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BBEJEHHUE

Teopuss aBTOMATMYECKOT'O YIPABJICHUS SIBISETCS OCHOBHOH 0OmIenpodeccuoHanbHON
JTUCHUTIITUHON HarpaBJIeHUs MOATOTOBKU JTUIUIOMUPOBAHHOTO crenuaancra
"ABTOMaTU3UPOBAHHbIE TEXHOJIOTUHU U POU3BOACTBA".

OCHOBHOH 11€bI0 ABTOMATH3ALMM SABJIAETCA HCKIOYEHHE HENOCPEACTBEHHOIO Y4acTHs
4esloBeKa B YIPABJIEHUU MMPOU3BOICTBEHHBIMH MPOLECCAMH U APYTUMHU TEXHUUECKUMU 0ObEKTaMH.
B nacrosiee Bpemsi aBTOMaTH3alMsl TEXHOJIOTMYECKHUX IMPOILIECCOB MpEACTaBisieT co0oil oHO U3
BOXHEHIINUX cpeacTB pocTa SPQPEKTUBHOCTH MPOU3BOJCTBA, HWHTCHCHU(PHUKALUU Pa3BUTUA
HapOJHOTO XO03sdicTBa. TakuM oOpa3om, 3amada W3yYCHHUS nucuumuabl - "Teopust
aBTOMATUYECKOIO0 YIpPaBJIEHUA" COCTOUT B HM3YyUYEHUH OCHOBHBIX IPHUHILUIIOB IIOCTPOEHUSA U
(YHKIIMOHUPOBAHUS ABTOMAaTHUECKUX CUCTEM YIIpaBJICHUs Ha 0a3e COBPEMEHHBIX MaTeMaTUYECKHX
METOJI0OB U TEXHUYECKHUX CPEJICTB.

Jig u3yueHuss TEOpUM AaBTOMATUYECKOIO YIPABIEHUS JOJKEH IPUMEHATHCS CHCTEMHBIN
MOJAX0J1, TPEOYIOUINII pacCCMOTPEHHsI CUCTEMBI B €€ LIEJIOCTHOCTH, a HE MPOCTO ydyeTa (hakTopos,
BIIMAIOIINX HA COCTOSIHUE OTEIBHBIX 3JIEMEHTOB.

YyebHoe mocoOMEe HamMCaHO B COOTBETCTBUU C TpeboBaHMsIMH [ OoCymapCTBEHHOTO
oOpasoBarenbHOro craHgapra kypca "Teopus aBTomMaTHdeckoro ympamieHus". OCHOBHOE WX
COJIEP/)KAaHUE COCTABJSIIOT MaTeMaTU4YeCKOE ONMCAHME aBTOMATHUYECKUX CHCTEM, OCHOBBI
YaCTOTHOTO U CTPYKTYPHOTO METO/OB HCCIIEOBAaHUS CHUCTEM, YCTOWYMBOCTH, OOECIeYeHHE
YCTOMYUBOCTH, KAaueCTBO pPETYJIMPOBAaHUs, [APAMETPUYECKUM CHHTE3 JIMHEHHBIX CHUCTEM
ABTOMAaTUYECKOTO PETYIIMPOBAHUS.

1 OBIIAA XAPAKTEPUCTUKA OBFBEKTOB U
CUCTEM ABTOMATHUYECKOI'O YIIPABJIEHUA

1.1 KPATKHE UCTOPUYECKUE CBEJIEHUA

BriepBrie cBeneHust 00 aBTomarax MOSBWIMCH B Hayajge Hamied spbl B pabortax ['epona
Anekcannpuiickoro "lIlneBmatuka" u "MexaHuka", rae omMcaHbl aBTOMAThl, CO3JaHHBIE CaMUM
I'eponom u ero yumtenem KrecnOueM: mHEBMOaBTOMAT ISl OTKPBITHS JIBEpEH Xpama, BOASHOM
opras, aBTOMAr JJIsl IPOJAXXU CBATON BOAbI U ap. Mnen ['epoHa 3HAYUTEIBHO ONEPEIUIIN CBOU BEK
Y HE HallUIM IPUMEHEHUS B €r0 SIO0XY.

B cpennme Beka 3HAaYMTENbHOE pa3BUTHE TNOJNy4YWsiIa Tak Ha3biBaemas "aHapougHas"
aBTOMAaTHKa, KOIJla MEXAaHUKHU CO3Jalu PsAJl aBTOMATOB, MOJAPAXKAIOUIUX OTACIbHBIM ACHCTBUSAM
4eloBeKa, M, YTOOBl YCHUIUTH BICUATICHHE, M300peTaTenu NpUIaBaId aBTOMAaTaM BHEIIHEE
CXOJICTBO C YEJIOBEKOM W Ha3bIBAJIM WX "aHIPOUAAMH", T.€. YETOBEKOMOIOOHBIMH.

B XIII B. Hemenkuii ¢punocod-cxonact u anxumuk Anb0ept Gpon bonpmrant noctpous podot
JUTSL OTKPBIBAHMS M 3aKPBIBAHUS IBEPEH.

Becbma uHTEpecHbIe anapouasl Obutn co3nanbl B XVII — XVIII 8e. B XVIII B. mBelimapckue
yacoBmuku Ileep Jlpo u ero cblH AHpPU CO3MAJIM MEXAHUYECKOTO MHCIA, MEXaHUYECKOIro
xynoxxHuka u np. Ilpekpacubiii TeaTp aBTomMatoB Obul cozman B XVIII B. pycCKMM MeXaHUKOM-
camoyukoit KymuOunbeiM. Ero tearp, xpausuuiics B DpMHUTaXe, TOMEIICH B 'dacax SUYHOU
burypsr".

Ha py6exe XVIII n XIX BB., B 3110Xy MPOMBIIUIEHHOTO IEPEBOPOTA, HAUWHACTCS HOBBINA 3Tall
B Pa3BUTHHM aBTOMATHKH, CBSI3aHHBIN C €€ BHEJAPEHUEM B MPOMBIILUIEHHOCTh. [[0SBUINCH MEepBbIE
ABTOMATHYECKUE YCTPOMCTBA, K KOTOPBIM OTHOCSATCS perynsrtop ypoBHs I[lomynoBa (1765 r1.),
pPeryisTop CKOpOCTH MapoBod MamuHbl Yarra (1784 r.), cuctema mporpaMMHOrO YIpaBieHUs
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TkankuMm crtankom JKakkapa (1804 — 1808 rr.) u T.n. DOTUM OBIIO TMOJIOKEHO HAYAJIO
PErynsTOPOCTPOEHHUS.

B 1854 r. Belgatomuiicst pycCKuil MeXaHUK M 31eKTpoTeXHUK K. KOHCTaHTHHOB Npeanoxui
HCIIOJIb30BAaTh B MAPOBBIX MAIIMHAX "DJIEKTPOMArHUTHBIN PETYJIATOpP CKOPOCTU BpauieHus'", a A.
[makoBckuit B 1866 1. paspaboTan peryasTop, H3MEHSIONMNA T0Jady TOIUIMBA B TOTMKY
COOTBETCTBEHHO M3MEHEHUIO JaBjeHUs napa B kotie. B 1879 r. . BO3HAKOBCKHM | K.
BoponuHbIM BrepBble OBIT  OCYIIECTBJIEH TPHUHIMII HPEPHIBUCTOTO PETYIUPOBAHUA TpU
YIPABJICHUH MUTAaHUEM KOTJa BOJIOM.

Ecnu nepBbie perymstopsl ObUTH CBSI3aHBI ¢ TAPOBOM MAIIMHOM, TO CO BTOPOM MojoBUHBI XIX B.
CYILIECTBEHHYIO POJb B PETYIATOPOCTPOCHUU HAYMHAIOT UIPaTh MOTPEOHOCTH B AIIEKTPUYECKOM
ocgemieHud. Tak, B 60-e ronel B paborax B. UukosnaeBa BepBble ObUI MPUMEHEH JICKTPHUUECKHUNA
nsuratenb. A B 1874 T. OH NpemioKWJI M OCYIIECTBUI METOJ PEryJIUpPOBaHUA, COCTABIISBILUMA
OCHOBY COBPEMEHHOM 3JIEKTPOMAILIMHHOW aBTOMATHKHU.

OTOT HOBBIM IEPHOJ Pa3BUTHUS ABTOMATUKU — IEPUOJ PETYISITOPOCTPOEHUS, JUIMBIIMKICS
CBBIIIIE ITOJyTOpa CTOJIETUM, ChITPAJl OTPOMHYIO POJb B TEXHHUKE. B 3TO Bpems emie MeIJeHHO U
CMYTHO HaYMHAIOT (POPMUPOBATHCS BAXKHEUIITNE TPUHIIUIIBEI aBTOMATUKH: TIPUHIIUT PETYTUPOBAHUS
no otkioHeHWIo [lom3yHoBa-Yarra, pa3BUBIIMKCA B KOHIICHIIMIO OOpATHBIX CBS3EH; MPUHIIUI
pEryJINpOBaHUs MO Harpys3ke, MOCIYKUBIINI OCHOBOM TEOpUM MHBapUaHTHOCTU U 1p. Haumnas c
Kkypca mpodeccopa IlerepOyprckoro ynuBepcutera [[. YUmkoBa B 1823 r., Teopusi peryasTopos
BXOJIUT COCTaBHBIM 3JIEMEHTOM B KYPChl 1 MOHOTpaHH 10 MEXAHUKE U TTAPOBBIM MaIlIWHAM.

OOmias Teopusi peryysTopoB ObLIa pazpaboraHa, B ocHOBHOM, B 1868 — 1876 rr. B pabotax /l.
Maxcgemna u 1. Beinerpaackoro. OcHOBOIONAraloMMK TpyAaMy BeIIIHErpagcKkoro sBISOTCA:
"O0 obmeii Teopuu perynsaropo', "O perynasTopax HenpsmMoro aeidcTBus”. B aTux padorax MOXXHO
HalTH UCTOKM COBPEMEHHBIX HH)KEHEPHBIX METOJOB MCCIEAOBAaHUS YCTOMYMBOCTHM M KadyecTBa
peryinupoBaHHUs.

JlocToitHbIM TpopoipKateneMm Jena V. BeimHerpagackoro ObUT CIOBAallKMKA WHXKEHEp A.
Cronona, paboThl KOTOPOTO MOCBSIIEHBI UCCIIEJOBAHUIO YCTOMYUBOCTH psAZla CXEM PEryIUpOBaHuUs,
B YaCTHOCTH, HENPSIMOTO PEryJUpOBaHMUS C KECTKOM o0OpaTHOW CBs3pl0. B »3TOT e mepuon
chopMyIHpOoBaHbI anredpandeckue KpuTepuu ycroitunBoct Payca u I'ypBuiia.

BypHBIIi pOCT MPOMBIIUIEHHOCTH OTpPaXKaeTcsi M Ha pPa3BUTUHU PAabOT B 0O0IACTH TEOPUHU
perynupoBanusi. B konme XIX B. m nHawane XX cCTOJETHS CO3JAIOTCS HOBBIE BHUJIbI
AJIEKTPOMEXAHUYECKUX PEryJupyIoIuX MNpUOOPOB TakWe, Kak MPOrpaMMHBIE PETYJISTOPSI,
CIeNsIINe CUCTeMBl U CXeMbl KomMnayaupoBaHusi. Tak, B 1877 r. A. JlaBbijoB pa3paboTan mpoekT
IIEPBOM CIEHALICH CHUCTEMBI, COACPXKALICH JICKTPUYECKUE DIIEMEHTHI, IIPEAHA3HAYECHHOM Ul
ABTOMATUYECKOTO MPUIAHUS OPYAMIO0 HAJUIEKAIIEro yria BO3BBIIIEHUA B COOTBETCTBHH C
M3MEHEHHEM PACCTOSHHS 0 1eJIU, KoTopas Obliia mpoaeMoHCcTpupoBana B 1881 r.

B 1882 r. Ha [IpomMBbIIIIEHHO-XYI0KECTBEHHON BBICTaBKE B MOCKBE OBLI MOKa3aH MPOTOTHIT
COBPEMEHHOTO TPOTPaMMHOI0 peryisaropa, paspadboranHoro H. 3axapoBeiM. Jlo HacTosIero
BPEMEHH HCIIOJIB3YETCS NPUHLUI "YCTAHOBJIEHMS JIONYCTHUMBIX MPEIEIbHBIX 3HA4YCHHI
perynupyemoro napamerpa’, npemioxeHHsli B 1884 r. JI. ChHerypoBeiM. B 3TOT %€ mepuon
pa3BUBaETCA MapaMETPUUECKOe peryaupoBaHue: pazpadboranbl nuddepeHImanbHbii perymstop B.
YukoaaeBbIM U cXeMa KoMIayaupoBanus reaepatopoB M. JlonnBo-J{00poBoIbCKUM.

bonpmioe 3HaueHue 1 pa3BUTHS TEOPUH PETYIMPOBAHUS UMeENN HccienoBanus A. JlsmyHosa.
Ero tpyn, omybnukoBanHblil B 1892 r., "OOmias 3aqa4a yCTOWYMBOCTH IBHKEHUS" SIBUJICS BaYKHOM
BEXOH B Pa3BUTHHM TEOPUU YCTOMUMBOCTHU. B 3Toil pabore A. JIAmyHOB nam mepBoe B HCTOPHH
HAyKHd MaTeMaTUYEeCKH CTPOroe ONpeeNICHHE YCTOMUYMBOCTH JIBUKEHHUS, a TAKXKEe pa3paboTay /Ba
MeToAa pemieHuss 3amad = o0  yctoWumBocTH.  IlepBeIif 3akimtodaeTcs B OOOCHOBAaHMH |
YCTQHOBJIEHHH TOYHBIX TpaHUI] NPUMEHHUMOCTH aHalIW3a YCTOWYMBOCTH, OCHOBAaHHOIO Ha
TUHENHBIX nudQepeHnanbHbIX YpaBHEHUAX, @ BTOPOM MO3BOJIET UCCIEA0BATh YCTOMUYHUBOCTh HE
TOJILKO NpU OECKOHEYHO MalbIX OTKJIOHEHHUSIX — "YCTOHYMBOCTH B MajoM'", HO M IPU KOHEUHBIX
OTKJIOHCHHSX — "YCTOMYHUBOCTH B OOIBIIIOM".



Kpynusiit Bkinax B Teoputo BHec H. JKyKoBCKMiA, KOTOpPBIM co3fain TEOpUI0 OpOUTaIbHOMN
YCTOWYMBOCTHA Ha OCHOBE BapHAallMOHHBIX MPUHLHUIIOB JWHAMHKHU, a TaKKe AaJl MAaTEMaTH4YeCKOe
ONHMCaHWE IMPOLECCOB B UIMHHBIX TPYOONPOBOJAX, PACCMOTpPEN BIUSHHE CYXOrOo TPEHHUS B
peryisaTopax, HMCCIENOBAl HEKOTOpBhIE IPOLECCHl HMITYJIbCHOIO peryiaupoBanusa. MM Hanucan
nepBbIi pycckuit yueonuk "Teopus perynupoBanus xoga Mamun" (1909 r.).

K nagany XX B. u B NEpBOM €ro ACCATWICTHH TEOPHUs aBTOMATHYECKOIO PEryJWpOBAHUS
(bopmupyeTcst Kak o0Ias TUCHUIIIMHA C PAIOM MPHUKIAIHBIX pa3aesnoB. OCOOEHHO YETKO MBICIb O
TEOPUHU PETYIUPOBAHUS KaK JTUCHUIUIMHE O0IIETEeXHUUYECKOro XapakTepa mpoBoauTcs B padorax M.
Boznecenckoro (1922 — 1949 rr.) — pykoBoguTens OJHOW M3 KPYIHBIX COBETCKUX LIKOJI B 3TOU
obnactu, koTopbli B 1934 T. BmepBble BBIABHHYJ MPUHIUI aBTOHOMHOTO PETYJIHPOBAaHMS.
Bosnbmioit ero 3aciyroii siBisieTcst pazpaboTka o01Iero MeToaa pa3oueHus mpouecca peryaIupoBaHus
C HECKOJIBKMMHM PETYJIUPYEMBIMHU BEIUYMHAMU Ha PsiJi aBTOHOMHBIX ITPOLECCOB.

Crnemyer OTMETUTH PSI UHTEPECHBIX M300pETEHHIA 3TOTO nepuosa: Y CTpOWCTBO IS TOTyYEHHS
MIOCTOSIHHOTO TOKa C IMOCTOSIHHBIM HaMpsHKEHUEM IMPHU NEpEMEHHOM 4ucie 00opoToB reneparopa” K.
Hlendepa, "Croco0 MOBBIICHNST YyBCTBUTEIBHOCTH PETYIHMPOBAHHS Yucia 000poToB asurarens” B.
Bonomuna u M. Ilucapenko u ap. JlaHHBIA NEpUO TaKKE XapaKTEpU3YETCsS PA3BUTHEM BOIIPOCOB
aBTOMAaTHYECKOIO PETYIMPOBAHUS IPOM3BOJACTBA M PACHPEACICHUS DSJIEKTPUUYECKOM 3HEPrUH.
bonpmoe 3nadenne mmenu paboter C. JleGemeBa w II. flmanoBa B oOnacTh  yCTOMYMBOCTH
9HEPrOCHUCTEM.

B tpunuarsie ronsl XX B. cozpatotcs 6osee 3¢ (eKTUBHBIE METOIbI HCCIIEJOBaHUS, B YaCTHOCTH,
gactoTHble. [losBistorest pabotel X. Haiikeucra (1932 1.), comepikaiiue KpUTepUid yCTOHYMBOCTH
PAIMOTEXHUUECKUX YCHIIMTENCH ¢ 00paTHOW cBs3bio, 1 A. Muxaiinosa (1938 r.) "I"apmonnueckuii
METOJ] B TEOPUU PETYIMPOBaHUsA", KOTOPBIE BOILIM B MPAKTUKY B IOCIEBOEHHBIE roAbl. B 1946 1. I'.
bone u JI. Makkon BBenu jorapudmuueckre dacToTHble Xapakrtepuctuku. I'. bpayn, A. Xomn, /1.
KemnGenn, I'. Yectnat, B. Cool0BHUKOB 3aBEpILMIN Pa3pabOTKy YaCTOTHBIX METOJIOB CHHTE3a U
pacuera cuctem, npuaas UM Gopmy, yIOOHYIO 1715l UHKEHEPHBIX PACUETOB.

B 40 — 50 roas! pa3pabaTbiBaOTCs OCHOBBI TEOPUHU HEIMHEHHBIX CUCTEM, CI0XHOCTb KOTOPBIX
COCTOUT B OTCYTCTBHHM €IMHOTO OOIIEro MaTeMaTHYeCKOro ammapaTa. 3/1ech CleIyeT OTMETUTh
pabotel o ycroitunBoctd  A. Jlypee (1944 — 1951 rr.), A. Jleroa (1955 r.). 3aBepmaromum
STAamoOM »JTOTO HaIpaBlE€HUsS CUMTAeTcsl pa3paboTka Teopuu abCOTIOTHONW YCTOWYMBOCTH,
BeiBUHYTOU A. Jlypbe u B. IloctHukoBbiM (1944 1.), Gonee meranbHO CHOPMYTUPOBaHHON M.
Aiizepmanom (1949, 1963 rr.) m nOBeNEHHON 10 M3SAIIHOTO PEIICHUS PYMBIHCKMM YY€HBIM B.
[TonoBeim (1959 1.).

bonbuioe 3HaueHMe [UIs1 Ka4ECTBEHHOI'O WCCIIEAOBAHMS HEJIMHEMHBIX CHCTEM HMEIOT METOJIbI
(ha30Boi1 TIOCKOCTH M ()a30BOTO IMPOCTPAHCTBA, OCHOBBI KOTOPBIX 3aJI0KEHBI A. AHIPOHOBBIM U €T0
koot B 1930 — 1940 rr.

. LpmkuHbBIM pa3paboTaHbl OCHOBBI TeOpUHU peneiHbX (1955 r.) m umnynscHBIX (60-¢
roJbl) CHUCTEM C pa3nuyHbiMu Bugamu Moaymsauuu. H. KpsutoBeim n H. Boromo6ossim (1934 1)
pa3paboTaH METOJ rapMOHHYECKOro OanaHca JUIsl ONpeAeseHUs] MapaMeTpOB aBTOKOJIeOaHUN U
YCIOBU UX BOSHUKHOBEHHS.

B mocneBoeHHbIE TOABI TEOPUS ABTOMATHYECKOIO YIIPABICHHS DPA3BHBATIACH IUIOJOTBOPHO, M
YIIOMSIHYTh 000 BCEX HAMpaBIICHUAX U aBTOPaxX MPOCTO HEBO3MOXKHO. BOT HEKOTOpbIE U3 HUX: TEOPHUS
ABTOMAaTHYECKOTO DPErYJIMPOBAaHUS IO BO3MYLICHHIO, TEOpPHUs KOMIICHCALMM BO3MYILEHUM U
MHBAapUaHTHOCTH pa3pabotansl B Tpyaax I. [llunanosa, B. Kynebakuna, b. Ilerposa u ap.; NpHUHIHUIIEL
HKCTPEMAIBHOTO YIPABIEHHUS W TEOpUsl TOMCKa SKCTpeMyma paszpaboranbl B. KazakeBnuem. A.
Oenpadoaymom, A. KpacoBckuMm. B 3T e  TOIBI CO3MAIOTCS OCHOBBI TEOPUH ONTUMAIBHOTO
ynpasienus JI. [Toatparuasiv. A. JleroBeim, H. KpacoBckum u mip.

B Hactosiee BpeMsi 3Hau€HUME TEOPUM ABTOMATHYECKOIO YIPAaBJIEHUS IEPEPOCIO PaMKH
TOJNBKO TEXHHUYECKUX CUCTEM. /[MHaMHuuecKue ynpaBisieMble MPOLECCHl UMEIOT MECTO B JKHUBBIX
OpraHM3Max, SKOHOMMUYECKUX M OPraHM3AL[MOHHBIX YEJIOBEKO-MAIUIMHHBIX CUCTEMAX, UX BIUSHUE
CYIIECTBEHHO M OTKa3 OT HUX IIPUBOJIUT K KPYITHBIM ITOTEPSIM.



JlanpHeliliee pa3BUTHE W YCIOKHEHHUE CHCTEM aBTOMATHYECKHU IMPHUBEJIO K CO3/JaHHUIO
aBTOMATHU3UpPOBaHHBIX cucteM ynpasieHus (ACY) texnosnornueckumu mnpoueccamu (ACYTII),
npou3BogactBoM (ACVYII) u otpacisio (ACYO). Ilo uaeosioruu MNOCTPOEHUSI 3TH CUCTEMBI
JIOCTaTOYHO ONM3KU MeXay co0oi, XoTd (YHKIUMUM M TEXHUYECKHE CpEACTBa, Ha KOTOPBIX
peanusytotea 3tu ACY, XxapakTep pelraeMbIX 3a7a4 CyIEeCTBEHHO OTIMYat0TCS.

1.2 OCHOBHBIE IIOHATHUSA U ONPEIEJEHUA

3amagya aBTOMATH3AIlMd COCTOUT B  OCYIIECTBICHUHM aBTOMATHYECKOTO  yIIPABJICHUS
Pa3IMYHBIMU TEXHUYECKUMHU MPOIIECCAMHU.

Jro00#1  TEXHOJIOTMYECKUH TMPOIECC MOXKHO pACWICHHTh Ha psag  Oojee MPOCTHIX
HEpaBHO3HAUHBIX COCTABHBIX, HO CBSI3aHHBIX MEXIy c000il mporeccoB. B cBsiz3u ¢ 3TUM TOBOPST,
9TO B  TEXHOJOTMYECKOM TPOIECCe BBUACHSIOT pabouue onepayuu, T.€. JCUCTBHS,
HEMOCPEACTBEHHBIM PE3yIbTaTOM KOTOPHIX SBIsieTCS TpeOyemas oOpaboTka Marepuana, YSHEpPTrHH,
uH(hOpMaLIUU, U onepayuu ynpasieHus, 00eCIeUnBarOIINe MPUIAHIE B HY>KHBIE MOMEHTBI HYKHBIX
PEXUMOB, HaPaBIEHUH U T.II.

Paboune omeparuy COMpsKEHBI € 3aTpaTaMy SHEPTUH, M, €CIIM OHH BBIIOIHSIOTCS YEIOBEKOM, TO
Ha WX BBINOJHEHHE 3aTpaunBaeTcs ero (gusuyeckas cuia. Ha omepanuu yrnpapieHus: 3aTpauyuBaeTcs
WMHTEJUICKTYaAIbHBIA TPYJ 4YelIOBeKa, W OTH OmNepaluu TpeOyloT OompeaeNneHHOW KBaTu(uKam
WCTIOJTHUTEIIS.

3aMmeHa Tpyna YejoBeka B pabouMX omepanusx padoToil MalluH U MEXaHHW3MOB Ha3bIBacTCS
Mexanuzayuetl.

COBOKYMTHOCTh OIepalii yrpaBieHUs o0pa3yer mporiecc yrpaBieHus. Takum o0pazom, mop
ynpasieHuem TOHUMAIOT TaKyl0 OpPraHU3allMI0 TOTO WM MHOTO Ipolecca, KoTopas oOecredrnBaeT
JOCTIKEHUE OTPEICTICHHOM TEIH.

3aMeHa TpyJa 4ejoBeKa B ONEpaIUsaX YIpaBICHUS ACUCTBUSAMH TEXHHUECKUX YIPABIISIONINX
YCTPOMCTB  Ha3bIBaeTCsi asmomamusayueti. TeXHUYECKOE YCTPOWCTBO, BBHIMOIHSIONIEE OMNEpPaIHH
yrpaBiieHUs: 0e3 HEMOCPeACTBEHHOTO Y4acTHsl 4YellOBeKa, Ha3bIBACTCAd  d8MOMamuiecKum
YCMPOUCMBOM.

COBOKYMHOCTh TEXHMYECKHX CPEICTB, BBIMOJHSIOUIMX JaHHBIM IMpOLECC, SBISETCS 00beKmom
ynpasierus. COBOKYITHOCTh CPEICTB YIpaBICHUS W OOBEKTa 00pa3yeT cucmemy YnpasieHus.
Cuctema, B KOTOpPO# Bce paboure onepany U Onepaniy yrpaBieHHs BBIMOIHAIOT aBTOMAaTUYECKHE
YCTPOICTBa, Ha3bIBACTCS asmomamuyeckoli. CucreMa, B KOTOPOH aBTOMATH3HPOBAaHA TOJIBKO YacCTh
orepauui, Ipyras K€ WX YacTb COXpaHSAETCS 3a JIIOJbMH, HAa3bIBACTCS aA8MOMAMUSUPOSAHHOU
(uacmuuHo asmoMamuyecKoll).

YacTHBIM cilydaeM YIpaBlieHUs SIBISETCs perynupoBanue. [lpu perynupoBaHuM KOOPAMHATHI
mporecca (aBlIeHUE, TeMIlepaTypa, pacxoj, IMOJIOKECHHE W Tp.) TMOJICPKUBAIOTCA HA 33aJaHHOM
3HAYEHUH C MOMOIIBIO CIIEHHUATIBHBIX YCTPOUCTB — aBTOMATUYECKUX PETyasTOpoB. COBOKYIHOCTD
perymmpyemMoro o0beKTa U aBTOMATHUYECKOTO PETyJsTopa 00pa3yeT cucmemy asmomamuieckozo
peaynupoganus. OObEKThl PErylIUpOBaHMs U yIpaBIeHUs MO cBoel (huU3MUecKkol Mpupojae BechbMma
pa3HOO00pa3Hbl, HO MPUHIUIIBEI TOCTPOCHUS CUCTEM YIIPABICHUS M METOJIbI UX HCCIICIOBAHUS OJHU
U TE XKe.

JUis HArJasAHOTO CXEMaTHYeCKOro H300paKeHUs CHCTEMbl aBTOMATUYECKOTO YIIPABJICHUS
(perynupoBaHHMsi) HUCIOJIB3YIOT CTPYKTYPHBIE CXEMbI, B KOTOPBIX OTJEJIbHbBIE 3JIEMEHTBI CHUCTEMbI
M300paXkaroTCsl B BHUJIC MPSIMOYTOJIBHUKOB, a CBSA3H MEXKIY JIEMEHTAMHU — JIMHUSMHU CO CTPEIIKaMH,
MOKa3bIBAIONIMMHU HalNpaBlieHHe nepeaadn curana (puc. 1.1).



a) 0)
N

Puc. 1.1 IlpuMepbl CTPYKTYPHBIX CXeM:
@ — OIMH DIIEMEHT CHCTEMBI; 6 — HECKOJIBKO JIEMEHTOB CHCTEMBI

OCHOBHBIMH 3JIEMEHTAMH CHUCTEMBI aBTOMATHYECKOI'O PEryjIupoBaHusl ABJIAIOTCH OGBGKT )41
PeryIupyoIee YCTPOUCTBO (PETYIATOD).

u(r) a) lul(t) lun(t) 0)
x,(t) 50 Y (0) AT yi(0)
Obbext | o6wexr |1
Xal(t) - [ V()

Puc. 1.2 TIpumepsl u300paxeHusi 00beKTOB C BXOAHBIMH U
BBIXOJAHBIMHU CUTHAJIAMU:
a — OHOCBSI3HBIN — XapaKTepU3yeTCsl HaJTMYUEM BEKTOPOB, UMEIOLIUX 110 OAHOU
KOOpJUHATEe; 6 — MHOTOCBSI3HBIN — XapaKTepU3yeTCsl HECKOJIbKUMU
B3aMMOCBA3aHHBIMU KOOPpAWHATAMU

JIr000#1 BIEMEHT CHUCTEMBl XapaKTEPU3YeTCs BXOJHOW KOOpPAWHATON (cuUTHaoM) x(f) |
BBIXOJIHOM KOOpAMHATOM )(f), KOTOpas 3aBUCUT OT BXOJHOrO CUTHaia. B cBow ouepenb BXoaHas
KOOpJMHATAa MOXXET HOCHTh BO3MYIIAIONIMNA H YHNPaBISAIOMMKA (PETyJupyIOmUiA) XapakTep.
Bo3smymatomee BoznelcTBue  (BO3MYIIEHHE) Xy(f) BBI3BIBACT OTKJIOHEHUE  YIpaBIseMOM
(perynupyemoii) KOOpAMHATHI OT 3aJlaHHOTO 3HA4YeHHUs. YIpasisomee u(f) (perynmupymomee xp(f))
BO3JICHCTBUE CIYKUT A HNOAJEP)KAHUA YIpaBiIgeMoON (peryinpyemMoil) KoopAauHaTsl )(f) B
COOTBETCTBUH C HEKOTOPHIM 3aKOHOM YIPABJICHUS (TIOIAEPKAHUS PETYyIUPyeMOi KOOPAMHATHI Ha
3agaHHOM ypoBHe) (puc. 1.2).

OObekTamMu yIpaBleHUS SIBISIOTCA B TPOIECCAX XMUMHYECKOH TEXHOJIOTHMH — MEXaHHU3MBI,
MallMHbBl W ammnaparbl, B KOTOPBIX MPOTEKAIOT TEXHOJOIMYECKHUE IMPOLEcChl (M3MelbYeHHeE,
nepeMenIuBaiue, KpUCTAJUIM3alusl, CyIIKa MW JAp.); [POU3BOACTBA CEPHOM  KHUCIOTHI,
aBTOMOOMJIBHBIX IIUH M T.IL.; MPEANPHUATHS — 3aBOJbl, (HaOpUKHU U 1eJble OTPaciu — XUMHYECcKas,
HedTenepepabaThIBaroNIas U T.11.

1.3 IPUHIUIIBI PEI'YJIMPOBAHUA

[TepBbIit MPOMBINTUICHHBINA PETYIATOP, KaK YK€ TOBOPUIIOCH paHee, ObLT n300peTeH B 1765 1. U.
[Ton3yHOBBIM I CO3JA@HHOM MM IapoBOM MamuHbl. IIpuHUUNManbHasg cxema peryisaropa
npuBeAeHa Ha puc. 1.3.

3agauell peryjaupoBaHUs SBISETCS MOAJEpPKAaHUE B MapOBOM KOTJIE MOCTOSHHOTO YpPOBHSI.
Perynsarop mpeacraBisier cobol MOMIaBOK /, CBSI3aHHBIM CHCTEMOW DPBIYAroB C PETYIHPYIOMICH
3acinoHkor 2. Ilpu yBenw4eHUM YpOBHS TOIJIABOK IOJHUMAETCS BBEPX, B PE3yJbTaTe 4YEro
3aCTIOHKA  OITYCKAaeTCsl, MEepeKphIBasi TPYOONPOBOJ M YMEHbBIIAas Mojaady BOAbl B kored. [lpu
YMEHBUICHUN YPOBHS NOIUIABOK OITYCKAeTCsA, YTO MPUBOJUT K YBEJIWYEHUIO IOJA4YM BOJBI U,
CJIE0BATEIBHO, K ITOBBIILIEHUIO YPOBHS.



Puc. 1.3 Peryastop [on3yHoBa

IIpaktnueckn ogHoBpeMeHHO ¢ WM. Ilon3zyHoBbiM B 1784 r. JlxeiimMc YarT CKOHCTpyHpOBal
LIEHTPOOEKHBIN PETYIATOP Yrciaa 000pOTOB Bajla MapoBOi MaluHbl (puc. 1.4.)

*
%

Puc. 1.4 Perynarop Yarra

[Ipu w3MeHeHnn uyuciaa 0OOOPOTOB Baja TPy3bl [ TMOJ JEHCTBHEM IIEHTPOOEKHOW CHIIBI
U3MEHSIIOT CBO€ IOJIOKEHHE, YTO NPUBOAUT K IEPEMEIIEHUIO DPETYIMPYIOIIEro opraHa 2 H
M3MEHEHHUIO M0/Iayy mapa. DTO B CBOIO OYEpEb BBI3bIBAET U3MEHEHHE YKCclia 000POTOB Bajia, HO B
HaIpaBJICHWUU, ITPOTHBOIIOJIOKHOM HCXOJHOMY.

CpaBHUTENBHBIN aHAJIU3 PACCMOTPEHHBIX PETYISATOPOB MOKA3bIBAET, YTO 002 OHU MOCTPOEHBI
110 €AUHOMY IIPUHLIUITY, KOTOPBIM HAIJIAIHO MPOSIBIAETCS HA CTPYKTYPHOU CXEMe€, IIPEACTaBICHHON
Ha puc. 1.5

0)

Perynsatop Perymarop

Puc. 1.5 CrpyKTypHBIE CX€MbI CHCTEM PeryJTUPOBAHUSN:
a — Ilom3yHoBa; 6 — Yarta

B paccmarpuBaeMbIX IpUMEpPax OCHOBHBIMM 3JIEMEHTaMH CHCTEMBl aBTOMATHYECKOTO
peryJaupoBaHusl SIBISAIOTCS: OOBEKT — IAapoOBOM KOTEN M MapoBas MalldHa; peryaupyrolee
YCTPOHCTBO — TMOIJIABOK UM LEHTpoOexHas My(ra ¢ peryJupyroluMl  3aclIOHKaMH,

COOTBETCTBEHHO, B peryisaropax I[lon3zyHosa u Yarra.
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BbixogHble KOOpPAMHATHI, OHM K€ U PErylIHpyeMble MEpeMEHHble — ypOBeHb H M YHCIIO
000pOTOB 7; PETYIHUPYIOIINE MIEPEMEHHBIE — [T0/1a4a BOJbI B MApoBOl KoTesl — Gy U pacxojl mapa B
napoByl0 MamHy — Gy, BO3MYIIAIOIIKE BO3JIECHCTBUS — JaBlIeHHE TIapa B KOTJIE, pacXoJ] TOILINBA,
€ro TEIUIOTBOPHAs CIOCOOHOCTh B MEPBOM Cllyyae M BO BTOPOM — Harpy3ka Ha Bajy MapoBOM
MalIWHbI, 1aBJICHHUE Mapa B TpyOONpoBo/IE.

[IpuHIUI, MO KOTOPOMY MOCTpPOEHBI perynsaTopsl [lom3yHoBa m Yarra, COCTOUT B TOM, 4YTO
PETYyJSATOp M3MEHSET PErylIHpyIollee BO3ACHCTBHE MPU OTKIOHEHUH PETyIHpyeMOl MepeMEHHOM
OT 33/IaHHOT'O 3HAYEHHUs HE3aBHCUMO OT MPUYMH, BBI3BABIIUX 3TO OTKJIOHEHHE. Takum obpazom, B
3aBHCHUMOCTH OT 3HAUEHUS BBIXOJHOTO CHTHAJIa 00BEKTa PETYIATOP U3MEHSET €ro BXOJHOM CUTHAI.
Jniga  peanuzaluy  alropuTMa peryJupoBaHUsS B KOHCTPYKIIMIO CHCTEMBl BBOJAMUTCA CBS3b,
MOJIyYuBIIas Ha3BaHHE OOpPATHOM CBs3U, MOTOMY YTO MO HEM MPOMCXOAMT Iepeaaya CUrHajia C
BbIXOJla 00BEKTa Ha €ro BXOJ 0 HampaBieHUIO, OOpaTHOMY HAIpPaBJIECHUIO Mepeladyll OCHOBHOIO
BO37CHCTBUSL Ha 00BEeKT. OOBEKT W PeryasiTop o0pa3yloT 3aMKHYTYIO CHCTEMY, Ha3bIBaEMYIO
aBTOMaTH4yecKoi cucteMoii perynmuposanus (ACP). Ecnu curaan o6paTHOI CBSI3M CKJIaIbIBAETCS C
OCHOBHBIM CHUTHAJIOM, TO CBSI3b HAa3BIBACTCA MNONONMCUMENbHOU, €CIIM BbIUUTAECTCAd —
ompuyamenvHol. B aBTOMaTHYECKUX cUCTEMaXx YIpaBJeHUs CBSI3b BCET/la OTpUIIATEIbHA.

CxeMbI ¢ 00paTHOM CBSI3bI0 OCYIIECTBISIIOT ynpasieHue no omxionesuio (puc. 1.6) mokazarens
mporiecca — BEIXOJTHON KOOPJWHATHI )(f) OT 3aJJaHHOTO 3HAYCHUS Vsay; AY = V() — Vsaq — HA3BIBACTCS
OMKIOHeHUeM WIH OwUOKOU YIIPABICHUSI.

X OOBEKT | L

Perynsarop -

Puc. 1.6 CrpykTypHasi cxeMa peryJiHpOBaHHUs 110 OTKJIOHECHHIO

PaccmoTpenHast cucrema ympaBieHUsT C OOpaTHOW CBA3BIO OTHOCHUTCS K KIJIACCY CHCTEM
aA8MOMAMU4eCcKo20 pe2yiuposanus N0 OMKIOHEHUIO.

Takum 00pa3oM, aBTOMAaTHYECKOW CHUCTEMOIl pEryaupoBaHMsS IO OTKIOHEHHIO HAa3bIBAIOT
CUCTEMY, B KOTOPOH U3MEPSETCS OTKIOHEHUE PETYIUPYEMON BEIMYMHBI OT 33JaHHOIO 3HAYCHUS U
B 3aBUCUMOCTH OT HM3MEPEHHOIO OTKJIOHEHUs IIOJAETCA TaKOe BO3ICHCTBHE HA PETYIHUPYIOIIMMI
OpraH, KOTOpPO€ YMEHbBIIAET BEINYMHY OTKJIOHEHMSI TaK, 4To Ay — 0 mpu ¢ — .

Kpome perynupoBaHust 10 OTKIOHEHHIO BO3MOKEH JIPYroi crocod peryinpoBaHus — 3TO
peryaupoBaHue Mo BO3MYILIEHUIO UM KOMIIEHCAllUs BO3MYILeHUH. B 3TOM cityuae perynupytoiee
BO3/ICHICTBUE BHIPA0ATHIBACTCS PETYIATOPOM B 3aBUCHMOCTH OT BEIMYMHBI BO3MYILEHHsI. CHCTEMBI
PEryJIMpPOBAaHUS 110 BO3MYIICHHIO SIBIISIFOTCS PAa30MKHYTBIMU CUCTEMaMHU, TaK KaK B HUX
oTcyTCcTBYET oOpaTHas cBsi3b (puc. 1.7). Uaes sToro crocoba 3akia04aeTcs B TOM, YTO, €CITU MBI
CMOKEM KOMIIEHCHUPOBATh BCE BO3MYILIEHHUSI B CUCTEME, TO peryaupyeMas BeTudrHa He OyeT
OTKJIOHATHCS OT 33JJaHHOTrO0 3HaueHus. Ciaenyer 3aMeTUTh, 4YTO KOMIIEHCALUs JJOCTUTAETCS TOJIBKO
0 U3MEPSIEMbIM BO3MYIICHUSM.

PaccmarpuBaeMblii TpPUHIUI PETyIMpPOBaHUs BIepBble Obl1 mpemaoxken B 1830 T
¢dpanmy3ckum uHxeHepoM K. [ToHcerne npu pa3paboTke TeOpHUH MEHTPOOSIKHBIX PETYIATOPOB X042
MAIllMH M0 Harpy3Ke Ha Bally MAaIllMHBI, SBJISIOMIEHCS OJJHUM M3 OCHOBHBIX BO3MYIICHUN B 0OBEKTE,
HO pealn30BaTh CBOE MPEMVIOKEHHE Ha TMPAKTHKE €My HE yIaloch, TaK Kak JUHAMHYECKHE
CBOMCTBA MallIMHbBI HE I0IIYCKAJIN HETIOCPEICTBEHHOTO UCIIOIb30BaHUs IPUHIIMIIA KOMIIEHCALIUH.



Xp

Perynsitop |

Puc. 1.7 CrpyKkTypHas cxeMa peryJJMpoOBaHHUs 110 BO3MYILECHHIO

B 1940 r. Ob1 mpenyokeH TPUHIUI WHBAPUAHTHOCTH — JIOCTHKEHUE HE3aBHUCUMOCTH
yIpaBIsieMONd KOOPAMHATHI OT BO3MYIIICHHI, IPAKTHYECKAs peau3alus KOTOPOro Oblia MOTyvYeHa
TOJILKO B 50-€ Toanl.

Henmocratok cucteMm, MOCTPOCHHBIX MO0 MPHHIMIYY KOMIICHCAIIMM BO3MYIICHHN OYEBHJICH.
KomnencupoBaTh Bce BO3MOKHBIE BO3MYIIEHHS B 00BEKTE yIaeTcsl KpaiiHe peKo, a HaJuuue TaKuX
BO3MYIIICHUI KaK KoJieOaHWE COCTOSIHHS aTMoc(epbl, CTapeHHe KaTalin3aropa, OTJIOKEHUE COoJlel B
amnmapare, T.e. MPOU3BOJIbHOE M3MEHEHHE CBOWCTB O0BEKTa, BOOOIIE HE MOJUICKHUT KOMIICHCAIUH.
Hanpumep, omacHocTh ucmonb30Banus npuHImna [ToHcesne npu peryaupoBaHUN YPOBHS KHUIKOCTH B
€MKOCTH, KOT/Ia TPUTOK >KUJIKOCTH COOTHOCHUTCS C €€ PACX00M, 3aKJIF0YAETCs B TOM, UTO BCIIEJCTBHE
M3MEHEHHSI PACXOHBIX XapaKTePUCTUK BEHTHJICH Ha MPUTOKE M PACXOJIe, UCTIAPCHHS KHUIKOCTH, €€
JpeHa)xa | T.II., eMKOCTb MOKET MEPETIOTHUTHCS, JINOO OIyCTETh.

