY BHHU3)» CUUTAKOTCA IMOJIOXUTCIIbHBIMU, a MCPEXOJbl «CHU3Y BBCPX» - OT-
pUIATCIIBHBIMHU.
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Jl51st Toro, 4TOOBI 3aMKHYTasi CUCTeMa OblIa YCTOHYMBA, HEOOXOIUMO M TOCTATOYHO, YTOOBI pa3-
HUIIA MEX]Ly YUCIIOM IOJIOKUTEIBHBIX U OTPHUIIATEIBHBIX TIEPEX0I0B ObUIa paBHa / /2, Tae ¢ — YHUCIO
HEYCTOHYMBBIX TOTIOCOB QyHKIMHU L(s) . HadanpHas Touka Ha ocu abcrucc yieBee Touku (—1; 0) cuu-

TaeTcs 3a MOJIOBHHY nepexona. Ha pucyHke moka3ansl rogorpadsl yCTOHUMBBIX CHUCTEM IS CIIydast
(=1.

YacTtoTHas XapakTepucTHKa HAYMHAECTCS Ha BelecTBeHHOU ocu JieBee Touku (—1; 0). Ha pucysn-

Ke cieBa rojorpad cHavaia uIeT BHHU3 (IIOJIOBHHA IOJOXHUTEIBHOTO TEepexo/a) U OOJblle HUT/AE HE
nepecekaer ock adciuce gesee Touku (—1; 0), mosaToMy pasHmIia mepexoaoB paBHa 1/2 =/ /2 u 3aMKk-
HyTasl CUCTEMA yCTOWYMUBA.

Ha npaBoM prcyHKke 4acTOTHasi XapaKTepUCTHKa CHavaja HIeT BBEpX (CUUTAEM 3TO 3a MOJIOBHHY
OTPHILIATEIIFHOTO TIEPEX0/1a), a 3aTeM MEePEXOUT B HIDKHIOKO TOIYIUIOCKOCTh (ITOJIOKHUTEIBHBIN mepe-
xon). Pazuuiia cHoBa paBHa 1/2 = //2 u cucrema ycToiiuuaa.

6.5.3. Kpumepuui Hatikeucma ons JIAQYX

Kpurepuii HaifikBuCTa 4acTO UCIONB3YETCS IS JIOTapU(PMUICCKHX YACTOTHBIX XapaKTEPUCTHUK.
CHauvasa TpeArooKUM, 4TO TepenaToyHas GYHKIUS Pa30OMKHYTONH CHCTEMbI HE MMEET HEeYCTOWYH-
BBIX IMOJIFOCOB. Kak MbI ye 3HaeMm, /Il aHAIM3a YCTOMYMBOCTH HanOoJiee BaXKHO MOBEJICHUE YacTOT-
HOHM XapaKTepUCTHKH B pailoHe wacmomul cpe3a @,, e A(w,)=1n L (®,)=201gA(w,)=0. dua

YCTOWYHMBOW CHCTEMBI 3HaueHue (a3l Ha YaCTOTE cpe3a JOKHO ObITh Oonbiie, yem —180°. Ha rpa-
¢buke npencraBieHbl TpU (PA30BBIX XapaKTEPUCTUKU yCTOWUMBBIX cucTteM. KpuBas 1 coorBercTByeT
Cllyyaro, KOTJa B pa30MKHYTOM CHCTeMe HET UHTErpaTopoB (U ¢a3oBasi XapaKTepUCTUKA HAUMHACTCS C
HYJI), KpUBasi 2 — CUCTEME C OJJHUM MHTETPaToOpOM, a KpuBas 3 — ¢ ABYMs.

L,

Ecnu pazoMkHyTasi cucteMa UMeeT HeYCTOMUMBBIC 3BEHBS, HY)KHO CUMTATh MEpexo/ibl (pa3zoBoi
XapaKTePUCTHKU 4yepe3 JIHHUI @(w) = —180° jeBee 4acTOTHI cpe3a. 3/1eCh MOJIOKHUTEILHBIM CUNTACT-

Csl IepPeX0/]] CHU3Y BBEPX, a OTPHULIATEILHBIM — CBepXy BHM3. Ecnu (pa3oBas xapakrepucTuka HaYMHA-
ercs Ha JimHuU @(w) =—180° (Ha HyIJIEBOH YacTOTE), TO CUMUTACTCS 3a MOJIOBUHY Tiepexona. [[mst yc-

TOMUYMBOI CUCTEMBI PA3HOCTh MEXAY UMCIIOM IOJIOKHUTEIbHBIX U OTPULIATEIBHBIX NIEPEXOI0B JOJIKHA
ObITh paBHa (/2 , A€ ¢ — YUCIO HEYCTOWYHMBBIX MOJIOCOB NepeaaTouHoi GyHKIun L(s) .
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6.6. lNepexoOdHbIl Npoyecc

XOpoIIo CIPOEKTHPOBAaHHAS CHCTEMa JOJDKHA HE TOJIBKO OBITh YCTOMYMBON M IMOJIEPKHBATH
3aIaHHY0 TOYHOCTb B YCTAHOBUBIICMCA PCKHUME, HO U IUIABHO NCPEXOAUTH Ha HOBBIHN PCKUM IIpHU
M3MEHEHHH 33JJaHHOTO 3HA4YEHHs BbIXoJa (ycmasku). KauecTBO mepexoaHbIX MPOLEeccoB OOBIYHO OIle-
HUBAETCS MO MEPEXOAHON XapaKTepUCTUKE (pEaKIMi CUCTEMbI Ha €IMHUYHBIM CTYNEeHYaThIid BXOJHON
CUTHAN).

Y a Y a
ymax _______ 2A 2A
00 SO A0 WP : R S T
0 t . 0 t 1

n n
B nepBy1o odepenb Hac HHTEpECYeT, HACKOIBKO OBICTPO 3aKaHYMBACTCS IIEPEXOJ Ha JIPyTroi pe-
UM (BpeMs mepexogHoro mporiecca ¢, ). OHO ompenesnseTcs Kak BpeMs, uepe3 KOTOpoe perysupye-

Masl BeIMYMHA «BXOJUT B KOPUIOP» IMIHUPUHONW 2A BOKPYT YCTAaHOBMBILETOCS 3HAUYCHHUS V. DTO 3Ha-
YUT, 4TO NPH ¢ > ¢ 3HAUYEHHE BBIXOJA OTIMYAETCA OT yCTAaHOBUBIIErocs He Oosee, ueM Ha A . OObIYHO

BeJIMUMHA A 3a1aercs B MPOLEHTaX OT YCTaHOBMBILErOCs 3Ha4yeHus, daie Bcero 2% wnmm 5%. 3ame-
THM, 4TO JUIS allepUOAMYECKOr0 3BE€HA C IIOCTOSHHOU BpeMeHU 1 BpeMsl MEPEXOJHOro Mporecca pas-
HO t, =37 (¢ TOYHOCTBIO 5%).

Jpyras Ba)kHasi XapaKTEpUCTHKA — MIepeperyJIupoBaHue o — MOKa3bIBAET, HA CKOJIBKO MPOLEH-
12
TOB MAaKCHMaJIbHOE 3HaYEHUE BBIXOJA V), . IPEBBIIIAET yCTAHOBUBILIEECS 3HAUEHHE ~ ), :

o =2mx "= 00% |
Ve
WHuorna ynaercss o0ecneynTh HyJICBOE MepeperyaupoBanue (anepuoduyeckuti TIEPEXOIHBIN TpoIiece,
KaK y anepuoauyeckoro 38eHa). Hy’>kHO IOMHUTb, UTO YBEIMUYCHHE ObICTPOACHCTBUS OOBIYHO TPUBO-
JIT K YBEITUYICHHUIO ITePEPeryTUPOBAHUS.
3331 YKC 3HACTC, YTO yCTOfI‘-IPIBOCTL JIMHEHHOM CHCTEMBI OIPCACIIICTCA IMOJKOCAMHU €€ TICpChaa-
TouHOU (pyHKIMK W (Ss), OMHAKO HA MEPEXOIHBIE TPOLECC BIUSIOT U Hyau, IPUIEM B HEKOTOPBIX CITy-

Yasx OYeHb CYIIECTBEHHO. J{Jis mpuMepa pacCMOTPUM MepeaaTOYHy 0 (PYHKIIHIO
as+1 a(s+1/a)
W(s)= > = >
(s+1) (s+1)
I7Ie @ MOXET MPUHUMATh KaK MOJIOKUTEIbHbIE, TAK U
OTpUIIaTEeNbHBIC 3HaueHus. Takas mepegaTovHas
¢GbyHKIMA UMeeT Hylb B Touke s =—1/a . Hynu, Ha-
XOIAIIMECS B JIEBOW MOMYIUIOCKOCTH (ipu a >0)
4acTO HA3bIBAIOT ycmouyugvimMy (10 aHAJOTUU C TO-
JI0CaMH), a HyJU B MPaBOW TMOJYIUIOCKOCTH (TIpH
a < 0) — neycmoiuiuugvimu. O4eBUAHO, 4TO TIpU @ = 0
MBI TIOJIy4aeM arepruoM4ecKoe 3BEHO BTOPOTO IIO-
psaaka. Temepb MOCTPOMM MEPEXOJHBIE XapaKTepH-
CTHKH ITOTO 3BEHA TPU pa3HBIX 3HAYCHUSAX d . 3ame-
TUM, YTO MPHU JOOOM @ YCTAaHOBUBIIEECS 3HAUCHUE
BeIXO1a paBHO W (0)=1.

b

Y4

i 4

12 Ilonstue KIICPEPEryaInpoBaHUCH 00BIYHO BBOAUTCA IJid CIydas, KOraa YCTaHOBUBIICECSA 3HAYCHUEC BbIXOAa OoJIblIIe HY-
JiAd, XOTd, B IPUHIUIIC, OHO MOKET OBITH U OTpHULATCIBbHBIM — TOT'Ja NEPEPETYIUPOBAHNUEC TOKA3BIBACT, HACKOJIBKO «HUIKE»
YCTAaHOBUBIIETOCA 3HAYCHUS yIJIa IIEPEXOaHAA q)yHKL[I/Iﬂ B TOYKC MMHHUMYMa.
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[To rpadukam BUIHO, YTO MPHU HYJIEBOM 3HAUEHUU @ MEPEXOJHBIN MPOLECC — allePUOJUUECKUMA.
[Ipu a >0 (ycroiuuBbIi HyJb) HAOMIOMACTCS MEPEPETYIUPOBAHKE, TPUUEM OHO TeM OOJbINE, YeM
Oosnbiie MOAyNb a. [Ipu OTpUIATENbHBIX 3HAYEHUSIX d B TIEPEXOJHOM MPOIIECCE €CTh Hedope2yaIuposa-
Hue. DTO 3HAUUT, YTO B MIEPBbIIl MOMEHT BPEMEHH peryiupyeMas mepeMeHHasi HaunHAeT U3MEHSTHCS B
CTOPOHY, IPOTHUBOTIOJIOKHYIO 33/IaHHOMY 3HAYECHHUIO.