PerynupoBaHue 1Mo OTKIOHEHUIO JIMIIEHO ATOTO HEIOCTATKA, 3/IeCh KOMIICHCAIUS OTKIOHCHHUS
perynupyemMoil KOOpAUHATHI OT 3alaHHOM MPOUCXOAUT HE3aBUCUMO OT TOT0, KAKUMU NMPUIMHAMHU
BBI3BAHO 9TO OTKJIOHEHUE, HO BBHITIOJHUTH OJHOBPEMEHHO YCIIOBHS TOYHOCTH M OBICTPOACUCTBUS
TpyAaHo. YacTo TmOBBIIEHWE TOYHOCTH U OBICTPOJEHCTBUSL CHUCTEMBl TMPUBOAUT K €€
HEpabOTOCIIOCOOHOCTH.

Haubomnee >pdexTuBHBIME cHUCTEMaMu PETyJIUpOBaHMs SBISIOTCS KoMOMHHMpoBaHHBIE ACP,
couerarolye 0b6a paccMaTpuBaeMbIX npuHImmna (puc. 1.8).

B otux cucremax Haubonee CUIbHBIE BO3MYILEHUS KOMIIEHCHUPYIOTCS CHEIHATbHBIM
PETYIATOPOM, & KOHTYP PETYIMPOBAHUS IO OOPATHOM CBSI3U YCTPAHIET OTKIOHCHUS PETYIUPYEMOM
KOOpPJUHATHI, BEI3BAaHHBIE JPYTUMU BO3MYILICHUSIMHU.

Takum 00pa3oM, B OCHOBE MOCTPOCHMS CHUCTEMBbI aBTOMAaTHYECKOTO PETyJIMPOBAHUS JIeXKAT
oOme ¢yHIaMeHTalbHblE MPUHLUIBI PErYIUPOBAHUS, OIpeAeNsione, KakuM o0pa3oM
OCYILECTBIISIETCA MOAAEP)KAHUE PETYIUPYEMON BEIMYMHBI Ha 33JaHHOM YPOBHE B COOTBETCTBUU C
MIPUYMHAMU, BBI3BIBAIOIIMMH €€ OTKJIOHEHHE OT 3TOT0 YpoBHSA. B Hacrosiee Bpemst U3BECTHO U

Xp

Perynsrop 2 [«

OO0BEKT

Perynsrop 1

Puc. 1.8 CrpykrypHas cxema koMOMHMpPoBaHHOII ACP
UCTOJNB3YIOT J1Ba (PyHIAMEHTAIbHBIX MPHUHIMIA PETYIUPOBAHUS: NPUHYUN Pe2YIUPOBAHUSL NO
OMKIOHEHUIO N NPUHYUN Pe2YTUPOBAHUS NO BO3MYUJEHUIO.

1.4 IIPUMEPBI CUCTEM ABTOMATHUYECKOI'O
PET'YJIMPOBAHHMS B XUMHUYECKOM TEXHOJIOTI' A

IIpumep 1 PerynupoBanue TemnepaTypsl MPOAYKTa B KOKYXOTPYOUaTOM TEIIIOOOMEHHUKE.
10



ITokazarenem > PEKTUBHOCTH PETYIUPOBAHUS SBISIETCS MOJICPKAHUE TEMIIEPATYPhl MPOIYKTa

Ha BBIXOAC U3 TEIUIOOOMEHHHUKA Ha 3aJaHHOM YpPOBHC€.

B paccmarpuBaeMoM mpuMepe TeMIleparypa IIPOAYKTa SBIISIETCS BBIXOAHOM DEryIMpyeMOH
koopauHaToi. CTaOMIN3alKI0 TeMIIEPaTyphl JIETKO OCYIECTBUTh, MCIIOIb3Yysl B KaUeCTBE BXOAHOTO
PETYIAHMPYIONIETO BO3ACHCTBHS pacxoja ropsuero terioHocutens Gr, (puc. 1.9). Anamu3 oObekra
[IOKA3bIBAET, YTO YCTPAHUTH OOJIBIIYIO YacTh BO3MYIIAIONIMX BO3JEHCTBUH HEBO3MOXHO. B cBs3M ¢
9TUM NpEeIJIaraeTcsd CHCTEMa pPETYIMPOBaHUS 10 OTKJIOHEHHUIO TEMIIEpaTypbl IMpPOAYKTa IIyTeM

* [ponyxr a)

HU3MCHCHUA pacxoJa ropsaucro TCrjI0OHOCUTEIIA.

Temmonocurens
HcnonautenbHbIN
MeXaHU3M |
Tepmonapa
Perynsarop

Temmonocurens

* [ponyxr

Perynsatop

0)

Puc. 1.9 Cucrema peryJupoBaHusi TeMIIepaTypbl NPOAYKTA
B TEIUIOOOMEHHHKe:
@ — TeXHOJIOTUYECKas CXeMa; O — CTPYKTypHasi cxema

IIpumep 2 PerynupoBaHue JaBieHUs B BEpXHEH YaCTH PEKTH(PHUKAIIMOHHON KOJOHHBI.

11



Bosnyx

Perynsarop
JTaBJIeHUs

—

— —>
¥

Juctumnsat

: o0

Perynsrop

Puc. 1.10 Cucrema peryiupoBaHusi 1aBJIeHHsS] B BepXHeH 4acTH KOJIOHHBI:
@ — TEXHOJIOTUYECKas CXeMa; O — CTPYKTypHas cxema

B BakyyMHBIX pEKTH(HUKAIMOHHBIX KOJOHHAX JaBieHue (paspsukeHue) OOBIYHO
perynupyeTcs ©3MEHEHUEM Mo/1ayl BO3yXa WJIM UHEPTHOIO ra3a B JIMHUIO MEXAY AedlierMaropoM
U TapoBbIM (BOAsSHBIM) 3kekTopoM (puc. 1.10). 3gecy perynupyemMoil BEITWYMHON SBISAETCS
paspspKeHHe, a peryJupyromeil — pacxo/l Bo3ayxa.

B paccMOTpeHHBIX CllydasiXx CTPYKTYPHBIE CXEMbI CHCTEM aBTOMAaTHYECKOI'O PEryJIHpOBaHMS
HOCAT YNPOIIEHHBIH XapakTep. B moboii peanmpHOit ACP MOXHO BBIIEIUTH CIEAYIOIINE
COCTaBHbIE JJIEMEHTBHI: OOBEKT PpEryJIMpOBaHMs, UYYBCTBUTEIBHBI JJIEMEHT (Hampumep,
TepMoIapa), YCHUJIUTEIbHO-NPe0oOpa3oBaTeIbHOE YCTPOIMCTBO, PEryjiasTOp, HUCHOJIHUTEIbHBIN
MEeXaHu3M (Hampumep, MeMOpaHHBIM HCIOJTHUTEIbHBIH MEXaHU3M), PETyIUpPYIOLIHi OpraH
(mammpumep, 3acionka). [lomHas cTpykTypHas cxema u3zoOpakeHa Ha puc. 1.11.

‘x};

X Y
4’%’ OOBEKT { >
r - - I |
Perynupy- [ : Hatank
FOTITHIA : YyBcTBUTEND- ||
oprax | | HBII 25IEMEHT :
[} : |
m | A :
CITOJTHU - I
. | [Mpeobpazo-| |
TEeJBbHBIN | BATONE |
MEXAaHU3M | T '

f— Perymsarop 4—(;4— 3anaTuuk

Puc. 1.11 CrpykrypHas cxema ACP
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B panpHedmieM HMCHONB3YIOTCS TOJIBKO YIPOLIEHHBIE CXEMBbl, YCIOBHO OTHOCS JaT4UK
(4yBCTBUTETHHOM 3JIEMEHT), IPe0oOpa3oBaTelb, UCTIOHUTEIBHBI MEXaHU3M, PETyIHPYIOIIUI OpraH
K 00wekTy. [lomoOHOe yrpolneHue OOBICHSAETCS TEM, 4YTO XapaKTEPUCTHKH JaTdyuka W
PETYIIMPYIONIETO OpraHa ¢ MCIOJHUTEILHBIM MEXaHH3MOM, YCTaHABIMBAEMBIX HEMOCPEICTBEHHO Ha
00beKTe, He U3MEHSAIOTCS B MPOLIECCE IKCIUTYaTallui CHCTEMbI M YUHTBHIBAIOTCS TIPH MPOSKTHPOBAHUU
ACP BMecTe ¢ XapaKTepUCTHUKaMHA 00BEKTA.

1.5 KJACCUPUKALUA CUCTEM
ABTOMATHYECKOI'O YIIPABJIEHUA

Bce cumcreMbl aBTOMATHUYECKOTO YIPABICHHUS W PETYIUPOBAHUS JETATCS IO Pa3TMYHBIM
MpU3HAKaM Ha CIIEYIOUIIE OCHOBHBIE KJIACCHI.

1 Tlo ocHOBHBIM BHJIaM YpaBHEHUI TMHAMHKH MPOIIECCOB YIIPABICHHS:

a) IMHEWHBIE CUCTEMBI;

0) HeITMHEWHBIC CUCTEMBI.

2 B 3aBucumoctd OT KO3((PHUIIMEHTOB ypaBHEHHI M BUJa YPABHCHHH KaK JIMHEHHBIC, TaK U
HEJTMHEWHBIE CHCTEMBI MTOAPA3IEISIFOTCS Ha:

a) CHCTEMBI, OIMChIBa€MbIe OOBIKHOBEHHBIMU JU(DPEPEHITNATHHBIMI YPAaBHEHUSAMH C
MOCTOSIHHBIMH KO3 (HUIIMEHTAMH;

0) cHCTEeMBl, OINKCHIBaEMbIe OOBIKHOBEHHBIMH U] GEpeHIINATPHBIMU YPAaBHEHUSIMH C
NEPEMEHHBIMH KO3 PUIIEHTAMH;

B) CHCTEMBbI, OITUCHIBAEMbIE YPAaBHEHUSMHU B YACTHBIX MTPOU3BOIHBIX;

T') CUCTEMBI C 3ala3/[bIBAHUEM, OTHCHIBAEMbIC YPABHEHHSIMHU C 3aI1a3/IbIBAIONIUM apTyMEHTOM.

3 TIlo xapakTepy MpeaCTaBICHUSI CUTHAJIOB Pa3JIMYaloT:

a) HeMIPEepPhIBHBIE CUCTEMBI;

0) AUCKPETHbIE CUCTEMBI, CPEIU KOTOPBIX BBIACISIOT HUMITYJIbCHBIC, peieiiHbIe, TN POBLIE.

4 Tlo xapakTepy MPOLECCOB YIPaBICHUS:

a) IETePMUHUPOBAHHBIE CUCTEMBI — CUCTEMBI C ONPEIeIEHHBIMH TEPEMEHHBIMU U MPOIIECCAMU;

0) CTOXaCTHYECKHE CUCTEMBI — CUCTEMBI CO CITYYaiiHBIMU MIEPEMEHHBIMU U TIPOIIECCAMH.

5 Tlo xapakrepy (pyHKITHOHUPOBAHHS.

B 3aBHCHMOCTH OT TOTO, IO KaKOMY 3aKOHY MU3MEHSETCS 3aJaHHOE 3HAUYCHHUE PEerylupyeMoi
BEJIMYMHBI, CHCTEMbI aBTOMATHYECKOTO YIIPABIECHUS NOIpa3AeaioTcs Ha:

a) CHCTEMbI CTaOWIHM3AIUH, TOIICPKUBAIOIINE TTOCTOSHCTBO PETYIUPYEMOW BEIUYHHBI, T.C.
y3a£l(t) = const;

0) cucTeMBI MPOTPAMMHOTO PETYIUPOBAHUsS, B KOTOPHIX 33/JlaHHOE 3HAYCHHE PETYIUPYEeMOM
BEJIMYMHBI U3MEHSETCS 10 ONpeesIeHHOM 3apaHee BPeMEHHOI porpamme;

B) CIIESIINE CUCTEMBI, B KOTOPHIX 33JJaHHOE 3HAYCHHE PETYIUPYEeMOU BEIHUYNHBI U3MEHSICTCS
B COOTBETCTBUU C COCTOSIHHEM HEKOTOPOTO 33/IaHHOTO BEKTOpa MEPEMEHHBIX BO BPEMEHU;

I') CUCTEMbI ONTHMAJIBHOTO YIPABJICHHUS, B KOTOPBHIX IMOKa3aTelnb 3(PPEKTUBHOCTH 3aBHCUT HE
TOJILKO OT TEKYIIUX 3HAYeHHUH KOOpAHMHAT, KaK B AKCTPEMAIBLHOM PETyJUpPOBAHUU, HO TAaKXKE OT
XapakTepa WX H3MEHEHHUS B IMPOIUIOM, HACTOAIIEM W OyaymieM, W BBIPAXKAeTCS HEKOTOPHIM
¢bynkuronagoM. HaxoskneHue ONTUMAaNbHOTO YHpPaBiICHUS IPENNoJaraeT pelieHUue JI0CTaTOYHO
CJIO)KHOM MaTeMaTH4eCKOW 3a/auyd COOTBETCTBYIOLIMMH METOJAMH, KPOME TOTO OPraHHYECKOU
COCTaBHOM YacCThIO CUCTEMBI SIBJISIETCS] KOMITBIOTED;

1) aJanTHBHBIE CHCTEMbI, B KOTOPHIX aBTOMATUYECKH W3MEHSIOTCS 3HAYCHUS Vi
COOCTBEHHBIE MTapaMeTPhl WM CTPYKTYpa MPHU HETPEABUACHHBIX H3MEHEHUSIX BHEITHUX yCIOBHM Ha
OCHOBAaHWHW aHaJM3a COCTOSHUS WM TOBEJCHHUS CUCTEMBl TaK, YTOOBI COXPAHSIIOCH 3aJaHHOE
KauecTBO ee paborhl. CHCTEMbl ¢ M3MEHEHHEM 33JaHHOTO 3HAYEHHs] PEryIupyeMON BEIHYUHBI
HA3bIBAIOT DJKCTPEMAlTbHBIMH, C W3MEHEHHUEM I[apaMeTpOB — CAMOHACTPAUBAIOIIUMHUCS, C
HW3MEHEHHUEM CTPYKTYPhl — CAMOOPTaHU3YIOUTUMHUCS.
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1.6 TPEHUPOBOYHBIE 3AIAHUSA

1 Ha puc. 1.12 nu306pakeH 00BbEKT C BXOJIHBIMU U BBIXOJIHBIMU CUTHAJIAMH.
A Yro Takoe 00BeKT yrpaBneHus? [puBeanTe KOHKPETHBIN IpUMeED.
B Kakue BHEIIHNE IEPEMEHHBIE SIBISIOTCSA YIPABISIOIIUMA?
C Kakas nepemMeHHasl ABJIETCS YIIPaBJIIeMON IEPEMEHHON?

Xp1 () l“l(t) : i“n(t)

| - 210)
.| OObekr |-
XB[(f) I. " ) ym(t)

Puc. 1.12 O0BeKT

2 Ha puc. 1.13 uzo0pakeHa CTpyKTypHasi CXeMa CUCTEMbI aBTOMAaTHUECKOTO PEryJTUPOBAHHS.

Xg

PerynsTop 2 (=

Perymsrop 1

Puc. 1.13 Crpykrypnas cxema ACP

A Kaxue npuHIMIIBI peryanpoBanus peanu3oBansl B CAP, n3obpaxennoii Ha puc. 1.13?
B UYto 3HAaYUT peryaupoBaHHe MO OTKIOHEHUIO?

C Kakas cucrema perynupoBaHus sBiseTcs: Hanoosnee 3(h(HeKTUBHOM?

3 Ha kakue OCHOBHBIE KJIACChI AEATCS CUCTEMbI aBTOMaTHYECKOIO PETYIMPOBAHUSA?
A K kakoMy KJj1accy OTHOCUTCS JIMHEHasA cuctema’?

B Ha xakue nmoakiaccsl AeIUTcs Kiace "xapakrep GyHKIHOHUpoBaHuUs"?
C Yro mpexacraBiseT co00i Kinace "XxapakTep Mmojayd CUrHajaoB"?

1.7 TECT

1 Kakoii mpouiecc Ha3bIBaeTCsl MEXaHU3auen?
A COBOKYNHOCTH ONepanuid ynpaBaeHHUs.

B 3amena Tpyna yenoBeka B pabouyHMX onepanusx paboToi MalIMH U MEXaHU3MOB.
C 3amMeHa TpyJa 4eJIOBEKa B ONEPALUAX YIIPABICHUSA.

2 Cucremy yrpaBieHUs 00pa3yroT:
A COBOKYITHOCTb CPECTB YIIPaBJICHUS U 00BEKTA.
B CoBOKYNHOCTb CPEJICTB YIIPABIICHMUS.
C OOBeKT ynpaBIlIeHHS.

YeM xapakTepu3yeTcst 1000 3JIEMEHT CHCTEMBbI?
A BxomHo# KOOpAUHATOM.



B BbIXOgHON KOOPAUHATOM.
C BxoJHOI U BBIXOJHOW KOOpJAUHATAMH.

4 Kakoil mpUHLIMI PEryIHpOBaHUs ObLI peayn30BaH B MEPBOM MPOMBIIIEHHOM PETYISITOpE
YPOBHsI B KOTJIE IMApOBOM MaIuHbl, n300peTeHHoM . [Toa3yHOBBIM.
A PerynupoBanue "0 OTKIOHEHUIO".
B PerynupoBanue "o BO3MyILIEHUIO".
C KoMOMHHMpOBaHHOE PETYIHPOBaHUE.

5 Kakas cucteMa peryampoBaHMs Ha3bIBAE€TCSI aBTOMAaTHUYECKOM ?
A Bce paboune omnepanuy M ONEpalMd YIPABICHHUS BBIIOJIHIIOT aBTOMAaTHYECKHE
YCTPOMCTBA.
B Yactp onepanuii ynpasieHUs BBIIOJHAKT aBTOMATHYECKUE YCTPOMCTBA, IPYIYIO 4acTb
BBITIOJIHAET YEJIOBEK.
C PaGoume omepanuu BBITOJHSIOT MAIIMHBI U MEXaHM3MBI, a ONEpAIMH YIPABICHUS —
YEIIOBEK.

6 JleTepMUHHPOBAHHBIE CUCTEMBI YIIPABICHUS OTPAKAIOT:
A XapakTep oJa4y CUTHAJIOB.
B Xapaxkrep nporuecca yrnpaBiIeHuUs.
C Xapaktep QyHKIIMOHUPOBAHHUS.

7 Tlpm xnaccudukay CHUCTEM YIPaBICHHUS IO XapakTepy (PYHKIMOHUPOBAHUSA CHCTEMa
aBTOMATHUYECKOTO PEryJIMPOBAHUS MOXKET OBITh:

A CucreMoil IpOrpaMMHOI'O PETYIUPOBAHUS.
B Cucremoli ¢ pacnpeieIeHHBIMU TapaMeTPaMHU.
C CroxacTu4ecKol CUCTEMOM.

8 CrucreMa aBTOMaTHYE€CKOW CTAOMIIM3aIIMN — ATO CUCTEMA, B KOTOPOHU TIOIICPKUBACTCSI:

A Ysan(f) = const.

B ysan(t) = A0).

C Ysan =fx).

9 Ilo OCHOBHBIM BHJaM YpPaBHCHUM JWHAMUKHA TIPOLIECCOB YIPABICHHUS CHCTEMBI

MOAPAa3ACNAIOTCS Ha!

A HenpepbIBHBIE U JUCKPETHBIE.

B JletepMHUHUPOBAaHHBIEC U CTOXACTUYECKHUE.

C JluHeiHbIE U HETTMHEHBIE.

10 B onTuManbHBIX CHCTEMax yIpaBiIeHUs MOKa3aTenb 3(HEKTUBHOCTH 3aBUCHUT OT:
A Tekymux 3Ha4eHUN KOOpPJIMHAT.

B Tekymux 3Ha4YeHU KOOPAMHAT, a TaKXXE XapakTepa HX HU3MEHEHHUS B MPOLLIOM,
HACTOSIIEM U OyTyIIeM.
C CoOCTBEHHBIX TAPAMETPOB CUCTEMBI HUIH CTPYKTYPBI.
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2 PEI'YJISAPHBIE CUT'HAJIBI U
X XAPAKTEPUCTUKHU

B Teopun aBTOMaTH4ECKOro ynpapi€HUs MPHU PACCMOTPEHUHU TEX WM UHBIX CUCTEM HUMEIOT
MECTO pa3JIMYHbIE BO3ACHCTBUA W CUTHAIBI. AHAJIW3 M CHUHTE3 KOHKPETHBIX ABTOMAaTHYECKHX
CUCTEM CYIIECTBEHHO YIPOILIAETCs, €CIU I0JIb30BaThCsl pPa3pabOTaHHON TUNU3aLMENd STUX
BO3JICUCTBUM M CHUTHAJIOB. MaTeMaTHM4eCKUM NPENCTABICHUEM CHUTHAJIOB SBISETCA HEKOTOpas
(GyHKLMS BpEMEHH, OIpENeNIonas 3aKOH €ro M3MEHEHHs, 3aJ0KEHHBbI B HEM HE3aBHCHUMO OT
¢usnyeckoit mpupoabl. B 3aBUCHMOCTH OT XapakTepa M3MEHEHHUS CHTHajla BO BpeMEHH, (pOpMEI
MaTEMaTHYECKOI0 MPEJICTaBICHUS  pa3InyaroT peryispHele — JI€TEpPMUHHUPOBAHHBIE U
HEPETYISIPHBIE — CITyYalHbIE CUTHAJIBI.

2.1 OHNPEJEJIEHHUE PEI'YJISIPHOI'O CUT'HAJIA

Curnan Has3bIBaeTCAd pPETYJSIPHBIM, €CIM €r0 MaTEeMAaTU4YEeCKUM IIPEACTABICHUEM SIBIIETCS
3apaHee 3afaHHas (DYHKUIUS BpPEMEHH, T.€. OH OIMCBHIBACTCS KOHKPETHOW (YHKIMEH BpEeMEHH.
PeanbHbIll € CUTHAJI pacCMAaTPUBACTCS KaK CIIydalHBIM IIPOLIECC, ONPENEISIEMbI BEPOSATHOCTHBIMU
XapaKTEPUCTUKAMH, TaK KaK HENb3s 3apaHee NPEABUIETh €r0 M3MEHEHUE BO BPEMEHH.

BelpaskeHne peryisipHOro CUrHajia, OIpeieIeHHOTO (GYHKIMENH BPEMEHHU, Ha3bIBAIOT GPEMEHHbIM
npeocmasieHuem cuenara. dopma 3anmucu 3TUX QyHKIMA paznmuuHa. OpgHOW W3 ¢GopM 3amucu
SBJIACTCSL MPEACTABICHUE B BUIEC TPUTOHOMETPUUYECKOIO PsAd, KaXKIbI WIEH KOTOPOIO SIBIIAETCS
npocTeiiel rapMOHHUYECKOH (YHKIMEH BpeMEHH — KOCHHYC WM CUHYC. DTH (YHKIMH TOTYYHIN
Ha3BaHUE 2APMOHUK, KaXJas M3 KOTOPBIX XapaKTepU3yeTcs aMIUIMTYHOH, 4acToToM M (a3oil.
MHOXECTBO aMILIMTYJ, 4acTOT U (a3 HA3bIBAIOT CHEKMpOM paccMaTpuBaeMoil (QYHKIMM BPEMEHHU.
[lonoOGHOe mpencTaBieHUWE CHUTHajda HA3bIBAETCS 4YAaCTOTHBIM. BpeMeHHoe M 4acTOTHOE
IIPEACTABICHUS CUTHAJA COBEPLIEHHO a/1eKBaTHbI. BBIOOp TOro MM MHOrO MpeICTaBIEHHS 3aBUCHUT
OT OCOOCHHOCTEH M MTOCTAHOBKH paccMaTpUBACMOM 3a1auu.

2.2 OCHOBHBIE THUIIBI PET'YJISAPHBIX CUT'HAJIOB.
INEPUOJNYECKUE U HEITPEPBIBHBIE CUI'HAJIbBI

K OCHOBHBIM THIIaM DETYJISPHBIX CUTHAJIOB OTHOCATCA IICPUOAMYECKUMN, II0YTH
MEePUOIUYECKUN U HENEPUOANYECKUI CUTHAJIBI.

[lepuonuyeckuil CUTHAI TMPENCTaBIsET COOOH (YHKIMIO BPEMEHH, YIOBIETBOPSIOIIYIO
YCIIOBUIO

f@O=s5a+T1), 2.1)
)

' >
T |, T t

< » »

Puc. 2.1 Ilpumep nepuoanyeckoi GpyHKIUH

rae ¢ — a000i MOMEHT BPEMEHHM Ha HWHTEpBale -w<t<ow; 1 — HEKOTOpas MOCTOSHHAasS —
HaWMEHBIIMN KOHEYHBIM MPOMEXYTOK BPEMEHH, YAOBICTBOPSIOMUN ycioBuiO (2.1), Ha3bIBaeTCs

nepuoioM GpyHKIHH f(f).
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[lepuonnueckas ¢yHkuMs f(f) OODKHA OBITH W3BECTHA TOJIBKO B TpeAeiax IPOMEXKYyTKa
BpEMEHH, paBHOro mnepuony 7, Jnanee OoHa B TOYHOCTH MOBTOPSIETCS Ha MPOTSHKEHUHM KaXKIOTrO
nepuoja.

[Tepuoanueckuii curHan (U3UYECKH HEOCYIIECTBUM, TaK KaK peajbHBbI CUTHAI HE MOXET
MPOAOIDKAThC OECKOHEYHO, OH MMEET Havajao U KoHel. OHAaKO B TEOPETUYECKUX MCCIIETOBAHMIX
MOHSTHE MEPUOIUYECKOT0 CUTHANIA UCTIOIB3YeTCS UIMPOKO U JaeT pe3yabTaThl, COOTBETCTBYIOIIHE
HaO0JII0aeMBIM B IEHCTBUTEIHHOCTH.

[lepuoanueckast GyHKIMS MPOU3BOJBLHOTO BHJA, YIOBIETBOpsAOmIas yciaoBusM Jupuxie:
OTpaHMUYEHHAs] KyCOYHO-HENPEPBIBHAS, MMEET KOHEUHOE YUCIIO PKCTPEMYMOB Ha MEPUOJE, MOYKET
OBITH TIPEJCTABIICHA PSIIOM

=22 S 4, cos(nor —,) (2.2)

n=1

rae Ay — MOCTOSIHHASA COCTaBIsIIOIast, A, — aMIUIUTYa; ®, = 1 ® — 9acTOTa; ¢, — HadanbHas ¢aza
n- TapMOHUKH.

Takum oOpa3oM, mepUOAMYECKUN CUTHAJI MOXHO paccMaTpHUBaTh KakK pe3ylbTaT HaJIOKEHUS
JpYT Ha Apyra 0ECKOHEUYHOT0 KOJIMYECTBAa TAPMOHHK M ITOCTOSTHHOM COCTABIISIOMICH.

[Toutn mepuOAMYECKUN CUTHAT TPEACTABISAET COO00W (PYHKIIMIO, COCTOSIIYI0 M3 CYMMBI
rapMOHUYECKUX COCTABJISIIOIIUX C MPOU3BOJBHBIMU yacToTamu. [Ipu yrpaBieHUU TeM WM UHBIM
MPOLIECCOM BCTPEYAIOTCSI CHUTHAIBI, YacTOTbl KOTOPBIX HE HAXOIATCS B MPOCTBIX KPATHBIX
COOTHOLIEHUSX, YTO U MPENONpPENesseT HCIOJb30BAHUE IIOYTU NEPUOAMYECKUX CHUTHAJIOB.
OCHOBHBIM CBOMCTBOM TOCTEAHUX SBJISETCS TOT (PAKT, YTO JUIsI HUX MOXET OBITH OMpesesieH
NPUOIKEHHBIH 1epuo (IOYTH IepUoN).

Henepuoanyeckum  CHUTHAJIOM  HA3bIBAETCA  PETYISPHBIA  CUTHAJN,  ONpPEAeSIsieMbIN
Henepuoandeckor (GyHKIMeH, 3aJaHHON B Mpe/iesaX KOHEYHOTO (f <t <t,) WIH IOJTyOECKOHEYHOr O

(t; <t <o0) IPOMEXKYTKA BPCMEHHU, BHE

A0

N,

4 Lt

Puc. 2.2 Tlpumep HenmepuoOAMYECKOr0 CUTHAJIA

KOTOpPOTO OHA TOXAECTBEHHO paBHa HY/t0. Dopma curnana MoxkeT ObITh MPAKTUYECKH JTI000H.

Henepuoauueckuii CUTHaI MOXHO TPEACTaBUTh NEPUOIUYECKON (YyH-KIMEH BpeMEHH C
OCCKOHEYHO OOJIBIIUM TepruoaoM (puc. 2.2).

MareMaTHuecKuil METOJ NPEACTABICHUS CIOXKHBIX CHTHAJIOB KaK IEPUOJUYECKUX, TaK MU
HEICPUOJUYECKUX B BHUAEC COBOKYIMHOCTH JJIEMEHTAPHBIX TAPMOHUYECKHX COCTaBIIAIOIINX
Ha3bIBAETCS] TADMOHNYECKUM aHATIM30M.

2.3 INPEOBPA3OBAHME ®YPBE,
EI'O OCHOBHBIE CBOMCTBA

JIisi XapakTepUCTUKH CIIEKTPOB CHUTHAJIOB HCIONB3yeTcs mnpeoOpazoBanue dypoe. [Ipsmbim
npeoOpazoBanreM Dypbe Ha3BIBACTCS OMEPATOP

F(io) = j f(t)e "t (2.3)

o0patHbIM npeoOpazoBanueM Dypbe —
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©
F(t)= jF(im)e"m’dm. (2.4)
o
[IpeoOpa3oBannie @Dyppe CTaBUT BO B3aMMHOE COOTBETCTBHE JIBA MHOXecTBa (DyHKIMit
(f(t) <> F(i®)) : IEPBOE MHOXKECTBO f(f) — QYHKIIUU IEHCTBUTEILHOTO apryMEHTa f; BTOPOE MHOXKECTBO
F(io) — ¢ynkuum mHEMOro aprymenta im. [Ipsmoe mpeobpazoBanne @Dyppe (2.3) mo3BoisieT 1O
3aJJaHHOMY OpUTHHAITY f(f) HaliTh ero u3o0paxenue F(iw), oOpaTtHOE ipeoOpazoBanue (2.4) MO3BOISET,
HA000POT, 0 337JaHHOMY M300paskeHHI0 F (i) HATH opurHHAT f(f).
OcHOBHBIMH CBOMCTBaMHU IipeoOpa3oBanust Dypre ABIAIOTCS:
1 CBOHCTBO JINHEWMHOCTH.

Ecm f(1)= if}(t) » TO

i=1
F(io) = ia(im) , (2.5)
i=1

rne A1), fi(f), ..., fu(t) — Hexoropwie ¢ynkuuu; F(iow), Fi(i®), .., F,(io) — wu3o0paxeHus
COOTBETCTBYIOUIMX (PYHKIIUH.
2 Teopema 3ana3ibIBaHUs.
Ecmu f(t) — F(iw), TO
f(t-1)—>e " "F(in). (2.6)
3 Teopema cMmenieHus CIEKTPA.
Ecmu () — F(iw), TO

e A1) = F(i (0 — ). (2.7)

4 PaznuuHblil Xapaktep QyHKIUH (7).
Ecnu ¢ynkuus f{tf) yetHas, To ee u300paskeHHE SIBJISCTCS BEIECTBEHHON (YHKIUEH, YeTHON
OTHOCHUTEIIBHO (® U OTIPEIENIAETCS KaK

F(io) = F(0) =2 j £(t)cosotdt . (2.8)
0

Ecmun dynkuus f(t) HeueTHas, TO ee H300pakKCHHE SBJISETCS YHCTO MHHUMOW (DyHKIHEH,
HEUYETHOW OTHOCHUTEIBHO (:

F(io)=—i j £(t)sin ordt (2.9)
0

OO6miee KOJIMYECTBO CBOMCTB TmpeobOpazoBanusi Dyppe rOpazno OoJblie, HO HMEHHO
npuBeIeHHbIE BhIMIE (2.5) — (2.9) HCTIONB3YIOTCS PU UCCIEAOBAaHUYU PETYISIPHBIX CUTHAJIOB.

2.4 CIIEKTPBI CUT'HAJIOB

Kak yxe ObUIO CKa3aHO, NMEPUOIMYECKHI CUTHaN mpencrasisercs psaom Dypese (2.2), u
CTPYKTYpa €ro CIeKTpa MOJHOCTHIO ONpeAeNseTcs aMIUIUTyIaM1 U (a3aMu TapMOHHK, T.€. MOJIyJIEM
A, 1 apryMeHToM @y, n=1,2, ...

CrexTp aMIUIUTYJ] IEPUOAMUYECKOTO CUTHANA, COCTOSAIIMNA U3 PAaBHOOTCTOSIIMX JIMHUM, AJMHA
KOTOPBIX IPONOPLHUOHAIbHA aMIUIMTY1aM A, COOTBETCTBYIOIMX TAPMOHUK, IPUBEAEH Ha puc. 2.3.
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A>
A3

ey

@1 2-(01 3 (O] -
Puc. 2.3 ChnekrTp nepuoauveckoro CurHaja

HenpepsiBHast KpuBasi, COCOUHSIONIAS KOHIBI CIIEKTPa, HA3bIBAeTCs OTrHOAOmIel CreKTpa
amruintyl. Ha npaktuke yacto yqo0Ha 175 IpUMeHeHus: KoMIuiekcHas popma psaga Dypee:

f(t)=% iZnel’"‘”, (2.10)

n=—0

rac Zn — KOMIUICKCHAs aMILJINTyAa,
t
- 27 .
A == |f(t)e ™" dt. 2.11
=7 tff() (2.11)
1

Jlnst ciekTpa Jo0bIX MEPUOINYECKUX CUTHAIOB MOKHO YCTAaHOBUTH XapaKTEePHBIE CBOICTRA:
1 CnexTpsl Bcerna TUCKPETHBI, OHU COJEPKAT TOJBKO TaPMOHUKH, YaCTOTHI KOTOPBIX KPATHBI
OCHOBHOM yacToTe. HeKoTOpble rapMOHUKU MOTYT OTCYTCTBOBATb.

2
2 UYewm Oompmie mepuoa curHaia I, TEM MEHBIIE HHTEPBAI m:? MEX]y COCEIHUMU

n n

4acTOTaMHM M, CclenoBarenbHo, 'ryme" crnekrtp. I[lpm 7 —o nodaydaroT HENepuoaNYECKYro
(YHKIINIO, CIIEKTP KOTOPOM CTAHOBUTCS CIUIOIIHBIM, HO TIPU 3TOM aMIUIUTY/Ibl YMEHBIIAIOTCS.

3 C yMeHbIIEHHEM UJIMTEIbHOCTH HMIYJIbCOB T IMPHU IMOCTOSHHOM MEPUOAE aMILIUTYIbI
rapMOHUK YMEHBIIAIOTCS, @ CIEKTP CTAHOBUTCS "Tyiie".

4 Ecnu ¢ yMEHBIIEHUEM JUIMTEIBLHOCTH NPSAMOYTOJIBHBIX UMITYJIbCOB YBEIMUMBATh aMILIUTYAY

1
IO 3aKOHY 4, :F , TO UX ITOCICAOBATCIBbHOCTD 6yz[eT CTPEMHUTLECA K MMOCICAOBATCIIBHOCTU ACIIbTa-

o o 1
(byHKUINH, a aMIUTUTYAHBIA CHEKTP — K MMOCTOSITHHOMY JUISl BCEX YacTOT 3HAYCHUIO 4 = T

JIns HEeMEepHOAMUYECKUX CHUTHAJIOB BBOJUTCS TOHATHE CHEKMPANbHOU NIOMHOCMU, KOTOpas
MpeICTaBIsEeT cOO0M

Flio)=n4, (2.12)
do
rne A — 6eCKOHEYHO MaJble aMIUIUTY/Ibl HeTIepHOANYeCKOr (yHKIINH,
T/2
A= lim 2 j f (e dr . (2.13)
To>=T o,

Bennuuny F(i®) Ha3bIBAlOT TaKXKe CIEKTPAJIbHOW XapaKTEPUCTHUKOM HENEepUOINYECKON
(yHKIMH, a MOZYTIb |F(io)|= F(0) — CIIEKTPOM.
IlockonbKy cCHEKTpalbHas XapaKTepUCTHKA KOMIUIEKCHAs BEIMYMHA, TO €€ MOYKHO
IIPEICTaBUTh B BUJIC
F(io) = a(®) + ib(®) = F(0)e

b(®)

a(w)

e a(m)= J‘f(t)cosmtdm ; b(o)= If(t) sinotdo ; F(o)= [a(co)]2 + [b(co)]2 5 o(o) = arctg

CtpykTypa CHEeKTpa MEepPHOJUYECKOr0 CUTHAJa MOJHOCThIO ONpenensercs MoayieM U (asoii
CHEKTPaJIbHON XapaKTePUCTUKHU.

19



3aBUCUMOCTh MOAYJS U (a3l CIEKTPAIBHOM XapaKTEPUCTUKH HEMEPHOJUYECKOro CHrHala
Ha3bIBAIOT COOTBETCTBCHHO CIIEKTPOM aMIUIMTYA M CIIEKTPOM (a3 HETepHoJUYECKOro CHrHaja.
OCOOEHHOCTHU CIEKTPAIbHBIX CBOMCTB HEMEPHUOANIECKOTO CUTHAJIA COCTOST B CIIEIYIOIIEM:

1 CrnexTp Bcerga HENPEpBHIBEH M XapaKTEPU3YETCsl IUIOTHOCTHIO aMIUIUTY] TapMOHUK,
npuxopsmuxcs Ha uarepsai [0; o].

2 Ilpu yMeHBUICHWH [UIMTEIFHOCTH HMITYJIbCA €r0 CIEKTP PACIIUpSETCS BIONb OCH ©, a
3HAYEHHS IUIOTHOCTH aMIUTUTY]l YMEHBIIAIOTCS.

3 Ecnu OogHOBpEMEHHO C YMEHBIIEHHEM [UIUTEIBHOCTH T HPAMOYTOJILHOTO HMITYJbCa

1
YBEJIMYMBATh €r0 aMIUTUTYAY IO 3aKOHY 4, =—> TO UMIYJILC CTPEMHTCA K nenbra-QyHKIUH, a

CIICKTpaJIbHasd IVIOTHOCTH K MOCTOSTHHOM BCINYHHC, paBHOfI CAWHUIIC BO BCEM AUAIIa30HC 4aCTOT

(—00;0) .
2.5 PACIIPEJEJIEHHUE DHEPI'MU B CIIEKTPAX CUT'HAJIOB

B cnyyae nmepuonuyeckoro curHaia pedb BeAyT O paclpeieseHUH MOIIHOCTU B €ro CIEKTpe,
KOTOpasi ONpeesieTcs: Kak

_Rp RS 2.14
Pcp__AO+_2A11 s ( . )
4 2 n=l1
rac A(), An — KO?)(I)(l)I/ILII/IeHTBI pdaaa q)ypbe COOTBCTCTBYIOLICTO HNCPUOAUYCCKOTO CHUI'HAJIA, R —
COIMTPOTUBJICHUEC BJICMCHTA WJIN y4aCTKa, 4Y€peE3 KOTOpBIﬁ IMPOXOAUT CUT'HAJ.
Pacnpe;[eneHHe OHCPIUHM B CIICKTPEC NCPUOJUYCCKOIO CUTHAIA TPCACTABIACTCA B BUIC CYMMEIL
OECKOHEYHO MabIX cjJ1ara€MbIiX, COOTBCTCTBYIOIIHX OECKOHEYHO MAaJIbIM ydyaCTKaM 4YaCTOTHOTI'O
CIICKTpa:

W= lO].[F(co)]zdco . (2.15)
T 0

1 o
Belpaxkenue —[F(o)do TpencraBnser coGOH SHEPrUIO, BBLACIAEMYIO CIEKTPAIbHBIMU
I

COCTABJIAIOLIMMH CUTHAJA, PACHOJIOXKEHHBIMHU B IOJIOCE YAacTOT d® B OKPECTHOCTU YacTOTHI M, U
Ha3bIBAETCSl SHEPIETUYECKON CIIEKTPalIbHON IIOTHOCTHIO Helepuoandyeckoro curnana. dopmyna
(2.15) naspiBaercst ¢opmynoit Peitnu wim paBenctBoM IlapceBans m ucmonb3yercs s BbiOOpa
MaKCUMaJIbHOW YacCTOThl NPOIYCKaHWsS IPU YCIOBHM, YTO OCHOBHBIE COCTAaBIISIIOILME CIEKTpa
MPOMYCKAIOTCS 0€3 N3MEHEHUSI.

2.6 INTPAKTUYECKAS IIMPUHA CIIEKTPA U
NCKAXEHUA CUT'HAJIOB

[Ipu nepenaye nepuogUYECKUX CUTHAIIOB Y€Pe3 peabHbIE CUCTEMBI YIIPABJICHUS MOKET ObIThH
NepeaHo JHIIb ONPEACTICHHOE KOJIWYECTBO TAapMOHUK M3 MX OeckoHe4Horo uucia. Ilpu stom
BaXXHO TepelaTb FApMOHMUYECKHUE COCTABIISIIOIIME C OTHOCHTENIBHO OOJBIIMMH aMmIuIuTynamu. B
CBA3M C OTUM BBOJUTCS TMOHATHE MPAKTUUECKOW IIUPUHBI CIEKTpa CUTHANA, MOJA KOTOPOH
MMOHUMAETCs 00JIaCTh YaCTOT, B IIPEJEIax KOTOPOil JIeKaT TApMOHHYECKHUE COCTABIISIONINE CUTHANIA
C aMIUIMTYyJaMH, MPEBHIIAIOIIMMU Hamepen 3aJaHHylo BenuuuHy. [Ipu BeIOOpe mpakTHUecKOn
IIMPUHBI CIIEKTpa CHTHAajda HEOOXOJMMO YYHTHIBATH TPEOOBAHUS K CUTHAIY C JHEPTeTUUYECKOM
TOYKH 3PEHUSI U C TOYKU 3PEHUSI COXPAHEHUS €10 (hOPMBI.