6.7. YacmomHbie oueHKU Kayecmea

KadecTBO crcTemMbl MOYKHO OIICHMBATh HE TOJHKO BO BPEMEHHON 00y1acTu (MEpEeXOoIHbIN MPo-
LIECC BO BPEMEHH), HO M B YaCTOTHOH (110 4YaCTOTHOW XapaKTepucTHKe). M3 4aCcTOTHBIX OLIEHOK Hanbo-
Jlee Ba)KHbI 3alachl YCTOHYMBOCTH. /(€710 B TOM, UTO MOBEJEHUE pPealbHOro 00BEKTa BCET/1a HECKOIIb-
KO OTJIMYaeTcs OT NMPHUHATON Mozaenu, 0ojiee TOro, IMHAMHMKAa MOXKET MEHITHbCS BO BPEMEHH, HAIPH-
Mep, Korja Kopalib pacxolyeT TOIUIMBO B xoje peiica. IloaToMy HenocTaTouyHO CHpPOEKTUPOBATH
IPOCTO YCTOMYUBYIO CHCTEMY, HY>KHO, YTOOBI CUCTEMa COXPAaHUJIa YCTOMYHUBOCTD NMPU HEKOTOPBIX U3-
MEHEHUSX MapaMeTpoB OOBEKTAa U PETyJIATOpa B CPABHEHUU C PACUETHBIMH, TO €CTh, 00Ja/aja 3amna-
CaMU yCTOWYHBOCTH.

OOBIYHO apcCMaTPUBAIOT 3amachl YyCTOWYMBOCTH IO aMIUIATYE U 1o (aze. 3amac ycToH4uBo-
CTH N0 AMILIMTY/Ie g, — 3TO JONOJIHUTEIBHOE YCHJICHHUE KOHTYPa, KOTOPOe HEOOXOAUMO, YTOOB! BbI-

BCCTU CUCTCMY Ha I'paHULly oOiacTu YCTOﬁqHBOCTH. OTa BeIUYnHa HU3MCPSCTCH B )leI_[I/I6eJIaX.
Im A

1 .
3anac 1o aMILUIUTYAE BbIUUCISAETCS 10 popMmyle g, = 2OlgA—, rae A, <1 — 3HaYCHHE aMIUTUTYIHOM
g
XapaKTEPUCTHKH Ha YacToTe @, , T/ (ha3oBas XxapakTepucTuka pasHa —180°. B npakruueckux 3aja-

yaxX HY’KHO oOecreunBaTh 3amac 1o aMIuIuTyAe He MeHee 6 ab.
3anac ycroiiunBocTH 1o ¢ase ¢ — 3TO AOMOJHUTEIbHBIN CABUT (Pa3bl (KIIOBOPOT» YaCTOTHOM

XapaKTePUCTHKU MTPOTUB YACOBOU CTPEIIKH ), KOTOPBIH HEOOXOIUM IS TOTO, YTOOBI BBIBECTH CUCTEMY
Ha rpaHuny yctoiiuuBoctd. OH omnpenenseTcs Ha yacmome cpe3a @, , Tae A(w,)=1. 3anac no dase

JOJKeH ObITh He MeHee 30°. Im
Ecnu B cucteMe ecTb 3ana3ablBaHME Ha BpeMs 7, Kaxjas

TOYKa rojorpada 4acTOTHOW XapaKTEPUCTUKH IOMOTHUTEIBHO  —1 K Re
MIOBOPAYMBAETCS MPOTUB YAaCOBOM CTPEJIKM Ha yIoJl, paBHbIN 7@
JUIs 9acToThl @ . IloaTOMy 3amachl yCTOMYMBOCTH (Kak IO aMm-
IUTUTY e, TaK U 1o ¢a3e) ymeHbinaorcs. Ha pucyHke cunss iau-
HUS COOTBETCTBYET cucTeMe 0e3 3ama3plBaHus, a KpacHasi — TO’
K€ CHUCTEME C 3ala3JplBaHMEM. BHIHO, 4TO BO BTOPOM cllydae
3arachl yCTOMYMBOCTH CYIIECTBEHHO MEHBIIIE.
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3amnacsl YCTOﬁqHBOCTH JICTKO OIIPCHACIAKOTCA 110 HOrapI/I(i)MI/IquKI/IX YaCTOTHBIM XapaKTCPUCTHUKAM:
L A

3aMeTHM, YTO 3arac Mo aMIUIUTYJIE MOXKET ObITh paBeH OECKOHEYHOCTH, €ClM (pa3oBasi XapaKTepUCTH-
Ka He nepecekaer nuHuo —180°.

K coxanenuio, B HEKOTOpBIX CIyyasX KJIACCHUECKHE 3amachl YCTOMUMBOCTH (MO aMIUTUTYIE U
(aze) IalOT HE COBCEM BEPHOE INPE/ICTaBICHUE O TOM, HACKOJIBKO CHCTEMa JICHCTBUTENBHO ONM3Ka K
rpaHuIe yctoiuuBocTd. [lo3TOMy B KadyecTBE €IWHOW XapaKTEPUCTHKH WHOT/A WCIONB3YIOT Kpat-
yaifiiee pacctosiHue ¥ oT roporpada ao touku (—1; 0).

Eme oxna anamoruuHas XapaKTCPUCTHKaA HA3bIBACTCA MOKA3aTEJIAEM KoJieoaTeabHocTn M. OHa
OIPCaACIIACTCA IO aMHHI/ITYI[HOﬁ YaCTOTHOH XapaKTCPUCTHUKE S’CZMKHyWIOIZ CHCTEMbI KaK OTHOHICHHC €€

MaKCUMyMa K 3HAUYCHUIO HA HYHCBOﬁ 4aCToOTC:
A(a)) A

max

»
»

@
Jnst kaxxaoro 3HaueHust M MOXKHO HapHCOBaTh «3alPETHYIO 00JIaCTU», B KOTOPYIO HE JIOJDKHA
3aXO/IUTh YACTOTHAS XapaKTEPUCTHKA PAZOMKHYMOU CUcmeMsl, €CIN €€ ToKa3zaTeNlb Koie0aTeIbHOCTH

JOJDKEH ObITh MeHbIe M. DTa obmacte uMmeeT GopMy Kpyra paguyca R = , IEHTP KOTOPOTO

2

2

HaXOJUTCA B TOYKE —m; 0 |. Ha pucyHke moka3aHbl I'paHHIIBI 3allPETHBIX oOjacTeil /i pas-

JIMYHEBIX 3HaYeHuu M.
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M=10
M=11% | Im#%
M=15g L
a1 K Re
o LN
M=3 i

IIpu M =1 oOKpyXHOCTh MMeeT OEeCKOHEUHBIH paauyc (IIpeBpallacTcs B BEPTUKAJIBHYIO JIMHUIO) U
npoxoaut uepe3 Touky (—0,5; 0) . Ilpu yBennuennn M paauyc OKpYKHOCTH yMEHbIIAETCS.

6.8. KopHeenble oyeHKUu Kad4ecmea

MHorue cBOWMCTBa CUCTEMBI MOKHO TPEACKAa3aTh, IOCMOTPEB HAa PACMHOJIOKEHUE KOPHEN Xapak-
TEPUCTUYECKOTO MOJMHOMa A(s) Ha KOMIUIEKCHOMW miockocTu. lIpexnae Bcero, Bce KopHU A(s) s

YCTOMYMBOW CUCTEMBI JOJKHBI HAXOJUTHCS B JIEBOW MOJTYIJIOCKOCTH, TO €CTh CJI€Ba OT MHUMOW OCH.
BricTpoaeiicTBre cUCTEMBI ONpEIesIeTCs CTeNeHbI0 YCTOMYMBOCTH 7) — TaK HA3bIBAETCS PACCTOSIHHE

MHHMOM OCH JI0 OJIMbKalIero KopHs (MM mapbl KOMIUIEKCHO-COTPSDKEHHBIX KOPHEH).

Ha pucyHke TodkamMy OTMEYEHBI TOJOXKEHUS KOpHEW XapaKTepUCTHUeCKOro moinuHoma. OH
MMEeT JIBa BEIIECTBCHHBIX KOpHS (0003HA4YECHHBIX HOMepamu | U 4) U mapy KOMIUIEKCHO CONPSIKEH-
HbIX KopHe# (2 u 3). CTeneHHO YCTOMYMBOCTH OMPEENSIEeTCs BEIIECTBEHHBIM KOPHEM 1, MOTOMY 4TO
OH HaxXOIUTCS OJMKe BCEX K MHUMOM OCH.

Im A

o~
—
vy

®3

n
OT0T KOPCHb HAa3bIBACTCA ()OMHHupyIOWMM, OH OMpEACIACT CaMbI€C MCIIJICHHBIC JIBUMXCHUA B CUCTEME U

3
BpeMs MEPEXOAHOTO MPOLecca, KOTOPOE MOXKET OBITh MPUMEPHO PACCUUTAHO HOo dopmyie f, =—.

Kopnu 2, 3 1 4 cOOTBETCTBYIOT 00J1ee OBICTPHIM JIBH)KCHHSIM.
OOpaTtuTe BHUMaHHUE, YTO CTENEHb YCTOWYMBOCTH, HECMOTPSI HA Ha3BaHUE, HUYETO HE TOBOPHT O
OJIN30CTH CUCTEMBI K T'PaHMIIE YCTOMYUBOCTH, OHA TOJIBKO XapaKTepu3yeT ObICTPOIeHCTBYE.
[TapameTp, ompenemnsIonfii CKOPOCTh 3aTyXaHHs KOJIeOaHW B CHCTEME, Ha3bIBACTCS Ko/ebha-
menbHocmoplo. KonedbarenbHOCTh 4 IS TTaphl KOMITICKCHO-COTIPSDKEHHBIX KOpHEH « £ jf BBIUUCIIS-
€TCsl KaK OTHOLIEHUE MHUMOM U BEUIECTBEHHOMN YacTeil KOpHs (110 MOJIYJIIO):
==
a

Uem Oorbllie 9Ta BEMYMHA, TEM cllabee 3aTyXalT KoieOaHus, BRI3BaHHBIC 3TUMH KOPHSIMH, 3a | Tie-
pHUOJI KoJIeOaHUH.