B cnydae HemepmonuMyeckoro curHaja Tak ke, Kak U B CiIydae MEepUOJUYECKOro CHUTHaa,
KeNaTellbHO TMepefaBaTh COCTABJSIONIME CHUTHajla CO 3HAYUTEIbHBIMU aMmiuutygamu. C
SHEPreTHUECKON TOUKU 3PEHUS MPAaKTUYEeCcKas MIMPUHA CIEKTPa OLIEHUBAETCS M0 00JIaCTH 4acToT, B
npenenaax KOTOpPOH COCpENOTOYEHA IOAABIIAIOIIAs 4YacThb BCEH SHEPIrUU CUTHANIa, C TOYKH Ke
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3pEHHSI IOMMYCTUMBIX MCKAXXEHUH (hOPMBI CUTHAJIA ONPEACIUTh NPAKTUYECKYIO IIUPHUHY CIIEKTpa He
IIPEICTaBISAETCA BO3MOXKHBIM. [IpeacraBinenue o xapakTepe HCKa)KEHUN CUTHAJIA B 3aBUCUMOCTH OT
IIMPUHBI CHEKTPa MOXKET OBITh IMOJNYYEHO MpPH HCCIEIOBAHUU IPOXOXKACHUS CUTHAJIOB uepes
CUCTEMBI C 3aJaHHBIMH XapaKTEPUCTUKAMMU.

2.7 NPEACTABJIEHUE CUI'HAJIOB

Cursasnsl MOTYT OBITH MPEICTABICHBI PA3IMYHBIM 00pa30M, IPU 3TOM BXOJIHOW CHUT'HAJ BCEraa
SBJIIETCS HENPEPBIBHBIM, A IIPEICTABICHUIO MIOJUIEKUT CHUTHAII HA BBIXOJIE.

OavH U TOT )€ CUTHAJ MOXET UMETh Pa3IMuHyI0 (PU3HUECKYIO MPUPOAY — ANEKTPUUYECKYIO,
3BYKOBYIO, CBETOBYIO U T.J.

B Teopun ympaBneHus HauOousblliee PACIPOCTPAHEHHE MOJIYYMJIO MaTeMaTUYECKOe
MPEACTABICHUE CUTHAIOB. Bce BUIBI MaTeMaTHYeCKUX MPEICTABICHUN CUTHAJIOB AEIATCS Ha TPU
OCHOBHBIE I'PYIIIbI:

1) HEenmpephIBHOE MPEACTABICHUE — BBIXOAHOW CHUTHAJI OINPEACIICH B JIO00H MOMEHT BpEMEHHU
(puc. 2.4, 0);

x(1) y(f) a)

VA 0) yA 6) yvA 2)

\ N
\

>
t

0 > >

0 0

Puc. 2.4 Buabl MaTeMaTH4YeCKUX NMPeACTABJICHHN CUTHAJIOB:
a — OJIOK-CXeMa CUCTEMBI; 6 — HETIPEPBIBHOE; 8 — IUCKPETHO-HENIPEPBIBHOE;
2 — IUCKPETHOE

2) AMCKPETHO-HENIPEPHIBHOE MIPEICTABICHUE — BBIXOAHON CUTHAJ SIBISETCSI KBAHTOBAHHBIM 110
BPEMEHU M HEMPEPHIBHO U3MEHSETCS TOIBKO MO YPOBHIO (puc. 2.4, 8);

3) AUCKPCTHOC MPCACTABIICHUC — BBIXO,Z[HOP’I CHUTrHaJl KBAHTOBAH KakK IO BPEMCHH, TaK U II0
ypoBHIO (puc. 2.4, 2).

B pesynbraTe KBAaHTOBaHHS CUTHAJA [0 BPEMEHU MIPH AUCKPETHO-HETIPEPHIBHOM U JUCKPETHOM
MPEJCTABICHUSIX MOXKET MPOU30UTH MOTepsl WH(GOpPMAIMH, TaK KaK OCTAIOTCS 3HAUCHHS CUTHAIA
TOJILKO B JUCKPETHBIE MOMEHTHI BpeMeHH. OmHaKo Oiaromapsi OJHOMY M3 CBOWCTB peajbHBIX
CHCTEM B HUX TIPU OINPENEICHHBIX YCIOBHUSIX COXpAHSETCs MOJHas WH(OpMaIus o CUTHAJE, eClin
MOCJICIHUI W3BECTEH JIMINb B JUCKPETHBIE MOMEHTBHI BPEMEHH. DTO CBOWCTBO HM3BECTHO Kak
meopema KomenbHukoga: CHUTHAN, ONUCHIBAGMbBIH (YHKIMEH ¢ OrpaHUYCHHBIM CIIEKTPOM,
MOJIHOCTBIO ONpCACIACTCAd CBOUMHU 3HAYCHHUAMHU, OTCUUTAHHBIMHU 4YCpPC3 HUHTCPBAI BPCMCHHU

1
At = 5 F,, e F— mMpuHa CIEKTpa CUTHAJIA.

Cwmbicn Teopembl KoTenmbHHMKOBa COCTOMT B TOM, 4YTO, €CIHM TpeOyeTcs IepenaBaTh CHUTHAIN,
onuchIBaeMblil (hyHKIMEH f(f) ¢ OrpaHMYEHHBIM CIIEKTPOM, TO JOCTaTOYHO IepeaBaTh OT/EIbHbIC

o 1
MTHOBCHHBIC 3HAYCHHUA, OTCUMTAHHBIC 4YCpE3 KOHCYHBIM IIPOMEXKYTOK BPCMCHM At ZEFC . ITo >tuM

3HAYEHHSIM HETIPEPHIBHBINA CUTHAT MOXKET OBITh MOJTHOCTHIO BOCCTAHOBIICH HA BBIXOJIE CHCTEMBIL.
MatemaTtuueckre MpeacTaBiIeHHs] CUTHAJIOB Ha MPAaKTUKE Yalle BCEro pealu3yloTcs B BUIAC

Monaymsiuuu. Ilom moodyrayueri TOHMMAlOT W3MEHEHHE OJHOTO U3 IapaMeTpoB KaKOTO-ITHOO

¢u3nueckoro Impolecca IO 3aKOHY MPEACTaBIAeMOro coolmieHusa. Tak, B CHCTeMax C
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ANEKTPUUYECKUMU CHUTHAJIaMU TOJl MOJYJISLUHUEH TMOHMMAIOT M3MEHEHHME OJIHOIO M3 IapaMeTpoB
BBICOKOYACTOTHOTO AJICKTPHUYECKOTO CHTHajla TI0 3aKOHY TIE€pPeIaBacMoOro HH3KOYAaCTOTHOTO
coobmieHusi. B ciaydae MOAynsnuM TapMOHUYECKOTO CHUTHAJIa Pa3iiMyaloT JBa OCHOBHBIX BHJIA
MOMYJISAIUN: aMIUIUTYAHAs MOIYJALNMS W YIJIOBas MOMIYJIAIMSA, KOTOpas MOJpa3ieiseTcs Ha
4acTOTHYIO U (a3oByr0. Ha mpakTuke daiie BCEro BCTPEUAIOTCS CMEIIaHHBIC BUBI MOIYJISIITHH —
aMIUTUTYTHO-(a30Bast WIIM aMIUIUTYHO-4aCTOTHAsI, IIPU 3TOM OJHMH U3 BUIOB MOJIYJISIINU SBIISICTCS
MOJIE3HBIM, IPYTOil — Mapa3UTHBIM.

2.8 CHUI'HAJIBI. UX BUbI

Haumbonee wacTto B TeopuH aBTOMATHYECKOTO VIPABICHHS WCIONB3YIOTCS CIEAYIOIIHE
CUTHAJIB.
1 Enununynbiil ckavok (puc. 2.5):

0 npuit<O0;

1 mpu t=>0. (2.16)

x(0) =1(t) = {

1(#) Ha3piBaercs Taoke QyHkuuen Xesucaiina. Ctporo rosops, ¢pyHKuus XeBHcaiiaa GU3MIecKu
Hepeal3yeMa, OJIHAKO, €CIIM, K TMPHUMEPY, Ha HCCICAYeMOM OOBEKTE€ PE3KO OTKPBITh BEHTHIIb, B
pe3yibTaTe Yero pacxoj MoJAaBaeMOro BEIIECTBA M3MEHUTCS CKAauKoM C F 110 F,, TO TOBOPST, YTO Ha
BXO/JIc 00BEKTA PEeTM30BaH CKAYKOOOPA3HBIN CUTHAT BEIMYMHON F> — F|, M €ClK TOCIeIHss pa3HOCTh
paBHa €IMHUIIE, TO HA BXOJE PEAIN3YETCs €AMHUYHBINA CKaYOK.

CrnexTpasibHast XapaKTEpUCTHUKA JJI €IMHUYHOTO CKaJdKa:

1 -io
F(io)=—e 2.
(0]

2 Enunuunas umnynbcHas ¢(yHKuuMs — paenbra-QyHKuus (puc. 2.6) — 370 (GyHKUuA,
YIOBJIETBOPSIONIAS CICAYIOIINM yCIOBHSM:

0 mput #0;
1) 3(2) ={
oo mput =0,
. (2.17)
2) j&(r)dt =1.
XA
1 ——
>
t
Puc. 2.5 EaMHHYHBIA CKa4Y0K
X
>
t

Puc. 2.6 EaMHUYHBIA UMITYJIbC

HenbTa-QyHKIMI0 Ha3bpBalOT Takke (Qynkmuedn Jlupaka, oOHa OTHOCHUTCA K KJaccy
CHUHTYJISIPHBIX (DYHKIMHA. DTy (QHU3MUECKH TakKe Hepeaan3yeMylo (pYHKIIMIO MOXXHO MPEJCTaBUTh
KaK UMIYJIbC OECKOHEYHO MaJION AJTUTENBHOCTH U OECKOHEYHO OOJIBIION aMIUIUTYABI, T.€. Kak
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pezeil, K KOTOpOMY CTPEMUTCA IPSIMOYTOJIbHBIM UMITYJIBC C OCHOBaHUEM Af U IIIOIIAABIO, PABHOMU
equaute (puc. 2.7, a), ecimu At — 0 Tak, 4TOOBI TJIOMIAH UMITYJIHCA COXPAHSIACh PABHOUW €IMHHMIIC.
Taxoke O-pyHKIMIO MOKHO MPEJCTaBUTh KaK Mpeaes HeKoTopoi pyHkiuu (puc. 2.7, 6):

8(t)—hm6(t B)_éﬂﬁ (2.18)

Puc. 2.7 IlpeacrasjeHue aeiabTa-QyHKIIUU:
a — IPSIMOYTOJIBHBIN UMITYJIBC; 6 — O(P, #)-pyHKIHS

t

K ocHOBHBIM CBOMCTBaM I[GJIBTa-(l)YHKLII/II/I MOXHO OTHECTH CJICAYIOIIHUC paBCHCTBA:

0+
[syar=1; (2.19)
0—
O-pyHKIUS SABIAETCS YSTHON (QPYHKITUCH:
3(1) = 8(-1); (2.20)
jx(t)sa)dt =x(0), (2.21)

T.€. U3 HETIPEPBHIBHOW (PYHKITMH MOKHO "BbIpe3aTh” OJHY OpJIMHATY.
[locnegHee COOTHOIIEHME, MCHOIB3Ysl PACCMOTPEHHBbIE YyXKe CBOWCTBAa  O-(QYHKIUH,

AOKa3bIBACTCA CICAYIOIUM 06p2130M'
0— 0+

jx(t)a(t)dt= jx(t)S(t)dH jx(t)es(t)dt+jx(t)6(t)dt x(0)- ja(t)dt x(0).

- —o0 0—
CrnexTpasibHas XapaKTepUCTHUKA z[enLTa-q)yHKuHH. Flio)=1.
Mexny ¢ynknuet Xesucaiima u (QyHknuwed Jlupaka CcCymiecTByeT CBsI3b, BbIpakaemas
COOTHOILLIEHUEM:

T
j&(r)d; = 1(v), wm 8(¢) = 1t]. (2.22)
Ha mpakTuke cuuTaeTcs, 4YTO Ha BXOJ OOBEKTa IMojaaHa O-(PYHKIUS, €ClM BpeMs JCHCTBHS
MPSIMOYTOJILHOTO UMITYJIbCa HAMHOTO MEHBIIIE BPEMEHH MEPEXOTHOTO TpoIiecca.
3 Tapmonuueckuii curnan (puc. 2.8, a)

x(t) = A sinwt (2.23)

WCIIONB3YEeTCSl TMPU  HCCIEIOBAHUU CHUCTEM aBTOMATUYECKOrO PEryJUpPOBaHUS YaCTOTHBIMHU
METOIaMH.
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xA
b

<
-

Puc. 2.8 T'apmMoHMuyeckuii CUTHAJ:
@ — OOBIUHBIN CUTHAIT; O — MPeJICTaBlIeHNEe FTApMOHNYECKOTO CUT'HAJIa BpallleHUEeM BEKTOPa; 8 —
TapMOHUYECKHM CUTHAJI CO CABUTOM (hazbl

CuHycouganbHblii TapMOHMYECKHM CUTHAl MOXHO TNPEJICTaBUTh KaK BpaIleHHE BEKTOpa
JUTMHOUN A BOKPYT Hayana KoopauHat (puc. 2.8, 6) ¢ HEKOTOPOU YTrI0BOH CKOPOCTHIO ®, pajy/c.

X a) X 0)

g

I A

Puc. 2.9 CnaBuHyTbI€ 3/1eMeHTapHbIE (PYHKIIUHA

["apMOHMYECKUI CUTHAT XapaKTepU3yeTCsl TAKUMH MTapaMeTpaMH, KaK aMILTUTyAa — A; TIepuoj

—T; dhaza — .
Mex Iy eproaoM | YIIIOBOW CKOPOCTHIO CIPABEITUBBI COOTHOIICHUS

2 (2.24)

Ecnm xonebanust HaUMHAIOTCSA HE U3 HYJS, TO OHU XapaKTepHu3yroTcs (a3oit kosebaHuii (puc.
2.8, 8), KOTOpas BO BpEMEHHOW 00JacTh XapaKTepusyeTcss OTpe3KoM Af, HO OOBIYHO a3y

BEIpXAIOT B paguaHax — ¢ (puc. 2.8, 6). [lepeBox ocymiecTBisiercs o Gopmyrie

2nAt (2.25)

T

CUTrHaJla HCIIOJB3YCTCA T CHCPATOP

rapMOHHYECKOT O

Ha nmnpaktuke [ nosrydeHHs

CHUHYCOUJIATbHBIX KOJICOaHUIA.

4 CaBuHYTbIE IeMEHTapHbIE (PYHKIUH.

K atum dpyakumsm otHocares dynkiun XeBucaiaa u lupaka ¢ 3anaznpiBanueM, T.e. 1(1 — 1) u
o(t — 1) (puc. 2.9),

npudem (/- 1) =
©,1=T.
Bce cBoiicTBa 0-()yHKIIMK COXPAHSIOTCS, HO 3allUCHIBAIOTCS B BUJIE:
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T+
j&(r —1)dt=1;

5& -1)=08(t—1)=08(-(t—1));
jx(t) 8(t — 1) dt = x(1).

—00

5 Curnan npousBoibHOU GopMmbl — x(¢) (puc. 2.10, a).

X a 0) % 8)
| | =
| I =
| At || B
I ! H H
A e S Bt
Puc. 2.10 Curnan

NMPOU3BOJILHOH (pOPMBI:
@ — BXOJTHOW HEMPEPbIBHBIN CUTHAT; 6 — UMITYIbC X(i);
6 — CyNEpIO3ULIUs UMITYJIbCOB, ONPEAEIIAIONINX CUTHAI X(1)

JIxo00it curHam MpoOu3BOJBHON (POPMBI MOKHO TPEACTaBUThH ¢ TMOMOIIBI0 O-QyHKIHH. C 3TOM
LEJIbI0 BBIJCNSACTCS MIPOU3BOJIBHBI MOMEHT BPEMEHH #, U CTPOUTCS CTOJIOMK BBICOTOH X(f) (pHC.
2.10, 6), COOTBETCTBYIONIN 3HAYCHHIO CUTHAJIA B MOMEHT BPEMEHH ¢ = f; | OCHOBaHHEM Af;.

DTOT UMIYJIEC MOKHO BHIPA3UTh Yepe3 MPUOIMKEHHYIO JAeIbTa-PyHKIHUIO — & (£ — £;):

mouaap pasHa l;

S(l -t;) = IIUpUHA paBHa At;; >

BbICOTaA paBHa —,
Ay,

T.C. x,(t)=x(1,)At,3(11,) -
3amensist  QyHkuuo  x(f) Habopom wummynbcoB (puc. 2.10, 6), MOXKHO 3amHCaTh:

F(1)= Y x(t)ALS (1) -
i=1
Ecnu teneps n—» o, At, — dt,3(t—1,) = 8(t—1), TO

t+
x(1) = jx(r)zsa—r)dr. (2.26)

0
Cursaan npousBOJIbHON (POPMBI MOXKHO MPEJCTABUTh U Yepe3 eAMHUYHBIC (DYHKIUH, JJIS YETO

(2.26) clemyeT MPOUHTETPUPOBATH o 4acTsM, HCITONB3Ys

BBIpaXXEHHE
B PE3YJITATE YEro MO-JIy4aloT CIEAYIOIIEee COOTHOILIEHUE

COOTHOIIIEHUE §(f — 1) =1"(t — 1),

x(7) = x(0)-1[¢]+ jx'(r) At —1)dr .
0

2.9 TPEHUPOBOYHBIE 3A/IAHUA

(2.27)

1 B cucremax aBTOMAaTMYECKOI'O YIPaBICHHs HAONIONAIOTCS pa3iIHyYHbIe BO3IACUCTBUS U
cUrHajbl. J[s ympolineHust aHaian3a U CUHTE3a KOHKPETHBIX CHCTEM IOJB3YIOTCS pa3zpaboTaHHON

TUNH3AIHUEN 3TUX BO3ACHCTBUNA U CUTHAJIOB.

A Kakoil curHai Ha3bIBAETCS PETYISIPHBIM?
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B Kakue cyniecTByroT BUIbI IPEICTABICHHS CUTHAJIOB?
C Kakue curHaibl OTHOCSTCA K OCHOBHBIM THUIIAM PETYJISIPHBIX CUTHAIOB?

2 JInst XapaKTepUCTUKHU CIIEKTPOB CUTHAJIOB HCIOJB3YyeTCsl mpeoOpasoBanue dypre. CrekTp
[IEPUOANYECKUX CUTHAJIOB XAPAaKTEPU3YETCs ONIPEACICHHBIMU CBOMCTBAMH. [[11s1 HEmepruoauyeckoro

CHUT'HaJ1a BBOAUTCA IIOHATHEC CHCKTpaHBHOﬁ IIJIOTHOCTH.

A Kakoe npeobpazoBanue Ha3bIBaeTcs peodpasoBanreM Oypne?
B KakuMmu xapakTepHBIMH CBOMCTBaMH 00JIaaeT CIIEKTP MEPUOINIECKOTO CUTHAIA?
C Yto Takoe CreKTpaabHas XapaKTEPUCTUKA HETIEPHOINIECKON (DYyHKITUH?

3 B Teopunm aBTOMAaTHUYECKOIO YIIPABIECHHUsI HCIOJB3YIOTCS TaK Ha3bIBaEMble CTaHIApTHbIE
CUT'HAJIbl, K KOTOPBIM OTHOCSITCSI €AMHHYHBIA CKauyOK, €JUHUYHAS UMITYJIbCHAs (DYHKLUS — JebTa-

(byHKUUS, TApMOHUYECKUI CUTHAI.

A Kaxkas pynkius Ha3piBaeTcs aeiabTa-QpyHKIHen?
B Kak Ha uccnenyeMom 00BbEKTe 1M0JIaTh CUTHAJ B BUJIE €AUHHUYHOTO CKavka?
C Kaknmu napaMeTpaMu XapakTepU3yeTcsl FApMOHUYECKUNA CUTHA?

2.10 TECT

Cursan Ha3bIBaeTCs PEryJIIpHBIM, €CJIM €r0 MaTEMATUYECKUM IPEACTABICHUEM SIBIISCTCSL:
A 3apanee 3anaHHast QyHKIHS BpEMEHU.

B 3apanee 3amanHast QyHKIUS YaCTOTHI.

C 3apanee 3agaHHas QyHKIHS BPEMEHHU M YacCTOTHI.

CurHan Ha3bIBacTCsl NEPUOIMUYESCKUM, €CIIH OH IIPE/ICTABIISIET COOOI:
A OyHKIHIO BPEMEHH U YIOBJIETBOpsET ycloButo f(t) =f(t + T) , —oo < ¢ < oo,
B ®yukuuio BpeMeHU U ynoBieTBopsier yenosuto f(t) = f(t + T),
H<t<h.
C ®OyHKIMIO YaCTOTHI M YIOBJIETBOPSET yCIoBuUI0 flw) = flw + W),
—00 < @ < o0,
Kakoe u3 npeoOpa3oBanmii Ha3pIBaeTCs mpeodpazoBanuemM Dypre?

A Flio)= jf(t)e""”dt.
B Flo)= jf(t)e*""”dt.

C Flio)= jf(t)e*"‘”’dt.

CHCKTpaHBHOﬁ IIJIOTHOCTBIO HCIICPUOJUYICCKOI'O CUT'HAJIa HAa3bIBACTCA BECIIMYHA

A Flio)=1 4
T do

B Fliw)=1 92
T dA

C Flio)=z
do

rae A — 0ECKOHEUHO MaJlble aMILUTUTY/Ibl HETIEPUOANIECKOH (DYHKIIUH.
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5 Oynkiueil XeBucaiiga Ha3bpIBaeTCs QyHKIUSA:



A x(t)= {O nput < 0;
1 mput=0.

B x(t)=1 npu V¢

C x(t)= {

0 mpu0>t>t,;
1 mpu0<t<¢.

6 Jlenbra-hyHKIMEH Ha3bIBACTCS (YHKIIUS, YIOBIECTBOPSIONIAS YCIOBUSIM:
oo 1pu t=0;

A s@y=1_ "
0 mpu t#0.

0 mpu t#0;

B S(t)z{ jzsu)dt:l.

oo mpu ¢ =0,
0 mpu t#0;

oo mpu ¢ =0;

C 8(t)= { jsa)dt =0.

7 Kakast GpyHKIMS OTHOCUTCS K CABUHYTBIM SJIEMEHTapHBIM (DYHKLIUSIM?
A x(2).
B x(t—1).
C x(t) + x(7).

8 Curaan npou3BOJIBHON (POPMBI MOXKHO MPEJICTABUTD KaK:
t

A x(t)= jx(r)h(t—r)dr.
0

B x(1)= j x(1)8(t — 1) dr .
0

C x(t)= jx(r)h(t—r)S(r)dr.

0

9 Curnan Ha3bIBa€TCA raPMOHUYECKUM, €CIIU
A x(t)= Ah(t)sinwt .
B x(t)=458(t)sinot .
C x(t)= Asinot .

10 Mexny ¢ynknueir Xesucaiiga u ¢yHkuueil [lupaka cymecTByeT CBsi3b, BbIpaxkaeMas
COOTHOIIEHUEM

A 1[£] = 8).
B (1) = 174].

C j 1[¢)dz = 8(r) .
0
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3 MATEMATHUYECKOE OIIMCAHUE
ABTOMATHYECKHUX CUCTEM

3.1 OCHOBHBIE CIIOCOBbI MATEMATHUYECKOI'O
OIIMCAHUSA. YPABHEHUS ABU/KEHUA

MareMaTHuecKoe OINUCAaHHE aBTOMATHUECKOW CHCTEMBl YIPABICHHS — O3TO OIHMCAHUE
IIPOLIECCOB, IPOTEKAIOIINX B CUCTEME Ha A3bIKE MAaTEMaTHKH.

[TocTpoenne m0060€ CHUCTEMBI YIpaBJIEHUS HAUMHACTCSA C WU3YyUEHHs] OOBEKTa YIpaBlICHUS U
COCTABJICHHUS €0 MAaTeMaTHYEeCKOro OmucaHusA. B kauecTBe 00bEKTa MOXKET BBICTYIATh ammapar,
TEXHOJIOTUYECKUHN TPOLIECC, MPOU3BOJCTBO, MPEANPUATHE U OTpacib. Pa3znuyne MareMaTHyecKuX
Mojiesiell 00BEKTOB OO0YCIIaBIMBAETCS MX HA3HAYEHHEM. OTH MOJENM OINHUCBHIBAIOT Pa3INyYHbIE
PEKUMBI pabOTHI 0OBEKTA MIIM CHCTEMBI YIIPABICHHUS U MOTYT OBITh MOJTYYEHBI OJTHUM U3 CIIOCOOOB:
HKCHEPUMEHTAIbHBIM,  AHAJUTHUYECKHM,  KOMOMHMPOBAHHBIM  MJIM  JKCIEPUMEHTAJIbHO-
AHATTUTHYECKUM.

IIpu sKcrepUMEHTaNBbHOM CIIOCOOE YypaBHEHHMsS MOJAEIEH IOJIydaroT IIyTeM I1OCTaHOBKH
CMELUUANBbHBIX 3KCIIEPUMEHTOB (METOJ] aKTMBHOTO 3KCIIEPUMEHTA) WM IMYTEeM CTaTUCTHYECKOU
00paboTKK pe3yabTaTOB JJIUTEIBHOW PErucTpalii IEPEeMEHHBIX OOBEKTa B YCIOBMSX €ro
HOPMaJIbHOW IKCILTyaTallMK (METOJl ACCUBHOTO SKCIIEPUMEHTA).

IIpn aHanUTHYECKOM ONMCAHWM YPaBHEHHs MOZEIEH IOJIydaloT HAa OCHOBAaHMM (DU3UKO-
XMMUYECKUX 3aKOHOMEPHOCTEH MPOTEKAIOIIUX POLIECCOB.

IIpy  sKCHEpUMEHTAIbHO-aHATUTUYECKOM  MOJAXOAE YpPaBHEHHUS  MOJENIEH  MOIydaroT
AQHAJTUTMYECKUM IIyTeM C TOCJIEOYIOIIMM yTOYHCHHEM MapaMeTpoB OSTHUX  ypaBHEHUH
9KCHEPUMEHTAIbHBIMU METOJAMH.

ITpu pa3paboTke MaTeMaTUYeCcKOro ONMUCAHNUs ABTOMAaTHUECKUX CUCTEM CIIEAYET YUUTHIBATh
OCHOBHBIE METOJIOJIOTHUECKHUE MOJIOKEHHS TEOPUU aBTOMATUYECKOTO YIIPABICHUS. DTO MPEKIE
BCETO CHCTEMHBIN TOAXO0/] K PEHICHHUIO 3a/1a4 YIPaBICHHS, pACCMaTPUBAIOIINHI TTOBEICHHE 00BEKTa
U pETYIATOpa B MPOLIECCE PETyIMPOBAHHS B HEPA3PHIBHON B3aMMOCBSI3H; BO3MOKHOCTh
IPUMEHEHHSI METO/I0B TEOPUU aBTOMAaTHYECKOTO YIIPABJICHHUS K CHCTEMaM CaMOi pa3HO0Opa3HOi
(bu3MUECKOi MPUPOIBI BCIESACTBHE a0CTParupoBaHUs MaTEMaTHIECKUX MOJEIeH OT KOHKPETHBIX
¢dusnueckux cucteM. Kpome Toro, cucrema paccMaTpuBaeTcs Kak IeMb B3aHMOJICHCTBYIOMINX
¢u3nyecku 1 HHPOPMALMOHHO JIEMEHTOB U 00JIaaeT CIIOCOOHOCTBIO MepeaBaTh (pru3nuecKue
BO3/CHUCTBUS M HH(OPMAIIMOHHBIEC CUTHAJIBI B OJTHOM, CTPOTO ONPEIeICHHOM HallpaBlICHHUH;
KaX/IbIH e 3JIEMEHT CUCTEeMbI pacCMaTpUBAETCs Kak Mpeodpa3zoBaTeilb BXOJHOTO BO3ACHCTBUS B
BBIXOJIHYIO peaKlnio. MaremaTuyeckoe OlrMcaHne Kak OTJEIbHBIX JIEMEHTOB, TaK M CUCTEMBI B
LIEJIOM COCTABJISIETCS, KaK MPABUIIO, C PSAJOM JOMYIIEHUH U YIIPOIIEHUH, YIaYHOCTh KOTOPBIX
3aBUCHT OT ITyOMHBI 3HAHUH MCCIIE0BATEN CUCTEMBI B JAaHHOW 00JIaCTH, €r0 HHTYHIINU
00s13aTEIBHO MOJUISKUT SKCIEPUMEHTAIIBLHOI ITPOBEpKeE.

B o0mem ciydae ypasuenus mamemamuueckoti Mooeiu 00beKma uiy cucmemsl YnpagieHus,
ycmanasusarowue 83aumMoceazb mMexncoy 6XOOHLIMU U  GbIXOOHLIMU NEPEeMEHHbIMU, HA3bl8AIOMC A
VPABHEHUAMU OBUNCEHUSL.

YpaBHEHUS, ONMCHIBAIOIINE MTOBEIEHUE CUCTEMBI PETYINPOBAHUS B YCTAHOBUBIIEMCS PEXHME
IIPU IOCTOSIHHBIX BO3/ICHCTBUX, HA3BIBAIOTCS YPAGHEHUAMU CIATMUKU.

YpaBHEHUS, ONHUCHIBAIOLINE TOBEIACHUE CUCTEMbl DPETYIMPOBAHUS NpPU HEYCTAaHOBUBILIEMCS
PEeXUME MPH MPOU3BOJIBHBIX BXOIHBIX BO3JICHCTBUAX, HA3bIBAIOTCS YPAGHEHUAMU OUHAMUKIL.

Bce 00beKThI peryanpoBaHus MOXKHO pa3esIuTh Ha JBa Kjacca: 00BEKTHI C
COCPEOTOYCHHBIMH KOOPAMHATAMH, JMHAMUKA KOTOPBIX OMHCHIBACTCSI OOBIKHOBEHHBIMU
Qg depeHInaTIbLHBIMI YPAaBHEHUSAMH, H OOBEKTHI C paclpeieIeHHBIMUA KOOpIMHATaMH, TUHAMUKA
KOTOPBIX OMHChIBaeTcs AupdhepeHInanbHBIMA yPaBHEHUSIMH B YaCTHBIX MPOU3BOIHBIX. B
JambHEHIeM pacCMaTPUBAIOTCS TOJIBKO OOBEKTHI C COCPEJOTOUCHHBIMHI KOOPAMHATAMH.
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B kaudecTBe mpuMmepa MOXXHO PacCMOTPeTb OOBEKT C COCPEJOTOYCHHBIMH KOOPIMHATaMH,
ornuceIBaeMblil udpepeHnnanbHbBIM ypaBHEHHEM BTOPOTo mopsiaka (puc. 1.2)

F(y,y, y", x,x)+ =0, (3.1

IZle y — BBIXOJIHAs TEpPEeMEHHas; X, / — BXOAHbIC MEpPEeMEHHBbIC; )',x' - MEPBbIC MPOU3BOAHBIE MO
BPEMEHH; )" - BTOpas IIPOU3BOJHAS 10 BPEMEHH.

[Ipy MOCTOSHHBIX BXOJHBIX BO3ACUCTBUSX X = Xo; f = fo C TEUEHHEM BPEMEHM BBIXOJHAS
BEJIMYMHA MPUHUMAET MTOCTOSHHOE 3HaUeHue ) = yo U ypaBHeHue (3.1) mpeoOpasyeTcs K BUAY:

F(yo,0,0,X0,0)"‘fO:O. (3.2)

Koneunoe ypaBuenue (3.2) siBisieTcsi ypaBHEHHEM CTATHUKHU.

Cratudeckuil pexuM MOXKHO XapaKTepHU30BaTh C MOMOUIBIO CTATHUECKUX XapaKTEPUCTHUK.

Cmamuueckoti xapakmepucmukotl 00beKkTa (CUCTEMbI) HA3bIBACTCS 3aBHUCHUMOCTH BBIXOJIHON
BEJIMYMHBI OT BXOJHOU B CTATUUYECKOM PEKUME.

CraTu4eckyro XapaKTepUCTUKY MOKHO MTOCTPOUTH SKCIIEPUMEHTAIIBHO, €CITU M0JjaBaTh Ha BXOJ
00BbEKTa TOCTOSHHBIE BO3JCHCTBUS M 3aMepATh BBIXOAHYIO IEPEMEHHYIO I0CJIE€ OKOHYAHUS
nepexoaHoro mporecca. Ecaum oOBEKT HMeEeT HECKOJIbKO BXOJIOB, TO OH XapaKTepusyercs
CEMEHCTBOM CTAaTHYECKUX XapaKTEPHUCTHK. B cBOIO ouepenb, camMa CTaTUYECKas XapaKTEPUCTUKA

. dy
XapakTepu3yeTrcs: KOdPGUIMEHTOM k, KOTOPBIH OIpeAeNseTcsl Kak k:;. st o0BeKTOB €
HEJIIMHEHHON CTAaTHYECKOW XapaKTePUCTUKOH KOI(P(OUIIMEHT YCHICHHs SBISIETCS IEepeMEHHON
BEITMYUHOMN, IS OOBEKTOB K€ C JIMHEHHBIMH CTAaTHUYECKHUMH XapaKTePUCTHKAMHU Kod()QHIHeHT
YCUJIEHUSI — BETMYMHA TOCTOsAHHAs (puc. 3.1).
o = aregtg k VA

’ %= Ay/Ax

o Ay

>
x

8\ 4

0 Ax
a) 0)

Puc. 3.1 CraTrnuyeckasi XapaKTepuCTHKA 00beKTOB:
a — HEJIMHEWHOTO; 6 — IMHESHHOTO

3.2 IIPUMEPHI YPABHEHUH OFBEKTOB YIIPABJIEHUS

B Teopum aBTOMAaTHYECKOTO YIPaBICHHS MIUPOKO HCIOIB3YETCS METOJ MaTeMaTHYECKUX
aHAJOTUH, COTJACHO KOTOPOMY pa3IiMYHbIe MO (HU3UYECKOH TPHUPOAE OOBEKTHI OMHUCHIBAIOTCS
OJTHOTHITHBIMU MaTeMaTHUYECKUMHU 3aBHCHUMOCTSIMH.

PaccMoTpuM HEKOTOpBIE INIPUMEpBI COCTABIICHHUS YPaBHEHHUW CTATUKA M JUHAMHUKU JUIS
Pa3IUYHBIX 1O (HU3UIECKON TTPUPOJIE OOBEKTOB.

3.2.1 I'mapaBauyeckuil pesepByap
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[Mpumepom mpocTeiiero 00bEeKTa ABTOMATUYECKOTO YIIPABICHUS SBISIETCS THAPABIMYECKUN
pe3epByap, B KOTOPOM MMEETCS MPUTOK U CTOK >KUAKOCTH. [IpuHIMNMaNbHAs U CTPYKTYpHAsl CXEMBbI
IIpeICTaBJIeHbI Ha puc. 3.2.

OCHOBHOW KOOpJMHATOM, XapaKTEPHU3YIOMIEH COCTOSHUE paccCMaTpUBaeMOro OOBEKTa,
SIBIIICTCS YPOBEHBb JKUAKOCTH H, KOTOpBIA BBIOMpAETCS B KAYECTBE BHIXOAHOW PETyIUPYEeMOM
BEJIMYUHBI. BXOJHBIM M COOTBETCTBEHHO PETYJIUPYIOIIUM BO3JCHCTBUEM SBISETCA CKOPOCTb
IIPUTOKA BOABI B pe3epByap (J, BHEUIHMM BO3MYILEHHUEM — pacxo] BoAbl U3 pe3epByapa G. Ilpu
ITOCTOSIHHOM CTENEHU OTKPBITUS IPOCCEN HA NPUTOKE KUIKOCTH, YPOBEHB

%Q K (xB)¢G

::—___ :‘H (x%> OO0OBeKT _(SI)

1 I_
VG
Puc. 3.2 T'uapaBimnyeckasi eMKOCTb:
a — IPpUHIMIIAAIbHAS CXeMa; 0 — CTPYKTYpHas cxema
onpenensiercss pasHocthio (Q — G). Ilo ycmoBusMm paboTel 00BEKTa BeMWYMHA TNpUTOKA O
HU3MCHACTCA IMPOU3BOJIBHO BO BPEMCHHU.
VYpaBHeHHE NTMHAMUKH, OMKCHIBAIOIIEe 3aBUCUMOCTh YPOBHS H B mepexoHOM pexume ot O, B
COOTBCTCTBUH C 3aKOHOM I'MAPABJIMKHU 3aIIUCBIBACTCA B BUAC
S—=0-G 33
M _0-c, (3.3)
rje S — mIomas MoMepedyHoro CeUueHUs pe3epByapa.
VYpasuenue (3.3) mpeactaBisieT coO00i MaTeMaTHYECKOE OMHMCaHUEe O0OBEKTa PEeryIupOBaHUS —
THJIPABINYECKON €MKOCTH M SBISETCS OOBIKHOBEHHBIM IH(QepeHINaIbHbIM YypaBHEHUEM 1-ro
MOpAIKA.

3.2.2 DJeKkTpuYecKasi eMKOCTb

DJIEKTPUYECKON €MKOCTBIO HA3bIBAETCS 1IETMb, COCTOSMIAA M3 cOMpoTHBIeHUs] R u emkoctu C
(puc. 3.3).

R a) 0)

T Un q
Us, TC€

Puc. 3.3 Duekrpuyeckasi eMKOCTb:
a — MIPUHLMITHAIBHAS CXeMa; 6 — CTPYKTYpHas cxema

BbIXOqHOW KOOPIMHATOM TaKOro OOBEKTa MOXKET OBITh BBIOpaH 3apsa ¢ Ha OOKIaaKax
KOHJEHCATOpPa, a BXOJHOW — HampsikKeHUe Ha Bxoe Henu Uy.
JuddepenunanbHoe ypaBHEHHE MOXKET OBITh IOJIY4EHO Ha OCHOBE 3akoHa Kupxroga:
R 4 _y (3.4)
dt C
Takum  00pa3oMmM, MaTeMaTHYEeCKUM ONHCAHWEM JJIEKTPUYECKOHM EMKOCTH  SIBIISICTCS
00BIKHOBEHHOE Au(depeHIInaIbHoe ypaBHEHUE 1-T0 mopsiaka.

3.2.3 XuMunueckuii peakTop MOJHOI0 NepeMeluBAHUSA
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Ilycte B peakTope mpoTekaeT xumuueckas peakuust tuna 4 — B (puc. 3.4). Ilpu BwIBOAE
YpaBHEHUH IPUHSATHI CICAYIOIINE TOMYILEHUS:

1) B peakTOope OCYILECTBISETCS HACAIBHOE IMEPEMEIINBAHUE PEAKIIMOHHOM CMECH, T.€.
KOHIIEHTpALlKs BO BCEX TOUKAX PEAKTOPA OJJMHAKOBA;

2)  TEIIOEMKOCTb pEaKLHUOHHOW CMECH IIOCTOSIHHA W paBHA TEIJIOEMKOCTH HCXOJIHOTO
peareHra;

3) peakums poTeKaeT B U30TEPMHUUECKUX YCIOBUSX, T.€. TEMIIEpATypa B PEAKTOPE MOCTOSHHA.

a)
- ¢ 2
. 5 = <
> (x) )
A

Puc. 3.4 Xumunuyeckuii peakrTop:
a — IPUHLMIINAJIbHAS CXeMa; 6 — CTPYKTYpHas cXxema

[Ipu >THX HONYIIEHUSIX PEaKTOp MOXKET paccMaTpUBATHCA KaK OOBEKT C COCPEAOTOUECHHBIMU
napamMeTpamu, MaTepHaIbHbIN OaaHc KOTOPOTO UMEET CIEAYIOINNA BU:

. smenenn, | Kon-Bo . i Kon-Bo . i Kon-Bo
' € KOJI-Ba | : peareHTa A, | | BBIIIEAIIErO0 | | BEHIECTBA |
BC-H_ICCTBai = MOCTYIUBIII — BemecTsa 4 — A,
' AB ! 1 eroB | ! M3 peakTopa | | BCTYNHBII '
peaktope peakTop BO ero B
. | BXOOHOM | | | | peakumio !
eeee..i iDOTOKE b b |
V%:q(% _C,)-VKC,, (3.5)
rae V — obvem peaktopa; C, — KOHIICHTpAIMs BeliecTBa A; ¢ — BpeMs; ¢ — 0ObEMHBIH pacxoi
pearenrta 4; C 4, — BXOJIHAsl KOHIICHTpAIIUs BEIICCTBA, A, K — KOHCTaHTa CKOPOCTH PEAKIIUH.

Takum oOpa3om, onucaHHe XUMHUYECKOTO PEAKTOpa UACAIBHOTO MEePEeMEIINBAaHUs, B KOTOPOM
poTeKkaeT peakuus tMna 4 — B, sBnsercsd OOBIKHOBEHHBIM IU((EepeHIUaIbHBIM YpPaBHEHHEM
IIEPBOTO MOPAIKA.

Kak BUIHO M3 3THX TpeX NMPUMEPOB, TUHAMHYECKHE CBOICTBA Pa3iMYHBIX MO (U3NIECKOMH
npuposiec OOBEKTOB 00JIAJAal0OT HEKOTOPHIMH  OOIMMMH  4YepTaMu, Omaromaps YeMy Bce
paccMOTpeHHble OOBEKTHl OIUCBHIBAIOTCS OAHOTHUIHBIMH YPaBHEHUSMU — OOBIKHOBEHHBIMH
Qg QepeHaIbHbIMI YPaBHEHUSIMU IIEPBOTO MOPSIKA.

3.3 ONPEJAEJEHUE JJUHEMHOM CTAIIMOHAPHOM
CHUCTEMBI. IPUHIUII CYIEPIIO3UIIUU

B TCOPHUU YHPABJICHUA K JIMHEUHBIM CHUCTEMaM OGBI‘-IHO OTHOCAT TC€ CUCTCMbI, B KOTOPBIX
MPOTEKAIOIINE  TPOIECCHl  SIBIISIOTCS ~ CTAllMOHAPHBIMH W ONHCHIBAIOTCS  JIMHEWHBIMU
i QepeHINaIbHBIMI  YPABHEHUSAMH C TIOCTOSHHBIMH WM (YHKIMOHAJIBHO 3aBHCAIIUMH OT
BpeMeHH Kod(ddunmenTamu. BaKHBIM CBOMCTBOM TaKUX CHCTEM SBISIETCS HX COOTBETCTBHE
IIPUHLUITY CYNIEPIIO3ULIMH. B CBsA3M € 3TUM OlpefeeHUe JIMHEMHOW CUCTEMBI, KaK IIPAaBUIIO, AACTCS
B CIEIYIONIEM BapuaHTE: JIMHEWHBIMHA HAa3bIBAIOTCS CHCTEMBI, ITOJAYHHSIOIINECS TMPUHIIHITY
CYIICPIIO3UIIHH, KOTOpBII\/'I 3aKJII049acTCA B TOM, YTO PCaKIUA 06'LCKT3. Ha CYMMY BXOJHBIX CUT'HAJIOB
D" x,(t) paBHA CyMMe peaKIii Ha KaX/IbIi CHTHAJI B OTEIBHOCTH IS JTFOOBIX X(1).