JIMHUY TOCTOSIHHOW KOJIEOATENbHOCTH — 3TO JIy4H, BRIXOAIIKE U3 Havasa koopauHar. [lpu npo-
€KTHPOBAHUU CHCTEM OOBIYHO TpeOyeTcs o0ecneunTh ObICTPOAECHCTBHE HE HIXKE 3aJaHHOTO (CTENeHb
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YCTOWYHMBOCTH HE MEHBILIE 3alaHHOM 77, ) ¥ KOJIEOATEIbHOCTD HE BBIIIE 3aJaHHON 4, . DTH yCIIOBUs
OIPEETSIOT YCEUEHHbIH CEKTOP Ha KOMIIJIEKCHON TIIOCKOCTH.

6.9. PobacmHocmb

6.9.1. Ymo maxoe pobacmnocms?

OOBIYHO PETYNATOP CTPOUTCS HA OCHOBE HEKOTOPBIX MPUONMKEHHBIX (HOMUHAIbHBIX) MOJEIEH
00BEKTa ympaBieHus (a Takke MPUBOJIOB M JATYMKOB) U BHEIIHHX Bo3MyIueHuil. [Ipu sTom moBexe-
HUE peabHOr0 O0BEKTa U XaPAKTEPUCTHUKU BO3MYILICHHH MOTYT ObITh HECKOJIBKO MHBIMH. [losTOMy
Tpebyercs, 4ToOBl pa3pabOTaHHBIN PETyJIATOp OOecreunBal yCTOMYMBOCTh U MPUEMIIEMOE KaueCTBO
CUCTEMBI MPU MAaJIbIX OTKJIOHEHHUSAX CBOMCTB OOBEKTAa M BHEIIHUX BO3MYIIEHUNA OT HOMUHAIBHBIX MO-
neneil. B coBpeMeHHOW TEOpUU yIPABJICHHS 3TO CBOMCTBO HA3BIBAIOT pobacmHocmvio (TPyOOCTHIO).
WNnavye ero MO>KHO Ha3BaTh HEUYBCTBUTEIBHOCTHIO K MajbIM OIIMOKaM MOJIEIHPOBAHUS OOBEKTa U
BO3MYILIEHU.

PasznuyaroT HECKOIBKO 3a/a4, CB3aHHBIX C pOOACTHOCTHIO:

e pobacTHasi YCTOMYUBOCTh — 00ECIICUUTD YCMOUYUBOCMb CUCTEMBI TIPU BCEX JOMYCTUMBIX OT-

KJIOHEHHSIX MOJEITH 00beKma OT HOMUHAIIbHOM;

e podacTHOe KayecTBO — OOECICUUTh YCmotuyueocmsy U 3aJaHHbIE nOKA3ameny Kaiecmsed CUcTe-

MBI IPU BCEX JOMYCTHUMBIX OTKJIOHEHUSIX MOJIENIN 00beKma OT HOMUHAIBHOIM;

® rapaHTHpYyIOlllee ynpaBjieHHe — OOCCICUYNTh 3aJaHHBIC IMMOKA3aTeNN KAadyeCcTBa CHCTEMBI MpPHU

BCEX JOMYCTHUMBIX OTKJIOHEHHUSX MOJAENIU 803MyujeHusi OT HOMUHAJIBHOHN (CUHMTas, 4TO MOJEIb

00bEKTa U3BECTHA TOYHO).

Jlns Toro, yToOBI HccCIeI0BaTh POOACTHOCTh CUCTEMBI, HYKHO KaK-TO OMPEIENIUTh BO3MOXKHYIO
olMOKy MOAETUPOBaHUs (HEONPEAEIeHHOCTD). Ee MOXKHO 3a/1aTh pa3IMyHBIMU CIIOCOOAMHU.

6.9.2. Ilapamempuueckas HeonpeodeieHHOCMb

[TapameTrpudeckas HEOIIPEAEIEHHOCTh 03HAYAET, YTO CTPYKTypa MOJIEIIN U3BECTHA, A TAPAMETPBI
MOTYT OTJIMYATBHCA OT HOMUHAJIBHBIX, HAIIPUMEDP:
k, +¢
P(S) — 0 1 ,
(T, +&,)s+1
rine k, u T, — HOMUHaJIbHBIE 3HAYCHUS KOI(QPHULUCHTA YCUICHUS U IOCTOSHHOM BpeMeHH, a & U &, —

MaJible OIMOKH MOJIEITUPOBAHUS.
[TpenmnonoxuM, 4To Tako OOBEKT YHPABISAETCA PErYJIATOPOM-YCHIUTEIEM C HNEpeAaTOuyHOU
¢yukuueit C(s)= K . Torna xapakTepuCTUUECKUH MOJIMHOM 3aMKHYTOH CUCTEMbI IPUHUMAET BH]L

As)=(T, +&,)s+1+K(k,+¢)) .
PoGacTHBIi peryssiTop T0HKEeH 00ecneunBaTh YyCTOMYMBOCTH ATOTO MOJMHOMA TIPU BCEX JIOYCTHMBIX
& U &,. B naHHOM ciy4ae ycia0BUsl YCTOHUMBOCTH CBOJSATCS K TOMY, YTO KO3(h(UIHEHTHI ONINHOMA,
T, +&, u 14+ K(k,+ ¢&), AMEIOT OIUHAKOBBIN 3HAK (00a MOJOXKUTEIbHBIE WX 00a OTPULIATEIbHBIE).

bynem cuurats, uto k, >0 n 7; >0, a OTKIIOHEHUS & M &, Mallbl B CPaBHEHUH € k, U T, COOTBETCT-
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BeHHO. Takum o6pa30M, TO +&, > 0 IIpU BCEX BO3MOXHBIX &, . CJ'IeI[OBaTeJ'IBHO, 3aMKHYTasl CUCTEMa

yCTOMUYMBaA NpU
-1
1+K(ky+¢)>0 = K>——.
ky + ¢,
Haubosnbiiee 3HaueHne B MpaBOW YacTH MOCIEAHETO HEPABEHCTBA OyJET MPpH MaKCUMalbHOM 3Haye-
HHUU &, IO3TOMY YCJIOBUE pOOACTHOM yCTOMUMBOCTH IPUHUMAET BH]L
-1
K > Kl’l’lll’l - k+— .
0 81 max

Taxum 00pa3oM, TO00H peryssaTop-yCHInTeNb, nMetomuid Kodddunuent ycunenns K > K ., obec-

min ?
IIeYynuBacT pOGaCTHyIO YCTOﬁqHBOCTL CHUCTEMBbI B TOM CMBICJIC, UTO YCTOﬁqHBOCTL COXPAHACTCA IpU
BCCX IO0IIYCTHUMBIX OHJI/I6K3X 81 u 52 .

B Oosnee cnoxHBIX CilydasiX 4acTO UCHOJB3YIOT meopemy Xapumonosa, KOTopas MO3BOJISET NPo-
BEPUTH POOACTHYIO YCTOWYMBOCTh XapaKTEPUCTHUECKOTO MOJTUHOMA

AS)=a,+as+...+a,s"" +a,s",
rae Ko3GQUIUEHTH 4, d,,...,d, TOUHO HEH3BECTHBI, HO IIPHHAIEKAT HHTEpBaIaM
l,<a <u, (i=1,..,n).

Oxka3spiBaeTcsi, MOJMHOM A(s) YCTOWYHB IPH BCEX BO3MOXKHBIX 3HAUCHUSAX KOI(PQHIMEHTOB TOTNa H
TOJIBKO TOTJA, KOTJ[a YCTOMYMBEI YEThIpe MOINHOMA XapUTOHOBA:

A(S)=0,+ 05 +1,8" +uys” + 0,5t + 087+

A () =ty +us+0,5" + 0,8 +ust +us’ +...

Ay($) =Ly +us +uys” +0,8° + 0,5 +us’ +...

AS)=uy + 05+ 0,8 +us +ust +0.8° +...
Takum o6pa3om, A7t IPOBEPKU YCTOHYUBOCTU OECKOHEUH020 YNCIA BO3MOYKHBIX XapaKTEPUCTHUECKUX
MOJIMHOMOB JJOCTATOYHO NPOBEPHUTH YCTOHUUBOCTD Uemblpex MOTNHOMOB XapUTOHOBA.

6.9.3. Henapamempuueckas HeonpeoeieHHOCHb

Henapamerpuueckasi HeOnpeaenIeHHOCTh 3a/1aeT IOy CTUMYIO OIIMOKY B YaCTOTHOM 00JIACTH, TO
€CTh OIIMOKY B YaCTOTHBIX XapakTepucTHKax. [lns HoMHMHaNbHOU Mozxenu P (jw) pa3nuyaror aodu-

MU6HYI0 HEONPENEIEHHOCTh (a0COMOTHY0 OIIUOKY) A, (jo):
P(jo)=F(jo)+A,(jo)
U MYTbMUNIUKAMUEHYI0 HEOTIPEJEIEHHOCTh (OTHOCUTENbHYI0 OIIHOKY) A, (jo):
P(jo) =[1+4,(jo)| B(jo).
Jlist MyNbTUTUTMKATUBHOM HEOMPEAeIEHHOCTH U3BECTEH OYEHb MPOCTON KPUTepHil podacTHOI
YCTOHYMBOCTH: cucTeMa ¢ peryiasitopoM C(s) ¥ HOMHHAIBHBIN 00beKTOM F)(s) poOacTHO yCTOWYH-

BA, €CJIM 151 JIIOOOH YaCTOThl @ BBINOJHAETCS HEPABEHCTBO

| Wo(jo) A, (o) <1, (50)
rae W,(s) —nepenarouHas (pyHKIUS HOMUHAIbHOMN 3aMKHYTOH CUCTEMBI:

C(s) By (s)
Wy(s)=—""—""—"—.
1+C(s) B (s)

OTOT pe3ysIbTaT Ha3bIBAETCS meopemoli 0 Manom kodgpuyuenme ycunenus. Ilpu 3Tom Takxke Tpedy-
eTcsl, 4TOoOBI peasibHasi U HOMUHAJIbHAS MOJeH 00bekTa, P(s) u Fy(s), UMenu 0JUHAKOBbIC HEYCTOMU-

YHUBBIC MTOJIIOCA, TO €CTh HCOMMPCACICHHOCTL HC JOJ’KHA BHOCUTH HOBBIC ICTOYHUKHA HGYCTOI‘/JI‘{I/IBOCTI/I.
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Ycnosue (50) — 310 docmamounoe ycnoBue poOACTHON yCTOHUMBOCTH, TO €CTh, €TO BBINOJIHE-
HHUE TapaHTUPYET YCTOMYMBOCTB, HO JJISI HEKOTOPHIX POOACTHO YCTOMYHMBBIX CHCTEM OHO MOXKET HE
BBITIOJIHATHCSL.

OOBIYHO MOJIETb CTPOUTCSA TaK, YTOOBI XOPOIIO ONHMCHIBATH CBOMICTBa peajbHOro OOBEKTa Ha

HH3KHUX 4YaCTOTax, a AJId BBICOKHX 4aCTOT oInoOKa MOICIINPOBAHUS Am( ] a)) MOJKET OBITh 3HAYUTEIIb-

Ho. Torna, yuurtsiBas (50), MOXKHO cZienaTh BBIBOJ, YTO C TOYKU 3pEHUS pOOACTHOM yCTOHYMBOCTHU
3Ha4YCHHE | W,(jo) | JOJKHO OBITH Majo Ha BBICOKHMX YacTOTaX, I/I€ BEJIMKA HEONPEAEIEHHOCTh MO/Ie-

JIH.
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7. CnHTe3 perynatopos

7.1. Knaccu4eckasi cxema
IIame BCECTO per'J'ISIT Op BKJIKOYACTCsI nepe/:[ O6’beKTOM, KaK IIOKAa3aHO Ha CXCMC.

peryJsTop PUBOJ & oGbekt

X 4+ e u 5 y

— @ Cls) R (s) P(s)

3agaya CUCTEMBbl YNpPaBJIEHUs] COCTOUT B TOM, YTOOBI I10/IaBUTh JIEHCTBHE BHEIIHErO BO3MYIIE-
HUS g U o0ecredynTh OBICTPBIC M KaueCTBEHHBIE NepeXoHbIe mporecchl. K coxanenuro, 3TH 3a1adn
4acTo NPOTUBOpeUMBHI. DAKTUYECKH HAM HY)KHO CKOPPEKTHUPOBAaTh CHCTEMY TaK, YTOObI OHa MMela

HY)KHbIE [IEPEATOUHbIE PYHKIMK 110 BO3MYIIEHUIO (W, (s), OT BXO/Ia g K BBIXOJY Y ) M 0 33/IaK01Ie-
My Bo3aeicTBuIO (W (s), OT BX0a X K BBIXOAY V)
W PO COROPE)

& 1+ C(s)R(s)P(s) 1+ C(s)R(s)P(s)

Jlji 5TOro Mbl MOKEM HCIIOJIb30BAaTh TOJBKO odun peryistop C(s), MO3TOMY TaKyl CUCTEMY Ha3bl-

BAaIOT CUCTEMOM ¢ 00HOU cmenenvlo c60000bl.
JIerko MpoBEPHTH, UTO ATH JBE MMEPEIATOUHbIE (DYHKIHMH CBSI3aHbI PABEHCTBOM
W, (s)=[1-W(5)] P(s).

[TosToMy, U3MeHsIsl OIHY U3 MEPEeIaTOUYHbIX (PYHKIHUI, Mbl aBTOMAaTHYECKH MEHSIEM M BTOpYI0. Takum
00pa3oM, UX HEBO3MOXHO C(HOPMHUPOBATH HE3aBHCUMO H pEIIeHUE Bceraa OyIeT HEeKOTOPBIM KOMHPO-
MUCCOM.

[TocMOoTpyUM, MOXKHO JIK B TAaKOH CHCTEME 00€CIIeUnTh HYJIEBYIO OIMHUOKY, TO €CTh, aOCOJIOTHO
TOYHOE OTCJICKUBAHHE BXOJHOTO curHana. Ilepemarounas ¢yHkuus mo ommOke (oT Bxoma x(f) K

omuoOke e(?)) paBHa
1
W,(s) = .
1+ C(s)R(s)P(s)
Jlst Toro, 9To0BI OMIMOKa 6cecoa OblLIa HYJIEBOU, TPEOYyeTCs, UTOOBI ATa nepeaaTouHas PyHKIus Oblia

paBHa Hyr0. [IOCKONBKY €€ YHCIUTENb — HE HYJb, Cpa3y MOJIy4aeM, 4YTO 3HAMEHATelb JTOJDKEH 00pa-
IaThCsl B OECKOHEYHOCTh. MBI MOXET BJIHUATH TOJbKO Ha peryistop C(s) (ocTajgbHbBIE 3JIEMEHTHI 3a-

JlaHbl 3apaHee), nmo3toMy nosydaeM C(s) — oo. Takum o0Opa3oM, 0 ymeHbulenus owubKU HYHCHO

yeenuuueams Kodppuyuenm ycuneHnus pezyrsamopa. ITO TaK Ha3blBAEMBbIH MPUHLUI 21y00KOU 00-
PamHou C8A3U.

OpHako Helnb3sl yBEIMUYUBATh YCUIEHUE 0 OECKOHEYHOCTH. Bo-nepBhIX, BCE peanbHble YCTPOii-
CTBa UMEIOT MPEJENIbHO JAONMYCTHUMbIE 3HAYEHMS BXOAHBIX M BBIXOJHBIX CHUTHAIOB. BO-BTOpPBHIX, Mpu
00JIBIIOM YCUJICHHHM KOHTYpPA YXYAIIAETCs KayeCTBO MEPEXOAHBIX MPOILIECCOB, YCUIUBACTCS BIHUSIHUE
BO3MYILEHUN U IIIYMOB, CHCTEMAa MOXET IOTEPATh YCTOMYUBOCTh. [I03TOMY B cXeme ¢ OJHOU crere-
HBIO CBOOOIbI 00E€CTICUNTH HYJIEBYIO OIIMOKY CIIEKEHHUSI HEBO3MOXKHO.

[TocMoTpHuM Ha 3a7jauy ¢ TOYKU 3PEHHUS YACTOTHBIX XapakTepucTHK. C 0JTHOW CTOPOHBI, AT Ka-
YEeCTBEHHOT'O OTCIICKMBAHUS 331aI0IIET0 CUTHaa Xx(f) KeIaTeabHO, 9TOOBI YaCTOTHAS XapaKTEePUCTH-

ka W (jw) Oblna npuMepHo paBHa 1 (B 3Tom ciaydae y(¢) = x(¢) ). C 1pyroit CTOpoHsbl, ¢ TOUKH 3pEHUS
pobacTHOI yCTOMYMBOCTH HYKHO obOecrieunth W (jw)~ (0 Ha BBICOKMX YacTOTaX, i€ OMIMOKa Moje-
naupoBaHus Benuka. Kpome toro, mepenatounas pyHKUIUS [0 BOSMYIIEHHUIO JOJDKHA OBITH TaKOH, 4TO-
ObI 5TH BO3MYIICHHS IOJABIIATh, B HICANIe MbI JIOJDKHBI 00ectieunts W, (jw) =~ 0.
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Bp1Oupast KOMIPOMHCCHOE PEIICHHE, OOBIYHO MOCTYMAIT CICAYIOUIMM 00pa3oM:
1) Ha Hu3Kux 9acToTax JOOWBAIOTCS BHIIOTHEHUS ycinoBus W (jw) =1, 9ro obecnieunBaeT Xopoiiee

CJICKCHUC 3a HU3KOYACTOTHBIMU CUTHAJIaMH; ITPHU 9TOM Wg ( ] C()) ~0 , TO €CTh, HU3KOYAaCTOTHBIC

BO3MYIICHUSA TOAABIIATOTCH
2) Ha gvlcokux YacToTax crpemstcs caenatbh W (jw) = 0, uToObl 06ecnieunTh POOACTHYIO YCTONYH-

BOCTb M IIOZIABIICHHE LIyMa U3Mepenuii; mpu stoM W, (jo) = P(jw), To ecTh cucteMa (pakruye-

CKH paboTaeT Kak pa3oMKHYTas, PETyJsiTOp HE pearupyeT Ha BBICOKOYACTOTHBIC TTIOMEXH.

7.2. NMNO-peacynamopsbi

HecMoTpst Ha pa3BUTBIE COBPEMEHHBIE METOIBI MPOCKTUPOBAHUS CIIOKHBIX PETYISATOPOB, TMO-
JaBIsitoliee OONBIIMHCTBO MPOMBIIIICHHBIX CHCTEM YIPABJICHUS OCHOBAHBI Ha PETyJsATOpax IMepBOro
¥ BTOPOTO TMOPSAKA. DTU PETYIATOPHl BO MHOTHX CIy4asiX MOTYT 00ECHeUUTh MPHEMIIEMOE yIpaBIie-
HHeE, JIETKO HACTPaUBAIOTCA U JICIIEBHI IPH MAaCCOBOM M3TOTOBJICHUH.

[Ipocreiimmii perynsTop — NponopuroHaabHbiil uian II-peryjasitop — 3To IpocTol yCUIUTEND C
nepenatounoit pyukiueit C(s) = K . Ero BeIxog — 310 owubka ynpaenenus e(t), yMHOKEHHAs Ha KO-

a¢purment K. C momompto II-perynsitopa MOKHO YNpaBisTh JIOOBIM YCTOMYHUBBIM OOBEKTOM, OJI-
HAaKO OH AaC€T OTHOCHUTCIBHO MCIJICHHBIC TEPEXOAHBIC MPOUCCCHI U HCHYJICBYIO CTATUYCCKYIO OH_II/I6Ky

YroObl yOpaTh CTATUYECKYIO OMUOKY B YCTAaHOBUBIIEMCS PEKUME, B PETYJISATOP BBOIST uUHMe-
epanvublli kKanan ¢ koddduirentom ycunenus K, , Tak uyTo

C(s):K+&, u(t):Ke(t)+K,je(t) de.
s 0

Takol peryyarop Has3bpIBacTCs MPONOPLHUOHAIBHO-UHTETpanbHbIM uinu IIU-peryasitopom. MnaTerpa-
TOp BbIIAET CUTHAJ, IPONOPLUUOHATIBHBIA HaKonIenHoU OMIMOKe, MO3TOMY MEPEXOAHbIN MpoLecc He-
CKOJIbKO 3amemisieTca. OqHaKo 3a CUET MHTErpajbHOro KaHaja oOecreyrBaeTcsl HyJieBas OIIMOKa B
YCTAaHOBUBILEMCS] COCTOSIHUU NP CTYNEHYaTOM BO3MYULICHHH M CTYIIEHYaTOM M3MEHEHHUHU 33Jar0Iero
CUTHAJIa-yCTaBKH.