MaremaTtudeckas 3aImch MpuHIOHIIa CYICpHO3UIUNA COCTOUT U3 ABYX COOTHOILICHUIA:
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J/[in(t)jzzyl'(t); (36)

y(ex(n)) = ey(x(1)) - (3.7)

BaxxHO OTMETHTBH, UTO IMHEMHOCTh CTATUYECKUX XapaKTEPUCTHUK ABISICTCS HEOOXOAUMBIM, HO
HE JOCTAaTOYHBIM YCIOBHEM JMHEHHOCTH, TaK KaK BBIOJTHEHUE MPUHIMIA CYIEPIO3UIIUN
HE0OXOJUMO HE TOJNbKO B CTaTMKe, HO W B JuHaMHKe. B To ke BpeMsa cTaTHdeckas
XapaKTEePUCTUKA, OMUChIBaeMas ypaBHEHHEM TNpsMOM y = a x+ b , HE OTBEUaeT MPUHIUITY
cyneprno3unuu. [lokaxkem 3T0 Ha mpumepe ¢GyHKuH y = 2 x+ 3. Jlusg 3TOoro mpoBeneM
IKCTIEPUMEHT, KOTOPBI MOYKHO TIPOUJUTIOCTPUPOBATH ITOCTAHOBKOM HE MEHEE TPEX OMBITOB.

I onwvim: Ha BX0A 00BEKTa MOJAJAUM CUTHAJ X| = 2 U ONPEIENIUM BBIXOJHYIO KOOPJIHUHATY MO
NeNCTBUEM 3TOTo curHana y; = 7 (puc. 3.5, a).

2 onvim: Ha BXOJ 00BEKTa MOJAAUM APYrOl CUTHANI X, = 3, U ONPEIEINM COOTBETCTBYIOIIEE EMY
M3MEHEHUE BBIXOHOM KOOPAUHATHI y, = 9 (puc. 3.5, 0).

3 oneim: Ha BXOJ 00BEKTa MOJACTCS CUTHAJ, PaBHBIA CyMMe B MEPBBIX JIBYX OIBITAX, X3 = 5 U
ompeJenseTcss BBIXOJHOM curHai ys = 13 (puc. 3.5, 6).

BcenencrBue Toro, uto y3 # y; + y2 (13 #16 ), MOKHO yTBEp»KAaTh, YTO JJIs JAaHHOW (HYHKITUH
MIPUHLIUT CYNEPIIO3UIMHA HE BBIONHsIETCS. J[s1 ycTpaHeHUs NaHHOTO THIA HETMHEWHOCTH CIEHyeT
MEPEHECTH HAyalo KOOpAWHAT TaKuM 00pa3oM, 4TOObI HYJIEBOMY BXOIY COOTBETCTBOBAJ HYJIEBOM
BBIXO/I.

Tak xak OOJBIIMHCTBO OOBEKTOB YIPAaBJICHUS SBISAIOTCA HEIUHEWHBIMH, TO TIpH
OTIPEICTICHHBIX YCIOBHUSIX HEIMHEHHBIE XAPAaKTEPUCTUKH MOTYT OBITh MPUONMKEHHO 3aMEHEHBI
JUHENHBIMU XapaKTePUCTUKAMHU, T.€. IPOU3BOAUTCS JUHeApU3ayus HETMHEHHBIX 3aBUCUMOCTEH.

a)

1 ombIT o 2 OIBIT (6))
t t t t
g U
8)
3 omBIT
x3(8) = x,(1) + x5(1) Ofrexs y3(0)

Puc. 3.5 HNnnocrpanusi 3KkCiepuMeHTa 0 NPOBepKe 00beKTa
VA

N
L
X

Puc. 3.6 JIuHeapu3anus HeJJMHEHHON CTATHYECKON XapaKTePUCTHKHU

OnnuMm u3 Haumbosiee paclpOCTPAHEHHBIX CIIOCOOOB JMHEAPH3AIMM SIBIACTCS PA3JIOKEHHE
HenuHeHHON GyHKIMH B psan Telnopa B OKPECTHOCTH 3aJaHHOW TOYKU U UCKITIOUCHHE HETMHEUHBIX
YJIEHOB Pa3JI0KEHHUS.

[TycTh cTatnueckas XapakTepHUCTHUKA OMMMCHIBACTCS HETMHEUHON 7 pa3 AuddepeHIupyeMon, Tae
n — mo0oe HaTypajgbHOEe 4ucio, (pyHKuMer y = f(x), KOTOpyHO HEOOXOAMMO JIMHEapUu30BaTh B
OKPECTHOCTHU TOYKH (X, Vo) (pHcC. 3.6).
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Ecnmu B mpepenax MakCHMalTbHO BO3MOXKHBIX OTKJIOHEHHW ) M X OT Xo U )y flx) maimo
OTIUYAeTCA OT JHHEWHOW (yHKIMU, TO MOXKHO f(X) 3aMEHHTH €€ NUPHUOIIKEHUEeM j = f(X).

OyHkus f(x) HaxoauTCs U3 psana Teinopa:

S'(xo)

1

()= f(xo) +
Y=o =f(x)=f(x) = [(x)(x = x0)-

(x=xp)+...5

Ilepexonsd K HOBOM CHUCTEME KOOPAMHAT, X =Xx-X,; y=y—J;, IOIYy4YUM JIMHECAPU30BAHHOE
ypaBHEHHE 00bEKTa

— = dy
=kx, rtoe k=—
g &

x|y,

3.4 JUHAMMYECKOE INOBEJIEHUE JINMHEMHBIX CUCTEM

[Tox cucremoii B najpHEWIIeM OyAeT MOHUMAThCS JTI000€ MHOXKECTBO JIEMEHTOB (MOXKET OBITh
OTIENBHBIN AJIEMEHT), 00pa3yrolee HEKOTOPOE IEJIOCTHOE €AUHCTBO O€30THOCUTENBHO K (DYHKITHSIM,
KOTOPBIC OHH BBITIOHSIOT, T.€. 3TO MOXET OBITh OOBEKT, PETYIIATOP, CUCTEMA PETYIUPOBAHHS U T. 1.

Cucrema HaspIBaeTCsS IUHAMHYECKOH, €CIIM OHA OMHCHIBaeTcs IuddepeHIHaTbHBIMH,
WHTETPATbHBIMU JINOO KOHCYHBIMUA YPABHCHHSMH, 3aBHCS-

X(t)I y(f)I

Puc. 3.7 CrpykTypHas cxema CHCTeMBbI

IIMMH OT BPEMEHU, U HA3BIBACTCS CTATUYECKOW, €CIM B €€ OMMCAHUM OTCYTCTBYET IIApPAMETP
BPEMEHHU.

HanOonpumii nHTEpeC MpeACTaBlseT U3ydeHUEe TUHAMUYECKOTO TOBENICHUS JTMHEHHON CHUCTEMBI,
KOTOpas B 00IIIEM ciTydae MpecTaBiIeHa Ha puc. 3.7.

OcHoOBHOM 3ajaveil W3y4yeHUsT JAMHAMUYECKOTO TMOBEACHHS JMHEWHOW CHUCTEMBl SIBISETCA
MOJTY4CHHE BO3MOXKHOCTH PACCUUTHIBATH BBIXOAHOW CUTHAI )(f) ISl TFOOOTO M3BECTHOTO BXOAHOTO
curHana x(¢#).B cBs3u ¢ ITHM HEOOXOAMMO pacroiaraTh MaTeMAaTHYECKUM ammaparoM s
HCCIe0BaHus JIMHEHHON cucTtemsl (puc. 3.8).

Junamuueckue
XapaKTEePUCTHKU
Bpemennsie Juddepennmansaoe [epenaTounas
XapaKTEePUCTHKU ypaBHEHHE byHKIA
Ilepexonnas | | BecoBast YacroTHble
dyskmmsa | |hyHKIHES XapaKTePUCTHKH
|
ADX PA®X JADX
AUX BUX PAUX JIAUYX
OUX MUX POUX JIoUX

Puc. 3.8 JInHamMuyeckHe XapaKTepUCTHKH
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OCHOBHBIMH ~ JMHAMHUYECKHMHU  XapaKTEpUCTHKaMM,  HCIHOJb3YEeMBIMH B  TEOPHH
aBTOMATHYECKOTO  YIpaBIICHUs, SBIAIOTCA TNepenaTtoyHas (QyHKous, auddepeHanisHoe
ypaBHEHHE, BPEMEHHBIE XapaKTEPUCTUKU: NepexojHas (yHKIHMs, BecoBas (YHKLHUS; YaCTOTHBIE
XapaKTepUCTHKHU: aMIUTMTyaHO-(pa3oBas xapakrepuctuka (AdX), pacupeHHas aMILUTUTYAHO-
¢dazoBas xapaktepuctuka (PA®X), nmorapmpmudeckue yacToTHbIe XapakTepucTuku (JIADX).
CocCTaBJsIOIMMHU OCHOBHBIX YaCTOTHBIX XapaKTEPUCTHUK SBISIOTCS

Huddepenrmansaoe —P Bpemennsie
ypaBHEHHE < XapaKTePUCTHKH

ity

ITepenatounas
GbyHKIHS

v

YacToTHBIE
XapaKTePUCTHKH

Puc. 3.9 B3aumocBs3b IMHAMHYECKHX XapAKTEPUCTHK

aMIUTUTY/IHO-4acTOTHast xapakrepuctuka (AUX), ¢a3o-yactotHas xapaktepuctuka (DPUX),
BEIIIECTBEHHO-4acCTOTHas xapaktepuctuka (BUX), mauMas uyactorHas xapakrtepuctuka (MUX) u
COOTBETCTBEHHO pacimupennbie — PAUX, POUYX u norapupmuueckue — JIAUX, JIBUX.

Mexay STMMM XapaKTepUCTUKAMH CYILECTBYET CBsI3b, KOTOPYIO WIIIOCTPUPYET CXEMa,
n3o0pakeHHast Ha puc. 3.9.

Pan auHaMu4eckMx XapakTEpUCTHK MOXHO MOJIYYHTh HKCHEPUMEHTAIbHBIM IIyTEM, a
HEKOTOpbIE SBISIOTCA TeOpeTHUecKUMH. Ha mpakTuke SKCIepUMEHTATbHO MOIYyYaloT BPEeMEHHBIE
XapaKTEepPUCTUKU W 4YacToTHbIe, TouHee, AUX um DdUX, m yke Ha OCHOBE HX 3alHUCHIBAIOTCA
muddepeHIMaIbHOE  ypaBHEHHE, IepegarouHas (yHKIMA, a TakkKe pacHIMpPeHHble U
Jorapu(pMUUECKUEe YaCTOTHBIE XapaKTepUCTHKU. TakuMm oOpa3oM, YTOOBI OLIEHUTh AMHAMHUYECKOE
MOBEJCHUE JIMHEHHOW CHCTEMBl HEOOXOIMMO TMO3HAKOMHUTBHCS CO BCEMH JUHAMHYECKHUMU
XapaKTepUCTUKAMH.

3.5 JUHAMUYECKHUE INTPOLHECCBI B CUCTEMAX

OCHOBHBIM MaTEeMaTHYECKHM aIllapaToM IPH W3yYCHUH U UCCIICIOBAHUM CHCTEM YIPaBICHUS
aBisieTcs anmapar auddepeHunanbHbIX ypaBHeHHH. Kpyr paccmaTpuBaeMbIX 0OBEKTOB OBbLT yxke
OIIpEZIeTICH — ATO JINHEHWHBIE 00BEKTHI C COCPEOTOYCHHBIMH KoopAnHaTamMu. [Ipu 3TOM pazauyaror
CTallMOHAPHBIE OO0BEKThI, KOAPPUIHEHTH U PEpEeHIINATBHBIX YpaBHEHHIH KOTOpBIX HE
U3MEHSIOTCS] BO BPEMEHH, U HECTAIIMOHAPHBIE OOBEKTHI, Y KOTOPBIX KO3(DUITMEHTH N3MEHSIOTCS C
TEUEeHUEM BPEMEHH, HallpUMep, U3MEHEHHE TETJIONPOBOIHOCTH, CTAPEHUE KaTaau3aTopa u JIp.

BonbIIMHCTBO OOBEKTOB pPEryIHpOBaHUS SBISIOTCS HECTAIMOHAPHBIMU OOBEKTaMH, OIHAKO,
CKOpPOCTh M3MEHEHHUS UX CBOWCTB HAMHOI'O MEHBIIE CKOPOCTH PETYJIHPOBaHUS, MOITOMY TaKHe
OOBEKTHl TPH pacUeTe CHCTEM pETYIMPOBaHMUSA MOXKHO TPHOJMKEHHO paccMaTpuBaTh Kak
CTallMOHAPHBIC B TEUEHHUE OIPENEJICHHOTO MPOMEXYTKa BPEMEHH, 32 KOTOPBI CBOHCTBa 00BEKTa
HE yCHEBAIOT CYIECTBEHHO N3MEHHUTHCSL.

Hanee OyayT paccMaTpuBaTbCs JIMHEHHBIE —CTallMOHAPHBIE OOBEKTHI  (CHCTEMBI) C
COCPEIOTOUYCHHBIMU KOOPJMHATaMH, KOTOpBIE OITUCHIBAIOTCS OOBIKHOBEHHBIMH
Qg depeHINaTbLHBIMI YPABHEHUSMH C TIOCTOSTHHBIMHU KO3 (QUITUEHTaMU:

a,,y(")(t) + a,,_ly("_l)(t) +otay' (@) +aygy(t) = bmx("’)(t) + bm_lx(m_l)(t) +...
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et ByX'(8) + byx(2). (3.9)

VpaBuenue (3.8) omnuchiBaeT TOBEACHUE OOBEKTA, KOTOPBIH HMMEET CTaTHYECKYIO

b o
XapaKTEPUCTUKY y=-2x B HEYCTAaHOBHBIIEMCs (TIEPEXOHOM) pEeXKHUME MpH 000 ¢opme
ay

BXOJTHOT'O CUTHaa Xx(1).
YacTHbIMU ciiydasiMu ypaBHEHUS (3.8) ABIAOTCA ypaBHEHUS

any(")(t) + a,,_ly("_l)(t) +otay' () +agy(t) = bmx(m)(t) + bm_lx('"—l)(t) +...
et bX (1), (3.8, a)

a,y" () +a, Y@ +..+ay' () =b,x" @) +b, xX"V(@)+...
et BX' () + By (0). (3.8, 6)

Jlnst  0OBEeKTOB, ONHUCHIBaeMbIX ypaBHeHHeM (3.8, a), craruueckas XapaKTEPUCTHUKA
CYILIECTBYET, HO SBJISETCS BBIPOXKACHHOW, Tak Kak by = 0. ns 0OBEKTOB e, OMHCHIBAEMBIX
ypaBHeHHuEM (3.8, 6), craTnueckas XapaKTepUCTUKA HE CYIIECTBYET.

OOBeKTh, MMEIOUINE CTATUYECKYIO XapaKTEePUCTHKY, HA3bIBAIOTCS CMAmMuyeckumu, a He
MMEIOIINE CTATUYECKON XapaKTePUCTUKH, HAa3bIBAIOTCA ACMAmMu4ecKuMU.

B GosbmmHCTBE CiydaeB, Kak y)e OTMEUYaloCh BBIIIE, YPaBHEHHS CHCTEM aBTOMAaTHYECKOTO
pEryaupoBaHUs OKAa3bIBAIOTCS HEIMHEHHBIMH, IO3TOMY, €CIM 3TO BO3MOXXHO, IPOBOJIST
JIMHEApU3alMI0 3TUX YPaBHEHHUM IIPU IOMOIIM psna Tennopa myTeM pasyIoKEHUs HEIMHEWHBIX
(GYHKLIMH HEKOTOPBIX NEPEMEHHBIX [0 CTENEHSIM MaJIbIX MPUPAILEHUH 3TUX NEPEMEHHBIX, B3AThIX B
OKPECTHOCTM MX 3HAYEHHUH, COOTBETCTBYIOIIMX YCTAaHOBUBLIEMYCS pexuMy. B pesynbrare
MOJIy4al0T JIMHEAapU30BaHHBIC YpPaBHEHMsS B OTKJIOHEHMsX. TakuM o0pa3oM, B OOJIBIIMHCTBE
ciyyaeB AuddepeHnuanbHoe ypaBHeHHE (3.8) sBiseTCS ypaBHEHHEM B OTKJIOHEHHSX, KOTOPOE
OINUCBHIBAET OOBEKT WM CUCTEMY DETYJIHPOBAaHUS TOJBKO B OKPECTHOCTH YCTaHOBUBLIETOCS
pexxuma. i TMHEWHBIX CUCTEM YPaBHEHHUSI B OTKJIOHEHHUAX U UCXO/IHbIE YPaBHEHNUS COBIA/AIOT.

Jns momydeHust pemieHust ypaBHeHHs (3.8) HE0OXOOMMO 3a/1aTh HAayallbHbIE YCIIOBHS, IOJ
KOTOPBIMM ITOHUMAETCSI COCTOSIHUE IIPOLIecca B MOMEHT BPEMEHH, IPUHATOM 3a €ro Havaio ¢ = 0:

(0) = y0; ¥(0) = Yoo " (0) = "0 (3.9)
Oomee permenne ypaBHeHus (3.8) mpeacTaBisieTcs B BUJE:
V() = Yer (6) + Yy (1)- (3.10)

B Beipaxenun (3.10) y.(f) sBIseTcs oOmMMM peNIEHHEM COOTBETCTBYIOMIETO OIHOPOIHOTO
YPaBHEHUS U Vpuu(f) — YACTHOE pELIEHHE HEOAHOPOAHOro ypaBHeHHUd (3.8). CiieqoBaTenbHO, Ves(?)
COOTBETCTBYET JBM)KEHHUIO CHCTEMBI B OTCYTCTBHU BXOAHOro curHaia x(f) = 0, T.e. COOCTBEHHOMY
CBOOOJHOMY JBIM)KEHHIO CHCTEMBI, M OINpEAESIETCS CBOWCTBAMM CaMOM CHCTEMBbI, KOTOpBIE
MIPOSIBJISIIOTCS B CBOMCTBAX KOPHEH XapaKTEpUCTUYECKOr0 ypaBHEHMs. Eciau 3TH KOpHU pas3iIMuHBI,
TO

V)= e, (3.11)
i=1

rme i, — KOpHH XapaKTCPUCTUYCCKOI'0 YpaBHCHHA, C¢; — TIPOHU3BOJIBHBIC IMOCTOAHHBIC,

1

OIPCACIIICMBIC U3 HaYaJIbHBIX YCJIOBI/Iﬁ.
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YacTtHOEe pemieHUe Vyuu(f) 3aBUCHT OT BHAa (yHKIMU x(f), OMpenensiomeld BXOJHOE
BO3JICHICTBUE HA CUCTEMY, U COOTBETCTBYET BBIHYK/IEHHOMY JIBKEHUIO (COCTOSIHUIO) CUCTEMBI.

Pemenune (3.10) ypaBHenuss (3.8) ompenenseT IWHAMHYECKHH MpPOLECC B CHUCTEME,
MIPOUCXOJAUIMN ¢ MOMEHTA MOJa4Yl BXOAHOTO BO3JIEHWCTBHS, KOTOPBIM MPUHAT 332 HA4ajao OTCYeTa
BPEMEHH, MIOATOMY JIBUKEHUE CHUCTEMBI (TIIEPEXOIHON MPOLIECC) pacCMaTPUBAETCS TOJIBKO MpH ¢ >0,
10151 ¢ < 0 OH MPUHSAT TOXKIECTBEHHO PABHBIM HYJIIO.

BreixogHoli curHan y(f), MOMy4arolIMiicsl B TEUEHHE TAKOrO Ipoliecca, SIBISETCS Haumbosee
MOJITHOW XapaKTEPUCTUKONW JUHAMUYECKUX CBOMCTB CHCTEMBI, IO3TOMY OIPEAEIECHUE ITOTO
CUTHaJIa, KaK yXX€ OTMEuajoCh, U SBIISIETCS OCHOBHOM 3aJlayeil TEOpUU pPErylupoOBaHUA. 3/€Ch
CTAHOBUTCS aKTyaJbHOM WUJES W3YYEHUS  JUHAMHUYECKMX CBOMCTB CHCTEMBl C IIOMOIIBIO
BPEMEHHBIX XapaKTEPUCTUK.

3.6 NEPEXOJHAS U BECOBASI ®YHKIIMN
3.6.1 Ilepexognasi pyHKIMA
Jnst mosydyeHus TepexoAHOM (YHKIMHM B KayecTBE CTAaHAAPTHOTO CHTHAJIA HCIOIb3YETCs

equHUYHas QyHKIMS BpemeHu (2.16). Takoro poaa BO3eHCTBHIO COOTBETCTBYET, HAIIpUMED, cOPOC
WM BKJIIOYEHHE HArpy3KH B CHCTEMax pEeryJMpOBaHUs (OTKa3 MOTOPA B CUCTEME PETYIUPOBAHHUSA).

x(t) A

9ux

Puc. 3.10 IlepexogHasi XapaKTepHCTHKAa XMMHYECKOI0 peakTopa:
a — CTyIIeH4aToe BO3/IEHCTBHE; O — KpUBas pa3roHa

Ilepexoonoti ¢ynkyueli Ha3pIBACTCA AHATUTHYCCKOE BBIPAKCHHUE IS PEIICHUS JTMHEHHOTO
muddepeHnmanbHoro ypasHenus (3.8) mpu BXogHOM curHaie x(f) = 1(f) u HyJeBBIX HaydalbHBIX
YCIIOBUSIX, T.€.

a, " () + @,y V() + ot @y (0) + agy(t) = by l(0),
$(0)=0; y'(0), ..., y"(0)=0. (3.12)

Kpueoii paseona HazpiBaeTcsi peakius oObeKTa (CHCTEMBbI) Ha €JUHMYHOE CTYNEHYaToe
BO3/ICHCTBUE NPH HYJEBBIX HAYAJIbHBIX YCIOBUSAX.

Ha npaxTuke KpuBas pasroHa ONpeNeNseTcsl SKCIEePUMEHTAIbHBIM IyTEeM U HCIOJIb3YeTCs B
KayecTBE HMCXOJHBIX JaHHBIX JUId aHalu3a M CHHTE3a CUCTEM AaBTOMATUYECKOTO YIPaBJICHUS
HccaeayeMoro oObeKTa.

3nech creayeT BBECTH MOHATHS MPsIMOM M oOpaTHOH 3amau. [Ipsimast 3amava (3amaya Korm)
3aKJIIOYAeTCs B ONpENeNeHUH pemieHus Aud@epeHnnanbHOro  ypaBHEHUS C  3aJlaHHBIMHU
HavaJlbHBIMH YCIOBUSIMH. B 00paTHO#l 3amade TpeOyeTcsi BOCCTAHOBUTH BHJ U KOI()OUIIUEHTHI
mudPepeHIaIBHOTO YpaBHEHUSI TI0 M3BECTHOM WHTErPajJbHON KPHUBOWM, HANpPHMEP, MEPEXOTHON
¢ynkunu. Pemenune oOpaTHOM 3amaud MPECTaBISET 3HAUYUTENIBHYIO CIIOKHOCTH BCIIEICTBHE €e
HEKOPPEKTHOCTH U 3/E€Ch CYILECTBYET CHElMalIbHBI MaTeMaTWdyeckuil ammapar. Tak, Hampumep,
€CITM TPEINONI0XKUTh, YTO TepexonHas (YHKLHUsS ONMCHIBACTCS PEIICHWEM YpPaBHEHHS IEPBOTO
nopsiaka

@y’ () + agy(t) = box(t) , x(1) = 1(2), »(0) = 0, mimm 7/(1) + y(¢) = kx(1),
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b
rne k=—2: T :ﬂ, TO OMpEICNICHUI0 ToUIeKaT k — KodddumuenT ycwieHus u T — MOCTOSHHAs
dg dg

BpPEMEHHU.

B craruke y'(f) = 0 u, ciienoBarenbHo, () = k x(o0), oTKya KO3()OHUIIMESHT YCUIICHUS k = %,

X(o0

Tak Kak x(o0) = 1; y(o0) = h(0), T0o k = h(0).

Jliis ompenenieHusl IOCTOSTHHOW BpeMeHU ' MCXOJIHOE YpaBHEHHE HMHTETPHUPYETCS B Mpeaenax

ot 0 10 oo:
T [0t = [llee(t) = y(0))dt = [[h(o0) ~ (o).
0 0 0

IIpaBas 4YacTh MOCJIEAHETO BBIPAKEHUS €CThb HE YTO MHOE, Kak Miomane S T1oJ
HKCHEPUMEHTAIBHO CHATOW KpuBO#l pasrona (puc. 3.10, 6), Toraa MoxHo 3amucatb: T h(w) = S,

S
oTKyga 7T =——.
h(0)

3.6.2 BecoBas pyHKIIHS

Jlnst momydeHust BeCOBOM (PYHKITUH, €€ TaK)Ke HA3BIBAIOT UMNYIbCHOU NEPexoOHOoU (yHKyuetl, B
Ka4yecTBE CTaHAApTHOIO CUTHaJa ucmonb3yercss  O-pyHkums (2.17):

B(t—r):{

0 mpu t#T1; ¥
j&(r)dt:l.
0 IIpH =T, e

Takum o0pa3zom, BecoBoi (yHKIMEH w(f) Ha3bIBAeTCA PeaKiHsl CUCTEMbI Ha O-(QYHKIHMIO MPHU
HYJIEBBIX HAYaJbHBIX YCIOBUSIX.

Ha nmpaktuke BecoByro (yHKIHMIO B  OTACHBHBIX  CIydasX MOXHO  IOJYyYUTb
HKCIIEPUMEHTAJBHBIM IyTeM BecbMa NMpuOirmkeHHo. CUMTaIOT, 4TO Ha BXOJA OOBEKTa MojaHa O-
GbyHKIHMSA, eclu BpeMsi JACUCTBUS MMITyJbCa HAMHOTO MEHbBIIE BPEMEHH IEPEXOJIHOrO0 Ipolecca.
[IpumepoM MOKET CIYXKHUTh IKCIEPUMEHT 10 CHATUIO BECOBOM (DYHKIIMU XUMHUYECKOTO PEaKkTopa
(puc. 3.4), sBastomerocsi 00bEKTOM HCCIIEIOBaHMSA. B KauecTBe BXOIHOTO CHTHajla B PEaKTOp
3aJIIIOM BBUIMBAETCS MOPIHS KPACSIIEro BellecTBa (HampuMmep, 4epHui). Yepe3 HEeKOTopoe BpeMs
3TO BEIIECTBO MOSBHUTCS HA BBIXOJIE, IPUYEM €ro KOHIEHTpAallUs MEepBOHAYAIbHO BO3pPACTaeT, a
3areM yObIBaeT — Kpacsiee BeIecTBO BhIMbIBaeTcs (puc. 3.11).

[TonaBaeMblif Ha BXOJ MMITYJIbC MPEACTABIAET COOON MPUOIMKEHHYIO NeNbTa-(QYHKIUIO, TaK
KaK ero IIomajb OTJIMYHA OT eAMHULBI U paBHa S. [loaTomy i monydeHUs] BeCOBOW (PYHKIIMU
HKCHEPUMEHTAIBHO CHSATBHIM MEepPexXOIHBIH MpoIlecC HOPMHUPYIOT IMyTeM JeNEHHsl €ro OpAWHAT Ha
BEJIMYMHY TIONIAU BXOJHOTO BO3JEHCTBUA S.

>
t

Puc. 3.11 IlepexogHasi XapaKTepHuCTHKA XMMHYECKOI0 peaKTopa:
a — O-pyHKIMS; 6 — BecoBast PyHKITUS
Mexay BpeMEHHBIMU XapaKTEPUCTHUKAMH: MEPEXOAHON U BECOBOH (YHKUMSMHU CYIIECTBYET
B3aUMHOE OJIHO3HAYHOE COOTBETCTBHE, KOTOPOE ONPEAEIAETCA CIEAYIOINUM 00pa3oM:

w(t) = B'(t); h(t) = jw(r)dr.
0
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BecoByro pyHKIINIO MOKHO TOIYYUTh U KaK perieHne AudpepeHnnaibHoro ypaBHEHHs
a,y "0+ a, 1y O+ .+ @y (1) + agy(t) = b3(0);

y(t)=y'(0)=...=y" V() =0.

[Tpu pemenun mogoOHBIX ypaBHEHUH JenbTa-(QYHKIHMIO TEPEBOJAT B HaYaJbHBIC YCIOBUS, U

CCTH 1 =2, TO a,y"(6) +a,y'(0) + agp(t) = 0; ¥(0)=0; y'(0) =
a

3.7 UHTEI'PAJI JIOAMEJIA

Wurerpan J{roamens ucnonb3yeTcs AJsl OMpeieNieHus BhIXoa 00beKTa y(f) Mpu MPOU3BOILHOM
BXOJHOM CHUTHaJE X(f) ¥ U3BECTHBIX A(f) mnbo w(f).

[Ipenmonaraercs, 4To Ha BXOJ OOBEKTa, OMUCHIBAEMOTO BecOBOW (yHKIMEH w(f), momaercs
curHai x(¢) (puc. 3.12, a), moagpoOHOE ONMHMCaHue KOTOPOTO JaHO B 1I. 2.8.

Ecnu peakuuro oObekTa Ha (¢ — ¢;) 0003HaUUTH yepe3 w(t — t;) (BecoBast (YHKITHUS), a PEAKIIUIO
Ha 5(f—t,) uepe3 w(t—t,) (MpuOAMKeHHas BecoBas (YHKIHMS), TO HA OCHOBAHMHU IIPUHIIMIIA
CYNEPIO3UIIMHA MOXKHO 3allMCaTh BBIXOJHOM CUTHAI Ha UMIYJIbC X(f):

Vi () = w(t —t;)At;x(t,).

XA a) Y
AL YA 6)

7V

—_———

—_———

Puc. 3.12 IlpencraBieHne BXOAHOTO (¢) U BBIXOJIHOTO CUTHAJIOB (0)
3amMeHa BXOJHOTO cHrHajla x(f) HAOOPOM WMMITYJIbCOB, BBICOTa KOTOPBIX COBIATACT C
COOTBETCTBYIOLIUMHU KOOpAMHATamMu (puc. 3.12), mo3BoJseT 3anmucaTbh PEaKLUI0 Ha CTYNEHYaTyro
(GYHKIHMIO X(f) HA OCHOBAaHUU NMPUHIIUIIA CYTIEPIO3UIIUU

T =Y Fi(0) =) Wt —1,)ALx(t,).
i=0

i=0

Ecau Teneps ycrpemuts At; — 0, ipu 3TOM ¢, — T; n —> 00; 3(t —1,)—>8(t—1);, wit—t;) >wt—-1), a
At; — dt, Toe T — HENpepbIBHBIA MapaMeTp, MOKA3bIBAIOUIUI CABUI KaXJAOTO HMIYJbCA, TO
OKOHYATEJIBHO MOTY4aeM:

Y(t) = jw(t ~)x(1)dx. (3.13)
0

[locneqnee ypaBHeHHe Ha3biBaeTcss uUHTerpasiom Jlioamens (ypaBHEHHEM CBEpPTKH),
OTPaXKaIOIIKUM CBSI3b MEXKIY BXOJIOM, BBIXOJIOM O0BEKTa U €ro BECOBOM (PYHKIIUEH.

ITo cytu nena BecoBast GyHKIIHUS SBISETCS MaMATHIO 00BEKTa, KOTOpas MOKa3bIBAET, KaK J0JT0
U KaK CHJIbHO BJIMSCT Ha 06'LGKT HMITYJIbCHOC BO3MYIICHHUEC, MTOAAHHOC Ha €ro BXOA B MOMCHT
BpemeHu T = 0.
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W3 ¢usudeckoro cmpiciia BeCOBOM ()YHKIMU BEPXHHUH IMpeaesl MHTETPUPOBAHUS MOXKET OBITH
3aMEHEH Ha f, TaK KaK HEBO3MOXHO NPEACTaBUTH PEATbHYIO CHCTEMY, B KOTOPOH Ha BBIXOAHYIO
KOOp/AMHATY B HACTOSIIMHA MOMEHT BPEMEHH OKa3blBAlOT BIMSHUE BO3MYILICHUS, KOTOpHIC
HOSIBIISIFOTCS B ITOCTIEYIOINE MOMEHTHI BPEMEHH.

Ecnu mnpoussectn 3ameny B Qopmyne (3.13) r=t1=£, di=df, TO MOXHO 3amuUcaTh

CUMMETPUYHYIO popMyITy

g}

(1) = [x(e-Em(E)de. (3.14)

0

Ecnu nnst mpepcraBneHUs BXOJHOTO CHUTHANIa MCIIONB30BaTh He dopmyny (2.26), a (2.27), To
uHTerpan JlroaMens 3amuchIBacTCs Yepes MepexoIHyo GyHKIHIO:

(3.15)

() = x(O)h(0) + [t =7) &
5 dt

HIIN

y(t) = x(0)h(r) + j % h(t)dr.

0

3.8 INPEOBPA30OBAHME JIAIIVIACA

OCHOBHBIM MaTEMaTHYECKHM arIiapaToM, KOTOPBIH UCTOIb3yeTCsl B TEOPUU aBTOMATHYECKOTO
VIIpaBIICHUS, SBISETCS CHEIHMAIbHBIA METOJl TPUKIAJHOTO aHaJM3a, TaK Ha3bIBACMBIH
OTIEPALMOHHBIA METOJI, B OCHOBE KOTOPOTO JISKHT (HyHKIIMOHAITEHOE TIpeoOpa3oBanue Jlamaca.

3.8.1 Omnpenenenue npeodpasosanus Jlaniaaca

IIpeoOpasoBanuem Jlammaca Ha3piBaeTcst mpeoOpasoBaHue (QyHKIUH Xx(f) TEpeMEHHOW ! B
GYHKIHIO X(S) IPYroi MEepeMEeHHOM § MPY IMTOMOIIH ONepaTopa, ONMPEAeISIEeMOT0 COOTHOIIICHHEM

Lix(6)} = x(s) = j x(t)e "dt, (3.16)

0

rae x(f) — opuruHan GyHKIMK; X(s) — n3o0pakenue no Jlammacy Gynkmmm x(1); S — KOMILJIEKCHAsI
IIEpEMEHHAs s = oL 1+ i®.

®opmymna (3.16) onpenenser npsamoe npeodpazoBanue Jlamnaca. Bo3MOXXHO U Tak Ha3bIBaeMoe
obpatHOoe mpeobOpa3oBanue Jlarmaca, Mmo3BoJsIONIEe MO M300pAKEHHIO HaWTH opuruHair. OHO
OIIPEEISIETCS] COOTHOLIEHUEM

c+im

L x(s)) = x(8) = —— j x(s)e"ds (3.17)
27” [ 10)

rje ¢ — abcuucca CXOAMMOCTH (PYHKITUH X(S).

Jns  OGompmMHCTBa (PYHKIMH, BCTPEYAIOIIMXCS HA IPAKTHUKE, COCTABJIECHBI TAOJIHIIBI
COOTBETCTBUS MEKIY OpUTHHAIAMH M U300pakeHusIMHU. M300pakeHns HEKOTOPBIX HanboJiee 4acTo
BCTpevaomuxcs (yHKUUNA B TEOPUM yIpaBieHUs npuBeneHsl B Tabm. 3.1. Ecim ke ¢yHkuums
OTCYTCTBYeT B TalnMie, TO €€ HM300paXEeHHE MOXKHO TIOJIYYUTh HEMOCPEACTBEHHO, MOJb3YsCh
cooTHormeHueM (3.16).

Ipumep 3.1 Tpebyercs HaiiT mpeobpasosanue Jlamnaca oT GpyHkimu x(¢) = e .
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CornacHo onpenenenuto npeodpazopanus Jlammaca (3.16) umeem

o0 o0 1 0
x(s) _ J.e—ate—stdt — je—(s+a)tdt —_ e—(era)
0 0 Ss+a 0

- 1
Takum o6pazom, e — .
s+a

1

s+a



Tabmuma 3.1
Tabnuia npeobpazoBanus Jlamiaca

No Opuruna | M3o6paxenu No Opuruna | M3o6paxenu
) 1 S ) 1 S
. (O]
1 o(7) 1 8 sin®t .
1
2 1 " 9 cosmt ﬁ
1 | o
3 t 2 o0|e€ sinwt 1) +0
tl‘l
n! 1 ) s+
4| (n=1,2, N e * cosmt Gratiol
5| I L] Sa-e) I
€ s+o 2| ¢ s(s+a)
1 1 1
ot [ 1(t - 2 -as
6 te sta) 3 (t-a) _€
1
n _-out e —
7 t e (S+(X)n+1

[Iupokoe mnpumeHenue npeoOpa3zoBanus Jlaruiaca OOYCIOBIEHO TeM, 4YTO H300paxKeHue
HEKOTOpPBHIX (DYHKIMH OKa3bIBAaeTCS IMPOLIC WX OPHTHHAIOB MW PAA  ONepanuii, TakWX Kak
MHTErpUpoBaHue, IU(QepeHpoBaHe HAJ HW300paKEHUSIMU TPOIIE, YEM COOTBETCTBYIOIIHE
OIepaly HaJ OPUTHHATIAMH.

3.8.2 CmoiicTBa npeodpasoBanus Jlannaca
[Ipu wucnonb3oBanuu npeoOpazoBanust Jlamnaca HeoOXOOUMMO 3HATh M NPUMEHSTH €ro
CBOMCTBA, HEKOTOPBIC U3 HUX POPMYIHPYIOTCS CISAYIOMUM 00pa3oM.

1 Teopema TMHEHHOCTH: JJIs JIFOOBIX TEWCTBUTEIBHBIX MIJIM KOMILIEK-CHBIX ITOCTOSHHBIX A U
B nuneitHON KOMOMHAIIMKA OPUTHUHAIOB COOTBETCTBYET Takas jk€ KOMOMHALNS N300payKeHH

Axy(t) + Bx, (1) = Ax,(s) + Bx,(s), (3.18)

rae x1(f) —> x1(s); x2(2) —> x2(s).

2 Teopema momo0us: yMHOXKEHHWE apryMEeHTa OpHTHMHAala Ha J000€ IOCTOSHHOE
MTOJIOXKUTEIBLHOE YUCIIO A TIPUBOJUT K JICTICHUIO apryMeHTa U300pakeHus X(s) Ha TO e YHUCIIO A:
1 s
xX(At) > —x| —|. 3.19
(=) (3.19)
3  Teopema 3aTyXaHHs: YMHOKEHHE OpMTMHATa Ha (yHKImio €, rie a — moboe

JECHCTBUTEILHOE WJIM KOMIUIEKCHOE YMCII0, BIICYET 3a cOO0H "cMmelnieHre" He3aBUCUMOM TTepeMEHHOM
St

e“x(t) > x(s—a). (3.20)

4 Teopema 3ama3pIBaHus: AJs JIIOOOTO TOCTOSHHOTO T > ()
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x(t—1) > e " x(s) . (3.21)

5 Teopema nuddepeHupoBaHus MO TapaMeTPy: €CII MPHU JT0O0M 3HAUYCHUHU 7 OPUTHHATY X(Z,
7') COOTBETCTBYET M300pakeHue x(s, 7), TO

of(t,r) N of (s,r) (3.22)
or o ‘

6 Teopema nuddepeHIMPOBaHUS OpUTHHAIIA: ecH X(f) — x(s), TO
x'(t) = sx(s)—x(0), (3.23)

T.e. nuddepeHIMpOBaHNE OpHUTHHAJIA CBOJUTCS K YMHOXEHHIO Ha § €ro H300paKeHHs |
BerauTaHuto x(0).

B gactHocTH, ecimu x(0) = 0, To x'(f) — s x(s). [Ipumenss TeopeMy HE0OX0IUMOE KOJTHMIECTBO
pas, MoJIy4aroT

X (1) = s"x(s) = 5" x(0) = s" X' (0)—..—x" D). (3.24)

Ecan x(0)=x'(0)= ... =x"(0)=0, 10O
xM (1) = s"x(s), (3.25)

T.€. IPU HYJIEBBIX HAYaJIbHBIX 3HAYEHUSIX n-KpaTtHoe nuddepeHImpoBaHue OpUrnHaia CBOAUTCS K
YMHOKEHHIO Ha s €r0 H300paXKeHHL.

7 Teopema MHTETrpUPOBAHUS OpPUTHHAJIA: UHTETPUPOBAHUE OpUTHMHANIA B Tipeaenax ot 0 go ¢
MNPUBOAUT K ACJICHUIO I/1306pa)KCHI/I$I Ha S:

t
[y » 2. (3.26)
0 N
8 Teopema muddepennupoBanus uzoOpaxkeHus: auddepeHupoBaHue H300pPAKECHHS
CBOJUTCS K YMHOKXCHUIO OpUIMHAJla Ha () :

—tx(t) = x'(s) . (3.27)
9 Teopema HHTErPUPOBAHUS M300PAKEHHS: UHTETPUPOBAHMIO N300PAKEHUS B TIPEIEIax OT §

0
JI0 00 COOTBETCTBYET J€JICHUE OpUTMHAIA Ha f, T.€. €CJIM UHTETPall Ix(z)dz CXO0OUuTCs, TO

s

%’b [x(s)ds (3.28)

10 Teopema ymHOXeHUs nu300paxeHus: eciau x(1) — x(s), y(t) — y(s), To cBepTKe GyHKIUN
t

x*y= |x(1) y(t—1)dr (3.29)
0
COOTBETCTBYET ITPOH3BEICHNE H300PaKEeHNI

xy = x(5)y(s) . (3.30)

11 TeopemMa yMHOXXEHUS OPUTMHAIOB: MPOU3BEACHUIO OPUTHHAIIOB COOTBETCTBYET CBEpPTKaA
M300paKeHU i
1 y+ico
y(@) - x(t) = y(s)x(s) = Py JX(Z)y(S —z)dz, (3.31)
y—ion
rae y = Re z.
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12 Teopema 0 KOHEUHOM M HaYaJIbHOM 3HAYCHUAX (DYHKIIHH:

lim x(¢) = lirr(l) sx(s) 3 (3.32)
t—0 5>

1ir13 x(¢) = lim sx(s) . (3.33)

t—> §—>00

3.8.3 Pemenue nudpdepeHnUAIBHBIX YPABHEHUH

OnHUM U3 BOKHEHIIINX TPUMEHEHHUI ONIEpallMOHHOTO UCYHMCIIEHUs — mpeoOpa3oBanwms Jlamiaca —
SBJISIETCSI pellIeHne JTMHEHHBIX TU(QepeHIaIbHbIX YPaBHEHUH ¢ OCTOSHHBIMU KO3(h(UIIMEHTaMHU,
KOTOPBIMH KaK pa3 U OMHCHIBAIOTCS PACCMAaTPUBAEMBbIE CUCTEMBI aBTOMAaTHYECKOTO YIPABICHHUS.

Pemenne auddepeHnnansHOr0 ypaBHEHUSI B 3TOM CiIydae CKJIAJbIBaeTCid M3 CIEAYIOLINX
JTAroB:

1) npeoGpazoBanue ypaBHeHus no Jlamnacy;

2) OTBICKaHUE PEUICHHS B 00JIACTH KOMIUIEKCHOTO TIEPEMEHHOTO ;

3) mepexon B 00JacTh JACHCTBUTEIBHOTO TMEPEMEHHOTO MyTeM OOpaTHOTO MpeoOpa3zoBaHUS
Jlannaca.

IIpumep 3.2

ayy" () +ay' (1) +agy(t) = bol(1) ;
y(0) =y'(0) = 0.

[Ipeobpasyem nanHoe ypaBHeHHe 10 Jlammacy:
azszy(s) +a;sy(s)+agy(s)=by-1/s,
OTKYyJla
bO

s(a252 +ais+ag)

y(s)=

[TycTh MOJMHOM a,s” +a;s+ay, =0 HMMEET KOPHU S| M §p, TOLNA, Kak OYyJeT MOKAa3aHO HUKE,
MO>KHO 3arucaTh

C C C
y(s)=—"24—+—2,
s s—8 S—8
rne Cop, C;, C; — HekoTopble KOd(D(DHUIMEHTHI, OmpeaensieMble METOAOM HEOIPEISICHHBIX
K02(pPUITUEHTOB:
by . by . by
Co=—-;CG=——"7—",C=——"—.
S152 s1(s1 = 57) 57(8 = 51)

IMone3ysaces TabmumaMu o0OpaTHOro npeodpasosanud Jlamiaca, HaxoaUM
y: )
y(t) = CO + Cleslt +C2€Szt .
[TomyueHHoe  BbIpakeHUE )(f) SABISETCS  pEHICHHEM  JUHEHHOro  OOBIKHOBEHHOTO
mudPepeHIaIPHOTO YPaBHEHHsI BTOPOTO TOps/IKa MPU BXOAHOM cuTHane x(f) = 1(¢), T.e. HUYEM
WHBIM, KaK TepexXoJHON GyHKIMEH sl TMHEHHOTo 00BEKTa BTOPOTO MOPSIKA.

3.8.4 Pa3Ouenue Ha mpocrelme Apodu

Kak BumHo u3 mpumepa 3.2, peumieHue IuQQepeHINaTIbHOrO ypaBHEHUS, MOIYYE€HHOE C
WCIIOIb30BaHMEM TMpeoOpazoBaHus Jlammaca, mpeicTaBiaseT coO0O0M parMoHAIBbHYIO ApoOb. [lms
obyierueHust OOpaTHOrO MpeoOpa3oBaHUs TMOJNYYCHHYIO JApoO0b HEOOXOIMMO pa3lioXHUTh Ha
npocTenmme ApoOu, MOJIB3YSICh CIETYIONIMM TPABUAIIOM.

Hpo6n

M(s) = 2218 (3.34)
®,(s)
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HA3BIBAETCS MPABIILHON PallMOHAIBHON JPOOBIO, €CIIU MOPSIOK YUCIUTENSI MEHBIIIE, YeM MOPSII0K
3HameHarens. s pasnoxenus apodu (3.34) HeoOX0AMMO HANTH KOPHU YPaBHEHHS o, (s) =0 .

Ecnm xopeHb NeCTBUTENBHBIN, TO €My COOTBETCTBYIOT JIpOOb BHIA
A

5—5;

Ecnm xopHM nelicTBUTENBHBIC KPATHOCTH k, TO UM COOTBETCTBYET CyMMa JIpoOei
A s —+ .+ A"Skilk .
s=51 (s—s1) (s—s1)
Ecamn xopHM KOMIUIEKCHO CONPS)KEHHBIE, TO
Ais+B
(s2 +as+b) '

Ecnu KopHM KOMIUIEKCHO COMPSKEHHbIE KPATHOCTH &, TO

Ais + By Ays+ B, Ays+ B,
5 + 3 3 + .. -|-—2 T
(s“+as+b) (s"+as+b) (s” +as+b)

Takum 06pazom, 1poOb (3.34) MOKHO TIPENICTABUTH B BUJIE

(pn—l(s): 4 " 4, —— 4y —+
9,(5)  (s=s) (s—s)) (s =51)
B, B, B,
+ 2+...+—m+...+
(s=52) (s-55) (s =57)
(3.35)
Cys + Dy N Cys+D, L Cys+D,
(s> +ais+b) (sP+as+b) (P +as+b)’
Fs+E N s+ E, N Fys+E,
(s> +ais+b) (s+as+b)* (T as+b)!

Koadduumentsl 41, ..., Ai; Bi, ..., Bw; Ci, ..., Cp; Di..., Dp; Fi, ..., Fy; Ey, ..., E, HaxopsaTcs
METOZIOM HEOTPEEICHHBIX MHOXHUTeNeH. B 3ToM cimydae mpaBas vacth (3.35) mpuBOIUTCS K
o0IIeMy 3HAMEHATENI0 U TOJIYyYaeTcs PaBEHCTBO ABYX ApoOeil, y KOTOPhIX 3HAMEHATENN pPaBHBI,
CIIEZIOBATENIbHO, JOJDKHBI OBITh paBHBI M YUCIUTENW. M3 paBeHCTBAa MOCICTHUX COCTaBISETCS
cucreMa aiaredpanyecKux ypaBHEHUH IS ONpEIeNCHHs HEU3BECTHBIX KOA(PQPHUIIMEHTOB, KOTOpas
pelaeTcst U3BECTHBIMU METOIaMH PEIICHHSI THHEHHBIX alreOpanvdecKuX CUCTEM.

[Ipu ompeneneHun OpUrHHANA IO TOJYYCHHOMY HM300paXCHUIO MOJB3YIOTCS CIEAYIOIIUMHI
(dhopmyrIamMu COOTBETCTBHUSL:

sit .
— Ade™" ;

s—5
A Ny |
(s—s)) (k-1)! ’

a
=t

—2AS+B —e 2JAcostNb—a’ /4 +—B—Aa/2 sintNb—a’ /4.
s“+as+b Nb—d/4
s2 42
(s+1)>(s-2)
JlanHOE M300pakeHHE pacKiIaIbIBacTCS Ha IPOCTEHIEe APOOU:
) 4 4, A, B
3 = + >+ =+ .
(s+1)°(s=2) s+1 (s+1)° (s+1)° s-2
[IpaBast yacTh MOCIEIHETr0 BBIPAKEHUSI MPUBOAUTCS K OOILIEMYy 3HAMEHATENI0, U U3 YCIOBUS

PaBEHCTBA YHUCIUTENICH TI0JIy4aroT:

Ipumep 3.3 Haiitu opuruHam, eciam n300pakeHNue
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SP42=A(s+1) (s =2)+ Ay(s +1)(s—2) + Ay (s —2) + B(s +1)*.

W3 paBeHcTBa KOA(PHUINEHTOB NMPU COOTBETCTBYIOIIMX CTEMEHAX § B JIEBOW M MPABOM YacTIX
3aIUChIBACTCA CHUCTEMa alreOpandecKix ypaBHEHUI:

A4 +B=0;

4, +3B =1,

Ay — A, =34, +3B=0;
—24;,-24,-24,+B =2,

pelenne Kotopoii naet A =—2/9; A, = 1/3; A3 =— 1; B =2/9. Takum obpazom,

st +2 __ 2 . 1 1 . 2
G+D)(s=2)  9s+D) 3s+1)> (s+1)° 9s-2)

[Tpumensist o6paTHOE MpeoOpazoBaHKe, 3aNIMCHIBACTCS BBIPAKEHHUE Il OpUTHHAIIA!

2
L' S3—+2 = —geft +lteft —lt2eft +2e2t .
(s+D7°(s—-2) 9 3 2 9

3.9 NNEPEJATOYHASA ®YHKIIUA

OnHOM W3 OCHOBHBIX XapaKTEPUCTHUK OOBEKTA YIPABICHHS, HCIOIb3YeMOH B TEOPHH
aBTOMATHUYECKOTO YIpaBJICHUsI, SBJISETCS mNepenaToyHas (yHKLHMSA, 3amuchiBaeMas B TEpPMHHAX
npeoOpaszoBanus Jlamnaca.

Ilepeoamounoii ¢pynxyueti 00BEKTa HA3BIBACTCS OTHOIICHHE MpeoOpa3oBaHHOrO 1o Jlammacy
BbIX0Ja oOBekTa )(s) K mpeobpaszoBanHOMy 1o Jlarumacy BXoay X(s) MpH HYJEBBIX HaydalbHBIX
YCIOBHSIX.

[lepenatounast pyHKIUS Ompenensercss TOJbKO BHYTPEHHUMM CBOMCTBAMM CHCTEMBI, SIBIISIETCS
(yHKIMEH KOMITTIEKCHOTO TIEPEMEHHOT0 i 0003HAYACTCSL:

W(s)z%. (3.36)

Ilepenarounas (QyHKUMS XapakTepu3yeT IUHAMUKY OOBEKTa TOJIBKO IO ONpEAEICHHOMY
KaHally, CBS3bIBAIOIIEMY KOHKPETHBIN BX0/I 00BEKTa U KOHKPETHBIN BhIX0 (puc. 3.13).

Eciun 00BEKT MMeEET HECKOJIbKO BXOAOB U BBIXOJOB, TO OH XapaKTEpU3YETCs HECKOJIbKUMH
NEepeaToOuYHbIMU  (YHKLUSAMH, ONPEAEIUTh KOTOpblE MOXKHO HENOCPEICTBEHHO, MOJb3YsCh
onpeneneHueM (3.36).
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a) 0)

X
y —lpl W)
RIS Ws) — x, ,::>—y>
T W)

/4
gl e __fng
X2 —=" " Wi(s) [ 12
_»‘ ———————— _>
Wi(s)

Puc. 3.13 Tlpumepsl pa3Ju4HbIX 00bEKTOB:
@ — ¢ OJTHUM BXOJIOM U OJJHUM BBIXOJIOM; 6 — IByMsl BXOJJaMH U OJJHUM
BBIXOJZIOM; 6 — IBYMs BXOJIaMU U IBYMsI BBIXOJaMH

Ipumep 3.4 Ilycth Ha Bxoa oObekTa momaercs curHan x(¢) = 1(¢), a Ha BBIXOJIe CHUMAETCS
CHTHAI, OIHCHIBaeMbIi (GyHKIHe 1(7) = 2 e .

o 1 2
Jlst OIIPEACIICHHUS TICPEeaaTOYHOU (byHKLU/H/I HEOO0XO0IMMO ONPEHCIUTL x(s)=—; y(s):—2 u
S s+

2s
+2°

Kak u nuddepennmansioe ypaBHeHHE, epefaToyHas (YHKIUS MOJHOCTHIO XapaKTepHU3yeT
JTUHAMUKY JIMHEHHOTO 00BekTa. Ecnu 3amano nuddepeHiumanbHoe ypaBHEHHE 00bEKTa, TO IS
MOJTyYEHUs TIepelaTOuHON (YHKIMU HEOOXO0MMO Mpeodpa3oBath tuddepeHaIbHoe ypaBHEHHE 110
x(s)

TOTZa nepegaToyHast (I)yHKLH/I;I W(s)=
N

Jlanmacy 1 U3 MOTYYEHHOT'0 ajre0panyeckoro ypaBHEHUs! HATH OTHOILIECHNE

B obmem ciiyuae nuddepennmanboe ypaBHeHHE 00bEKTa MPEICTABISICTCS B BHJIE
@,y (0)+ a, 17"V (O) + .t @y (1) +agy() =
= b, xX" @) +b, X" V@O +..+bx ) +byx(t),  (3.36,a)

Tae a, ..., ao; by, ..., bo — MOCTOSTHHBIE KO PHUIIHESHTEHI.
[Tocne mpeoGpaszoBanus 1mo Jlariacy mpu HyJIE€BbIX HAYAIbHBIX YCIOBHSX TOTYYAIOT:

y($)+ ... +asy(s)+ayy(s) =
= b,,s"x(s)+ b, 15" x(s)+ ... +bsx(s)+byx(s),

a,s"y(s)+a, ;5"

nimn

n m

(a,s" +a, "+ .. +ays+ay)y(s)=(b,s™ +b, 15" + ... +bs+by)x(s),

U Torjaa
b,,s™ +b, 18"+ .. +bs+b, (3.37)

y(s)
W(S) = = n n—1
x(s)  a,s"+a, 5"+ ... +as+a

Ecnm u3BecTHa nepenarounas GyHKus o0bekTa, TO H300paKeHUE BhIX0/1a 00BbEKTa Y(s) PaBHO
MPOU3BEICHHUIO MTEPEIAaTOUHON (PYHKIIMK HA U300pakeHne BXoAa X(s):

v(s) = W(s) x(s). (3.38)

[TocmenHsas 3amuch ecTh HE 4YTO MWHOE, Kak oOmas ¢opma 3amucu  peHeHHs
Qg QepeHIaIbLHOr0 YpaBHEHHUS B OIlepaTOpHOi popme.
Takum o6pas3om, nepepaTounast pyHKINS paBHA OTHOLICHHUIO JIBYX ITOJHMHOMOB:

wis)= B6)

A(s) ’

rae B(s)=b,s" +b, s" "+ .. +bs+by; A(s)=a,s" +a, s"" + .. .. +a;s+ayy -
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Jlnst peanbHBIX (PU3UYECKUX OOBEKTOB MOKHO OTMETHUTH KaK XapaKTEpPHYI0 0COOEHHOCTh TOT
¢axT, 9TO cTENeHb NOJIMHOMA B(s) Bcerya MEHbIIe UM paBHA CTENEHH MOJIHMHOMA A(S), T.e. m<n,
TaK 4To

lim W (s)=0.

§—>0

[lepenarounass (QyHKOUS TakKe B3aMMHO  OJHO3HAYHO CBf3aHA C  BPEMEHHBIMHU
XapaKTEePUCTUKAMHU.
Ecnu umeercs BeIpakeHue A1 IEPEXOJHON (DYHKIIMHU, CII€0BAaTEIbHO, BXOJHOW CUTHANT X(f) =

1(¢) umm x(s) = l, BBIXOJTHOM curHaN () = h(f) unum y(s) = h(s), u Toraa nepenatodnast QyHKIUs
S

paBHa

wis) =) _ angs). (3.39)
x(s)
N3 (3.39) Moxer OBITh TONYYEHO BBIPAKEHUE IS MEPEXONHON (QYHKIHH uepes3
npeoOpaszoBanue Jlamnaca:

(3.40)

h(s)z@.

Ecam u3BecTHO BBIpakKeHUE JJI1 BECOBOM (PYHKITUH, TO BXOHOM curHAI X(f) = &(¢) i x(s) = 1,
BBIXOJIHOM cuTHaN w(t) H, CIeI0BaTENbHO,

W(s)= W) _ w(s), (3.41)
x(s)
T.€. BBIpOXEHUE IS TIepeaTOYHON (PYHKIIMK €CTh HE YTO MHOE, Kak mpeodpazoBaHue Jlammaca oT
BECOBOM (DYHKITHH.
Mpumep 3.5 [Iyctb  0OBekT omuchiBaeTcs audPepeHIaTbHBIM  YpaBHEHUEM
V') +3Y' (1) +4y(t) =2x(t); y(0)=y'(0)=0. Haittu h(s) u w(s).

[Tpumensis mpeobpazoBanue Jlamnaca: s y(s)+3sy(s)+4y(s) =2x(s) , OIPEACIIEM IIEPEAATOIHYIO

2 2 1 2
KU W (s) =———— . Ilepexomnas KA h(s)=———; h(t)=L | —————|.
dyn s?+3s+4 P dyn s(s? +3s+4) s(s? +3s+4)
BecoBas ¢pyHKIuSA w(s) = 2;; w(t)y=L" {2;} .
s +3s+4 sT+3s+4

3.10 TPEHUPOBOYHBLIE 3ATAHUA

1 MaremaTtnueckast MOJieNIb 0OBEKTa YIPaBICHHUS WJIN CUCTEMbI YIPABICHUS YCTaHABIUBAET
B3alMOCBSA3b MEX1Y BXOJHBIMU U BBIXOJHBIMM NEPEMEHHBIMU. Pa3inyaroT ypaBHEHUS! CTaTUKH U
YpaBHEHHs JWHAMUKU. YCTaHOBJIEHO, YTO pa3iIuyHble IO (U3NYECKOH MNpUpoAe OOBEKTHI
ylpaBlieHUs] 00Jaal0oT HEKOTOPBIMH  OOLIMMM 4epTaMH M OMNMCHIBAIOTCA OJHOTHUIIHBIMHU
YPaBHEHUSIMHU C TOYKHU 3PEHHUS MATEMATUKH.

A Kakue ypaBHEHUs Ha3bIBAIOTCS yPaBHEHUSIMU CTATUKU?
Yro npencTapiseT coboi craTuyeckasi XapakTepuCcTHKa?
B Kakue ypaBHEHUS Ha3bIBalOTCS YPABHEHUSIMHU TUHAMUKN?
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C Kakumy  ypaBHEHHSIMH OIUCBHIBAIOTCS OOBEKTHI ~ YIPABICHUS: THIPABIMYECKUN
pe3epByap, DJIEKTPUYECKAS] EMKOCTb, HENPEPBIBHBIA H30TEPMUYECKUN XUMUYECKUI
pEaKTOop MOJHOTO MepEeMEIINBAHUS?

2 OpnuH U3 KJIacCOB CUCTEM, KOTOpPBIE pacCMaTPHUBAET TEOPUS aBTOMATUYECKOTO YIpaBICHUS —
3TO JIMHEHHBIE CTALMOHAPHBIE CHUCTEMBbI, MOAYMHSIOMIMECS MPUHIMITY Cyneprno3uiuu. OCHOBHOM
3a/1a4eil U3y4eHHsl TUHAMUYECKOTO MOBEJCHUS ITUX CUCTEM SIBJISIETCS YMEHHE PAaCCUMTaTh BBIXOIHOM
CUTHAJI JJIsl JIIOOOTO M3BECTHOTO BXOJHOIO CHTHANA, T.€. pacCCUUTATh AUHAMHUKY cucTeMbl. C 3TOMU
LUENbl0  MCHOJB3YIOTCS ~ JUHAMUYECKHE  XapaKTEPUCTHUKHU. OCHOBHBIMU ~ BPEMEHHBIMHU
XapaKTepUCTUKaMU, KOTOpbIE, KaK MPaBUJIO, MOTYYalOT 3KCIIEPUMEHTAIBHO, SIBISIOTCS MEepEeXoHast
(dbyHKIMS ¥ BecoBast yHKITHS.

A Kak oka3aTh, 4TO CHUCTEeMa SIBIISISTCS JTHHSHHON CHCTEMOM?

B Kakue xapakTepuCTUKH OTHOCATCA K JUHAMUYECKUM XapaKTepUCTUKAM?

C UYrto mpexacraBnsieT co0oif cxema pacdera AWHAMHKHA C TIOMOINBIO BpPEMEHHBIX
XapaKTEPUCTUK?

3 OCHOBHBIM MaTEMaTHUYECKHM ammapaToM, HCIOJIb3YEMbIM B TEOPUU ABTOMAaTHYECKOIO
yIpaBleHHsl, ABIseTCs mpeoOpa3oBanue Jlamiaca, ¢ TOMOIIBI0 KOTOPOTO 3alMChIBAETCS OCHOBHAs
JMHAMUYeCKas XapaKTepUCTHKa 0OBEKTa yIpaBJIeHUs — IiepeaTouHas (PyHKIIHSL.

A Jlaiite onpenenenue npeodpazoBanus Jlamnaca. ChopmynupyiiTe OCHOBHBIE CBOMCTBA.
B 3anummte B TepMmmHax mpeoOpasoBanus Jlarutaca auddepeHnnanbHOe ypaBHEHHE

4y"()+2y"(0)+ y'(0) + 2y(t) =sint, y(0)=0, y'(0)=1, y"(0)=0.
C Kakas xapakTepuCTHKa Ha3bIBACTCS NIEPEeIaTOYHON PyHKITHEH?

3.11 TECT
1 Kakoe u3 ypaBHEHHH SBIIAETCS yPABHEHUEM JTUHAMUKH?

A F(y, 7,0, x, x)+f=0.
B F(y, 3, 3, x, &)+ f=0.
C F(y, 0, 0, x5, 0)+ £ =0.

2 Kakum puddepeHnnanbHbBIM  ypaBHEHHEM ONMCHIBACTCS JMHAMHKAa TaKUX OOBEKTOB
YIpaBIEHHsI, KaK IEKTPHUUECKAs eMKOCTh, XUMHUYECKHI PEaKTop MOJTHOTO IepeMeIIuBaHMs?

d
A T%+y(t) = kx(r).

d’y(0) , . (o)
B ]]27+T27+y(t)=kx(t).

dy() 0]
Cr O =k— =

3 MaremaTuueckasl 3auch NPUHIIMIA CYNEPIO3UIIMH COCTOUT U3 CIEAYIOIINX COOTHOIICHUM

4 y(Zx,- (r)} # 2. vlx(0);

yowx(®)) = o y(x(0)).
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B ny(t)J Zy,xa)

yox(0) = o y(x(t)
c Zx,-(t)] Zyl

ox(®)=a y(x(r)

(x,);
4 Kakas tTuHaMHYecKasi XapaKTePUCTHKA Ha3bIBACTCS MEPEXOAHON QYHKITUEH?
A Peakuus cucteMbl Ha €AMHUYHBIA CTYMIEHYATHINA CUTHAIL.

B Peakmus cucteMbl Ha O-QyHKITHIO.
C Peakius cucTeMbl Ha TAPMOHUYECKUI CUTHAI.

5 KakuM COOTHOIIEHHEM YCTaHABIMBAETCS CBSA3b MEXAY MEPEXOAHON (YHKIMEH M BECOBOM
bynkuuneit?
A @) =w().

B ()= jw(t)dt .
0

C h()=wt)+W(2).

6 Kakyto cBsA3b ycTaHaBinBaeT uHTerpan Aroamens?
A Mexay BXOJHBIM U BBIXOTHBIM CUTHAJIOM TIPOM3BOJIBHON (POPMEI.
B Mexny nepexoaHoi GyHKIMEH 1 BECOBOM (PyHKITUEH.
C Mexnay BXOJIHBIM CUTHAJIOM ITPOU3BOJIBHOM ()OPMBI ¥ BEIXOHBIM CHUTHAJIOM.

7 Kakoe npeoOpazoBaHue Ha3bIBaeTCs npeodpazoBanueM Jlarmaca?

A x(s)= sz(t)e‘”dt .
0

B x(s)= jx(t)e‘”dt .

0

o
C x(s)= jx(t)e"'”fdt .
0
8 Kakas xapakTeprcTrKa Ha3bIBaeTCs MepeAaTouHON pyHKInen?
A OtHomenune npeobpazoBanHOro 1mo Jlammacy BEIXOAHOTO CUTHAJNA K MPEeoOpa30BaHHOMY
o Jlamnacy BXoAHOMY CUTHATY.
B OtHouieHue BBIXOJHOI'O CMI'HaJIa K BXOAHOMY IIPpU HYJICBBIX HAYAJIbHBIX YCIIOBUAX.
C OrtHommenre npeoOpazoBaHHOTO 10 Jlammacy BBIXOIHOTO CHMTHaIAa K MPEoOpa30BAaHHOMY I10
Jlanacy BBIXOJTHOMY CUTHAITy IIPY HYJIEBBIX HAYAJIbHbBIX YCIOBUIX.

9 Ecnu u3BecTHa nepeaatouHas PyHKIH, TO epexoaHas QYHKIMS ONPEAEsIeTcs Kak ...

A K= L_I{W(S)}

S
B h(l)=L"[sW(s)].
C w)=L"[w ().
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10 Kakoii uHTEerpai Ha3pIBaeTcs MHTErpanom Jlroamens?

A y(t) = jw(t—r)x(t)dr.
0

B ()= jw'(t—r)x(t)dr.
0

C y()= j w(t)x(t)dt .
0

4 YACTOTHBIN METOJ] UCCJIEJOBAHUS
JIMHEMHBIX CUCTEM

4.1 DJIEMEHTBI TEOPUU ®YHKIIUHN
KOMIIVIEKCHOI'O IIEPEMEHHOI'O

KoMIiekcHBIM 4MCIIOM Ha3bIBAETCS YUCIIO, OMPEeNieMOe COOTHOIEHHEM z =a + i b, rae a u
b — COOTBETCTBEHHO JIEUCTBUTENbHAS 1 MHUMAs YacTu yucia. Takas Gopma 3anucu KOMILUIEKCHOTO
yuciaa HasblBaeTcsl anreOpanuyeckod. Ha KOMIUIEKCHOM IUIOCKOCTH, B KoopauHatax Re
(meiicTBuTeNnpbHAs dYacTb) W Im (MHMMas dYacTh), KOMIUICKCHOE YHCJIO TE€OMETPUUYECKU
mpencTaBiseTcss BeKTOpoMm (puc. 4.1); oHO MOXkeT OBbITh H300paKEHO TaKXKe B MOJISPHBIX
KoopauHatax M (Moxyis) u ¢ (dasa) u 3amMcaHo B MOKasaTeldbHOH dopme: z = Me™, tme M —
JUIMHA BEKTOPA, COEIMHAIONIEr0 HAYajlo KOOPIAMWHAT C TOUKOU z; ( - YTroJl MEX]Y MOJIOKUTEIbHOM
BETBBIO JICHCTBUTENHHON OCH M BEKTOPOM Zz, MPUYEM TOJIOKUTEITHHBIM HAMPABICHUEM CUUTACTCS
HaIlpaBJIEHUE OTCYETA IPOTUB YaCOBOM CTPEIIKH.

ImA

|
|
|
|
|
|
|
|
|
a

>
Re

Puc. 4.1 H3o0paxkeHne KOMILUIEKCHOIO YMCJIa

Tperbss QopmMa 3amucd  KOMIUIEKCHOIO 4YHCIAa — TPUIOHOMETPUYECKAass, TaK Kak
e =cospxising, z=Mcos@+iMsing.

Bce cocraBusione KOMIUIEKCHOTO — YHCNA  CBSI3aHBI  MEKAY COOOM  Clieqyronmmu
cooTHomeHussMA (puc. 4.15):

b .
M =\a* +b*; ¢p=arctg—; a=Mcos@; b=Msing.
a

[Ipu BerymMcnennu ¢aspl (aprymMeHTa) uyucia HEOOXOAMMO YYHTHIBaTh, B KaKOM KBaJpaHTE
HaxoauTcs Touka z. Hike mpuBoasrcs GopMysibl, IO KOTOPBIM BBIYHCICHHE (Da3bl (0 CBOAUTCS K

Imz
OMpeJIENICHUIO OCTPOrO YIiia, PABHOTO arctg——— (puc. 4.2).
€z

. b
[ kBanpaHT: z; =a+ib, @, =arctg—;
a
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. b b = a
Il kBagpaHrt: z, =-a+ib, ¢, =arctg— = n—arctg— = — + arctg— ;
-a a 2 b
III xBanpaHT: z; =—a—-ib, @5 = arctg_—b =+ arctg2 = 3771 - arctg% ;
-a a

. . -b b 3m a
IV xBagpant: z, =a-ib, ¢, = arctg— = —arctg— = > + arctg; .
a a

ImA

Z ] b__ Z|
I |
| 3 I
I P4 2 I
|

—q i Q) : a >
| | Re
| |
| |
| 7N\ |
| Lh |
b2 M Z4

Puc. 4.2 Onmnpenenenue pa3bl B 3aBUCUMOCTH 0T PACIIOJIOKEHHUS BEKTOPA 7

HJ’I?I YIPOIICHUA OHepaHI/Iﬁ HaJl KOMINUICKCHBIMK  4YHCJIaMMU  IIO0JIC3HO 3HATh, 4YTO
1:ei0_ _1:ein, i:ein/Z_ _i:e—in/2

HaI[ KOMIINICKCHBIMH YHUCJIaMH IIPOBOJAT TE XKC apI/I(bMeTI/ILIeCKI/Ie oncpannuun (CJ'IO)KCHI/IC,
BBIYUTAHUC, YMHOXKCHHUC, I[CJICHI/IC), 4YTO M HaQ l[ef/'ICTBPITeHBHBIMPI. CloxeHre U BbIYUTAHUE O0Jee

yI00HO ITPOBOIUTH HAJl KOMIUIEKCHBIMH YMCIaMHM, 3aITUCAHHBIMU B alire0pandeckoit popme:
zy =z, 2z, =(a, tib) x(a, £iby) =(a; T a,)xi(b, £ b)),
a YMHOXXCHUEC 1 ACJIICHUEC HAaJl YUCJIaMU, 3allMCAaHHBIMU B MMOKa3aTebHOMI q?OpMe:

Z3 = Z1Zy :Mlel‘lezel(pz = Mleel((pl +2) ;

Z3 =73 /22 :Mlei(Pl /Mzei(p2 :Ml /Mzei(‘Pl_(Pz) .

Ecnmu aprymeHT (QyHKIMM — KOMIUJIGKCHOE WYHCIO, TO (YHKUUS SBIseTcs (QyHKUIUEH
KOMIUIEKCHOTO TiepeMeHHoro. Hanpumep, dbyakuust W(s), s=o+im.

Taxkum 00pazom, MOXKHO CKa3aTh, YTO (PYHKIMEH KOMIUIEKCHOTO MEPEMEHHOTO Ha3bIBAETCS
HEKOTOpBIN onepaTop (MpaBUiIo), COrJIACHO KOTOPOMY

W(a.) Ww(0) ;e

Puc. 4.3 K onpenesienuio GyHKIIUN KOMILIEKCHOI MepeMeHHOI

TOYKE OJHOMN TUIOCKOCTH KOMILIEKCHOTO TIEPEMEHHOTO CTAaBUTCS B COOTBETCTBUE TOUKA APYTOU
MJIOCKOCTH KOMIUIEKCHOTO TIepeMeHHOTO (puc. 4.3).

Ecnu GyHKIMS OTHOCHTCS K KJIaccy aHAIUTHYECKUX (DyHKIMI (HenmpepbIBHAS, TIajKasl, TOYTH
Bcloy auddepenHuupyemas), TO Takas (YHKIHS MOMYMHIETCS NPUHIUIAM KOH(OPMHOTO
0TOOpaXeHHsI, OCHOBHBIMH CBOWCTBAMH KOTOPOTO SBISIFOTCS CIIETYIOIINE:
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1 Jlueus OAHOW KOMIUIEKCHOHM IUIOCKOCTH § OTOOpakaeTcs B JIMHUIO APYrodl KOMITJIEKCHOM
mmockocTu W(s) (puc. 4.4).

2 BecKkOHEYHO MaJIblii Yroyl 0TOOpakaeTcsl B TaKOil ke OECKOHEYHO MAaJbIi YToJl, YIibl MPH
3TOM coxpaHstorcs (puc. 4.4).

3 bBeckoHe4YHO Maiblii TPEyroJbHUK OTOOpa)kaeTcs B TAKOM JK€ paBHBIH eMy OECKOHEYHO
Majblii TpeyronbHUK. HampaBrmenue o0xoja yriioB coxpasseTcs. BHyTpeHHsss 001acTh OJHOTO
TpeyrojbHHUKa Mpeodpa3yeTcsi BO BHYTPEHHIOIO 00JIaCTh IPyroro TpeyrojibHuUKa (puc. 4.4).

i0A b c a) Im A 6)

P
_Y
&
v

Puc. 4.4 KondopmHuoe oTodpakenue

4.2 YACTOTHBIE XAPAKTEPUCTHUKHU

Baxnyio ponp mnpu ONHMCAHUM JIMHEWHBIX CHUCTEM WIPAalOT YacTOTHBIE XapaKTEPUCTHKH,
XapaKTePU3YIOIINE PEAKIUI0 00heKTa (CHCTEMbI) Ha TAPMOHUYECKU CUTHAI.

OCHOBHOM YacTOTHOW XapaKTEPUCTHKON SBISETCA aMIUIUTYTHO-(pa30Bas XapaKTEPUCTHUKA
(ADX), koTOpast MOKET OBITH OTpezieNieHa Yepe3 KOHPOPMHOE 0TOOpaKeHHE.

W(s)
()] =>O

Re
W(i )

W, > M
Puc. 4.5 K onpenesenuro ADX
AMIunTyaHO-(pa30Boi XapaKTepUCTUKON Ha3bIBaeTCsl KOH(POPMHOE 0TOOpaskeHNe MHUMOM OCH
IUIOCKOCTU KOPHEHW XapaKTepUCTUYECKOI'O YPAaBHEHMsI HAa KOMIUIEKCHYIO IIOCKOCTh aMIUIUTYAHO-
¢ba3oBoii xapakrepuctuku (puc. 4.5), mpuueM cama MHUMasi 0Cb 0ToOpakaeTcs B roporpadp ADX,
mpaBasg JK€ IOJIYIJIOCKOCTh KOpPHEH XapaKTepUCTHUYECKOrOo YpaBHEHHs OTOOpakaeTcs BO
BHYTpeHHIOI0 001acTe ADX.

AmmutyaHO-(bazoBas XapakTepHCTHKA SBISETCS KOMIUIEKCHOW (YHKIMEH, MOATOMY OHa
MOKET OBITh, KaK M J00as KOMIUIEKCHas (PyHKIIHS, IPpeCTaBIeHa B TIOKa3aTelbHOI Gopme

W(io) = M (®)e 4.1)
U B anrebpanveckoit hopme

W (i) = Re(o) + i Im(o) . 4.2)
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Monayns M(®) B mokaszatenbHoi (opme 3anucu ADPX Ha3bIBACTCS aMNIUMYOHO-Y4ACTOMHOU
xapaxmepucmuxot (AUYX), a ¢dasza wimm aprymeHT — @O(®) Ha3BIBaCTCA @HA30-YACMOMHOU
xapaxmepucmuxou (OUX).

JleWicTBUTENbHAsT  YacThb  aMIUIMTYIHO-(A30BOWM  XapakTepucTHKH Re(w) Ha3bpiBaeTcs
sewjecmeennol yacmomuot xapaxmepucmuxoti (BUX).

MuuMas dYacTh aMIUTUTYAHO-()a30BOM  XapakTepUCTHKH Im(®) Ha3bIBaeTcs MHUMOU
yacmomuou xapakmepucmuxon (MUX).

Mexay BCEMH YacTOTHBIMH XapaKTEPUCTHKAMH CYIIECTBYET CBs3b (puc. 4.1). 3Has omHH U3
HUX, MOXKHO OIIPEAEIUTh APYTHE, T.€.

M(®) ={Re?(0)+Im*(0) , 4.3)
o(m) = arctg EZEZ; s (4.4)
Re(m) = M (o) cos () , 4.5)
Im(m) = M (o) sin ¢(o) . (4.6)

4.3 CBS3b IPEOBPA3OBAHUM JIAIIVIACA U ®YPBE

Kak wu3BecTHO, mio0ast JHMHEHHas CTallMOHApHash CUCTEMa AaBTOMATHYECKOTO YIPaBIICHUS
OTHCBIBACTCSI OOBIKHOBEHHBIM MU PEpeHITHATBHBIM YpaBHEHHEM, KOTOPOE B ONEpPaTOpHOMl opme
HMeeT BUJL

(a,s" +a, ;8" + ... +as+ag)(s)=(b,s" +b, " + ... +bs+by)x(s), (4.7)

rae y(s)= jy(t)e"’dt - npeoOpaszoBanue Jlamnaca pyakuun y(f).
0

[IpeobpazoBanne Dypre PyHKIUU J(f) ONpEAEIACTCS BEIPAKEHUEM y(im) = Iy(t)e‘”‘”dt , Ipr4eM
0

%
JTOJDKHBI BBITIOJTHATHCS YCIOBHsI, 4T0 (1) =0 mpu ¢t <0 wu Iy(t)dt CYILIECTBYET.
0
CpaBuuBas npeoOpazoBanus Jlammaca u dypwe, BUAHO, YTO (POPMAIBHO OHO MOMKET OBITH
MOJTY4eHO M3 TpeoOpa3oBanus Jlammaca mpocTo 3aMEeHOW S Ha i®M, HO M3-3a BTOPOTO YCIOBHS
npeoOpazoBanre Dypbe BBHIMOIHACTCS s Oojiee OrpaHUYEHHOTO Kiacca (GyHKIMA. 3ameHss B
ypaBHeHUH (4.9) s Ha i®, MOTy4YaeM:

(a,(i0)" +a, (o) + .. +a(io)+a,)y(io) =
= (b,,(iw)™ +b,, ()" + ...+ b (i) + by )x(iw),
OTKyZIa
x(i®) b, (i0)" +b,,_(i0)" " + ... + b (io) + b,
Wi0)  a,(io) +a, (o) + .. +aio)+a,

W (i) = (4.8)

[TpoBoast ananu3 BeipakeHus (4.8), MOXKHO 3aMKcaTh, 4TO

B(0)+iB(0) M, (o)
A(®) +i 4 (®) MBH((D)ei(pm-[(w)

W(io) =
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M, (o)
M., (@)

U CHeNaTh BBIBOJ: aMIUIMTYJHO-4aCTOTHAsl XapaKTEpUCTHKA M (o)= SBJISIETCS. YETHOM

¢bynkuueit; (azo-uacToTHas XapakTepUCTHKA O(®) = @u(®) — @(®) — HEYeTHOH (yHKUHEH;
BCIIIECTBCHHAs] 4YacTOTHAas XapakTepucTuka Re(w) — deTHOW GQyHKUIMEH, MHUMas 4YacTOTHAs
xapakrepuctuka Im(w) — HeuetHon pyukmueit (puc. 4.6 u 4.7).

/%a) % 6)
i =TT

Puc. 4.6 CBoiCTBO 4YeTHOCTH YACTOTHBIX XaPAKTEPHUCTHUK:
a—AUX; 6 — BUX

Im 0)

P

Puc. 4.7 CBoOHCTBO HEYETHOCTH YACTOTHBIX XaPAKTEPUCTHK:
a—oUX; 6 — MUX

AmIunTyaHO-(pa3oBas XapaKTEpPUCTHKA TaKkKe MOXKET paccMaTpUBAThCs Kak HM300pakeHue

dypre oT BECOBOU (PYHKITHH:

W (io) = jw(t)e*""”dt. (4.9)
0
Tak Kak e =cosof —isinos, TO U3 (4.9) MOryT OBITH MOAYYEHBI (GOPMYJIBI IS ONPEICICHHUS
BEILLIECTBEHHOW U MHMMOW XapaKTEPUCTUK:

W(io) = J.w(t){coswt—isin ot}dt ,
0

U, CJIeI0BATEIIBHO,

Re(w) = Iw(t) cos widt , (4.10)
0
Im(e) = - jw(t) sin ordt . 4.11)
0
U3 nocneaaux GopMyIt CIemyeT, 4To
Re(w) = Re(—w), Im(w) =-Im(-w), (4.12)

54



i Im() A

®—> 0 o=0

Re(w)

®>()

Puc. 4.8 Tomorpadp A®X

a 9TO CBHJIETEIhCTBYeT O TOM, 4To ADX mpu OTpHUIATENHHBIX YACTOTaX SBISIETCS 3€PKATbHBIM
otoOpaxenreM ADX s OIOKUTETHHBIX YACTOT OTHOCUTENILHO BEIIECTBEHHOU ocH (puc. 4.8).

[Ipn mpakTHdeckux pacuerax OOBIYHO orpaHuumBaroTcs moctpoeHrneM AdMX Tompko st
TIOJIOKUTENBHBIX YacToT. Mcnons3ys ¢opMyiy oOparHoro npeoOpazoBanust ®ypbe, MoxHO 1o ADX
TIOJTYYHUTh BECOBYIO XapaKTEPUCTHKY:

w(?) =21—T[ jW(im)e"‘”’dw. (4.13)

IIpumep 4.1 Ilyctp 3amana mepenaTouHas (QyHKIUS OOBEKTa W(S):ﬁ’ TpedyeTcs
ST+ 25+

OTIPEICTTUTh YaCTOTHBIE XapaKTEPUCTUKH.
3ameHsid s Ha i®, 3anucbiBaeM BoipaxkeHue aisa ADX:

e—iw e—iw

T (o) +2(i0)+3  (B-0)+2i0

W (io)

Tak kak paccmaTpuBaeMblii OOBEKT JIMHEEH W CTAlMOHApEH, TO, NPHUMEHSS MPUHIIMII
CYIEePIO3ULINH, UMEEM:

1

JG—0)? +40’

20
5 -

AUX (puc. 4.9, a) M(0)=

dUX (puc. 4.9, 6) ¢o(w) =—w—arctg ;

O]

I'onorpad ammmTyaHO-(ha30BoI XapaKTepHUCTUKH H300paskeH Ha puc. 4.9, 6.
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0)

Ailm(®) )

ﬁ; \
1/3

\_/ ®=0 RZ(w)

Puc. 4.9 TI'paduku 4acTOTHBIX XapaKTEPUCTHUK:
a—AUX; 6 — PUX; 6 — ADX

BCH_IGCTBGHHYIO n MHI/IMYIO HJaCTOTHBIC XapaKTepI/ICTI/IKI/I OGBILIHO HOHY‘IaIOT YMHO)KCHI/ICM
YUCIUTEIIA U BHAMCHATCIIA Ha BBIPAXKCHUEC, COIMMPSAXKCHHOC 3HAMCHATCIIIO:
—i®

e _cosm—isinm'(3—®2)—2im_
B-0))+2io (@B-0?)+2io (-0?)-2io

W(iow) =

_ (3—(02)cosw—2wsin (o—i((3—w2)sin w+2wcosm)

(3—0)2)2 +40°

>

OTKyJ1a

— BCIICCTBCHHO-YaCTOTHAA XapaKTCPUCTHUKA:

(3—0)2)cosm—2msinoa.

Re(w) = (B-0’) + 40’

— MHHMas 4aCTOTHAs XapaKTCpUCTUKA:

(3—(02)sin(o+2wcosoa

fm(e) = (3- 0)2)2 +40°

4.4 CBsA3b JUO®PEPEHIIUAJIBHOI'O YPABHEHUA C
YACTOTHBIMU XAPAKTEPUCTUKAMU

Pemenne nuddepennmansaoro ypasaenus (3.36, a) uMeeT BUJ

YO = Ve (O + Vo (1) (4.14)
TA€ Veum(?) — BBIHYXKJICHHOE NBM)KCHHE, OMKMCHIBAEMOE YACTHBIM PEIICHHEM; Vcx(f) — CBOOOHBIE
JBUKCHHSI, OTTUChIBAEMbIE OOIIIUM PEIICHHEM OJHOPOTHOTO YPaBHEHHUSI.

Jlnst yeranoBneHus cBsizu Mmexay ADOX u nuddepeHnnanbHbIM YpaBHEHHEM PacCMaTPUBAIOTCS
BBIHYX/ICHHBIE JBUKCHMS NIPM BXOAHOM TapMOHHMYECKOM BO3JEHCTBUM BHUAA: X(f) = 24 coswt,
KOTOPO€ MOKHO IPEACTABUTh 110 (popmyiie Ditnepa x(t) = 4e' + Ae”™™ n paccMaTpuBaTh Kak CyMMY
BXOJIHBIX CUTHAJIOB, T.€. x(f)=x,(t)+x,(f)-

B stom cnywae dwactHoe pemieHue AuQQGEpPeHIHATHLHOTO YpaBHEHUsS B CHIIy MPHHIIUIA
CYNEPIIO3UIINU TaK)Ke TPECTABIAETCS B BUIE CYMMBbI

Vo (1) = Vi, () + Vg, ()
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THE Yy, (1) ¥ Yy () OIIPEIENSAIOTCS COOTBETCTBEHHO BUJIOM X1(f) U X2(f). B CBA3M ¢ 9TUM pelneHus

OyIyT UCKAThCSI B BUJIC

Vo, (1) = AW ()" yyyy (1) = AW (<iw)e ™",

rie W(io), W(—i®) — HEKOTOphI€ HEWU3BECTHbIE (YHKIMU, HE 3aBUCSIIINE OT #, MOJJICKAIINE
OIIpEeJICIICHUIO.
Jist Haxoxnenus W(io) vy, (1) maddepenuupyerces n pas, a x1(f) — m pas v NOJCTABISIOTCS B

ucxoaHoe quddepeHIraIbHoe ypaBHEHHE, B pe3yabTaTe MOIyqaloT

AW (i0)e™ [a, (i0)" +a, ()" + ...+ a,(io) + a,] = .15)
=A™ [b, (i0)" +b,, ()" + ...+ b (i®) + by

ITonyuenHoe BbIpakeHue (4.15) MONHOCTBIO COBNAAAET C IOJIyYEHHBIM paHEE BBIPAXKEHHEM
(4.8) nns AD®X u eme pa3 MOATBEPXKIAET TOT (aKT, YTO aMILTUTYIHO-(Pa30Basi XapaKTEPUCTUKA
MOKET OBITh MOJTyueHa MPOCTON 3aMEHOM MepeMEeHHOM § Ha (.