st yCKOpeHHs TIePEXOHBIX MPOIECCOB N00ABISIOT Juggepenyuanvruiti kanan ¢ KodhduIm-
eHToM ycuienus K, :

t
s 0

Takon peryJsTop Ha3bIBACTCs I /I-peryasTopom (MponopLHOHANIbHO-UHTETPATILHO-
muddepeHnnanbHblif). Peryiasaropsl 3Toro THa oueHb XOPOIIO 3apEKOMEHI0BaJIM ceOs B IMpaKTHYe-
ckux 3agadax. Kpome Ttoro, wuHorzma wucnonssyrorcs IIJI-peryasitopsl (IIpOnOpPIHOHAIBHO-
muddepeHnnanbHbIe), y KOTOPhIX HET HHTErPAIbHOIO KaHaja.
VYnpasieHnue 1o Ipou3BOIHON — 3TO OBICTPHINA criocol ynpasienus. Curnan auddepeHnnanbHo-
ro KaHaja Haubosiee BaXKEeH NPH U3MEHEHUSX BXOJIOB M MCU€3aeT B yCTaHOBUBIIEMCS pexkume. OH 1o-
3BOJISIET PEarMpoBaTh HE HA CaMO yBEIUYEHUE OIIMOKHU, a HA meHOeHyuio €¢ U3MEHEHUs, U NIPUHATh
«TIPEBEHTUBHBIE Mepbl». [ TaBHBIA HEAOCTATOK AU(HEPEeHIINAIBLHOIO KaHana — 0OJbIIOE BIUSHUE BbI-
COKOYACTOTHBIX TIOMEX, HAIPUMep, IIIyMOB U3MepeHui. [t Toro, 4To0BI CAeNaTh peryuarop punie-
CKU peajM3yeMbIM, BMECTO YHUCTOr0 JU(PepeHIIMPOBAHUS UCIONb3YIOT HHEPLUUOHHOE TU(PepeHIIn-
pyIo1ee 3BeHO:
Cls)= K + 504 KoS
s Tps+l1

rac TD — MaJiasd MMOCTOAHHAas BPECMCHHU. YeM MEHBIIE TD , TEM B 0O0IBIIIEM YaCTOTHOM JHUara3oHe BbI-

MOJTHSIETCS TOYHOE AU PEepeHIIMPOBAHNE, HO CUITBHEE BIUSIOT BEICOKOYACTOTHBIC TIOMEXH.

s ycToiunBoro o0beKTa MOKHO BBHIOpATh KOI(PPUIIMEHTHI PEryiasTopa ONbITHBIM ITyTeM, BbI-
TIOJTHSISL DKCIIEPUMEHTHI ¢ PETbHBIM 00BEKTOM. [Ipeyio:KeH0 HECKOJIIBEKO METOJIOB PEIICHHSI 3TOH 3a-
Jlauu, Harpumep, npasuia 3uriepa-Hukonsca nnu Kosna-Kyna.
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MoskHO Toka3aTh (caenaiiTe 3T0 CaMOCTOSITENIbHO), YTO JIF00OM peryiasTop BTOPOTO MOpsIKa C
UHTETPATOPOM MOKET OBITh TpezcTaBiieH B opme [T ]I-perynsitopa:

2
as +as+a K K. s
<4 I 0 o (Ce)=K+—1L+—L—

C(s) = .
(<) s(bs+by,) s Tps+1

7.3. MemoOd pa3meu,eHusi rnoJsirocos

OnavH U3 MPOCTBIX METO/IOB CHHTE3a PETYJISATOPA — pasMeljeHue noaco8 epeaaTouHon QyHK-
MU 3aMKHYTOW CHCTEMBI, KOTOPhIE BO MHOTOM ONPEICNSIOT €€ TUHAMUKY, HAallpuMep, ObICTPOICHCT-
BHE€ M CTENEHb 3aTyXaHus Kosiebanuii (cM. pasa. 6.8). CMbICT B TOM, YTOOBI Pa3MECTUTh ITH TOJIIOCA B
3aJIaHHBIX TOYKAaX KOMILJIEKCHOM TIIOCKOCTU C TMOMOINBIO CTEIHAIbHO BBRIOPAHHOTO PEryisiTopa. JTa
3aJa4a CBOJUTCS K PEIICHUIO CUCTEMbI JIMHEHHBIX YPaBHEHHA.

[TycTh mepenarounas GpyHkuus 0ObEKTa 3a]]aHa B BHJIE OTHOIICHUS MTOJIMHOMOB

P(s) = n(s) _ 2nls+n0 .

d(s) s +ds+n,

Bribepem perynstop Buga
ne(s) _as+a,
d.(s) bs+b,’

rne a,,a,,b, 1 b, — Hen3BecTHbIE KO3(PPULUEHTHI, KOTOPbIE HYX HO ONPEAEIUTh. XapaKTepucTuye-

C(s) =

CKHUH MTOJIMHOM 3aMKHYTOW CUCTEMBI PaBEH
A(s) = n(s) n.(s)+d(s) d.(s) = (ns+n,)as +ay)+ (s> +d,s+d,)(bs +b,)
=bs’ +(ma, +db, +b))s’ +(nya, + na, +d,b, +db,)s +nya, +d,b,
[Ipeanonaoxum, 4TO Mbl XOTHM BBIOPATh PETYIATOP TaK, 4YTOOBI pa3MECTHTh KOPHH HoJduHOMa A(s) B
3aJJaHHBIX TOYKaX, TO €CTh JIOOUTHCS BBHITIOJHEHUS! PAaBEHCTBA
A(s) =8> +6,5" + 55 +0,,

rae o, (i =0,...,2) — 3ananHble uncna. [IpupaBHuBasg K03(pPULIMEHTHI IPU OJMHAKOBBIX CTENEHAX S B
MOCTICTHUX JBYX PaBEHCTBAX, MOIyYaeM

s b =1

2, _

s*: ma, +d\b +b, =0,

s': mya, +na, +db, +db, =3,

5" nya, +dyb, =6,
WA B MATPUYHOM BUJIC

0 0 1 0][q] [1
n 0 d 1]la| |6
ny n d, d ||b 1)
0 ny 0 d,||b, 0
Pemenue YPaBHCHUA UMECT BU
a] O 0 1 o] [1
a | |m 0 d 1 0,
b| |n, n d, d | |6
bl |0 n, 0 d,| |5,

Koneuno, kBampaTHas MaTpuila B 3TOM BbIpaXeHHH (OHa Ha3biBaeTcs mampuyeti Cuibeecmpa)
JOJhKHA OBITh 0OpaTnMa. MOKHO JI0Ka3aTh, 9TO OHA JCHCTBUTEIHLHO O0OpaTHMa TOTJa ¥ TOJIBKO TOT/A,
KOT/1a TIOJMHOMBI 71(s) U d(s) HE UMEIOT OOIIMX KOPHEH, TO €CTh nepeaaTouHas (QPyHKIUs 0ObeKTa
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P(s) necokpatuma. B mpoTuBHOM citydae oOmIMii KOPEeHb ATUX MOJMHOMOB HEN30€KHO Oy1eT KOpHEM
XapaKTepUCTUYECKOT0 oJrHOMa A(S) .

Kpome Toro, [uist TOro, 4ro0bl KOJUYECTBO HEU3BECTHBIX KO3(PPHUIMEHTOB OBLJIO PaBHO YUCITY
ypaBHEHUH, TIOPSAOK PETYISITOPA HY)KHO BBIOUpaTh HEe MeHbIle, yeM N —1,rme N — nopsaaoK MOJIeiu
00BEKTa yIpaBICHUS:

N =max{degn(s), degd(s)},
rae deg ob6o3Havaer creneHb MoJWHOMA. MHave momydeHHOE ypaBHEHHE OyIEeT pa3peluMo TOJIBKO
IIPU CHEeLHATbHO BIOPAaHHOM MonHOME A(S) .

3aMeTHM, 4TO TIPU pa3MEIIeHUH MOJTIOCOB Mbl HUKAaK HE YUUTHIBAEM H)/iu TIEPEAATOYHON (PYHK-

IIUH, KOTOPBIE TAaKXKe BIUSIOT Ha JUHAMHUKY CUCTEMBI.

7.4. Koppekuyusi JIA®YX

Ha npoTskeHry MHOTHX JIET CaMbIM MOMYJISIPHBIM MH)KEHEPHBIM METOJIOM CHHTE3a PETYJIATOPOB
ObUI METOJ, OCHOBAaHHBIH Ha MHCIOJb30BAHUU JIOTApU(MUUYECKUX YACTOTHBIX XapaKTEPUCTHK
(JTA®YX). On ocHOBaH Ha /ByX cBoicTBax JIADQYUX:

1) norapupmuueckue aMmIUIMTyAHbIE U (PAa30Bble YACTOTHBIE XAPAKTEPUCTHKM Ui IOCIEI0BA-
TEJIBHOIO COEJUHEHMs ABYX OJOKOB (HalpuUMep, peryjsTopa U 0ObeKTa YNpaBieHUs) paBHbI
cymme JIAUX u JIOUX 3Tux 6510KOB;

2) ecnu nepenatouHas GyHKIUS 00bEKTa HE HMEET HEYCTONYHMBBIX HYJICH M TIOJTIOCOB (C ITOJIOXKH-
TEJIbHOM BELIECTBEHHON 4YacThi0), TO aMIUIUTYIHAs YacTOTHAs XapaKTEPHCTUKA OJHO3HAYHO
orpenenser $a3zoByl0; OTCIOJA CIEIYyeT YTO MOXHO CBECTH BHIOOp PEryisiTopa K M3MEHEHHIO
MOIbKO AMIUTUTY THOW XapaKTePUCTUKU HYKHBIM 00pazoM.

IMycte G(s) = P(s) R(s) — nepenatouHasi GyHKIMsI 00bEKTa BMECTE C IPUBOJIOM, pUieM Oyaer
Ipearnonararh, YTO OHa HE UMEET HEYCTONUMBBIX HYJIEH U MOJIIOCOB (TO €CTb, SIBISETCS MUHUMATLHO-
¢asosoii). JIAUX Takoro pacmupeHHOro o0bekra 0003HaUMM Kak L,(®) :201g| G(jw) | Ecnu Mmbl

CMOXEM KaKMM-TO o0Opa3oM HaWTH srcenaemyio JIAUYX L, (@), TO pa3HULA MEXIY dTUMH JBYMs Xa-

pakTepucTukamMu — 370 M ecTh JIAUX He00X0IMMOT0 MOCIEA0BATEILHOTO PETYIISATOPA:
Lo(@) = Ly (o)~ Ly(@). (1)

Takxum oOpa3om, Ui pelieHus 3aaauu TpeOyeTcss OTBETUTH Ha JIBA BOIIPOCA:

1) xax BeIOpath xkenaemyro JIAUX L, (j®) Tak, 4ToObI 00€CeunTh YCTOWYUBOCTh U TpeOyemoe

KayeCTBO 3aMKHYTOM CUCTEMBbI?