Oyukiusa W(—iw) momyvyaercs aHaJOTUYHBIM 00pa3oM 1o dopmyie (4.15) 3ameHol i® Ha (—
im).

3anuchiBasi TMOMYYCHHBIE BBIPAXKCHHS Ui KOMIUIEKCHBIX GyHkui W(iw) u W(-io) B
MoKasareiabHoi hopme

W(io) = M (0)e®™”;  W(-iw)=M(0)e ",

4acTHOE penieHue ypaBHeHus (4.7) mpeoOpa3yercs K BUILY

Vun (1) = AM (0)[" @' + 70701 = 2 AM (0) cos[wt + G(®)] .

CpaBHEHUE Vy.u(f), ONMUCHIBAIOMIETO YCTAHOBUBIIWECS KojeOaHWs Ha BBIXOAE OOBEKTa, C
BXOJHBIM CHUTHAJIOM X(#) TIOKA3bIBAET, YTO OTHOIIICHUE aMIUTUTY/] BEIXOAHBIX U BXOJIHBIX KOJICOAHMI
24AM (®
paBHO 2—14():M (®), @ 3TO KaK pa3 M €CTb aMIUIUTYJHO-4aCTOTHAsl XapaKTepUCTUKA; Pa3HOCTb
ha3 [0t +o(w)]- ot = (o) — (a30-yacTOTHAST XapaKTEPUCTHUKA.

C wu3MeHeHMEeM 4YacTOTHl KOJICOAaHUH aMIUTUTYAHO- U (Pa30-4acTOTHBIE XapaKTEPUCTUKH
U3MEHSIOTCS 10 ONPEACICHHOMY 3aKOHY B 3aBHCHUMOCTH OT (DM3MYECKHX CBOMCTB OOBEKTA.
OnHako Bce peajbHbIE (PU3MUECKHE CHUCTEMbl O0JalaloT OJHUM OOIIMM  CBOMCTBOM, KOTOpOE
3aKJIIOYaeTCs B TOM, YTO NPU YBEJIMYEHUH YacTOTHl BXOAHBIX KOJEOaHUIl BBILIE HEKOTOPOTO
npezena (4acTOThl Cpe3a) (g OOBEKT IMPAaKTHYECKM HE pearupyer Ha O3TH KoieOaHus, T.e.
aMIUTUTY/1a BBIXOAHBIX KOJIeOaHui paBHa Hymo. TakuM oOpazom, AJs J1000ro peaabHOro oObeKTa
lim M(w)=0.

W—>0

4.5 ®U3UYECKHU CMBICJI YACTOTHBIX XAPAKTEPUCTHK

Ou3nyecKul  CMBICT ~ YaCTOTHBIX  XapaKTEPUCTHUK  yCTAaHABIMBAaeTCs  NpU  HX
HKCIIEPUMEHTAILHOM ONPEIEIICHUN.
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[TycTh Ha BXOJ JIMHEHHOrO 00BEKTa MOJACTCd TapMOHMYECKUH cUrHail Bujaa x(f) = Asinwt. Ha
BBIXO0JIc OOBEKTa B YCTAaHOBHUBIIEMCS pPEKHMME (COOCTBEHHOE IBIIKEHHE IMPEKPATHIOCH) B CHIIY
IPUHLUIA CYNEpIO3UIMH Oy/1eT HabII0AaThCs TaKKe FApMOHUYECKUI CUTHAJ C 4acTOTOM, paBHOU
94acTOTE BXOJHBIX KOJI€OaHUH, CABUHYTHIM OTHOCUTENBHO HUX O (a3e u APYroil aMIIuTyasl (puc.
4.10), 1.e. y(t) = Bsin(ot + ).

Crenenp paznuuusi MeXay NapaMeTpaMHM BXOJHBIX M BBIXOJAHBIX FAPMOHMYECKHX CHTHAJIOB
HE 3aBUCUT OT aMIUIMTYIbl U (a3bl BXOJHOIO CUTHAla, a ONpPENeNAeTCsl TOJIbKO AMHAMUYECKUMHU
CBOMCTBaMH CaMOro OOBEKTa W YaCTOTON KoNeOaHWil, MOITOMY B KAaueCTBE JIWHAMHUYECKUX
XapaKTEepUCTUK OOBEKTa 3/1eChb M  MCIOJB3YKOTCS  PACCMOTPEHHBIE  BBIINIE  YAaCTOTHBIE
XapaKTepUCTUKU. [l IOoJlydeHUs NOCIEAHMX OHKCIEPUMEHTAJIbHBIM IIyTEM IIPOBOAMUTCS psf
OIBITOB, Il KOTOPBIX HCIIOJNB3YETCS ammaparypa B COCTaBE TEHEpPATopa TapMOHUYECKHX
Kole0aHui C pEerylupyeMoOd 4YacTOTOM M YCTpOWMCTBA JUISI M3MEPEHHUS aMIUIMTYIAbl U (hasbl
KoJIeOaHUH.

B pesynbrare NpOBEACHHBIX AKCIEPUMEHTOB YAaCTOTHBIE XapaKTEPUCTUKH ONPEHEIIAIOTCS
CJIeIYIOITUM 00pa3oM.

AMIUIUTYAHO-4acTOTHas xapakTepuctuka (AYX) - OTHOIIEHHE aMIUIMTYABl BBIXOJHBIX
KoJIe0aHUH K aMIUIUTY/I€ BXOJHOIO CUTHaa!

M(w) =§. (4.16)

dazo-vactoTHas xapakrtepuctuka (PUX) - pasHOCTH (a3 BBIXOJHBIX M BXOJTHBIX KOJICOAHUN:
(P(O)) = (PBbIX - (-PBX (417)

HIIN

o) = - 20
T
rae At(o) — BpeMs caBura.

Takum oOpazom, aMIIuTyIHO-(azoBas xapakrepuctuka (ADX) MoxkeT ObITH ompeeeHa Kak
KOMIUIEKCHas pyHKuus, 11 kotopoid AUX sBnserca moaynem, a @UX — aprymentom. [locneanue
COOTHOIIEHUS KaK pa3 U ONpeaessioT GU3NUECKU CMBICT YaCTOTHBIX XapaKTEPUCTHK.

NMes B cCBOoeM  pACIOpSDKEHUH — aMIUIMTYyTHO-(DAa30BYI0  XapaKTEPHUCTUKY, CHATYIO
SKCIEPUMEHTAIBHO, U BXOJHON CHUTHAJI, MOKHO 3amMcaTh BbIXOJHOW curHaji. Hampumep, AD®X

3anmana rogorpadom (puc. 4.11), Ha Bxog mogaercs curaan x(¢) = 2 sin0,5¢ + 3 cos0,1¢ — 0,8 sin10z.
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XA

T] = 2Tf/0)i

x(t) = A4, sin(m?)

< 6)

L,
TR

Tz = 275/(,02

x(t) = A4, sin(w,f)

yuk ﬁ\ ik
0 [ n A*A/
YA VAV VAV
Aib dl An, leL2,,

¥(f) = By sin(ot + @p) w(t) = B, sin(ant + @)

Puc. 4.10 DxcnepuMeHTAJIbHOE ONpPeAe/eHre YACTOTHBIX XapaKTEePUCTHK:
a — 00BEKT; 6 — BXOIHOW CUTHAJI YaCTOTEI (] 6 — BXOJHOM CUT'HAJ YaCTOTHI (),
2 — BBIXOJIHOM CHUTHAJI YaCTOTHI ®(; O — BEIXOJIHOI CHTHAI YaCTOTEI ()

i Im(w) A
A~
70
/ |
/ 7 4 >
1
\TC/4 1Tc/4 II Re(w)
\E N\ wm=3
o=10 \ /
AN //
oT53= == 00

Puc. 4.11 T'oporpadp APX

BbeixogHol cHurHaN y(f) B pacCMaTpUBAEMOM CIydae MOXKHO 3alMCaTh, UCIOJB3YS MPHHIIMIT
CYIIEPIIO3HIINH, KaK CYMMY TPEX CHTHAJIOB

yi(¢) = 2-2-sin(0,5¢ — 1/2);

vo(t) = 3-3-sin(0,1¢ + /2 — ©/4);

y3(t)=—1,5-0,8-sin(10¢ — 31/2);

y(t) = 4sin(0,5¢ — /2) + 9 sin(0,1¢ — ©/4) — 1,2 sin(10z — (37/2)).

4.6 MUHUMAJIBHO-®A30BBIE CUCTEMbI

AMIUIUTYAHO-(Pa30BYI0 XapaKTEpUCTUKY CHCTEMBbl MOXKHO 3amucath He B Buzae (4.8), a,
BOCIIOJIb30BABIINCH TeopeMoi be3sy, kak
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[TGo-a))
W(iw) = kL (4.18)

H(ioa—sj)

j=l

TJI€ gj — HyJH, a §; — IOJIIOCHI IepeJaTOuHON (PyHKINU.

Yuciurens Qynkuun (4.18) mpencrasiser coboil MpousBeneHHE COMHOXHTENEH (io — g; ).
['eomeTpuyecky 3Ta pa3sHOCTh ABJIAETCA BEKTOPOM, Hayaja0 KOTOPOIo JIEKUT B TOUKE ¢, a KOHEIL| —
Ha MHMMOM ocH B Touke i® (puc. 4.12). CpaBHeHuE ABYX BEKTOPOB(i® — ¢;') U (i® — ¢g;'"), oguH n3
KOTOPBIX ¢;' JIEKHT B JIEBOH MOIYNIOCKOCTH M XapakTepusyercs (a3oi @', a Ipyroii ¢, — B mpaBoit
MOJTYTJIOCKOCTH M XapakTepu3yercs ¢azor ¢/, MOKas3pIBaeT, YTO MPU OJHOM M TOM K€ MOIYJIE
Bceraa @' < @'', T.e. I BEKTOPA, JISKAIIETo B JIEBOM MOJIYTUIOCKOCTH, (ha3a MEHBIIIE.

i Im(w), a) i Im(®) 6)

>
R | Re(o)

Puc. 4.12 K onpeneneHu0 MUHMMAJIbHO-()A30BbIX CHCTEM

Cucremsbl (3B€HbsI), BCE HYJAM U IOJIOCA MEPEelaTOUYHbIX (YHKIMII KOTOPBIX JIEKaT B JIEBOM
MOJIYIJIOCKOCTH (IeMCTBUTENbHAS YaCTh HYJIEH U MOJIOCOB SBJSETCS OTPULATEIHHON BETUYNHON —
Re g; < 0; Re 5; < 0), Ha3bIBAIOTCA MUHUMATLHO-(PAZ06bIMU.

Cucremsl (3BeHbBS), Y KOTOPBIX XOTsI ObI OAMH HYIIb WIH MOJIOC MEPEAATOYHON (QYHKITHH JICHKHUT
B MPaBOW TMOJYIUIOCKOCTH (JEHCTBHUTENbHAsI YacTh HYJIEH, TOJIOCOB SIBIISICTCS TMOJIOKUTEIHLHON
BeanurHOM — Re g;>0; Re 5,>0), Ha3bIBAIOTCS HEMUHUMATLHO-(PAZ06bIMU.

Mo’xHO MoKa3aTh, YTO JUIsi MUHUMaJIbHO-()a30BbIX 3B€HBEB CYIIECTBYIOT 3aBUCUMOCTH:

e}

Re(w) = —% I

—0

Im(w)d :
U—o

m(o) =+ [RED gy, (4.19)

T[_

rae L(u) = In M(u); A =In"L; u — mepeMeHHast HHTErPHPOBAHHS.
Q)

OTH 3aBUCUMOCTH TIOKA3bIBAIOT, YTO aMIUIUTYAHO-(Pa30Bas XapaKTEPUCTUKA MHHHMAIbHO-
(da3zoBoii cuctemsl (3BeHa) MOMHOCTHIO omnpezensercs ee BUX, MUX umu AUX. D10 mo3BossieT
3HAQUUTENIbHO YIPOCTUTH 3aJaud aHalIM3a U CHUHTE3a PacCMaTPUBAEMBIX CHUCTEM, OTPAHUUYUBASACDH
n3yuenrem ux BUX nnn AUX.

HemunumanbHO-(a30Byl0 CHUCTEMY B TMPOCTEHUIEM cIydae MOXKHO TMPEACTaBUTH B BUJC
MOCJIEI0BATEIHHOTO COeIMHEHNSI MUHUMAIbHO-(a30BOM CHUCTEMBI U 3B€HA, UMEIOLIETO OJ1H HYJIb B
MpaBo# MOJIYINIOCKOCTH U, COOTBETCTBEHHO, XapakTepusytouierocs ADX:

Wi (io) =29 4710 in (4.20)
int+tg q+io
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AMIUTUTYTHO-4aCTOTHAsE XapaKTepuCcTHKa 3Toro 3BeHa M'(w) = 1, a ¢dazo-uactoTHas —

(O]
¢'(w)=n—arctg—. Takum 00pa3oM, paccMaTpuBaeMO€ 3BEHO COXPAaHAET AMILUIUTYIY BBIXOJIHOTO
q

TapMOHHYECKOTO CUTHAJIA PAaBHOM aMILIUTY/Ie BXOJHOTO CUTHAJIA TIPH JI000ii YacTtoTe, (pasa xxe mpu
W3MEHEHUHU 4acToThl OT 0 0 oo MeHsieTcsl B uHTepBaje oT 1 a0 0, T.e. BKItoUYeHue 3BeHa ¢ ADX
W' (i®w) npuBOIUT K TOOABJICHHUIO TOJOXHTEIBHOTO caBura (asel ¢'(w), KoTophiid mpu i — 0
paBeH T ¥ YMEHBIIAETCS IIPA BO3PACTaHUU YaCTOTEI.

[TomoOHBIE 3BeHBbSI HA MPAKTHUKE HCIONB3YIOTCA S KOPPEKTUPOBaHHS  (ha30BBIX
XapaKTEPUCTHUK ILIETICH, SISl TIOBBIMIEHUS YCTOWYHUBOCTH U T.JI.

4.7 IMOHATHUE O JJOI'APUOPMHUYECKHUX YACTOTHBIX
XAPAKTEPUCTHKAX

KpoMe paccMmarpuBaeMbIX BBIIIE YaCTOTHBIX XapaKTEPUCTHUK, HHOIAA HCIOJIB3YIOT, TakK
Ha3bIBaeMble, JorapupMuueckrue 4acToTHble xapakreprucTuku (JIYX). s ux noxydeHus: BbIpakeHHe
ADX (4.15) 3anuchiBaeTcst B BUIE

b
2 (G@)" + ... +1

by

W (i) = b = koM o (®)e™®

a, ..
9 Zn(jw)" + ...+
ag

u orapumupyercs
lgW (io) =1gky +1g M (®) +ip(o)lge .

J1sl OLIeHKHM OTHOUIEHHUs IBYX BEJIMYMH HCIIOJIb3YETCs JorapupMuyuecKkas einHuIa — Jenuoer.
CBs3b MEXly YHCIIOM JIeru0en Sy 1 HEKOTOPBIM uncioM N naetcs GopMyinoi
S, =201gN =LmN .
XapakTepucTuka

L(w) = Lm[koM y(®)] = Lmky + LmM (o) = 201g M (o) 4.21)

Ha3bIBACTCS JIOTApUPMUIECKON aMIUTUTYIHOW 4acTOTHOM XapakTtepuctukoi (JIAUX).

[Ipy mocTpoeHMH JOTapUPMHUYECKHMX YACTOTHBIX XapaKTEPUCTHUK IO OCH abcuucc
OTKJIQ/IBIBACTCS dYacToTa B Jorapudmudeckom Macmrtade — Igm, mostomy sorapudmuyecKas
aMIUTUTYTHAs 9acTOTHAs XapaKTEepPHCTUKA CTPOHUTCS B KoopauHarax L(w); lgm, morapudmuueckas
(dazoBas uvacrtotHas xapaktepuctuka (JIOUX) — o(w); lgo (puc. 4.13). Jlorapudpmuueckue
YaCTOTHBIC XapaKTEPUCTUKHU HA3BIBAIOT TaKke quarpammamu boje.

LA a) oA 0)

201gk—\
>

Puc. 4.13 JlorapudgmMuyeckue 4acTOTHbIC XaPAKTEPHCTHKH
a —JIAYX; 6 — JIOUX

4.8 B3AUMOCBA3b IMHAMHNYECKHUX XAPAKTEPUCTHK
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OCHOBHOW  JIMHAMHYECKOM  XapaKTEpUCTUKOH OOBEKTa WM  CHCTEMBI SABIACTCS
muddepeHnrambHoe ypaBHeHHe. KpoMe Hero MoryT MpUMEHSThCS:

1) mepemarouHas QyHKIHUS;

2) 4YacTOTHBIE XapaKTEPUCTHKHU: aMIUTUTYAHO-4acTOTHAsA, (a30-4acTOTHAs, aMIUIUTYIHO-
¢azonas;

3) mnepexoaHble XapaKTEPUCTUKU: TepexoaHast PyHKIHs, BecoBas QyHKIIUS.

JIro6ast U3 ATUX XapaKTEPUCTHK MOXKET OBIThH OIpeJieNieHa, €CIIU U3BECTHO MU depeHIaIbHOe
ypaBHeHHe 00bekTa. Ho, HecMOTps Ha 3T0, ClIeAyeT ellle pa3 OCTAHOBUTHCS HAa UX B3aUMOCBSI3H.

B kagecTBe mpumepa pacCMOTPUM B3aMMOCBSI3b MEXAY MEpPEeXoJHON (YHKLIMEH U APYrUMHU
XapaKTepUCTUKAMHU.

Ecnu u3BectHa nepexonnas ¢pynkuus A(t), To mo Gopmyne (3.39) onpenensiercs nepeaarouHas
¢bynkuus odbekta W(s) = s-h(s), 3aMEHON s = i® B KOTOPOH, B CBOIO OYepe/lb, MOTYT OBITh
MOJTYYCHBI YaCTOTHBIE XapakTepucTuku: W(im) = (i) h(io).

Taxk kak O(f) sIBIsSIETCS MPOU3BOAHON OT SAMHUYHON CTYNEHYATOW (QYHKIMH, TO ISl TMHEWHBIX
CUCTEM BecoBast (DYHKIIHS SBISETCS MPOU3BOIHOM OT MepexoaHoi dyHKuu, T.€. w(f) = h'(¢).

JuddepennnanbHoe ypaBHEHUE 1O SKCIEPUMEHTAIBHO CHATOM KPHBOW Pa3roHa MOJYYaroT €
MIOMOIIIBIO PA3JIIMYHBIX METOAMK, TO3BOJISIOLINX OMPEACIUT €r0 KOAPPHUIIMESHTHI.

CBsI3b MEX/1y OCHOBHBIMHU XapaKTEPHCTUKAaMU MpUBEeHa B Ta0I. 4.1.

Tabmuma 4.1
B3anMHbIe COOTBETCTBUSI AMHAMHUYECKUX XaPaKTEPHCTHK

Hubpeperumansioe g 0)(1) 4 a, y ")+ .+ ayy' (1) +agy() =
ypaBHeHHE () (1)
=5, x" () + b x"T(t) + o+ BX (1) + byx(t)
IPH HyJEBBIX A(s) Y(s) = B(s) X(s)
HA9aJIbHBIX yCIOBUAX — f(5) = g, s" + a,,,,s"il + ..t ais+ag; B(s) =b,s" +bm,]s'"7l +.+bs+b

Hcxonusie
JTaHHbIE iiti’:gz:' W) o )
Xapax- ypaBHEHHE
TCPUCTHKA
Ilepenarounas _B(s)
(l)yEKLH/Iﬂ W(s) w(s)= A(s) - W(s) = s h(s) W(s) = w(s)
W(iw) =
. _ Bliw) nozcTaBKa »
j W(io) = LN . )
ADX W(iw) (iw) ) A Wio) = ioh(io) | _ J‘W(t)eﬂmzdt
0
Peurenne aud. o) =1 W(s) ¢
gegix?;HZ(ﬂt) YPaBHEHUS TIpU © s - h(t) = J-w(r)d‘c
i (1) = 1(¢) ;
Becosas KISt Pemenne aud. _ )
w(t) o ypaBHeHHUs ng)u W)= L (s)} w(t) = h' (1) -

IIpn ananu3e NMHAMUYECKUX XAPAKTEPUCTUK OJHUM U3 BO3HHUKAIOIIMX BOIIPOCOB SIBIISETCA
omnpeeneHne KodpPUIHUeHTa yCuIeHus: 00beKTa, 0] KOTOPHIM TOHUMAIOT OTHOIIEHUE BBIXOIHOU
IIEPEMEHHON K BXOJHOU B YCTAHOBUBILEMCS PEXKUME:

K= @ , (4.22)
HO, TaK KakK y(oo)=lim y(¢), TO
lim y(¢)
K==
A

Hcnonb3ys TeopeMy 0 KOHEUHOM 3HAYeHUH (PYHKUINU
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lim y(¢) = lim sy(s) ,
t—0 s—0

W(s)4

TIae y(s)=W(s)X(s)= , MO’KHO 3amnucaTb, 4TO

sW(s)A
s

lim y(¢) = lim =AlimW (s).
t—0 s—0 s—0

[Ipu egHUYHOM CTymeHYaTOM BO3AeUCTBUU A = | U Torna
by
aO )

4.9 TPEHUPOBOYHBIE 3A/IAHUSA

lim y(7) = lim W (5) =
t—0 s—0

1 OcCHOBHOH 4YaCTOTHOH XapaKTEPHCTUKOH SBISETCS aMIUIUTYIHO-(pa30Basg XapaKTepUCTHKA
(ADX), xoTopoil Ha3biBaeTcsl KOH(DOPMHOE OTOOpaKEHHME MHHUMON OCH TUIOCKOCTH KOpPHEH
XapaKTepUCTHUECKOTO ypaBHeHHA Ha IutockocTh ADX. AmmuutynHo-(azoBas XapaKTepHCTUKA
SBJISICTCSI KOMIUICKCHON (DYHKIIMEH M MOXET OBITh 3amucaHa B TTOKa3aTeIbHOU (popme

W(io)=M(o)e "™
u anrebpanveckoit hopme
W (i®) = Re(®) + iIm(w),

rne M(w) Ha3bIBaeTCsl aMIUIMTYJHO-4aCTOTHON XapakTepucTukoi (AUX); ¢(w) — ¢a3o-yacToTHOU
xapakrepuctukon (OUYX); Re(w) — BemecTBeHHO-4acTOTHON XapakTtepuctukoi (BUX); Im(w) —
MHHUMOW 4YacTOTHOW xapaktepuctukod (MUX). Mexay STHMH XapaKTepUCTHUKAMHU CYIIECTBYET
CBSI3b.

A CdopmynupyiiTe OCHOBHBIE CBOMCTBAa KOHPOPMHOTO OTOOpaKEHHUSI.

B Ecnu uzsectasl AUX n ®UX, To KakuMm obpazom onpexnensercas BUX u MUX?

C Kak nepeiitu or BUX 1 MUX k AUX u ®UX?

2 YacTOTHBIE XapaKTEPUCTHUKH MOTYT OBITH MOJYy4YEHBI AKCIEPUMEHTaIbHO B pe3yJbTaTe
MoJIayM Ha BXOJ OOBEKTa TAPMOHHYECKOTO CUTHANA, a TAKKE TEOPETUYECKH B MEPeIaTOYHOM
(GYHKIIMN KOMILIEKCHOTO Tlapa-MeTpa § Ha i®.

A Kakue 4acTOTHBIE XapaKTEepPUCTUKH MOJIY4art0T SKCIIEPUMEHTAIBLHO?

B 3amana mnepemarouHas —(yHKUIUSA W(s):%, 3aMUIINTE  AMIUTUTYAHO-(Pa30BYIO
s+

XapaKTEePUCTUKY B TIOKA3aTEIIbHOU U ainreOpandeckoit hopme.
C 3amano muddepeHnraibHOe ypaBHEHUE OOBEKTa YIPABICHHS y"(¢) +4y'(t) +4y(t) = 3x(t),
3aIMMIITUTE AMILTATYTHO-()a30BYIO XapaKTEPUCTHKY.

3 AmmautynHo-(a3oBas — XapaKTepUCTHKa  CBsi3aHAa € JIPYTUMH  JUHAMHYECKUMHU
XapaKTePUCTHKAMHU.
A Kaxk onpenenuTs BeCOBYIO (YHKIIUIO TIO aMIUTUTYIHO-(a30BOM XapaKTePUCTUKE?
B Kak onpenenuts ADPX no nepexonHoi GpyHKkuun?
C 3amana BecoBas QyHKIUA w(t) =e ', 3anumure ADX.

4.10 TECT

1 B cooTBeTcTBHE CO CBOKWCTBaMHU KOH()OPMHOTO OTOOPaKCHUS TUHUS TIEPEXOIUT. ..
A B munuo.
B B Touky.
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C B TpeyroipHUK.

2  AMmumTyaHO-(ha30Bast XapaKTEPUCTHKA SIBJISETCH. . .
A CnydaitHol (pyHKIIHEH.
B KommuekcHoil pyHKIHEH.
C JleTepMHUHUPOBAHHOU (DYHKITHEH.

3Kak »5KCIepUMEHTANbHO TMOJYyYalT YacTOTHbIE XapakTtepuctuku? Ilomadeit Ha BXOn
oOBeKTa. ..
A TapMOHHMYECKOro CUTHama x(¢) = Asinot .

B d-byHkumm — x(¢) = 8(¢) .
C EQuHUYHOTO CTYNEHYATOTO CUTHANA x(t) =1(¢) .

4 Kak nepeTa oT nepeaaToyHoi GyHKIIMN K 4aCTOTHBIM Xapaktepuctukam? [lomoxwus...
A s=io.
B s=o.

C s=¢*

k o
5 Ecnu nepenarounast GpyHKIUs 00beKTa ynpaBiaeHus W (s)=—+s, To ADX B mokazareibHOM
N

dhopme 3anumercs. . .
A Wiw) =X grmeo,
Q)

2 _.m
k-o" -7
e 2.

B WwW(io)=

2 —i[ﬁ-%—arctgkj
k—o e 2 ®

C W(o)=

6 Ecmu nepenarounas QyHKiys 00bEKTa yIpaBIEHUS W (s)=3e ", TO aMIIMTYIHO-4aCTOTHASL
XapaKTCPUCTHUKA 3alIUIICTCA KakK...
A M) =3,

B M(w)=3,/sin4m + cos4w .

C M(®=3.
2

—— 10 ¢hazo-
4s(s+3)(5s +2)

7 Ecmum mnepemarouHas (yHKUHMS OOBEKTa YIpaBICHHUS W(s)=
YaCTOTHAs XapaKTePUCTUKA 3alUIIETCs Kak. ..
T () Sm
A o(x)=——=—arctg— —arctg— .
*(x) =—7 g3 g~

T ) So
B o(x) = B + arctgm — arctg? - arcth .

C o(x) = —arctgm — arctg? - arcthT(D .

8 Ecmm mnepenarouynas ¢GyHKIUsST 0OOBEKTa YHpaBleHUS W(s)=4+s, TO BEIECTBEHHO-
9acTOTHAs XapaKTEPUCTUKA 3aIUIIETCS. ..
A Re(®)=V16+v> .
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B Re(w)=4.

C Re(w)=ow.

9 Ecnu nepexonnast GyHKIuUsS h(t) =t , To ADX 3anuceiBaeTcs. . .
1 s
A W(iw)=—e 2.
(O]

B Ww(in) :Lz‘
)

C w(io)=o e7i5 .

10 AMIIIMTYAHO-4aCTOTHAsI XapaKTEPUCTHUKA MTPEICTABISACT COOOM. . .
A OtHoleHue BBIXOOHOI'O CMI'Hajia K BXOAHOMY CUT'HAIY.
B Ortrommenwne (a3 BBIXOIHOTO ¥ BXOJHOTO CUTHAJIOB.
C OTHOH_IGHI/IG aMHJII/ITYI[bI BBIXOJHOT'O CUI'HAJIa K aMHJII/ITyI[e BXOOHOTO.
5 CTPYKTYPHBIV AHAJIN3 IUHEMHBIX CUCTEM

5.1 3BEHO HAIIPABJIEHHOI'O JEHCTBUS

[Ipu wuccreqoBaHUM CHCTEM YIPABJICHHUS IMEPBOCTEIIEHHOE 3HAYCHHE NMPUOOpeTaeT Xapakrep
npeoOpa3oBaHUsl CUTHAJIOB B OTAEIBHBIX DJIEMEHTaX, WM 3BEHbSIX. JIMHAMUYECKHE CHUCTEMBI,
nepeaaTouHble (yHKIUU KOTOPHIX MMEIOT BUJA MPOCTHIX ApoOel, HA3bIBAIOTCA THIOBBIMU HIIN
3JIEMEHTAPHBIMH 3BEHBSAMH. J[10001 MPOMBINUIEHHBIH OOBEKT MPEICTABISAETCS B BUAE CBA3aHHBIX
MEXJy COOOH THIOBBIX 3BEHbEB. VX OCHOBY COCTaBIISIET 3BEHO HANpaBJIEHHOIO JEHCTBUS,
OCHOBHOE CBOMCTBO KOTOPOIO 3aKJK4YaeTcsi B TOM, YTO BBIXOJHAs BeIMUYMHA )(f) 3aBUCUT OT
BXOJHOM BEJIMYMHBI X(f), HO 00paTHOE BO3/AEUCTBHUE BBIXOAA HA BXOJ OTCcyTCTBYeT. [Ipucoenunenue
K BBIXOJY TaKOTO 3BEHa JAPYroro 3BeHa HE HM3MEHSET NepeJaTo4yHoOil (YHKIMH MEepBOro 3BEHA.
dusnueckas Npupoja 3BeHa HANPaBIEHHOTO JEHCTBUA MOXKET OBITH JIF0O0ON. XapaKkTepu3yeTcs OHO
COOTBETCTBYIOLIMM ypaBHEHHEM JBI)KEHHSA, KOTOpPOE M OINpEAeNsieT KOHKPETHBIH THUII
3JIEMEHTApPHOI'O 3BEHA.

Paznuuaror crienpyronye 3BEHbS: YCHIMTEIbHOE, MHTEIPUPYIOILEE, UACANbHOE U pealbHOE
muddepennupyronme, (Qopcupyromee, YHUCTOTO 3ama3jblBaHHs, HWHEPIMOHHO-PopcupyIiee,
arnepuoJMuecKue IepBOro M BTOPOTO MOPsJKa, KOJeOATeNbHOE, KOTOpble IO psxy OOLMX
3aKOHOMEPHOCTEN MOXKHO pa3AeInuTh Ha CIEAYIOLINE TPYIIIbL:

1 Cratuueckue 3BEHbs, y KOTOPBIX CTaTMUYECKas XapaKTEpPUCTHUKA OTIUYHA OT HYJIA, UMEIOT
OJIHO3HAYHYIO CBSI3b MEXIY BXOJHOM M BBIXOJHOW MEPEMEHHBIMHU B CTaTU4YECKOM pexume. K HuM
OTHOCAT YCWJINTENIBHOE, alephuOJUUecKoe, KOJIeOATelbHOE 3BEHbs, y KOTOPHIX HNEpeAaTOYHBIN
KO>(QUIMEHT CBS3aH C MEPeNaTouHOl (QyHKIHMEH cooTHomenueM k=W (s) _,. Kpome Toro,

CTaTHYECKHE 3BEHbSl SBIAIOTCA (WIBTPaMH HH3KOH YacTOTHI, HCKIIOYEHHE COCTABISET
YCHIINTENBHOE 3BEHO.

2 JTuddepennupyromue 3BeHbsI, y KOTOPBIX CTATUYECKAsi XapaKTePUCTHUKA paBHA HYJIO, — 3TO
uaeasbHOe W peanbHoe AU depeHIupyromre 3BeHbs; B MX IEpPEeJaTOuHyI0 (YHKIHIO BCETrAa
BXOJIUT COMHOKHUTENb 5, HO3TOMY W (s)| _, =0 . [luddepennmpyronme 36enbs Apnstorcs GpuibTpamu

BBICOKOH YaCTOTbI, OHH BHOCSAT ITOJIOXKHUTCIBHBIC (1)330BBI€ CABUTH.
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3 Acrartuyeckue 3BEHbS — 3BEHbs, HE MMEIOIIME CTAaTUYECKOM XapaKTEPUCTUKH, K HHUM
OTHOCUTCSl HMHTETPUPYIOIIEe 3BEHO, B TEPENAaTOYHYIO (YHKIHMIO KOTOPOTO OOS3aTeIbHO BXOAUT

1 o
COMHOXMWTENb —, modtoMy W(0) = co. UHTerpupyioue 3BeHbS SABIAIOTCS (UIBTPaMU HHU3KON
N

HaCTOTHI.
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5.2 THUIIOBBIE JUHAMMNYECKHUE 3BEHbS
5.2.1 YcuJauTeJbHOE 3BEHO

YcunuTenbHOE 3BEHO HAa3BIBAIOT TaKkKe cTaTudeckuM (Oe3biHepIMoHHBIM). [IpumepoM ero
MOXET CIIY)KHTh KJallaH C JIMHEAPU30BAHHOW XapaKTEPUCTUKOW B CHCTEMaxX peryJIupOBaHMS,
pa3NUYHbIC YCUWJIMTENH, PhIYaKHBIE IMEpeNadd, PelyKTopbl U T.J. DTO 3BEHO MIHOBEHHO U 0e3
HCKa)>XEeHUI BOCIIPOM3BOJINUT BXOJHYIO BEIMUYHUHY Ha BBIXOJE.

YpaBHEHHE IBUKECHHS YCUIMTEIIBHOTO 3BE€HA UMEET BUJL

W(#) = kx(2), (5.1)

rie k — ko3 puuueHT ycuaeHus.
Ilepenarounas QyHKIMS yCHIMTENBHOTO 3BEHA MOIY4aeTCs B pe3yibTare MpeoOpa3oBaHus 110
Jlarnacy ero ypaBHeHHS V(s) = kx(s), OTKyaa

wisy=2) _ k. (5.2)
x(s)
[ToacranoBka s = (i) naet BeipakeHne ADX
W(io) =k, (5.3)
orcroga AUX:
M(w) = k; (5.4)
OUX:
o(w) = 0. (5.5)

I'paduku vactoTHbIX XapakreprcTuk (AUX, ADX) npeacrasnienst Ha puc. S.1.

YacToTHBIE XapaKTEpUCTUKU YCUWIMTEIBHOIO 3BE€HA HE 3aBUCAT OT 4acToThl, npuyem DUX
TOKIECTBEHHO PaBHA HYJIO, T.€. B TADMOHUYECKHX KOJICOAHUAX, TOJAHHBIX HA BXOJ, U3MEHAETCS
TOJILKO aMIUTUTY/Aa B k pa3. AMIUTUTYAHO-(ha30Basi XapaKTEPUCTHKA SIBISIETCS IMOJIOKUTEIBHBIM
JNEUCTBUTENIBHBIM YHUCIOM, €€ TpaduK MpeacTaBiIseT COOOH TOUKY Ha MOJOXKUTEIbHONW BETBU
JICUCTBUTEIILHON OCH.

MA a) i Im(w) 6)
i k
0 ; 0 | Re>(oa)

Puc. 5.1 YacToTHbICe XapaKTePUCTHKH YCHJINTEIbHOIO 3BeHA:
a—AUYX; 6 - AOGX
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2 a) x 6)

! 5(0)
0 z’ 0 t
hA w,
k
k(1)
0 z’ 0 t

Puc. 5.2 I'padpuku BpeMeHHBIX XapaKTePUCTHK YCHINTEJIbHOI0 3BeHA:
a — niepexoaHas GpyHkus; 6 — BecoBas QyHKIHSA

BpeMeHnHble XapaKTepUCTUKU MOYKHO TOJTYYUTh HEMocpeACTBEHHO u3 ypaBHeHHs (5.1). Ecnm
BXOJHOU curHai x(¢) = 1(¢), To moiy4yaroT ypaBHEHHE EePEeXOAHON PyHKIHH
h(t) = k1(2), (5.6)

OHAa paBHa TIOCTOSHHOW Benu4yuHe — KodhduimeHty ycuneHus 3BeHa. Eciaum ke x(f) = (), To
MOJTy9al0T ypaBHEHUE BECOBOW (DYHKIIUU

w(t) = ko(?). (5.7)
I'paduku BpeMEHHBIX XapaKTEPUCTHK N300pakeHBI Ha PHC. 5.2.
5.2.2 HHTerpupymoiee 3BeHO

VYpaBHeHHE IBUKEHUS HHTETPUPYIOILETO 3BeHa NMEET BUJ

y(t>=Ti ©(0)dt, um T, y'(0) =x(t); ¥(0)=0, (5.8)

no

T; — IOCTOSTHHAsI BpEMEHH 3BEHA.
BbIXONHON CUTHAlI MHTETPUPYIOLIEIO 3BE€HA DPABEH HHTErpaly II0 BPEMEHU OT BXOAHOIO

1
CUTHAJIa, yMHOKEHHOMY Ha KO PUIIMEeHT -

n
[IprMepoM WHTETPUPYIOIIETO 3BEHA SIBJISIOTCS CUCTYMKH, CYMMHPYIONIHE PacXo]i BellecTBa
WJIY DHEPTUU 3a ONPEACIICHHBIN ITPOMEKYTOK BPEMEHH, YPOBEHDb B EMKOCTH U T.II.
[lepenaTounas GpyHKIHS WHTETPHPYIOIIETO 3BEHA IMOJIYYaeTCs B pe3yJIbTaTe MPeoOpa3OBaHUS
o Jlamnacy (5.8):

1
T,.sy(s) = x(s) =>W(s) = T (5.9
M a) OA 6) i Im(W)T 6)
> O >
0 ® =2 Re(o)
z Wi ©)
0 ® 2 o—>0

Puc. 5.3 YacToTHbIe XapaKTepHUCTHKH HHTETPUPYIOILEro 3BeHa:
a—AUYX; 6 — PUX; ¢ — ADX
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YacTOTHBIE XapaKTEPHCTHKH O0pa3yloTcs B pe3ylbTaTe MOJCTAHOBKM § = i®; UX I'papuKH
n300pakeHsl Ha puc. 5.3:

- ADX
, 11
= =, 2 1
W (io) Tio To e 2; (5.10)
- AUX
M(o)=——: (5.11)
T,o
- dUX
o(w)=-71/2. (5.12)
AMIUTUTYIHO-9aCTOTHAS XapaKTepUCTUKA UHTETPUPYIOIIETO 3BEHA SIBJISICTCS

) o I
runepooauveckor GyHKIMEH 4acToThl, a (a30-4acTOTHAS HE 3aBUCUT OT YACTOThI U paBHA -3 B

sToM ciaydae ADX sBiseTcs MHUMON (PYHKIMEH 4acTOThl, U ee Trojorpad Ui MOI0KUTEIbHBIX
YacCTOT COBIIAJIAECT C OTPULIATEILHON BETBBIO MHUMOM OCH.

[lepexoaHble XapaKTEePUCTHKH, TPaPUKH KOTOPBIX M300pa’keHBI Ha pHC. 5.4, ONPEnensioT U3
ypaBHeHUs ABMKEHUS (5.8) moacTaHOBKOM BXOaHOTO curHana x(f) = 1(¢) u x(f) = O(f) COOTBETCTBEHHO
JUIS TOJTYYEHHS BHIPKECHHUSL:

— MepexoIHON QYHKIIUN

1] 1
h(t)_T—HOfdt _Et, (5.13)
— BECOBOM (pyHKIIMH
1] 1
w(t) = T 6[8(t)dt T (5.14)

h a) wA 0)

1

T, |
4 >
o' t 0 t

Puc. 5.4 IlepexoaHble XapaKTePUCTUKU MHTErPUPYIOLIEro 3BeHA:
a — nepexoaHasi GQyHKIHS; 6 — BecoBasi QyHKITUS

Takum o0pa3oM, MpH Mmojave Ha BXOJ UHTETPUPYIOLIETO 3BEHA IMOCTOSHHOIO HEHCYE3aoIIEero
BO3MYILIEHUS BBIXOJHAS KOOpJMHATA YBEIMYUBAETCS 10 OECKOHEUHOCTH C MOCTOSIHHONW CKOPOCTHIO,
T.€. OTIMYUTEIBHOW OCOOCHHOCTBIO SIBIISICTCS TOT (PaKT, YTO MepexoAHas (yHKIHS HE UMEeT
yCTaHOBUBIIErocs (Mpu ¢ —> ©0) KOHEYHOTO 3HAYEHUs. OJTO CBOWCTBO SBISICTCS MPUUYMHON
NPUHIUINAIBHOTO  OTIMYMSI  aCTaTUYECKMX  CHUCTEM  aBTOMAaTUYECKOTO  PEryJIHPOBAHMS,
CoJieprKalliX HHTETPUPYIOIIEe 3BEHO, OT CTATHUECKUX CHUCTEM, KOTOPBIE HE COJEpKaT 3TOTO 3BEHA.

Peaknus Ha O-yHKLHUIO ABISETCS CTYNIEHYaTON QyHKIMEN C aMIUTUTYA0H TL

5.2.3 HneanbHoe nudepeHnupyomee 36eHO

VYpaBHeHue naeanbHoro auddepeHunpyromero 3seHa
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w(t) = kx'(¢), (5.15)

T.€. M3MEHEHUE BBIXOJHOW KOOPIMHATHI HPONOPLHMOHAIBHO CKOPOCTH HW3MEHEHHsS BXOIHOU
KoopauHaThl. B omeparopHoii popme ypaBHeHHE uMeeT BUI )(s) = ksx(s), OTKyaa nepeaaToqHas
byHKIHS

_ Y(s) _ 1
W (s) X® ks . (5.16)
YacToTHbIC XapaKTePUCTUKH, TpaQUKH KOTOPBIX MPEICTABICHBI HA pHC. 5.5:
— ADX .
Wio) = k io = koe™; (5.17)
— AUX
M(o) = ko; (5.18)
— dUX
(p(m)=§. (5.19)
M a) OA 0) Im 8)
—> 0
>
> 0=0 o
0 © O e o' Re

Puc. 5.5 YacTroTHble XapaKTepUCTHKH
uaeaqabHoro auddepeHuupyonero 3geHa:
a—AUX; 6 — PUX; 6 — ADX

Takum obpazom, AUX mpsimo mpornopimoHaibHa 4actore, a ®UX He 3aBUCUT OT 4acTOTHI U paBHA

s o o

5 CrnenoBarenbHo, rogporpadh AD®X mpu o > 0 coBnagaer ¢ MoJ0KUTEIBHON BETBBIO MHUMOM OCH.
[Tepexonnas pyukmus uaeanbHoro nuddepeHIUpyoIero 3BeHa UMEET BHUI:

h(t) = k1'(£) = k(), (5.20)

T.€. IPEICTaBISAET cO00H J-(YHKIIUIO C IUIOMAbI0, pAaBHOM X.
BecoBas ¢yHkuus npeacrasiser co0oi MPOU3BOAHYIO OT O-(QyHKIHU:

w(?) = k&' (f). (5.21)

B npupozne uaeansHo nuddepeHIupyOmuX 3BEHbEB HE CYIECTBYET, TaK KaK IPU ) —> o0
M(®w) — oo, a mo0ol peanbHbIi 00BEKT MPAKTHYECKH (DUIBTPYET TapMOHUYECKHE CHUTHAIBI C
94acTOTOM, OOJbIIEH YacTOThl cpe3a AaHHOrOo oObekTa. HeocylecTBUMOCTh MICaTbHOTO 3BEHA
BHJIHA TaKX€ W W3 IMEPEXOJHON (PYHKIIMHU, KOTOpas paBHA O-PYHKIIMHM W U3 BECOBOH (DyHKIHH,
paBHOI MPOU3BOTHON O-PYHKIIUH.

5.2.4 Peanbnoe nuddepeHuupyouee 36€H0O
Berpeuatores 3BeHbs, KOTOpBIE PEAarupyrOT TOJBKO Ha CKOPOCTh HM3MEHEHHS BXOJIHOTO
curHaiga. OHH OHNHUCHIBAIOTCSI YpaBHCHUAMHA CICAYIOIICTO BHJA W HA3BIBAOTCA PCaJIbHBIMU

mudGepeHITUPYIONTAMHA:
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Ty'(6) + (t) = T (0). (5.22)

IIpumepom Takoro 3BeHa aBisercs RC-nienoyka (puc. 5.6).

R
Z_:'__l_ U
A SR, B
~ a3

Puc. 5.6 RC-nenouka

M @ 6) iIm(o) 6)
I L
T 2
_ Re(®)
=0 ®—>®©
0l % Tl > 0] T, >
T
Puc. 5.7 YacToTHbIE XapaKTEePUCTUKH PEaTbHOI0
audpepeHUMPYOLIEro 3BeHa:
a—AUX; 6 — PUX; 6 — ADX
[lepenaTounast GyHKINS UMEET BU:
() Ty
W(s)=—A=—2—, 5.22
(5) x(s) 1+Ts ( )
YacToTHBIC XapaKTePUCTUKH, TpaQUKHU KOTOPBIX TPEICTABICHBI Ha puc. 5.7:
— ADX
T,io T,® . )
W(io) = I — I i(m/2—arctgio) . 523
()= Tie Jre? +1 ¢ ’ (5:23)
— AUYX
M(w) = ——2 . (5.24)
NT?0% +1
- PUX
(o) zg—arcthm . (5.25)

VY peanbHoro AudQepeHIUpYIONIero 3BeHa NMPH YBEIWYSHUN YacTOThI aMILTUTYIHO-4aCTOTHAs

o . T
XapaKTepUCTHKA BO3PACTAET, HO €€ BEPXHHUI Mpeiesl OrpaHuyeH BeTUYMHON ?‘1
T
da30-yacTOTHAS XapaKTEPUCTUKA MPU YBEIHUECHUU YaCTOTH YMEHBIIIACTCS OT - 1O HYJIS.
. y T,
JlJig mONOKUTENbHBIX 4acTOT W(i®) mpeacTaBisieT co0Oi MOIyOKpPYKHOCTb AMaMETPOM —- ©

T, .
LIECHTPOM B TOUYKE ﬁ Jlna nokazarenbcTBa 3anuieM W(i®) B IpAMOYTOJIbHBIX KOOPAWHATAX

T,io(1 - Tio) T, L To
= 1 .
(1+Tio)(1-Tio) 1+T%0> 1+7T%0°

W (io) = Re(w) + i Im(w) =
T,
[Tonyuyennsie 3HaueHus Re(w) u Im(®) moacTtaBuM B ypaBHEHUE OKPY>KHOCTH paguyca ﬁ c

T
€HTPOM B TOUKE —=-:
HeHTp 2T

2

T)l ’ . 2 Tﬂ
Re(o))—ﬁ +[iIm(w)]” = Re(m)—ﬁ
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NIn
2
T’ T, [ To [T, T
1+72%0% 2T 1+720% | |27 ]

PackpriBast ckOOKH, MOTy4aeM TOXKIECTBO, KOTOPOE M JIOKa3bIBaeT, uTo ADPX neCTBUTEIBHO
MIPEICTaBISAET COO0H TOTYOKPYKHOCTb.
Hcnons3ys B3aUMOCBSA3b JUHAMUYECKUX XapaKTEPUCTHUK, IOJy4aeM YPaBHEHHE IEPEXOAHOU
¢byakuum B onepatopHoit popme 1o (3.39):

T T
h(s):i.l:_ﬂ. 1
1+Ts s T 1+is

ﬂ

[lpumenuB oOpatHOe mpeoOpazoBanme Jlamaca K IOCHEIHEMY BBIPAKEHHIO, IOIydaeM
ypaBHEHHE MePeX0HON (QYHKIIH BO BPEMEHHOM 00JIaCTH:

h(e) = %e-” . (5.26)

BecoBast pyHKIMS HAXOIUTCS KaK MIPOU3BOHAS OT MEPEXOJHON (PYHKIIUH

T, _
w(t) =—T—ge v (5.27)
I'paduku mepexoHBIX XapaKTEPUCTUK N300pakeHbl Ha pHC. 5.8.
XA a) X 5)
: 5()
0 t; 0 t

Puc. 5.8 IlepexoaHbie XapaKTepUCTHKH
peasibHOro 1P PepeHUNPYIOLIET0 3BEHA:
a — niepexoiHast PyHKIH; 6 — BecoBask PYHKIUS
Ha puc. 5.8, a nyist cpaBHeHHs MOKa3aHbI MEpexX0aHbIe QYHKIIUNA UACATBHOTO / U pealbHOTO 2
i QepeHIMPYIONNX 3BEHBEB. B CHIly MHEpPUMH peaJbHBIX 3BE€HHEB W3MEHEHHE BBIXOTHOU
KOOpJIUHATBHl — MEpPeXOoAHON (YHKIIMH MPOMCXOAUT IMOCTENEHHO, a HE CKAauKOM, KaK B cly4ae
uaeasbHOro 3BeHa. Jlns Toro, 4yroObl MpHOIM3UTH CBOMCTBA pPEAJLHOTO 3BEHA K CBOMCTBaM
UJeabHOT0, HEOOXOAMMO OJTHOBPEMEHHO YBEIMUMBATh KOA(hunneHTsl nepeaun 7, 1 yMEHbIIATh
MOCTOSIHHYIO BpeMeHU T Tak, uToObl ux npousseneHue 7,7 0cTaBaaoch MOCTOSHHBIM.

5.2.5 ®opcupymwoiee 38eHO

cDOpCI/IpyIOH_II/IM 3BCHOM HAa3bIBACTCs 3BCHO, OIIMCHIBACMOC YPABHCHUCM

(t) = k(x(t) T d);(t’ )j : (5.28)
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Takoe 3BeHO MOXeT OBITh TMOJNYyYEHO B pe3yiIbTaTe MapajuIeIbHOTO COCIUHEHHS
YCWIINTETIBHOTO WM HJeaTbHOro auddepeHupyiomero 3BeHbeB. OHO XapaKTepusyeTcs IBYMs
napameTpamu: Ko3pUIIMEHTOM Iepeauu k 1 IOCTOSHHOM BpeMeHu 7.

[Tepenatounas GyHKIHSA

W(s) = k(1 + Ts). (5.29)

3amena B (5.28) s = i® MO3BOJISIET TMOJYYHTh YACTOTHBIC XaPAKTEPUCTUKHU (POPCHUPYIOIIETO
3BEHa, rpa)Ku KOTOPHIX MTOKa3aHbl Ha pHcC. 5.9:

— ADX
W(io) = k(1+ioT) = kyl+ (oT)* e e ; (5.30)
—AYX
M(®) = kvl + (oT)* ; (5.31)
—dUYX
(o) =arctgoT . (5.32)
a) 6) 6)
MA OA i Im(o)A Wi o)
/ w—> 0
k /2 == -
o=0
>
0 5) 0 :) 0 k  Re(w)

Puc. 5.9 Yacrornsie
XapaKTepUCTHKH (OPCHPYIOLIEro 3BeHa:
a—AUX; 6 — PUX; 6 — ADX
Kak BuaHo wu3 rpadukoB, aMIUIMTYIHO-(a30Bas XapaKTEPUCTUKA TMPEACTaBISIET COOOM
MPSIMYIO, TApAJIJICIIBHYI0O MHIMOM OCH M TIEPECEKAIOIIYIO JCHCTBUTEIBLHYIO OCh B TOUke Re = £.

[lepexonHble XapaKTEPUCTUKH MTOJIy4at0T HENOCPEACTBEHHO U3 ypaBHEHU (5.28):
— niepexoiHas pyHKIMsS — BXOAHOUM curHai x(¢) = 1(¢), a BRIXOJHOW CUTHAI

h(t) = k(1(¢) + To(?)); (5.33)

— BecoBast QyHKITUS — BXOJHOM curHAI X(f) = &(t), @ BBIXOTHOW CHUTHAI
w(t) = k(5(¢) + T0'(2)). (5.34)

I'paduueckn n300pa3suTh BO3MOXKHO TOJIBKO MEPEXOAHYIO (PYHKLHUIO, KOTOpas U MpeACTaBIeHA
Ha puc. 5.10.

ol »

Puc. 5.10 Ilepexoanas ¢pyHkuusi popcupyromero 3seHa

5.2.6 3BeHO YHMCTOrO 3ana3aLIBAHUSA

[IpuMepom 3BeHa YMCTOTO 3ara3AbIBaHus SBIsIeTCs TpaHcnoprep (puc. 5.11)
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Puc. 5.11 Cxema TpaHcnoprepa

Ecnu 3a BXOQHYIO KOOpAMHATY MPUHATH pacxoj] MaTepuajga B Haudaje TpaHCIOpTepa, a 3a
BBIXOJI — pacxoJl Marepuana B KOHIIE TPAHCHOPTEpa, TO BBIXOAHON CUTHaN OyHeT MOBTOPSTH
BXOJIHOM curHal x(f) C 3ama3/bIBaHUEM T, PaBHbIM BPEMEHU JBIDKEHUS MaTepuana OT MecTa

L
MOrpy3Ku 10 MECTA BBITPY3KHU, IPUYCM T = —. ypaBHeHI/IC 3BCHA YHUCTOI'O 3aIla3bIBaHUA
v

W(t) = x(t — 7). (5.35)
[lepenatounas GyHKIMS ToydaeTcs B pe3ynbrare npeobdpazoBanus Jlammaca (5.35):
W(s)=e"". (5.36)
YacToTHBIE XapaKTEPUCTUKH:
— ADX
W(io)=e""; (5.37)
— AUX
M(w)=1; (5.38)
— dYX
o(w) =-ort. (5.39)

I'padyku 4aCTOTHBIX XapaKTEPUCTHK H300paXKeHbl Ha puc. 5.12.

MA a) CA 6) i Im(w) A 6)
W(i )
| - arctg(T) z /\ [40)
Ly
Q Y Re)
0 >
o

Puc. 5.12 YacroTHble XapaKTEePUCTUKHU 3BE€HA YMCTOI0 3aMa31bIBAHUA:
a—AUX; 6 — PUX; 6 — ADX

Tak xak M(w) = 1, a orcTaBanue 1o ¢aze BBIXOIHBIX KOJICOAHHWA MPSIMO MPOTMOPIIHOHATHHO
9acToTe ¢ KOA((UIMEHTOM MPOMOPIMOHATHFHOCTH PAaBHBIM BPEMEHHU YHCTOTO 3ama3bIBaHUS, TO
ronorpadp ADX mpencraBiser cobOl OKPYKHOCTh €AMHUYHOTO paguyca ¢ IEHTPOM B Hadaje
KOOpJMHAT.

[lepexonHble XapaKTEPUCTUKH TMOJYYAIOTCS MOJCTAHOBKOM COOTBETCTBYIOIIMX BXOJHBIX
CUTHAJIOB B ypaBHeHUE 3BeHa (5.35):

— nepexoHas QyHKIUs

h() = 1(t - 1), (5.40)

— BecoBas (PYHKIUSA
w(t) =8(t — 1). (5.41)
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I'paduku mepexoHBIX XapaKTEPUCTUKU N300pakeHb! Ha puc. 5.13.

‘A a) x 6)
1

0 z’ 0| t>
hA 7 \

OleZy| T Oles 7

Puc. 5.13 IlepexoaHble XapaKTePUCTHUKH 3B€HA YHUCTOI'0 3aMa3/AbIBaAHUSA:
a — niepexoiHast PyHKIH; 6 — BecoBask PYHKIUS

5.2.7 Anepuoamyeckoe 3BeHO EPBOro MOPSAIKA

Anepuonuyeckoe 3BEHO TIEpBOrO TMOpsAAKAa Ha3bIBaeTCs Takke HWHEPHUOHHBIM. OHO
omnuchIBaeTcs AU PepeHINATEHBIM yPaBHEHHEM IEpBOTO IMOPsIKa W MMEET He KoJjeOaTenbHBIN
XapakTep NepexoAHOro mpouecca. IlpuMepoM Takux 3BEHBEB MOXKET CIYXHTb Jr00as
AIIEKTPUYECKast 1eTb, BKIIIOYAIONIast COMPOTUBICHUE U €MKOCTB, TEIIOBBIC OOBEKTHI.

JIuneiinoe nuddepeHnnanbHOe ypaBHEHHE UMEET BUJL

' (1) + y(t) = kx(2), (5.42)

rne 7 — MOCTOsIHHAS BPEMEHH 3BeHa; k — koadduimeHT ycunenus, k >0, T > 0.

[locTosiHHas BpeMEHHM XapaKTepu3yeT MHEPLHUOHHOCTh 3B€HA M 3aBUCUT OT BEJIUYHMH MAaCCHI
WM CONPOTHUBJICHHSI U €MKOCTH — 4eM OoJbIlle Macca, COMPOTUBICHUE U €MKOCTb, TeM OOJbIIe
WHEPLHOHHOCTH 3BeHa U Ooubiie 7.

[TepenaTounyro QyHKIHIO MOTYyYalOT U3 ypaBHeHuUs (5.42)

W(S):LS): k

x(s) Ts+1° (5.43)

YacToTHbIe XapaKTePUCTUKH, TpahMKK KOTOPBIX TPEACTABICHBI Ha pHC. 5.14:

—ADX
: — k _ k . ,—iarctgTo .
W (o) = Tio+1 \/szz +1 ¢ ’ (5-44)
—AUX
k
M (0) = ———— (5.45)
Vo +1
- oYX
o(w) = —arctgTo . (5.46)
M, a) 0) 6)

& ¢ T ImT
> Ly

TEN(D W Re
0 2f
()
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Puc. 5.14 YacToTHBIE XapaKTEpUCTUKHU allEpUOAUUYECKOTO 3BEHA

MEePBOro MOPsSIAKA:
a—AYX; 6 — dPUX; 6 — ADX

AMIUIUTYIHO-4aCTOTHAsl XapaKTEepUCTHKA alepuoJUUYECKOr0 3BEHA IIEPBOrO IMOpsJKa Ha
HYJIEBOM YacToTe paBHA KOA(G(ULIUEHTY yCUJIEHUS k,  C yBEJIMYEHHEM YacTOTHl OHa MOHOTOHHO
YMEHBIIAETCSI, ACUMITOTUYECKU CTPEMSCH K HYJIIO.

s
da30-4yacTOTHas XapaKTepPUCTHKA NIPU YBEIMUEHUH 4acToThl oT 0 10 oo u3mensercs ot 0 1o -5

CnenoBarenbHo, ronorpad ADX mist ® > 0 HETUKOM JIKUT B YETBEPTOM KBAIPAHTE U MPEICTABIISIET

. k
€000 MOTYOKPYKHOCTb JUAMETPOM Kk C IEHTPOM B TOUKE - » KOTOpast OMHCHIBACTCA YpaBHEHHEM

2

2
{Re(w)—%} +[Im((o)]2:{§} . (5.47)

Jloka3aTenbCTBO MOCIEIHEr0 TOXKAECTBA aHAIOTUYHO J0Ka3aTeNbCTBY MOI0OHOTO BRIPAKCHHUS
JUTsl peabHOTO AuddepeHIUPYIOIEero 3BeHa. 3HAYCHHS TCUCTBUTENHHON 1 MHMMOM dacTeit ADX
3aMCHAIOTCA UX KOHKPCTHBIMU BBIPAXKCHUSAMU

kTo

Re(w) = _
1+ T 0?

———; Im(®) =
1+T%0?

U moacTaBisitores B (5.47).
VYpaBHeHHE MEPEXOTHON (YHKIIUH MOJIYyYaroT KaK pelieHue ypaBHeHus npu x(f) = k() unu B
oriepaTopHoit popme
M=y =l b0 G
Ts+1 s s [ 1}
s+—1\T

[lepexomst K OpUTHHAIY, ITOJyYalOT BEIPAXKEHUE MEPEX0IHON (PYHKIIMK BO BPEMEHHOM 001acTi
h()=k[1-e"'T]. (5.48)
BecoByro pyHKIIHIO MOKHO IOJIYYUTH KaK MPOU3BOJHYIO OT MEPEX0HON (HyHKIIUU

h w

=
T
T= hH—1

T

<
-

h b t t
Puc. 5.15 IlepexoaHble XapaKTePUCTHKH ANIEPUOINYECKOTO

3BeHA MEePBOro MoOpsiAKa:
a — niepexoaHas GyHKus; 6 — BecoBas QyHKIIHSA

w(t) = %—HT : (5.49)

I'paduku nmepexoIHBIX XapaKTEPUCTUK N300pakeHbl Ha pHc. 5.15.

Kak BuaHO U3 rpadukoB, mepexoiHble XapaKTEPUCTUKH MPEACTaBIAIOT cO00il MOHOTOHHBIE
(GyHKIMU BpeMEHH, 110 HUM MOKHO ONpEAETHTh TaKue MapameTpbl, Kak Ko3dduuueHT ycunaenus,
PaBHBIN YCTAaHOBUBIIEMYCS 3HAUCHUIO /(0); TIOCTOSHHYIO BPEMEHH, PaBHYIO HHTEpBalTy BpeMeHu 1’
OT TOYKM KacaHHs MEpexXoJHON (YHKIMU O TOYKU MepecedyeHrs KacaTelbHOMl ¢ ee acHMIITOTON
(puc. 5.15, a).

5.2.8 HuepumonHo-dopcupymoiee 36eHO
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Wueprimonno-dopcupymomniee 3B€HO Ha3bIBAIOT TAKKE HHTErpo-Au(-(hepeHIupyomuM HITu
YIIPYTUM 3BEHOM, OTIMCBHIBAaETCs OHO A (epeHIHanbHBIM YpaBHEHUEM IEPBOTO TOPSIKA

Ty'(t) + y(t) = k[Tyx'(¢) + x(2)] - (5.50)

T;
CyImiecTBeHHBIM TapaMeTpoM 3BeHa siBiisgercs Kodduiment T =-2. Ecnu T < 1, TO 3BEHO 110
T

CBOMM CBOMCTBaM MPUONMXKAETCS K MHTETPUPYIOIIEMY U UHEPIIMOHHOMY 3BEHBSM, €CIIH ke T > 1,
TO 3BeHO Oke K AudHEepeHIIUPYIOIINM 3BCHBSIM.
[lepenarounas QpyHKIUS 3BEHA:

Tys+1
W(s)=k-2—. 5.51
(5) Ts+1 ( )
YacToTHBIC XapaKTEPUCTUKH TIOIYYarOT B PE3yJIbTaTe 3aMEHBI § = i(:
- ADX
. 2 2
W(i(l)) —k T0l0)+l -k T020)2 +1 .ei(arcthO(n—arcthw) . (552)
Tio+1 T"o" +1
¢ % Im 6)
= =00
0=0 ~ >
[0) () k Re

Puc. 5.16 YacroTHble XapaKTepUCTUKH UHEPUHOHHO-(opCcHPYIOIIEro

3BeHa AJ4 T > 1:
a—AUX; 6 — PUX; 6 — ADX

M 9 0 . 6)
k
kt k
—1 >
o R ———— ® (DTOO o=0 Re

(O]

Puc. 5.17 YactroTHble XapaKTePUCTUKH HHEPIIHOHHO-()OPCHPYIOLIEr0

3BeHA 1A T < 1:
a — AUX; 6 — dUX; 6 — ADX

T w? +1
M(m):k‘f%; (5.53)

o(o) = arctgT,o — arctgTo . (5.54)

- AUX

- oUX

I'padpukn 9acTOTHBIX XapaKTepUCTHK I T > 1 U T < 1 m300pakeHbl COOTBETCTBEHHO HA PHC.
5.16 m 5.17.

Hcnonp3ys B3aMMOCBSA3b JUHAMUYECKUX XaPAaKTEPUCTHK, 3aHMCHIBAIOTCS YPaBHEHUS MEPEXOAHON
Y BECOBOH (DYHKIIMI, COOTBETCTBEHHO
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h(t) = k(l + (% - 1}”} ;

Puc. 5.18 IlepexoaHble XapaKTepUCTUKN MHEPUMOHHO-GOPCUPYIOLIETO
3BeHa s T > 1:
a — niepexoHas GpyHKIus ; 6 — BecoBast QyHKIIHS

0)

>
t
Puc. 5.19 IlepexoaHble XapaKTepUCTUKN MHEPUMOHHO-GOPCUPYIOLIETO
3BeHa A T < 1:
a — niepexoHasi PyHKIH; 6 — BecoBask PYHKIUSA
5.2.9 Anepuoamnueckoe 3BeHO BTOPOIo MOPsSiAKA
YpaBHEHHE anepHOIMYECKOro 3BeHa BTOPOTO MOPsiIKa yI00HO 3aIHcaTh B BUIE

LLy"@)+ (L + 1)y () + y(1) = kx(2) ,

rae T, T, — mocrosiHHBIE BpeMeHH; k — kodhdurment ycunenus; 1, 1, k> 0.
[Tocne mpeobpazosanust (5.57) mo Jlammacy

[T,Tys” + (T, + Ty )s +1]y(s) = kx(s)
OTKyJla mepenaToyHas (yHKIMS 3BeHA paBHA!

k k

W(s)= 5 = .
ITs™+ (T +T)s+1 (s +1)(Tps +1)

(5.55)

(5.56)

(5.57)

(5.58)

Aneprouueckoe 3BEHO BTOPOro TMOpsSAKa MOXHO CTPYKTYPHO TIPEACTaBUTh B BUJE
MOCICAOBATCIILHOTO COCANHCHUS IBYX 3BCHLCB IICPBOTO MOpsAAKA C TOCTOSIHHBIMU BPCMCHU T] )41 T2
(puc. 5.20), mO3TOMY OHO HE OTHOCHTCS K YHCIY dJIeMEHTapHbIX. KOpHM XapaKTepHCTHYECKOTO

YPaBHEHUS ACUCTBUTEIbHBIE.
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Puc. 5.20 CrpykrypHasi cxeMa anepuogu4ecKOro 36eHa BTOPOro nopsiaka

YacToTHbIe XapaKTePUCTUKH, TpadhUKi KOTOPIX N300paXkeHb! Ha puc. 5.21:

— ADX
W(i 0)) — . k . _ k 'e—i(arctgﬂmarcthzw) ; (5 59)
(Til(l)"‘l)(Tzl(l)"‘l) \/(]1120)2 +1)(T22(,02 +1)
- AUX
M(w) = k : (5.60)
V(TP + (T’ +1)
— dUX
o(o) = —(arctgT o + arctgT,o) . (5.61)

Jnsi  cpaBHEHHMsI IMYHKTHPOM TOKa3aHbl XapaKTEPUCTUKH 3BEHA IMEPBOTO  IMOPSIKA.
AMIUIUTYIHO-4aCTOTHAsA XapaKTepPUCTHUKA MPU U3MEHEHUU 4acToThl OT 0 10 o0 u3MeHseTcs OT k 10
0. ®azo-yactoTHas xapaktepuctuka mmensercs or 0 mo —m. ['omorpad ammuuTymHO-(ha30BOM
XapaKTEpUCTUKHU JIEXKUT B 4-M U 3-M KBagpaHTax. CpaBHUBas YaCTOTHBIE XapaKTEPUCTUKH 3BEHA
MEepPBOrO TMOpsIIKa, BHUIHO, YTO J0OaBJIEHHE BTOPOTO 3BEHA IIEPBOrO MOPSAIKAa YBEIMYHUBAET
MHEPIUOHHOCTh 00BEKTA, YBEIUYMBAET MOYIIb U YBEIIMUMBAET OTCTaBaHUE I10 (ase.

VYpaBHeHUe nepexoiHol GYHKIIUM B OnepaTopHOi (opMe UMEET BU]I

I S W < S <R o
(Tis+D)(Tos+1) s s s+1/T, s+1/T,

h(s)

Puc. 5.21 YacToTHbIE XapaKTEePUCTHKH ANIEPHOIMYECKOI0 3BEHA
BTOPOIO NMOPsiAKA:
a—AYX; 6 — PUX; 6 — ADX
h a) w 0)

>

>
t t

Puc. 5.22 IlepexoaHble XapaKTEePUCTUKH ATIEPHOIMYECKOI0 3BE€HA
BTOPOTI0 MOPAAKA:
a — niepexoHas GyHKIus; 6 — BecoBast QyHKIIH

[lepexons k opUruHaty, MOJIy4aroT
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h(t)=Cy+Cre"'T +Ce™'™ | (5.62)

[lepexomnas (QyHKIUS TpeACTaBISIET COOOM HEKOJIeOATEIbHYI0 KPUBYIO, MMEIONIYIO OJIHY
TOUKY Mepernda i aCHMITOTHYECKH CTPEMSIIYIOCS K () = k .

YpaBHeHHE BeCOBOW (DYHKIIHH:

R Rt (5.63)
1 2

I'paduku mepexoHBIX XapaKTEPUCTUK N300pakeHbl Ha pHc. 5.22.
5.2.10 KonedareabHoe 3BeHO

KonebatenbHOe 3BEHO, KaK M amepuOJUYEcKOe, SBISETCS 3BEHOM BTOPOTO TMOpSAKA H
onuchIBaeTcs AudQepeHnanbHbIM ypaBHEHHEM BTOPOrO MOpPsAKa, KOTOpoe yaoOHO 3amucaTh B
BHJIC

T2y"(t) + Ty (6) + y(t) = kx(?) . (5.64)
XapakTepucTUYECKOE ypaBHEHHUE KOJIeOATEIbHOTO 3BEHA
T2s* +T,s+1=0

JOJDKHO MMETh Mapy KOMIUIEKCHO CONPSKEHHBIX KOPHEH, a 3T0 OylIeT TOJIBKO B TOM Cllydae, ecliu

T, T, .
T—” < 2. Ecnu xe T—” > 2, TO KOPHU ypaBHEHUS —1€HCTBUTENbHbBIE U 3BEHO OyJET anepuoanyecKuM

K K

BTOPOTO MOpPs/IKA. XapaKTEPUCTUKN KOJIeOaTeIbHOTO 3BeHa NMEIOT B
— nepeatoyHast QyHKIHS

k

W(s)=—s—s——;

T2s* +Tys+1°

— YaCTOTHBIE XapaKTEPUCTUKH, TPAUKU KOTOPBIX M300pakeHbl Ha puc. 5.23:

(5.65)

_ ADX
W (o) = e fl) i I —T,fmf)z - Lot (5.66)

_ AUX
M(o)= \/(1—TK20)£{)2 - (5.67)

_ dux
o(®) = _arctgl_T;—?wz . (5.68)

K

AHanu3 aMIUTUTYJHO-4YaCTOTHOW XapaKTEePUCTUKH IOKa3bIBa€T, YTO MPU MAaNbIX 3HAYCHHSX
YacTOTHI, KOIZa © << @, HAOIIOZacTcs HeKoTopoe ysenmdenne AUX 10 CpaBHEHHIO

T,
anepuoMYecKUM 3BEHOM, MPHUYEM IMpPH OONBIINX 3HAYCHHSX T_K Ha rpaduke AUX nosBusercs
a

makcumyM. B nipenerne npu 7, = 0 AUX Tepnut paspbiB BTOPOro poja IpH 3HAYEHUH o, = TL .
[lepexoanas ¢pyHKIMS B onepaTopHOU dopme:
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k 1

hs)=—— 1
Ts* +Ts+1 s

B3sB oO6paTtHOE npeobpazoBanue Jlamaca, moinyyaroT

M, a) @ 6) Im 6)
T > T ®=0 >
Q)

[
I
k [
[
[

@p o

Puc. 5.23 YacroTHble XapaKTEePUCTUKHU K0J1€0ATEJIHHOI0 3B€HA:
a—AUX; 6 — PUX; 6 — ADX

h 9w %)
= N
‘ A \/\ >

t

Puc. 5.24 IlepexoaHble XapaKTEePUCTHKH K0J1e0aTeJIbHOI0 3BeHA:
a — niepexoHast PyHKIH; 6 — BecoBask (PYHKIUSA

h(t) = k[1+ Ae”™ sin(wt —B)], (5.69)
or T,

Jr2+17)
w(t) = —Aoe”* sin(wt —B) + Aoe ™ cos(wt —p) =

= Ade”* (cos(wt — B) — ausin(wt — B)).

T, 2
o=—; B=arctg—.
B g7

rae A= ;
212 A

(5.70)

I'paduku nepexoHbIX QYHKIUI U300pakeHbl Ha puc. 5.24.

[TpumepoM KoneOaTETHHOTO 3BEHAa MOTYT CIYXKHTh YIpyras MeXaHHYecKas CHCTeMa C
CYILIECTBEHHBIM BIIMSHUEM MAcCChl, IICHTPOOEKHBIN MasSTHUK PETyJsTOpa 4acTOTHI BpAIllEHUsS BaJsa
MaiuHbl 0e3 gemrndepa u Ipyrue.

YacTHBIM ciy4aeM KoJjeOaTeNbHOTO 3BEHA SIBIISETCS KOHCEpBAaTHMBHOE 3BEHO, KOrJa
XapaKTEepPUCTHYECKOE YpaBHEHHE MMEET YUCTO MHHMbIE KOpHH. B 3ToM ciydae mepemarodHas
(byHKIMS 3BeHA MPeodpaszyercs K BUIY

W(s)= . 5.71
(©) T%s% +1 (5.71)
AMIUIHTYIHO-(pa30Basi XapaKTEPUCTUKA
W (i) = — (5.72)
1-T0’
SIBIIICTCS ACUCTBUTENHHOU (PyHKIIMEH C MOTyeM
M(o)=—" (5.73)
1-T 0

u (azoit
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9(0) ={0’ o<UT; (5.74)

-, o>1/T,

roforpad KOTOpoi pacroJoKeH Ha ISUCTBUTEbHOM MoiyocH (puc. 5.25).

MA } a) oA 0) ImA 8)
|
|
|
|
|
k I ® -1 m—)o)—l
1 p_T k pi?
0 1 % :) T ®=0 >
O, =— __ €
p T -TT ) —> 00

Puc. 5.25 YacrotHble
XapPaKTepPUCTHUKN KOHCEPBATHBHOIO 3BEHA:
a—AUX; 6 — PUX; 6 ~ADX

BpemenHbIe XapaKTepUCTUKH:
— niepexoiHas GyHKIUs

h(t) zk(l—cos%tj; (5.75)
— BecoBas (PYHKIUSA
Ww(t) = ?sin %t (5.76)

MPENICTaBISAIOT CcO00M rapMoHMYeckne kojebanus (puc. 5.26). Yacrota o, = HAa3bIBACTCS

1
P
PE30HAHCHOW YaCTOTOM.

hA 0)
kl—J—— >

t
0

Puc. 5.26 ®DyHknuu KOHCEPBATHBHOIO 3BEHA:
a — TepexojiHas; 6 — BecoBast

5.2.11 OcoObIe 3BeHbLA

OmpeneneHne MHUHMMAIBbHO-()A30BBIX CHUCTEM (3BEHbEB) ObLIO JaHO paHee. Bce
PaCCMOTPCHHBIC 3BCHbA OTHOCATCA K MI/IHI/IMaJIBHO-(I)a?)OBBIM 3BCHBSAM. O[[HaKO Ha TIIPAKTUKC
BCTPEYAIOTCS M HEMHHHMaIbHO-(A30BbIe 3BEHbs, Y KOTOPBIX XOTS OBl OAMH HYJIb WU IOJIIOC
nepeaaTouHo (PYHKIMM HMEeT MOJOKUTENbHYIO BEIIECTBEHHYIO uacTb. Ilpumepamu Takmx
3BCHBEB SBJSIFOTCS 3BEHO YUCTOTO 3aI1a3/IbIBAHUS, @ TAKXKE 3BEHbS C TIEPEIaTOUYHBIMHU (PYHKITHSIMH

k k(1—Tps) k
W(s)=———; W(s)=—22: W(s)= .
(5) Ts—1 () (Ts-1) "’ (<) T\Tys* —(T; + Ty)s +1 (

5.77)

OCOOEHHOCTBI0O HEMHUHUMANIbHO-(Da30BBIX 3BEHBEB 10 CPABHEHUIO C MUHHMAJIbHO-(Pa30BbHIMH

SIBJIICTCSI TO, YTO JIJISl 3BE€HBEB, MMEIOMUX oauHakoBbie AUX, y HUX oTcTaBaHue 1o ¢ase OoJbIie.
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Hanpumep, cpaBHUBas Ba 3BEHA — allepHOJUYECKOE MEPBOrO MOPAIKA U 3BEHO C IepeaaTOuyHON
o k
byHkuueit w(s)= - » AMEIOMKX AYX B 060ux ciyyasx
s —

k
M((’J):T,
T o +1

HO ®UX B niepBoM cirydae ¢(o) = —arctg7o HU3MEHSIETCS OT HYJIA 10 —g , @ BO BTOPOM @(®) = —7 + arctgTo U

I
HU3MCHACTCA OT —TT 10 ——.

HemunumanbHo-pa30Bble  3BEHbS  BCTpPEUAlOTCA B JJEKTPUUECKUX  CXEMax  IIpH
g hepeHIHaTbHBIX WIH MOCTOBBIX COCIMHEHUSX.

YacTHBIM ciiydyaeM HEMUHUMAaIbHO-(a30BbIX 3BEHbEB SIBJIAIOTCS HEYCTONYMBbBIE 3BEHbA, KOTa
TOJIBKO TIOJIFOCHI MMEIOT TIOJIOKHUTEIBbHYIO BEIIECTBEHHYIO 4acTb. PacCMOTpPEHHOE BBIIIE 3BEHO
SBIISIETCS HEMUHUMAJIbHO-(a30BbIM HEYCTOWYMBBIM 3BEHOM, Hanbosiee pacipoCTpaHEHHBIM CpEax
HEYCTOMYUBBIX 3BEHBEB, U HA3BIBACTCS KBA3MMHEPLIMOHHBIM 3BEHOM. JlJisi HEYCTOMYMBBIX 3BEHHEB
HE CYIIECTBYET YCTAaHOBHBILIETOCS PEKHMMA, U C TEUEHUEM BPEMEHU MpH JII0OOM BXOJAHOM CHTHAie
BBIXOJHAS BEIMYMHA CTPEMHUTCS B OECKOHEUHOCTb.

5.3 OCHOBHBIE CITIOCOBbbI COE/IMHEHUS 3BEHBEB
5.3.1 CrpyKTypHBbIe cXeMbl

[Ipn aHanu3e W CHHTE3€ CHCTEM AaBTOMATHYECKOTO VIIPABICHHS MIUPOKO HUCIOIB3YyeTCs
CTPYKTYPHBIH aHaJIN3, OCHOBHBIMH TMOHATHUSIMH KOTOPOTO CITyXaT CIICAYIOIIHE.

CrpykTypHas cxema siBsieTcsl rpaduueckuM nzodpakeHueM AudQepeHInaIbHOro ypaBHEHHS
o0bekTa W 00JIaJaeT TJIABHBIM JIOCTOMHCTBOM JIIOOOTO TpaUUecKoro TMPEACTABICHUS —
HATJISIHOCTBIO.

a) | 3BeHo

JIMHUA CBA3H

0) __x o
X
8) X X y3en
X1 X1t X, X1 X1 —=X2
2) =l L CyMMaTop
X2 X2

Puc. 5.27 YciaoBHble 0003HAYEHUS 3JIEMEHTOB CTPYKTYPHOI cXeMbl

DJIeMEHTBI CTPYKTYPHOU CXEMbI Ha3bIBAIOTCS 3BEHBSIMH, KaK YK€ H3BECTHO, U N300paKaIOTCs B
BUJIC MIPSIMOYTOJIbHUKOB, BHYTPH KOTOPBIX 3alMChIBACTCS MepeaTouHast QyHKIHS 3BEHA.

B3anMOCBsI3b MEXKITy 3BEHBSIMU U300pAKACTCS JUHUAMU CE513U CO CTPEITKAMH, YKa3bIBAIOIIUMHU
HanpaBJICHUE Tepeiaun curuana. Hang nuHueii ctaBuTcs ycioBHOE 0003HAaYeHHUE CHTHAIA.

Touka Ha TUHUU CBA3U, B KOTOpOfI MPOUCXOAUT PA3BCTBJICHUC JINHUU, HA3BIBACTCS Y3710 M.

Anrebpanueckoe CIOKEHHE HECKOJIBKHX CHTHAJIOB M300pakaeTcs B BHJE Kpyra Ha JIMHUU
CBSI3U M HA3BIBACTCS CYMMAMOPOM.

Jns m300pakeHHsi OCHOBHBIX 3JIEMEHTOB CTPYKTYPHBIX CXEM HCIIOJB3YIOTCS CIEIYIOIINe
yclIoBHBIE 0003HaueHus (puc. 5.27):
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CocraBiieHHE CTPYKTYpPHOM CXEMBI SIBJISIETCSI OJHMM U3 TEPBBIX H3TAlOB UCCIIEIOBAHMS
CIIO)KHBIX OOBEKTOB YIpPAaBJIEHUS, OHA MOXKET OBbITh COCTaBJIeHA Ha OCHOBaHMHM MaTEMaTHYECKOIO
OIMCaHMs, a TAKXKE UCXOJ U3 (PU3MUECKOM MOJIeNI 0OBEKTA.

Kaxoit ObI crioskHOM HU ObLIa CTPYKTYpHas cXeMa, B HEW Bcerja MPUCYTCTBYIOT TOJIBKO TPH
TAMA COEJWHEHWN: TMapauleibHOe, TIOCIeoBaTelbHOE M ¢ 0OpaTHOM CBsA3BIO. 3amauei
PAacCMOTpPEHHS] TUIOB COCAMHEHUMN SIBISAECTCS TMOJNYyYEHHE COOTHOILIEHUS MEXIy IepeaaTOuHON
GbyHKIMEH coeIMHEeHNs U IepeJaTOUYHBIMU (QYHKIIUSMU OTJEIbHBIX 3BEHBEB.

5.3.2 IlapasuiesbHOe coelMHEeHNE 3BEHbEB

[Ipu mapamnensHOM coenuHeHHHM (puc. 5.28) cUTHaIBl BXOJa BCEX 3BEHBEB OJMHAKOBHI M
paBHBI CUTHAITy BX0J1a CUCTEMBI X(), a BBIXOJ )(f) paBEH CyMME CUTHAJIOB BbIXOJ0B 3BEHBEB.

Puc. 5.28 IlapasuienbHoe coeIMHEHUE 3BEHbEB

JUnist Ka)KJI0TO 3BEHA B ONEPaTOPHO (opMe MOKHO 3aIUCaTh:
yi(s) = x()W1(s); ya(s) = x($)W2(8); -o.s ¥, (8) = x(s)W,, (s)

TOraa BBIXOJ BCEI CHCTEMBI

V() = 31(8) + o + 3, (8) = X)W1 (5) + ... + W, (5)] = X(S)iVVi(S) ., (5.78)

i=1

OTKyJa nepenarouHas GyHKIUS HapaiieIbHOro COeIMHEHUS

_&: n .
P =14 ;w,(s). (5.79)

Takum oOpazom, nepedamounas pyHKyus cucmemvl NAPALLENIbLHO COCOUHEHHBIX 36eHbe8 PABHA
cyMme nepedamouHbIX QYHKYUL OMOEbHbIX 36eHbES.

BpemeHHBIE XapaKTEpHUCTUKH, B YAaCTHOCTH, MEPEXOAHYIO0 (DYHKIHIO MOXXHO MOIYyYUTh W3
(5.79):

ho(t) = L' [h(s)] = L{i hi(s):l = ihi ®, (5.80)
i=1 i=1

T.€. mepexoaHast pyHKLHS MapaiebHOTO COSAMHEHHS paBHA CYMME MEePEXOIHBIX (PYHKIIHIMA
OTJIETIbHBIX 3BEHBEB.
YacTtoTHbIE XapaKTEPUCTUKH MMAPAIIEIbHOTO COETUHEHUS TOTYYatoT CIEAYIOIINM 00pazoM:

W, (i0) = Y W, (i0) = [Re (@) +i1m (o));
Jj=1 j=1

Re,(0) = iRei (); Im, (o) = anlmi(m) . (5.81)

i=l1 i=l1

Kak Bumno u3 (5.81), amrmumryaHO-¢pa3oBas XapaKTEPHCTUKA MApauICIbHOTO COEAMHEHUS
MOXET OBITh TIOJyde€Ha B pe3yJbTaTe CJIOKCHUs JACHCTBUTEIBHBIX M MHUMBIX dYacTed ADX
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OTJIENIbHBIX 3BEHBEB WUJIU 110 MpaBUILY ClI0XkeHUs BekTopoB. Ha puc. 5.29 npusenena nitroctpanus
nonydeHnss ADX nByx nmapauieibHO COeIMHEHHBIX 3BEHbEB, 3aJaHHBIX CBOUMU ADX.

ImT a) ImT 0) ImA 6)
k k ki +k
0 lf:e UNNA )Z{e 0 T 2I:e
Wi o) oo, AT Pati o)
W(l(01
(]
©

Puc. 5.29 TIlocrpoenue ADX napajiejibHOr0 CoOeIMHEHUS:
a — ADX niepBoro 3BeHa; 6 — ADX BTOPOTO 3BEHA;
6 — ADX nmapanienbHOro COeIUHEHUS MEPBOTO U BTOPOTO 3BEHHEB

[TpumMepoM TEXHOJOTHYECKOTO 00BEKTa, MMEIOMIEr0 MOJOOHYI0 CTPYKTYPHYIO CXEMY, MOXKET
CITy’KHUTb LIENIOYKA MMapajuIeIbHO pabOTaOIKX OAHOTHITHBIX peakTopoB (puc. 5.30).