2) Kak moJIy4uTh mepenatounyro ¢yHkuuto perynsaropa C(s) mo ero JIAUX (51)?
UToOBI OTBETUTH Ha MEPBEI BOIIPOC, BCIOMHUM TUITUYHBIE TPEOOBAHUS K CUCTEME YITPABJICHUS

®  YCTOMYUBOCTB;

e HyJeBas OIIMOKA B yCTAHOBUBILEMCS PEKUME;

e OBICTPHIN U TJIABHBIH (B UJealle — MOHOTOHHBIN) MEPEXOAHBIN MpoIlece;

® T[I0/aBJICHUE IIIyMOB;

e po0acTHOCTH (HEUYyBCTBUTEIBHOCTh K OLTHOKAM MOJIEINIHN).
OtH TpeOoBaHUs HY)KHO CBs3aTh ¢ (hopmoii JIAUX.

[TocTosIHHBINM CUTHANT MOKHO paccMaTpUBaTh Kak MPEeAENbHBINA Ccaydyail rapMOHUYECKOTO (CHHY-
ca), TOJIbKO ¢ HyJieBOM uacToToi. [TloaToMy 1y1st oGecriedeHus: HyJIeBOM yCTaHOBUBIIEHCS OIMIMOKH 11e-
MOYKa «PEryIsTOP-00bEKT» JI0JDKHA UMETh OECKOHEYHOE YCUJICHHE Ha HYJIEBOW YacToTe, TO €CTh Tie-
penarounas ¢pyHkius G(s) C(s) DOKHA cOAepKaTh unmezpamop (BCIOMHUTE NPUHYUN GHYMPEHHell
Mmooenu).

OObIYHO XOYeTcs, yTOObl MEePEXOAHBIN Mpoliecc ObT MOHOTOHHBIM, 0€3 NepeperyJupoBaHusl.
Taxoif mporiecc naeT anepuoanuecKoe 3BeHo. JIeTko MpOBEepHUTh, UTO MepeAaToyHast GyHKIIHUS anepro-
JUYECKOTO 3BeHA (CJIeBa) paBHA MepeaaTOYHON (YHKIIMH UHTETPaTopa, OXBAYEHHOTO €IMHUYHON 00-
paTHOM CBsI3bIO (crpaBa):
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Tll T Ts
S+

Taxum 006pazom, st TOJTydeHUsI MOHOTOHHOTO TiepexogHoro nporecca JIAUX pa3oMKHYTON CHCTEMBI
noJpKHa ObITh oxoxka Ha JIAUX unHTerpaTopa — 9To npsimast IuHUs ¢ HakinoHoM —20 nb/nek, koTopas
IepeceKaeT och abcuuce Ha yactoTe @, =1/7 . DTa yacToTa Ha3bIBACTCS 4aCmomoll cpe3d. 3aMeTHM,

YTO JUISl allepUOAMYECKOrO 3BEHA JIETKO ONPENEIUTh BPEMS NEPEXOMHOTO IPOLECcca: OHO IMPUMEPHO

paBHo 37. Takum obpa3oM, uacmoma cpeza onpeoensiem 6pems nepexooOHo2o npoyecca. BCIOMHUM,

YTO YCTOMYMBOCTh CUCTEMBI TaKXke onpeaensercs nosenenruem JIAUX B paitoHe yacToThl cpesa. B pe-
3yJIbTaTE UMEEM:

® yYCTOWYMBOCTb M KQ4ECTBO MEPEXOAHOIO Ipoliecca (BpeMsi, IepeperyInpoBaHNe) ONPEaeIIiOT-

cst popmoii JIAUX B paiioHe 4acTOTHI cpesa, Iie OHa nepecekaeT ocb L, = 0; 3Ta 0061acTh Ha-

3BIBACTCS 001ACMbIO CPEOHUX YACTONT;
® IS TIOJYYEHHUS KAUYeCTBCHHOTO IMEPEXOHOro IMpolecca KelaTeabHo, yTo0bl HakioH JIAUX
OKOJIO 9acTOTHI cpe3a Obut paBeH —20 nb/zex;

3
¢ CCJIM 3a1aHO BpEMs IIEPEXOAHOTO ITpoLecca ln , HY’KHO BBI6I/IpaTB w,=—.
-t

n

Teneps pasdepeMcs ¢ nryMamMu U poOacTHOCTBIO. Kak MBI 3HaeM, IIyMBI — 3TO BBICOKOYACTOT-
Hble curHanbel. KpoMe Toro, 00bIYHO UMEHHO B 00JIACTH BBICOKHUX YACTOT XapaKTEPUCTUKU OOBEKTA U
MOJIESIU MOTYT CUJIBHO pacXoauThes. [loaToMy Ui moAaBiieHns: TIOMEX U YMEHBIIEHUS BIUSIHUS OLIH-
00K MOJIeJIN HYKHO O BO3MOXKHOCTH YMEHbIIIATh YCUJICHHE CHCTEMBI B 00JIaCTH BBICOKUX YacTOT, TO
ecTb JIAUX nomkHa pe3ko UATH BHU3.

Ha pucynke nokazana tumnoBas xxenaemas JIAUX. I A
210 acumnmomuyeckan JIAUYX, cocTosimas U3 OTpes-
KOB. B BBIJEJNIEHHBIX TOUYKAaX CTBIKYIOTCS JIBa OTpE3Ka
pa3zHoro HakioHa. Ha HM3KMX yacTOTax OHa UMEET Ha-
kJ10H —20 nb/nek, To ecTb cucreMa Colep>KUT UHTErpa-
TOp, KOTOPBII 00ecreynBaeT HYJIEBYIO OLIMOKY B ycCTa- 0
HOBHBIIEMCSI PEXKHUME.

JIAUX nepecekaeT ock abcuce MOJ HAKIOHOM dacrort | oo
—20 nb/gex. Ina oOecnedyeHus YCTOMUMBOCTH W TpH- (TouHOCTb) nepexoaHbIlt npoLiece)
eMJIeMoro Tokaszatens kojebarenbHocTH (M < 1,2) Touku m3noma JIAUX HOmKHBI HAXOAMTHCA Ha

BbICOKMe
4acToTbl
(nopaenenve
nomex)

~ —20 nb/nex

—20 1b/nex

»
»

12-16 nb

!

pacctosinuu 12-16 nb ot ocu abeuuce (cM. pUCYHOK).
[IponemoncTpupyem meton koppekunu JIAUX na mpocrtom npumepe. [lycte 0OBeKT yrpasie-

. . 1

HUSI — allepUOJMYECKOE 3BEHO ¢ MepenarouHoi pynkueit G(s) =——,rae 7, =5 c. [lepenarounas
s
0
(GyHKIMA 3aMKHYTOH cuCTeMbI 0€3 KOppeKIMH (To ecTs, ¢ peryisaropom C,(s) =1) paBHa:
105

Ts+2 05Ts+1
BunuwMm, uto cratnueckuii kodddumument ycunenuss W (0) =0,5 (a He 1), Tak 9TO TOYHOTO OTCIEKHUBA-

W(s)=

HHS BXO/IHOTO CHTHAJIa He MoJTy4yaeTcsi. BpeMst mepexoaHoro mpouecca MOYKHO MPHOIMKEHHO TT0/ICUH-
Tatb Kak ¢, =3-0,5-T, =75 c.
[TocraBum 3amauy crieayrommM odpa3om: BeIOpaTh perynsatop C(s), KOTOpbIA o0ecieynBaeT

® HYJIEBYIO OIIHMOKY B YCTAHOBHBILIEMCS PEKHUME;
e BpeMs NEPEXOJHOro mpoiecca okojo 1,5 c;
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e gaxiaoH JJAUX —40 nb/nex Ha BBRICOKMX YacTOTax JUIA IOJABJIEHUS IIOMEX.
Jnst  pemieHuss UCHOJIB3yeM METOJA KOPPEeKIUu

JIAYX. Cunsisg TUHUS Ha PUCYHKE 00O3HA4YaeT HECKOp- L
pekrupoBannyro JIAUX, cosmagaromyro ¢ JIAUX ame-  ~ 50 p/mex

puoarueckoro 3sena G(s). L

L Lo o,
Kenaemas JIAUX (3eneHass TuHUS) A0HKHA UMETh 0 ! @

HakJIoH —20 nb/nek Ha HU3KKUX YacToTaxX, uToOBI oOecre-
YUTh HYJIEBYIO CTaTHUECKYyIO omuOKy. YacToTa cpesa w,

—20 nb/mex

=

onpeensieTcs TpeOyeMbIM OBICTPOICHICTBHEM:
o, =3/t =2pan/c. Takum oOpa3oM, HaydalbHbIM yua-

B~
a

~

crok sxemaemon JIAUX coBmamaer ¢ JIAUX wunTerpu-

. . O
PYIOIIETO 3BE€HA C MepeaaToyHol pyHKIueii —, To ecTb
s

L (w)= 201g& (Ha HU3KUX YacCTOTax).
@

Ha BbICOKMX 9acTOTax Hy>KHO U3MeHUTH HaKkIoH JIAUX ¢ —20 no -40 nb/nex Ha gactoTe @), rue
L (w)=-15 nb. U3 3T0ro0 yciaoBus HaXoIum
a)C —

20lg% =-15 = L1079 = @ =10"" 0, =562-2=1124pan/.
@, @,

Taxkum 00pa3oM, MbI NOJHOCTBIO MOCTPOUIIH Kenaemyto JIAUX, yoBIeTBOPSIONIyI0 TpeOOBaHUAM K
cucteme. Borunras u3 Hee ncxoanyro JIAUX (6e3 koppekuuu, cussst auHus), noayuum JIAUX pery-
JSTOpa, KOTOpas MOKa3aHa KPacHOU JIMHUEH Ha HUKHEM rpaduke.

Ocraercs nepeiitu ot JIAUX perynsatopa k ero nepenatoyHoi pyHkuuu. Ha HM3KMX dacToTax
(@ <1/T;) IAUX perynsropa umeer HakioH —20 nb/aek u npoxoaut yepes Touky (@,;0), To ecTh

.
- 'CI(S) 5
S

rae C,(s) He wu3Menser acumnroruueckyro JIAUX na uacrtorax, menpmmx 1/7;. Ha uacrore

C(s) =

w, =1/T, JIAYX perynstopa MeHseT HakI0H ¢ —20 nb/nek 10 HyIs, TO €CTh B YHCIUTENb J00ABISET-

csi MHOKUTENb Tys+1:

C(s)

3necy C,(s) — perynsarop, He Biausonmii Ha JIAUX nis gactor, MeHbIIUX @, . HakoHer, Ha yacToTe

_ o, (Tys+1) '
== C,(s).

@, HAKJIOH yBenuuuBaercs ¢ Hyns 10 —20 nb/aek. st Toro, 4ToObl Ha 3TON 4aCTOTE «3arHYTh)» BHU3
JIAUX, HyXHO 100aBUTh B PEryJsATOp alepUOJUUECKOe 3BEHO C IOCTOSHHOM BpeMeHu 7;, rue

T = L = 0,09 c. Takum 0Opa3oM, OKOHUATEIHHO
, Ya
C(s) = o5+l -
s(Tis+1)

Ha pucynke mnoka3zaHbl HEpeXOJHbIE MPOLECCHI
pU €IUHUYHOM CTYTIEHYaTOM BXOJHOM CHUTHAJIE
B HECKOPPEKTUPOBAHHOM CUCTEME (CHHSSA JIUHHUA) ()5 {-f-------mmmmmmmoooooooocoooeas
U B CUCTEME C NOoJIydeHHbIM perynstopom C(s)

(3enenas nuHMA). ['paduku MOKa3pIBalOT, YTO
HaWJICHHBIM PEryjasaToOp 3HAYUTEIBHO YCKOPHII
NEPEXO/HBIA MpPOLECC U 00eCmevns HyIEBylO
CTaTHYECKYI0 OMIMOKY (yCTaHOBUBLIEECS 3Haye-

s /
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HUE BbIX0/1a PaBHO 1).
HyxHo ormeruts, uro anroputMm koppekuuu JIAUX cyliecTBEHHO YCIOKHSAETCS, €Clii 00BEKT
COJICPKUT HEYCTOWYMBBIE UM HEMUHUMAIbHO-(a30BbIe 3BEHBS.

7.5. Komb6uHuposaHHOe ynpaesieHue
OnuH U3 CIOocO0OB yIYUIIUTh KAYeCTBO yIPABICHUE — U3MEHUTDh CHPYKMYpy CUCTEMBI, 100aBUB
B Hee BTopoii peryisatop C,(s) Ha BXoze:

IIPUBOJ & oBbekt

y

—>  Cs(s) —>@—> C(s) R (s) P(s)

Teneps

W(s) = COCOREPE)
1+ C(s)R(s)P(s)
Perynarop C,(s) He BIUSET Ha CBOWCTBA KOHMYpa yIpaBIEHUs (3anachkl yCTOMYHUBOCTH, [10JIaBICHUE

BO3MYIIIEHUH, POOACTHOCTH), @ BIUSET TOJBKO Ha MEPEXOIHbIE MPOLECCHl IPU U3MEHEHHUH 33Ial0IIEro
Bo3zelcTBUs. [loaTOMy cHavana MOkHO, He oOpalasi BHUMaHUE Ha MEPEXOJIHbIE MPOLECCHI, OCTPO-
UTh peryisaTop B KoHType C(s) Tak, 4ToObl 00€CIeUnTh HyKHbIH YpOBEHb MOAABICHHUS BO3MYLICHUI

1 poOacTHOCTD, a 3aTeM C(OPMHUPOBATH HY>KHBIE Ka4eCTBa NepeaTouyHoN GyHKIuU W (s) ¢ TOMOIIBIO
perymstopa C,(s). Ilockonbky ABe meperaTouHble GYHKIMM MOXKHO M3MEHSTH HE3aBHCUMO JAPYT OT
Jpyra, Takas cCXxema Ha3bIBaeTCS KOMOUHUPOBAHHLIM ynpasieHuem (WU ynpasieHuem ¢ 08ymsa cmene-
HAMU CB00O0O0L).

B ugeane mpl X0THM, 4TOOBI cHCTEMa TOYHO BOCIIPOM3BOJWIA CUTHAN Xx(¢) Ha BbIxoae V(f), TO
ecTb, HyXHO0 obecrieunts W (s)=1. [ns atoro Tpedyercsi, 4TOObI
1+C(s)R(s)P(s) 1

O =T ORGPG) W)

(52)

C(s)R(s)P(s)
1+ C(s)R(s)P(s)

rae W (s) = — mepenaToyHast pyHKUIUS 3aMKHYTOM CUCTEMBI C OJJHOM CTENEHBIO CBO-

00/1blI.
N3 (52) canenyer, uto perynsarop C,(s) HOJIKeH ObITb 0OpamHou CUCTEMOW (uneepcuetl) Uis

W, (s). YactoTHas xapakrepuctuka W,(jw) B peanbHbIX cUCTEMax ONM3Ka K HyJIIO Ha BBICOKUX 4acTo-
Tax, CIeA0BaTeNbHO, peryinsaTop C,(s) MODKEH MMETh B 3TOM YacTOTHOM JHAra3oOHE OIPOMHOE YCH-

1
nenue. Hanpumep, g W, (s) = Torl nonyuuM C,(s) =Ts+1, To eCTb peryssaTop COAepKUT (pusnde-
S+

cKku Hepeanmzyemoe auddepeHuupytomnee 3BeHo. Takum o0pa3om, TouHas HHBepcHs (52) HE MOXKET
NPUMEHATHCS B MPAKTUYECKUX 3anadax. OObIYHO CTaparoTcsl MPUOIMKEHHO O0ECleYUTh PaBEHCTBO
(52) nnst Tex 4acToT, TA€ BaXKHO TOYHO OTCIIEANUTD 33aJA0OLINI CUTHAJL.

OTMeTuM, 4TO CYIIECTBYIOT M JIPyI'M€ CXEMbI C ABYMs CTEMEHSMHU CBOOOJbI, HO MOXHO JOKa-
3a4Tbh, YTO BCC OHH DKBHUBAJICHTHLI, Pa3HUIIA TOJILKO B pCain3aliuu.

7.6. MHeapuaHmHocmb
Ecnu BO3MyIIeHHE g MOXHO Kak-TO W3MEPHTh, JJIS YIYUIIEHUS KadecTBa CHCTEMBI WHOT/A
BBOJIUTCS] TPETUH PETYIATOP (mpemus cmenenb c80600b1):
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g
Cs(s)
IIPUBOJL 00BEeKT
X + e 5 y
—> C(s) @ C) R (s) P(s)

T

Teneps nepenarounas GyHKIUS 110 BO3MYIIECHHIO PaBHA
W (5) < L= GORWIPE)
1+ C(s)R(s)P(s)
B sToM cityuae TeopeTHYeCKH eCTh BO3MOXKHOCTH OOECIECYHTH IMOJHYIO0 KOMIICHCAIIMIO BO3MYILCHHUS
g, BbIOpaB

1
G(s)=—— (53)
TR
TaKk 4to W, (s) = 0. 310 ycioBue Ha3bIBACTCS yCa08UEM UHGAPUAHMHOCMY (HEU3MEHHOCTH), TIOCKOJIb-

Ky B 9TOM CIIydae CHCTeMa aOCOJIFOTHO TMOJABIISET 1700ble BO3MYIIEHHS MO BXOAY g . 3aMETUM, YTO
MBI CHOBA IIPUIILTH K UJee uHgepcuu (TIOCTPOCHUSI 0OpamHOoL CUCTEMBI), Kak U B (52).

K coxaneHunto, Ha MPaKTHKE YCIOBUE WHBAPUAHTHOCTH Yallle BCETO HEBBIMOJIHUMO, TOTOMY YTO
perymsitop C,(s) IOMDKEH OBITh npedcKkasvléaiowuM, Tak KaK HY>KHO 110JaTh KOMICHCUPYIOLIUH CHUT-

HaJl Ha OpUBOJ parvuie, Y€EM BHCIIHCC BO3BMYIUICHUEC YCIICCT ITOBJIMATHL HA O6I>CKT.
Yarie Bcero mnosydaercsi, 4To 4yucauTens nepenatoyHoil pynkuuu C,(s) (53) moskeH uMeTh

Ooyiee BBICOKYIO CTENCHb, YeM 3HaMeHaTelb. JTO 3HAYHMT, YTO TAKOH PETyJATOp BKIIOYAET 3BEHBS
gyrctoro auddepeHupoBaHns, KOTOpbIe HE ABISIOTCS (U3NYEeCKH peann3yeMbIMu. OOBIMHO 1MOI0H-
patot perynsatop C,(s) Tak, 4TOObI OH ObUT (PU3NYECKH PEeATU3yEeMbIM, HO yciaoBue (53) npubamKkeHHO

BBIIOJIHSJIOCH B HAaOOIee BayKHOM JAuara3oHe 4acToT.

7.7. MHo)xXecmeo cmabunu3upyrowux peaysisimopos

Kak u3BeCTHO, HE KaXAbIl peryiasTop crabmwinsupyer cucreMy. I1o3ToMy BakKHO BBIIEIHUTH
MHOKECTBO PETyJISTOPOB, KOTOPhIE 00ECIEUNBAIOT YCTOMUNBOCTh 3aMKHYTOI'O KOHTypa. Takue pery-
JSATOPBI Ha3bIBAIOTCS cmabunuzupyrowumu. JKenareabHo TakkKe MOMYyYUTb napamempusayuio, TO ecTb,
MIPE/ICTaBUTh BCE MHOXKECTBO CTAOMIM3UPYIOLIUX PEryJIsTOPOB B BUAE (POPMYJIbI, 3aBUCSIIEH OT Ma-
paMeTpa, KOTOPBI MOXKET BHIOUPATHCS MPOU3BOIBHO B HEKOTOPOH JIOIyCTUMO# 001acTu.

PaccmoTpum npocTeiiinyio 3aMKHYTYI0 CUCTEMY:

peryJsaTop 00BEKT
X + e u y
C(s) P(s)
Ee nepenarounas gpyHkuus paBHa
W(s) = _C()P(s) ) (54)
1+ C(s)P(s)

Peryn;ITop BXOOUT B HCC HeJZMHelZHO, YTO 3HAYMUTEIBLHO OCJIOKHAET aHajJW3 M CUHTE3 CHUCTEMBI. 3aMe-
THUM, 4YTO OTY (1)YHKLII/IIO MOKHO IIPCACTaBUTh B BUIC

W(s)= O(s)P(s). rae Q(s>=% (55)
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Bripaxkenue (55) BHeIIHEe BBINIAIUT KaK MepenaTodyHas (pyHKIHS MOCIIEA0BATEILHOIO COCTUHCHUS
obwekTa P(s) u «perymsaropa» (Q(s), mpudeM OHO uHeliHo 3aBUCUT oT ((s). IlosToMy ecTeCTBEHHO

BO3HHMKAET BOIPOC: HEJB3s JIM CHavaja BeIOpaTh HY)XHBIM 00pazoM (J(s), a 3aTeM HAWTH COOTBETCT-
BYIOIIIMM €1 PEryJsiToOp, BRIPA3UB €ro MepelaTOuHy0 QyHKINI0 U3 (55):
C(s)= LS) . (56)
1-0(s)P(s)
OueBunHO, uTo QyHKIHS O(S) MOKHA OBITH YCTOWYMBOW, MHAYE MEepeIaTOuHast (PyHKIHS 3aMKHYTON
cucteMbl W (s) (55) Takxke okaxkeTcss HeycTonunBOM. OKa3bIiBaeTCs, €Cii 00beKT P(s) yCTOWYHB, TO

peryJsaTop, mojaydeHHbId u3 (56), Bcerma Oyaet ctabunmmsupyromum. bonee Toro, popma (56) oxBaThi-
BAE€T 8Ce BO3MOJICHble CTAOMIM3UpYIOIINe peryasTopsl. [loaToMy (56) — 3TO mapameTpuzaius MHOXKe-
CTBa CTAOWJIM3HPYIOMIMX PETYJISATOPOB IS YCTOHYMBOTO O0BEKTA, OHA HA3BIBACTCS MapaMeTpPH3aIu-
eii FOna (D.C. Youla).

[TapameTpom B (56) sBnsieTcs ycroitunBas GyHKIHS (Q(s), KOTOpas MOXET BBIOMpAThCS MPOU3-

BoJIbHO. Ha mpakTuke perynarop (56) nomkeH ObITh ¢usuuecku pearusyemviym. ITO 3HAUUT, YTO MEpe-
natouHas ¢pyHkius C(s) IOMKHA OBITh npasuibHoU (CTETICHb €€ YUCITUTENS He OOJbIIe CTETIeH! 3Ha-

meHatens). st aroro pyskmus Q(s) Takke AOTKHA OBITh NPAGUTLHOU.

TeopeTrueckn I ONTHMAJIBHOTO CIIGKCHHS] HYXKHO BbIOpath ((s)=1/P(s), 4to nmaer
W(s)=1, ogHako 4aile BCero 3TO HEBO3MOXKHO. JIesio B TOM, UTO mepenaToyHast GyHKIUs 0ObeKTa B
MPAKTUYECKHUX 3a/la4ax — CTPOTO MPABWIbHAS (CTETIEHb YHCIUTENS MeHbUle CTETICHN 3HaMeHATest), U
O(s) monydaercs HenpasunvbHou. [103TOMy HCHOIB3YIOT KOMIIPOMHUCCHBIC PEHICHHS, O0CCIeYnBast
MPUOJIMKEHHY IO HHBEPCHIO TOJIBKO JUTsI HanOoJiee BaKHOW TTOJIOCH! YacTOT.

Cy1iecTByeT MHOKECTBO METOJIOB CHHTE3a, B KOTOPHIX YCTOWUYWBAas W MpaBUibHAs (QYyHKIUS
O(s) BbIOMpaETCS B Pe3yJIbTATE YUCACHHOU ONMUMU3AYUU TIO KAKOMY-THOO0 KPUTEPHIO0. 3aTeM Tepe/a-
TOoYHas PyHKIHSI PEryIsaTOpa pacCUUThIBaeTCs Mo dopmye (56).

[TocMOTpHM, YTO TOIYUYHUTCS, €CIIU TIOMIPOOOBATH PUMEHHUTh TAKOW MTOJIXO]I JIISI HeYCMOUYUBO20

o0BeKTa C epeaaTouHoi pynkuet P(s) = Ll . BeiopaB Q(s) =1, u3 (56) nomydaem
S —

s—1
C(s)= .
s—2
s—1 1 . N
[Ipu sTom B mpousBenenuu C(s)P(s) = R HEYCTOWYMBBIN TOJIOC MOJIENIN O0BEKTa COKpaIa-

eTcsl (Komnencupyemcs) HEyCTOMYUBBIM HYJIEM PEryJaTopa. XapaKTepUCTHUECKUNA MOJIMHOM
A(s)=s—1+(s=2)(s=1) = (s —1)*
OyJIeT HEYCTOMUMBEIM, KaK U BCs 3aMKHyTasi cuctema. CieoBaTeNbHO, apaMeTpu3anuio (56) B 3ToM
CJIy4ae UCIOJIb30BaTh HEJb3sl.
JIJis HeyCTOHYMBBIX 0OBEKTOB UCIONB3YIOT APYTYyI0, Ooyiee ClIoXHYI0 mapamerpusanuio. [lycts

P(s)= Z’ES; ,Tne n(s) u d(s) — nonuHoMbl. BeiOepeM Mpou3BONBHBIN ycmotiuugsitl moruHoMm f(s),
s

CTEeTeHb KOTOPOTo paBHa HauOombiel u3 creneneid n(s) u d(s). [IpencraBum dynkuuio P(s) B BU-

Jie OTHOIIICHUS PAIlHOHATEHBIX (PYHKITHIA
U(s n(s d(s
P(s) ZL, rae U(s) :Q u V(s) ZL.
V(s) f(s) f(s)
MOHO MMOKa3aTh, YTO CYIIECTBYIOT TaKue npaguibibie ycToiunBbie QyHkuun X (s) u Y(s), misg xo-
TOPBIX BBITIOJTHIETCS] PABEHCTBO

U)X (s)+V(s)Y(s)=1. (57)
Toraa MHOKECTBO BCEX CTAOMIU3UPYIOLINX PETYISITOPOB OMUCHIBACTCS (POPMYIIOH
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C(s) = X(s) +V()Q(s) ’ (58)
Y(s)=U(s)Q(s)
rae Q(s) — mpousBONIbHAS npasunvHas ycmouuusas Gpyukuus. Beipaxkenue (58) ompenenser napa-
Mempu3ayuo MHONCECmaea cmaburusupylowux peaynamopog (napamerpuszanuo fOna) B obmem ciy-
qae, axe Ul HeyCTOWIMBBIX 00heKTOB. [logcTaBuB (58) B popmyiy (54), momyyaem, yuuteiBas (57),
W(s)=[X () +V()Q(5)]U(s).

[Ipu cuHTE3€ MOKHO BBIOMPATH ycmotiuusyro npasuivhyro GyHkuuo O(s), mpu KOTOpoH mepe-
JaTo4yHble (PYHKIUU 3aMKHYTOW CUCTEMBI (110 BXOJY, IO BO3MYIICHHIO, [0 OMIMOKE) UMEIOT HY>KHbIE
CBOWCTBA, a 3aTEM BBIUUCIIATH MEpeIaTOUHYIO (DYHKIMIO PETYIATOPa, UcTIoNb3ys (58).

s nmpumepa paccMOTpUM CHOBAa HEYCTOMYUBBIM OOBEKT € MepeAaToyHod (yHKuuen

1
P(s)= e KOTOPYIO MOKHO 3amKcaTh B BUJIE
S —

U(s) 1 s—1
P(s)=——=, 1tme U(s)=——, V(s)=——.
(5) V(s) () s+1 () s+1
Pemennem ypaBraenus (57) MoxeT ObITh, HAIPHUMED, TaKast Mapa YCTONYMBBIX (YHKINH
X(s)= -2 y(e=53
s+1 s+1
ITpu BeIOOpEe O(s) =1 no Gopmyne (58) noaydaem

s+3

s+2
Teneps B npousBeaeHuu C(s)P(s) HET HUKaKUX COKpaIeHUH, CUCTEMA YCTOUYHNBA.

C(s) =
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3aknr4veHue

[IIar 3a maroM, Mbl paCCMOTPEIIN OCHOBHBIE ITOHATHUS KJIACCHYECKON TEOPHHM aBTOMAaTHYECKOIO
ynpasienus. Hy’kHO MOHMMATh, 4TO BBl IPOYUTANIN HE YUEOHHK, a HEOOIbIIOE BBEJICHNE, TIPU3BAHHOE
NO3HAKOMUMb C OCHOBHBIMH HMOHATHAMM M J1aTh oOliee MpeacTaBieHue o npeamMere. ToT, KTO cepbes-
HO coOupaercs U3ydaTb METObl TEOPUM YNPABICHMS U MCIOJNb30BaTh UX B CBOEH paloTe, MOIKEH
IPOJIOJIKUTh U3yUEHHE, B3SIB «HOPMAJIbHBIE» YUYEOHUKHU (CM. CIIMCOK JIMTEPATYpPbl), B KOTOPBIX 3TU U
JpyTHE BOMPOCHI H3JI0KEHBI 3HAUUTENBHO 00JIee CTPOro U HAY4HO.

3a paMKaMM ITOCOOHS OCTAIMCh MHOTHE TEMBI, C KOTOPBIMHU JIOJ’KEH ObITh 3HAKOM COBPEMEHHBIN
CIELHAJIUCT 110 aBTOMAaTUYECKOMY YIIPABICHUIO. JIOCTaTOYHO CKa3aTh, YTO Mbl PACCMOTPEIIH TOIBKO
JIMHENHBIE HENPEPBIBHBIE CUCTEMBI, TOI/IA KAK MPAKTUYECKN BCE PEAIBHBIE CUCTEMBI COAECPIKAT HEJIH-
HEMHOCTH M yHPaBJIAIOTCS LU(PPOBBIMU PETYIISTOPAMH, TO €CTh ABJISIOTCS HEMPEPBIBHO-IUCKPETHBIMH.

[Ipn mpoekTrpoBaHUM 0053aTEIBHO JOJKHBI YUYUTHIBATHCS ClIydallHble BO3IEHCTBUS, KOTOPbIE
He oOcyxaanuch B nocobuu. BHenpenue mu@poBbIX KOMIBIOTEPOB MO3BOJIMIIO MCIOIB30BaTh adan-
MuGHble CUCTEMBI CO CJIOKHBIMU aJITOPUTMAMU YIIPABIICHUS, TPEOYIOIMMHU OObEMHBIX BBIYMCICHUI.
Pa3BuBaroTCsA M HOBBIE KJIACCBHI CUCTEM, B KOTOPBIX IS YIPABICHUS UCIOIb3YETCS METObl UCKYCCT-
BEHHOI'O MHTEJUIEKTA U TEOPUN HEYETKUX MHOKECTB.

ABTOp OyZA€T CUMTaTh CBOIO 3a]1auy BBINOJIHEHHOH, €CIM YNTaTelb [IOYyBCTBYET B ceOe CUIIbI He
OCTAHOBUTHCS Ha JOCTUTHYTOM M MPOJOJIKUTH CaMOOOpa30BaHUE.
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