> CrIpne
I~ I~ S~
+ TIpomykT
Co6opHUK

Puc. 5.30 IIpuMep TeXHOJIOTHYECKOT0 00bEKTA MAPAJIEIBHOI0 COeIMHEHUS
5.2.3 IlocnenoBaTebHOE cCOeIMHEHHE 3BEHbEB

HpI/I MOoCJICAOBATCIIbHOM COCAUMHCHHUU BbBIXOJ TMPCALIAYIICTO 3BCHA MNMOAACTCA Ha BXOI
nocnenyromiero (puc. 5.31).
YpaBHEHHsI BBIXOIHBIX CUTHAJIOB MOCJIE KXKIOTO 3BE€HA B ONIEPATOPHON opME UMEIOT BUI:

Yi(8) = x(W(8); y2(8) = 1 (SW2(8); 5 ¥, (8) = V1 ()W, (5) -

P

Puc. 5.31 IlociaenoBaresibHOE cOoeUHEHHE 3BEHLEB
BoixonHOW CcUTHAI MOCIHEAHErO 3BEHA SIBISIETCS BBIXOJAOM BCEU CHCTEMBL )(S) = V,(s), a
nepenaToyHasi GyHKIIUS CUCTEMBI COTJIACHO ONPEAEIICHUIO0 UMEET BUJL
N N
W.(s) = ys) _ ya(s)
x(s)  x(s)

[IpoBons  mocnenoBaTelIbHYI0  IOJACTAHOBKY, MOJYYalOT MEPEJaTOuHyl0  (QYHKIUIO
IIOCJIEI0OBATEIBLHOIO COEIMHEHN

W (s) =W (W (s) .. W, () = [ [ (s) . (5.82)

i=1
Takum oOpazoM, nepedamounas yHKyus cucmemvl NOCIC008AMENbHO COCOUHEHHBIX 36€HbER
PasHa npou3ee0eHuio nepedamoyHblX QYHKYU OmoenbHbIX 36eHbEs.

YacToTHBIE XapaKTEPUCTHKH JIETKO MOTy4aroT u3 (5.82), Tak Kak
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lz 0 (®)
W, (io) = HW(:(D) HM (©)e ’ ,

H TOorza

n "
M (@) =] [M(@); ¢ (0)=) 0,(0), (5.83)
J=l j=1

T.e.  AMIUIUTYJHO-4aCTOTHAasl  XapaKTEPUCTHKAa  IOCJIENOBATEIbHOIO  COECIMHEHHS  paBHA
npousBefieHnio AUX OoTaenbHBIX 3BEHBEB, a (pa3o-uacToTHast — cymme OUX OTAETBHBIX 3BEHBEB.
WNnmoctpaua noctpoenuss ADPX 1OByX MOCIEIOBATENbHO COCIUHEHHBIX 3BEHBEB, 3aJIaHHBIX
ceoumu ADX, npuseneHa Ha puc. 5.32.

[Tepexomuyro GpyHKIHIO MOTy4aroT cleayrommum odpazoM. Ecinu BxonHo# curnan x(¢) = 1(¢), To
Ha BBIXOJIE MEPBOTO 3BEHA UMEEM €ro MepexoHyto (YHKIHIO /1(f), KOTopas TMOJaeTCs Ha BXOJ
BTOpOro 3BeHa. Ha BbIXOoJ€ BTOPOro 3BEHA IOJYYAIOT MEPEXOAHYI0 (DYHKIUIO JBYX
IIOCJIE0BATENBHO CO-

Im ) Im 0) ImT 6)
ki oy

ky
Q1 I:e P12 Ee
M M,
Puc. 5.32 Ilocrpoenune ADX

MOCJIeI0BATEILHOI0 COeTUHEHM S
a — ADX niepBoro 3BeHa; 6 — ADX BTOPOTO 3BEHA;
6 — ADX nocneaoBaTeIbHOT0 COEAMHEHHS TIEPBOTO U BTOPOTO 3BEHHEB
€IMHECHHBIX 3BeHbeB. Eciii coOcTBeHHAs nepexoiHast (GYHKIUS BTOPOTO 3BEeHA /15(), TO Iepexo iHast
GYHKIHS COSTUHEHUS onpenenmca yepe3 uHTerpan Jroamerns:

h(t) = Ihz( )dehlm)hz(t) (5.84)

[Tpomomxkast paccyXIeHHs JalblIe, MOKHO IOJIYYUTh BBIPAXKEHHE NEPEXOAHON (YHKLIMU I
T000r0 YncIia MOCIe0BATEIbHO COCTUHEHHBIX 3BEHBEB.

Crnenyer OTMETUTB, YTO BCE IOIYYECHHBIC YTBEPKICHHUS CIPABEIIMBBI TOJIBKO I 3BEHBEB
HaIIpaBJIEHHOT'O JCHUCTBUA.

ITpruMepoM TEXHOIOrHYECKOro 00BbEKTa, UMEIOLIET0 CTPYKTYPHYIO CXEMY HOCIEI0BATENBHOTO
COCAMHEHUS, SBISETCS 000N TEXHOJIOIMYECKHH Mpolecc, B KOTOPOM OTICNbHBIE CTagUH U
YYaCTKH IIPEJCTaBIISIIOTCS B BUAE COOTBETCTBYIOILETO 3BCHA.

5.3.4 CoenuHeHue ¢ 00paTHOI CBA3bIO

OOpaTHOW CBSI3pI0 HA3BIBAIOT TEpeaavy CHTHAja C BBIXOJAa 3BE€HA HA €ro BXOJ, TJe CUTHAI
oOpaTHON CBs3M anreOpandecku CYMMHPYETCs C BHEIIHHUM curHaioM. CTpykTypHas cxema
COCIMHEHHUS C 0O0OpaTHOM CBA3bI0 M300pakeHa Ha puc. 5.33.

Ecimm x; = x + Xo, TO CBSA3b HA3BIBACTCA IOJIOKUTCIBHON, €CIH XKE X|=X— Xo, TO —
OTPULATEIBbHOM.

Jlnst BBIBOA TeEpenaTOYHOW (PYHKIIMH COCAMHEHHUS C TOJOKUTEILHONH O0OpaTHOM CBS3BIO
BBIXOJHBIE CHUTHAJIBI JAJIs KXKIO0TO 3BEHA B ONIEPATOPHOI opMe 3aITUCHIBAIOTCS KAK:

Y(8) = 21 ()W (8); X1 (8) = X(8) + X (5); Yoo () = V()W e (5) -
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Hckinroyast u3 MOTYy4eHHOM CUCTEMBI X1(S) U Xoc(S), MOTYHAIOT

Y(8) = X($)W iy () + Y($)Woe (Wi (5) 5
y(S) (1 - Woc (S)Wnp(s)) = x(S)Wnp(S) s

OTKYJa nepedamoytas YyHKyus coeOUuHeHUs ¢ NOJOHCUMENbHOU 0OPAMHOU C853b10 UMEET BUT

Puc. 5.33 CoennHenne ¢ 00paTHOM CBA3bIO

W= 28 o Fn® (5.85)
X(5) 1= Wiy (5We(5)

Jna coedunenus ¢ ompuyamenvHol ob6pamHou C6:A3bl0 TepefaTouHass QYHKLIUS BBIBOAUTCS
aHAJIOTHYHBIM 00Pa30M M ONpEAEsIeTCs B OKOHYATEIIbHOM BUJIE BHIPAKECHUEM
Wap(5)
W(s)=—"——. (5.85")
L+ W, ()W (s)

Ha npaktuke Hanbosee pacpoCTpaHEHHBIMU SBISIOTCS CUCTEMBI C OTPULIATEIbHOW 00paTHOM
CBA3bI0, K HHUM OTHOCSTCS, HAallpUMEp, BCE OJHOKOHTYPHBIE CHCTEMBl aBTOMAaTHYECKOIO

peryIrpoBaHus, IPUYEM B MPSIMOH IIETIH PACIIONIOKEH OOBEKT, a B 00OpaTHON — PEryIsATop.

5.3.5 Ilepenarounble (PyHKIUHM 3aAMKHYTOH CHCTEMbI

CrpykTypHas cxeMa OJHOKOHTYPHOM CHUCTEMBI aBTOMAaTHYECKOI'O PEryJMpOBaHMs IPUBEACHA
Ha puc. 5.34.

Puc. 5.34 CrpykrypHas cxeMa OJTHOKOHTYPHOM CHCTEeMbI

B pacuerax cucreM aBTOMAaTHYECKOTO PEryIHPOBAHMS HCIONB3YIOT TPU OCHOBHBIX BHUIA
MepelaToOuHbIX QYHKIUHU. DTH (PYHKINUN OMPEACIIIOTCS CASIYIOIUM 00pa3oMm.
['maBHOM mepenatoyHoil (GyHKIUEH SIBISETCS nepeoamoyuas @QYHKyus Nno  Kamauiy

pe2yauposanus y,, — y(t), f,(0)=0:

W06 (S)Wp (S)

oo (5.86)
L+ Wog ()W, (5)

W(s)

Ilepeoamounas  ¢ynkyus — 3aMKHymou  cucmemvl — O11  OWUOKU, T.e. 1O  KaHAIY
Vian —€(0), TAE  E(F) = Y30, (1) — ¥(t) — OIINOKA perynupoBanus U fo(¢) = 0:

1

mm:nmmwwy

(5.87)
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Ilepeoamounas pyHKkyust 3aMKHYMOU CUCTEMbl NO BO3MYWAIOWEMY 6030eUcmeuio, T.e. IO
KaHamy f,()-y(1)=0:
W (s
W(s)=— Do (5.88)
1+Wos ()W, ()

AHanu3 nepenaTovHbIX (QYHKIMA 3aMKHYTOW CHCTEMBI MTOKa3bIBACT, YTO 3HAMEHATENb y HUX
OIWH U TOT XK€, a YUCIUTCIINU pa3J_H/I‘-IHBI. I[J_IH 3aMKHyTOI>i CHUCTCMBI MOXXHO 3aIIMCaThb Heﬂblf/’l pHI[
APYTUX MEepeaTOYHbIX (PYHKINH, HATIPUMEp, JJIs OIIUOKH 10 BO3MYIIAIONIEMY BO3JICHCTBHIO.

XapakTepUCTHUECKOE YpaBHEHHE 3aMKHYTOM CHCTEMBI HAXOOUTCA B  3HAMEHATENe
HepeaTouHOM (DYHKIMH U 3aIIMCHIBAETCS B BUJIE

14 W5 ()W, (5)=0.. (5.89)

Kopuu sTOTO0 ypaBHEHHS paBHBI IOJIIOCAM S; MEepeaaTOuYHON (DYHKIIMH 3aMKHYTOW CHCTEMBI.
JIlnHaMu4yeckue CBOMCTBA MPOLIECCOB, MNPOTEKAOIMIMX B 3aMKHYTOM CHCTEME, CYIIECTBEHHO
OTJIMYAKOTCSI OT TAKOBBIX B PA30MKHYTOW LIETHM, COCTOSIIEN M3 TE€X kK€ CaMbIX 3BEHbEB. TaK Kak
nepenaTouHas (yHKUUS Pa3OMKHYTOM ILienmu 3amuchiBaeTca B Buae W,(s) = Wos(s)Wy(s), TO
rJIaBHas nepenaToyHas GyHKIIMS MOXKET OBbITh 3alrcana Kak

1+ W, (s)

5.3.6 IlpaBuia npeoOpa3oBaHMs CTPYKTYPHBIX CXeM

PeanbHble 00BEKTHI 00JIAAAIOT CIOXKHON CTPYKTYpOW. YTpOIIEHHE BBIBOJA MEPEAATOUHBIX
(GyHKIUI CIOKHBIX OOBEKTOB B CXEMax JIOCTHTaeTcs 3a cueT MpeoOpa3oBaHMs UX CTPYKTYPHBIX
CXEM K TPeM OCHOBHBIM THIIaM COEIUHEHUH.

Kpurepuii nmpaBUIbHOCTH TPe0Opa3oBaHUs CTPYKTYPHOM CXEMBI 3aKJIIOUYAETCS B TOM, YTOOBI
BXOJIHbIE U BBIXOJHBIE CHTHaJbl IpPeoOpa3yeMoro yyactka /0 M Ioclie IpeoOpa3oBaHus ObUIH
OJINHAKOBBI.

Ha mpakTuke pelko BCTPEUarOTCs CXEMBbI, B KOTOPBIX MOKHO Cpa3y K€ BBIIECIUTH TOT WIH
MHOM TUI COeNMHEHUH, KaK MpaBUJIO, UMEIOTCA, TaK Ha3bIBaeéMble, NEPEKPECTHHIE CBA3H. B 3TOM
cllydyae BO3HUKAET HEOOXOIMMOCTh IEPECTAaHOBKU U MIEPEHOCA CyMMAaTOPOB H Y3JI0B.

Hanpumep, TpeOyeTcss OCYyIIECTBUTh TIEPEHOC Yy3Jla 4Yepe3 3BEHO [0 HAaIPaBICHHIO
pacrmipoctpanenust curnana (puc. 5.35, a).

[TpeoOpa3oBaHnIO TIOUICKUT YIACTOK, BBIICTICHHBIA ITYHKTUPOM, KOTOPBIA UMEET OJIMH BXOIHOM
curHan x(f) u nBa BBIXOAHBIX X(f) u y (f). TpeOyercs mepenectu ysenm "1" uepe3 3BeHO "2" ¢
nepenaTouyHon pyHKImen W(s).

[IpocToii mepeHoc TPUBOAUT K cxeme, n3o00paxeHHOW Ha (puc. 5.35, 6). Dta cxema He
COOTBETCTBYET MCXOJHOM, TaK KaK OTCYTCTBYET BBIXOAHOM CHUTHaJ X(f), HO UMEETCs JBa CUTHasa
w(f), mpuuem y(s) = x(s) W(s), cienoBaTenbHO, UIsl TPUBEICHUS CXEMbI K HCXOJIHON HEOOXOIUMO B

. o 1
OOKOBYIO BETBb Ha BBIXOZAE )(f) BKJIIOUHUTH 3BEHO C TEPEIaTOYHOM (yHKITHMEH ok Torma
S

MOJTy4aroT cxemy (puc. 5.35, ), COOTBETCTBYIOIIYIO UCXOTHOM.

—_—— |
I ~ ~
L@ | NQ)

Ws) i I A x| . (D )
__________ E’J:
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Puc. 5.35 Ilpumep nepeHoca y3;a 4yepe3 3BE€HO:
a — 1o mpeoOpa3oBaHus; 6 — HEMIPABUIILHOE TPEOOPa30BaHUE; 8 — MTOCTIE
npeoOpazoBaHus

Takum 06pa3om, mepeHocC y3ia 4epe3 3BeHO C nepenaTouHor GpyHkimed W(s) mo HanmpaBICHHIO
pactpoCTpaHEHUs] CUTHajla COIPOBOXKIAETCA IOSBICHHEM B OOKOBOM IeNM 3BEHA, HMMEIOILEro
nepeiaTouHyI0 (PYHKIIUIO L

W(s)

PaccMmoTpeHHBIN MpUMep SBISIETCS J0Ka3aTelbCTBOM IIpaBMIIa MEPEHOca y3ja uyepe3 3BEHO.
OcranbHble IpaBUia IEepeHoca MPUBOAATCA Oe3 J0Ka3aTeslbCTBA U BBINIAIAT CIEAYIOIIMM
obpa3zom.

1 TlepeHoc y3ia depe3 y3el OCYIIECTBISICTCS O3 JOMOJHUTEIBHBIX MpeoOpa3oBaHuil (puc.

5.36).
x () (2 2 x (2 (D) h2
X X X X
Puc. 5.36 IlepeHoc y3/1a yepe3 y3ei:
a — 10 TIepeHoca; 6 — mocye nepeHoca
2 [lepenoc cymmarTopa dYepe3 CyMMaTOp MPOU3BOIUTCS 0€3 JOMOTHHTEIbHBIX

npeoOpazoBaHmil (OT IEPEMEHBI MECT CIaraéMbIX CyMMa He u3mensiercs) (puc. 5.37).

X X1 tXo X1 tXatXs X X1 +x3 X1+ x,+Xx3
X2 X3 X3 X))

Puc. 5.37 IlepeHoc cymmaTopa 4epe3 cyMMAaTop:

a — 1o npeobpazoBaHus; O — OCJIe MPeoOpa3OBaHUS
3 IIpu mepeHoce y3ma 4epe3 CymMMarop IO HANpaBJICHUIO CHTHaJa B OOKOBOW  BETBU
peoOpa3oBaHHOrO y4acTKa MOSBISETCS JOMOJHUTENIFHOE 3BEHO C MepelaToyHON (yHKuuen (-1)

(puc. 5.38).

a) 0)

X1 xl‘HCz> X X1tx
xli X2

Puc. 5.38 IlepeHnoc y3;1a yepe3 cyMmmarop:
a — 1o mpeoOpa3oBaHus; O — mocie npeodpa3zoBaHus

X2
X1

4  Ilpu mepeHoce cymMmaropa depe3 y3ell MO HAMpaBICHHUIO CHTHAIA B OOKOBOW BETBH
MOSIBJISIETCS 3BEHO C repenaTrounoi pynkuueit +1 (puc. 5.39).

ty, @) x;+x, 0)
X1 X1>X2 X1 >

X Y x1tx;
X1 +Xx7 X2

Puc. 5.39 Ilepenoc cymmaropa 4epe3 3BeHO:
a — 1o mpeoOpa3oBaHus; O — mocie npeodpa3zoBaHUs
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5 Tlepenoc y3na yepe3 3B€HO MO HAIPABJIECHUIO CUTHANA PUBOUT K MOSBICHUIO JIOTIOJHUTEIHLHOTO

3BEHa C TiepelaTouHON (DyHKITHEH % (puc. 5.40).
N

a) 0)

X ws) W(s) Xl W(s) | x W(s)
lx

1/W(s)
Ve

Puc. 5.40 IlepeHoc y3/1a yepe3 3BeHO:
a — 1o mpeoOpa3oBaHus; O — mocie npeodpa3zoBaHus

6 IIpu mnepeHoce y3ma uyepe3 3BEHO IIPOTUB HAMPABICHUS CHUTHAjla IOABISETCS
JOTIOJTHUTEIILHOE 3BEHO ¢ TiepenatouHoi pynkiueint W(s) (puc. 5.41).
a) 0)

x W(s

<70 :
x W(s)

S

Puc. 5.41 IlepeHoc 3BeHa Yepes3 y3ei:
a — 1o mpeoOpa3oBaHus; O — mocie npeodpa3zoBaHus

7 Tlepenoc cymmaropa yepe3 3BEHO M0 HANPABICHUIO CHTHATA COMTPOBOXKIACTCS MOSBICHHEM
JOTIOJTHUTEILHOTO 3BeHA C mepenaTounor Gynkmueit W(s) (puc. 5.42).

Puc. 5.42 Tlepenoc cymMaTopa 4epe3 3BE€HO:
a — 110 peodpazoBaHus; 6 — MocJe MpeoOpa3OBaHMS

8 Ilepenoc cymmaropa uepe3 3B€HO NMPOTHUB HAMPABICHHs CUTHANA MPUBOJAUT K IMOSBICHUIO

JOTIOTHUTEILHOTO 3BEHA C MepeIaTOYHON (QYHKIIHEH % (puc. 5.43).
N

a) 0)

+

Ll W(s) Q! W x,
- 1/W(s)

X2

Puc. 5.43 IlepeHoc 3BeHa 4epe3 CyMMATOP:
a — 110 peodpazoBaHus; 6 — MocJe MpeoOpa3OBaHUS
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9 BrlHeceHue sleMeEHTa U3 HpHMOﬁ CBA3U IPUBOAMWT K IMOABJICHHUIO JOIMOJHHUTCIILHBIX 3BCHLCB, B

MIPSIMOM LIENH

! ) U B AONOIHUTENBbHOU W)(s) (puc. 5.44).
S

a) 0)
Wi Wi(s) 11/ W,
) s) j v (s) (S)j ’
—> Q> = Wy(s) ?’
> Wa(s) _+

Puc. 5.44 BriHeceHHe 3jieMeHTa U3 NPSIMOM CBSI3HU:
a — 110 peodpazoBaHus; 6 — MocJe MpeoOpa3OBaHUS

10 BneceHwue 31eMeHTa B IPSAMYIO CBSI3b CONMPOBOKAAETCS MOSABICHUEM B OJTHOW U BTOPOM
NPSIMBIX IIETSAX 3BEHBEB C MepelaTouHOl GyHKIuend W,(s) 1 B JOMOIHUTEIBRHON LENU — 3BEHA C

nepeaaToyHoil pyHKIuen 1 (puc. 5.45).
W (s)

Puc. 5.45 BHeceHue 3jieMeHTa B IPSIMYIO0 CBA3b:
a — 110 peodpazoBaHus; 6 — Moce MpeoOpa3OBaHUS

11 BeiHeceHne ameMeHTa M3 OOpaTHOM CBSI3U COMPOBOXKAAETCS TOSIBJICHUEM B TPSIMOH IICTIH
JJIeMeHTa C TiepeaarouyHor GyHKiued Wo(s), a B JOMONHUTENHHON IIETM — 3BEHA C MepeaaTOqHOM

V|
byHKIIEH 7o (puc. 5.46).

x Wi(s) g ”
1I8) | X
= 1/Wy(s) -P(?—P W) 72| Wi(s) >
Wa(s)

Puc. 5.46 BriHecenue >eMeHTa U3 00paTHOM CBSI3H:
a — 1o mpeoOpa3oBaHus; O — mocie npeodpa3zoBaHus

\

12 BaeceHue aieMeHTa B 0OpaTHYIO CBSI3b COMPOBOXKIACTCS MOSBICHHEM B OOpPAaTHOM CBSI3H
3BeHa C mepefaTouyHoil GyHKumer Wo(s), B mpsAMOM Ienu — 3BEHA ¢ MepeaaTouyHoi  (QyHKIuein

, B JIONOJTHUTENIBHOMN — 3BeHA ¢ TiepenaTouHoi ¢yHkimeit Wy(s) (puc. 5.47).

W,(s)

a) 0)

Yo
e 2 X ) ~>?—>1/W2(s)—> Wi(s) T2
Wy(s)

Puc. 5.47 BHeceHue 3jieMeHTa B 00PATHYIO CBSI3b:
a — 1o mpeoOpa3oBaHus; O — mocie npeodpa3zoBaHus

\ /
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Ilpumep 5.1 3amucathb nepeaaTouHyro GYHKIIUIO COCTUHEHHS, H300paKEHHOTO Ha puc. 5.48.

Wa(s)

Xl W(s) Ws(S)] E Ws<s>]—y>
W4(S) WG(S)

Puc. 5.48 CrpykTypHas cxeMa HEKOTOPOro 00beKTa

Ws(s)
L=Ws(s)Ws(s)

Ilpumep 5.2 TlpeoOpa3oBaTh CTPYKTYpHYIO cxemy (puc. 5.49) u 3ammcarh mepeaaTovYHyro
byHKIIHIO

W (s) = W($)W2(5) + W3(s) + Wy(s)]-

23 9

\

Wi(s) —><‘X>—> W(s) i= Wi(s)

0)

Y
\)

-Q—> Wi(s) —>§>—> Wy(s) el Wi(s) T 13

1 Wi(s)

Puc. 5.49 CrpykrypHasi cxeMa HEKOTOPOIro 00bEeKTA C MePeKPEeCTHLIMU CBSI3AMMU:
a — 1o mpeoOpa3oBaHus; O — mocie npeodpa3zoBaHus

v (5) (5) 56

MRS A AR AN R AST AR A
5.3.7 ®opmyna Meiicona

ITpu BbIBOJE MEpeNaTOUHBIX (PYHKIUI CIOKHBIX CTPYKTYPHBIX CXEM HE BCeraa ObIBaeT yA00HO
MOJIb30BaThCs IMpaBHJIaMH TpeoOpa3zoBanus. B 1953 r. MbiicoHoM OBIIO MPEUIOKEHO IMPAaBHUIIO
BBIUMCIICHUS MEpPEeJaTOYHON (QYHKIMM MeXIy JABYMs 3aJaHHBIMH Yy3JlaMH. OTO IPaBHIIO
BBIpa)kaeTcs cieayronien hopmynoi

r b *
HZ Wp, (s)]H(l Wi, (s))]

j=1 i=1

I/an (S): > (590)

b *
[H(l + Wi, (s))}
i=1

rae W,.(s) — mepenaTounas GyHKIUS MEXKIY y3JIaMu m U 1, ZWnpj (s) — cymMMma 7 TIepeIaTOYHBIX
j=1

GyHKUMH PasNIUYHBIX NPSAMBIX IyTEW M3 y3na m B y3en n; W, (s) — mepemarodnas QyHKIus

Pa30MKHYTOTO KOHTYpa, B3sTasi CO 3HAKOM, COOTBETCTBYIOIIUM OTPHIIATEIbHOU 00paTHOM CcBsi3H; I1
— TPOU3BEJCHHE, BKIIOYAIONIEe BCE 3aMKHYThIE KOHTYPHl CHCTEMBI; * — 3HaK 000O3Ha4aer
UCKJIIOYEHHUE U3 CKOOKHM BCEX UIEHOB, COAEpIAIIUX MPOU3BEACHUS NEePeIaTOUYHBIX (YHKIMNA OJJHUX
1 T€X K€ 3BEHbEB, BKJIFOYAs M 3BeHbs ¢ W(s) = 1.

Ilpumep 5.3 3amucarp nepeaaTounyro GyHKIUIO CUCTEMBI (puc. 5.50) mo kaHamy (x — ).
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i»ﬁ Wi(s) > y(s) :|—y>
Wi(s) 4—(%‘ Wa(s)

Puc. 5.50 CrpykTypHasi cxeMa TeXHOJOTHYeCKOro 00beKTa

B crpykrypHOli cxeme oOBeKTa Mo KaHay (X — y) MUMeeTcs OJIUH mpsiMor myTh ( = 1) c
nepefatoyHor QyHkuue Wyi(s) = Wi(s) Wa(s) m 1OBa 3aMKHYTBIX KOHTypa (b = 2)
nepeaaTouHbIMU (PYHKIUSIMHU PA30MKHYTBIX LIENEH ¢ OTPHIIATEIIEHBIMUA OOPAaTHBIMU CBSI3SIMU:

Wi, () =W (YW (s)W3(s)W4(s) 5
Wiy (8) =W (s)Wy(s) -

[Toacrarmnss mosryaeHHOe BbhIpakeHue B (5.90), momyyaror:
7 (5) () 1+ W, ()4 (5)) (L+ I () ()3 ()W (s) | _

[+ ()W ()AL () ()5 ()W ()]

PackpbiBast CKOOKM M UCKIIIOYAsl WIEHBI, COJepIKAIIHe MepeaTOYHbIe (PYHKIIMN OOIUX BETBEH,
OKOHYATEJIBHO IMOJTyYaroT:

W,y (s)=

_ JAGLAD .
LHIR S (5) + W (I (5 (5 (5)

Wy (s)

5.4 THUIIOBBIE 3AKOHBI PET'YJIMPOBAHUA

3aKOHOM PEryJupOBaHMs Ha3bIBACTCS ypaBHEHHE, OINHKCHIBAIOIIEE 3aBUCHUMOCTb MEXIY BXOJ0M
PErynsTopa Ay(f) = y(t)— ¥, Y €70 BBIXOTOM Xp(Z).

Bce 3akoHbl perynupoBaHUsi MOAPA3AEISAIOTCS Ha mpocTediue: mponopiuoHanbHbiid (I1),
unterpaiabHbil (M), nuddepenumansupiii () W OpOMBIIJICHHBIE:  MPOMOPIHMOHAIBHO-
uaterpanbabii  (IIM), mnponopumnonansHo-muddepentmansubii  (I11), nmponmopuroHambHO-
uHTerpanbHO-aud Gepenunanbupiii (ITUT).

Huwxe npuBoAMTCS XapaKTepUCTHKA BCEX 3aKOHOB PErYJIMPOBAHUS C TOYKH 3PEHUS UX
ITUHAMHUYECKUX CBOMICTB.

5.4.1 IlponopuMoHAJbHBIN 32AKOH PeryJupoBaHUs
[IponoprroHanbHBIN 3aKOH PETYJIMPOBAHUS OIIUCHIBACTCS YPABHEHUEM

%y ()= =Sy (). (5.91)

rae S| — napaMmeTp HaCTPOUKH.

3HaK (=) oTpakaeT TOT (aKT, YTO PETyIATOP BKIOYACTCS B CHCTEMY 110 TPHUHIUITY
OTPHIIATEIIbHOM 00paTHO CBA3H.

[TponopiMOHANBEHBIM ~ PETYISATOPOM MOXKET CIYXHTb OOBIYHOE YCHIUTEIHHOE 3BEHO C
U3MEHSIEMbIM KO3 (PUIIMEHTOM YCUJICHHSI, BKIIIOUEHHOE B OTPHUIATENIbHYI0 OOpaTHYIO CBSI3b IIO
OTHOIICHHUIO K OO0BEeKTy. B cBsf3u ¢ 3TUM JguHamuueckue xapakrepuctuku I[l-perymstopa B
OCHOBHOM COBITAJIAIOT C XapaKTEPUCTUKAMU YCHITUTEILHOTO 3BEHA U IMEIOT BUI:
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— nepeaTtoyHast pyHKIHS

W(s)=-S; (5.92)
— YaCTOTHBIC XapaKTEPUCTUKHU, TPaPUKHA KOTOPHIX H300payKeHbI Ha puc. 5.51:
ADX W(io)=-S, =S,e™; (5.93)
AUX M(o®)=S5,; (5.94)
OYX o(®)=m7. (5.95)
MA Q) ok 0) Im 6)
) S T
-S1
0 b 0 o 0 ke

Puc. 5.51 Yacrornbie xapakrepuctuku II-peryasitopa:

a—AUYX; 6 — PUX; ¢ — ADX

[Tepexonnas pyukmus (puc. 5.52, a):

Becosas ¢ynkuus (puc. 5.52, 0):

Hns  Toro,

h(t) = x,(t) = =S,1(t) (5.96)
w(t) =—S,8(t) (5.97)
AvA a) Ay 6)
(1)

0 » 0| t>

-hA W

5 5,8(0)

> >
0 , 0] t

Puc. 5.52 Ilepexoannie xapakrepuctuku Il-perynsropa:

4TOOBI

a — niepexoaHas GpyHKus; 6 — BecoBas QyHKIIHSA

BBISICHUTH HEAOCTAaTKH W JOCTOMHCTBA TOIO HJIM HHOI'O 3aKOHa

peryianpoBaHus, HEOOXOIUMO PACCMOTPETh MEPEXOAHBIN MPOIECC 3aMKHYTOW CUCTEMBI.
Iepexoansrii nporiecc ACP c Il-perynsitopom, n300paxeHHbIH Ha puc. 5.53, XapakTepu3yercs
TEM, YTO MMEETCs CTaTUYecKas OLIMOKA PEryld POBaHMS, PABHAS Vyer — Vsanr. JIGHCTBUTENBHO, T10
TeOpeMe 0 KOHEUHOM 3HAYEeHUHU (PYHKIIUH MOXKHO 3aIHCaTh:
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TaK Kak x(s) = l; W..(s)=
S

TO

Yyer -

J’Eaﬂl >
Puc. 5.53 Ilepexoanbiii npouecc ACP ¢ II-peryasitopom

lim y(¢) = lim sy(s) = limsx(s) W, (s) ,

t—o s—0 s—0

Wo6 (S) — Wo6 (S)
1+ Wos (W, (s) 1+ W5(s)S,

. W k
lim p(y = 5L Mos®) K5 (5.98)
t—o© S 1+W06(S)S1 1+k06S1

€CJIINn hm WO6 (S) = k06 .

s—0
Takum 00pazom, craTHuecKas OmIMOKa PeryIHMpOBaHUs 3aBUCUT OT KOA(UIMEHTA YCHIICHUS

o0BeKTa W TapaMeTpa HACTpOMKH peryisTopa. [IpuyeM craTudeckas OmmMOKa TEM MEHbINE, YeM
Oosblle 3HaYeHHUE MapameTpa HacTpoiku Si. [id Toro, 4roOkl 9Ta OMMOKA OTCYTCTBOBANA, T.€. Vyer
= 0 npu kos # 0, HEOOXO0AUMO, UTOOBI S| —> 00. ClenoBaTeNbHO, HAIUYUE CIMAMUYECKOU OUUOKU
peeyauposanus sensiemcs opeanudeckum neoocmamrxom ACP ¢ nponopyuonanvbHuiym pecyisimopom.

nimn

5.4.2 HHTerpajbHbIi 3aKOH PeryJupoOBaHMs

WuTerpanbHblil 3aKOH PETYIUPOBAHUS ONUCHIBACTCS YpaBHEHUEM

X, (£) =S, }Ay(r)dr ) (5.99)
0

xp (1) = =SoAy(t) (5.99"

rae Sy — napameTp HaCTPOMKH perysiTopa.

WHTErpalbHBIM ~ PErYJIISITOPOM MOXKET CIY)KUTh HHTEIPUPYIOIIEE 3BEHO C IEPEMEHHBIM

nepeaaTouyHbIM K03 GUITMEHTOM, BKIIOUEHHOE B OTPUIIATEIIbHYIO 0OpAaTHYIO CBS3h K OOBEKTY.

JlunaMuueckue xapakTepucTuku M-perynsaropa UMerOT BUL:

— nepegaToyHas QyHKIHSI
W(s) =— S0 . (5.100)
N
— YaCTOTHBIE XapaKTEPUCTUKU, N300paKeHHBIE Ha puc. 5.54:

ADX W (io) = i =(So /@) ™™D = (8, /w)e™?;  (5.101)
1®

AUX M) =2 ; (5.102)
o
dUX o) =§ . (5.103)
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M, a OA 0) Im 6)

/2 o—0
0l 0] 0 ® 0[ Re

Puc. 5.54 YacrorHble xapakrepucTuku M-3aKoHa peryJiupoBaHus:

a—AYX; 6 — PUX; 6 — ADX

AvA a) Ay 6)
1
0 > 0| 1
-hA -w
S0
0 Y g

Puc. 5.55 Ilepexoanbie xapaktepuctuku U-3akoHa peryjiMpoBaHusi:

a — niepexoiHast PyHKIHS; 6 — BecoBask PYHKIUSA

[lepexoaHble XapaKTEPUCTUKH, IPaUKH KOTOPBIX MPEICTaBICHBI Ha pHC. 5.55:
— nepexoaHast QyHKIUS

h(t) = — Sot;
— BecoBast pyHKIHSA

w(t) =— S

yU
YVsan \ /\ >
| N\

t

Puc. 5.56 Ilepexoanbiii npouecc B APC ¢ U-peryasitopom

ITepexomnoit mnpouecc B ACP ¢ U-perymsaropoMm, un300pakeHHBI Ha pHC.

(5.104)

(5.105)

5.56,

XapaKTepU3yeTcsl OTCYTCTBHEM CTAaTHYECKOH OIIMOKHM pPEeryJlnpoBaHUs, HauOOJBIINM 3HAYCHHEM
OTKJIOHEHHS PETYJIMPYEMON BEIMYUHBI OT YCTAaHOBMBILIETOCS 3HAYEHHUA 10 CPABHEHUIO C JPYTUMU
3aKOHAMHM PETYJIMPOBAHUs, HAUOOJIBUINM BPEMEHEM PETyIHpPOBAHHUS.
I'maBHBIM JTOCTOMHCTBOM MHTETPAIBHOTO PETYIATOPA SBISAETCS OTCYTCTBHE CTaTUYECKOU
omunOKH perynupoBanus. JeficTBUTENbHO:

96

lim y(¢) = lim sy(s) = lim s 1 W) =0.
t—0 s—0

0 L g ()
N

5.4.3 JIuddepeHnuanbHbIii 3aKOH PeryJIUpoOBaHUS

JuddepeHnmanbHbIN 3aKOH PEryINPOBaHUSI OMUCHIBACTCS YpaBHEHUEM

xp(t) = —Ssz,(t) s

(5.106)



rzae S, — mapameTp HaCTPOWKH, KOTOPOE SIBJISIETCSI ypaBHEHUEM UACATBHOTO AU(PepeHIIUPYIOLIETO
3BeHa. Ha mpaktuke nuddepeHnmanbablii 3aKOH MOXET OBITh peaTu30BaH JIUIIb MPUOIMKEHHO B
OTIpeNIeJIeHHOM HWHTepBane dacToT. JluddepennumanpHas cocTaBisiomas BBOIUTCS B 3aKOH
PEryIupoBaHus JJig TOTO, YTOOBI YBEIUYUTH ObICTPOJICHCTBUE PETYIATOPA, TAaK KaK B 3TOM cllydae
PEryJsTOp pearupyer He Ha aOCONIOTHOE 3HAUYEHUE PETYIHPYEeMOH BEIMYUHBI, & Ha CKOPOCTH €e
n3MeHeHus. JuddepeHunanbHblil peryisiTop HEe MPUMEHSETCS IS PerylMpOBaHUs, TaK Kak MpH
T000M TOCTOSIHHOM 3HAYEHWH PETYIHPYEMON BEIIMYMHBI BBHIXOJHOM CHUTHAJ TAKOTO pEryisTopa
paBeH HYIIO.

JIuHaMu4yecKkue XapakTepuCTUKH J[-3aK0Ha peryaupoBaHus:

— nepenatoyHas QyHKIUS

W(s)=—-S,s; (5.107)

— JaCTOTHBIE XapaKTePUCTUKH, N300paKeHHBIE Ha puc. 5.57:
3n

ADX W (io) = —S,io=S,0e 2 ; (5.108)
AUX M(0)=5S,0; (5.109)
dUX () = 37“ : (5.110)
M a oA 6) Im 6)
n >
2 0 =0 Re
ol 5 0 5 ®—> 0

Puc. 5.57 YacroTrHble XapakTepucTUKHU /[-3aKO0HA peryJIMpoOBaHMS:
a—AUX; 6 — PUX; 6 —~ADX

AA a) —h 6)
: 528(1)
0 ;’ o| t’

Puc. 5.58 Ilepexoanas ¢pyHkuusi /[-3aK0Ha peryJMpoBaHus:
a — eIMHUYHOE BO3JCHCTBUE, O — TIepexoaHast QyHKIIUS

[TepexoaHble XapaKTEPUCTHKH:
— nepexoHast (PyHKIIHS
h(f) =— 8, 8(); (5.111)

— BecoBast (PyHKIIHS
w(f) =— 8$20'(?), (5.112)
rpaduKu KOTOPBIX M300pakeHbI Ha pHC. 5.58.
JuddepeHnnanbHas COCTABISIONIA YIaCTBYET TOJBKO B CIIOKHBIX 3aKOHAX PErYIHPOBAHUS

JUI yIy4IIeHHs KauyecTBa MepexoqHOro mpolecca.

5.4.4 IlponopunoHanbHo-IU(PepeHunaIbHbIN
3aKOH pPeryJupoOBaHUsA
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[TponopuronansHo-AU(PepeHINATBHBIN 3aKOH PETYIUPOBAHUS OMU-CHIBACTCS YpaBHEHHEM

x, (1) = ~[S1Ap(2) + S,AY'(1)] - (5.113)

OTOT peryiasTop MO CYIIECTBY COCTOMT U3 JIByX MapajlIelbHO BKIIOYEHHBIX COCTaBIISAIOIINX:
MPONOPIHOHABEHON U 1uddepeHunpyromei.
Jdunamuueckue xapaxkrepuctuxu I1/{-peryastopa:
— nepenaTovHas GyHKIUs
W(s)=~(S; +8, 5)3 (5.114)

— YaCTOTHBIE XapaKTEPUCTHKH, IPaUKHU KOTOPBIX N300paskeHbl Ha pHcC. 5.59:

ADX  W(ie)=—(S, +S, iw) =1/SE+ 5% @ /eSS0, (5.115)

AUX M(o)=+/S? +S20? ; (5.116)
oUXxX o(w) = arctg(S,0/S,) + - (5.117)
W(i ®) ImT 9
— s
®— 0

Puc. 5.59 Yacrotusie xapakrepuctuku I1/[-perymnstopa:
a —AYX; 6 — DUX; ¢ — ADX

Ilepexonnas ¢pyHkuus, rpagpuKk KOTOpPoii H300pakeH Ha puc. 5.60:
h(f) ==S11(t) — $28(%). (5.117"
BecoBast ¢yHKImS:
w(t) = —S,3(¢) — $,8'(¢) - (5.118)

—h(t)

§1

>
t
Puc. 5.60 Ilepexognas ¢pynkuus II/I-peryasitopa
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C ToukuM 3peHus KauecTBa IIpolecca peryinupoBaHus B 3aMkHyToil ACP mponopruoHanbHO-
mudpepeHINaTBHBIA PETYISITOP 00Ja1aeT 0COOCHHOCTAMH OOOHMX 3aKOHOB PETryJIMpOBaHHS (pHC.
5.61). Hamuume BO3AEWCTBUS MO  NPOM3BOJHOW OT Ay(f) yBenuuuBaeT ObICTpOJCHCTBUE
perynsaropa, Osaromapss 4YeMy YMEHbBIIAeTCs JUHAMHUYecKass OIIMOKa IO CpPaBHEHHUIO C
MPONOPIIMOHAIBHBIM PETYIISITOPOM.

B ycranoBuBmmxcs pexumax, korga Ay' = 0, perymarop BeaeT ceOs kak oObIuHBIN [1-
perymnsaTop. BennunHaa cTaTH4eCKO# OMIMOKK OCTAaeTCs TaKOH K€, Kak U B ciy4dae npuMeHeHus [1-
perymsTopa, 1eiCTBUTEIbHO:

lim y(¢) = limsy(s) = limsl Wos (5) _ Ko (5.119)
10 50 550 s 1+ VVO6(S)(S1 + S2S) K06S1 +1

Ysan
0l ,’

Puc. 5.61 Ilepexoansniii npouecc B ACP c II/I-peryisitopom
5.4.5 IIponopuMoOHATbHO-UHTErPAJIbHBIH 3aKOH PeryJIMpoBaHusi
[IponoprroHanbHO-UHTETPAIBHBIN 3aKOH PETYJIMPOBAHUS OIUCHIBACTCS YPAaBHEHUEM

x, (1) = =(SAy(0) + S | [Ay(r)dr) (5.120)
0

Y TIPEACTABIISIET COOO0M MapaieIbHOE COSAMHEHUE TTPOTIOPIIUOHAIBHON U HHTETPAIBHOU
cocrasistronux. JJunamuueckue xapakrepuctuku [IH-pery-nsaropa:
— nepenatoyHas QyHKIUS

W(s)=—(sl+i]; (5.121)
S
— YaCTOTHBIE XapaKTEPUCTUKHU (pHc. 5.62):
ADX Wio) = —{Sl +5—°j; (5.122)
10
2.2 2
AUX M(w)= V51" +S0_. (5.123)
(0]
®UX o) =T+ arctg(sl_wJ . (5.124)
2 S,

[Mepexonnas ¢yakius (puc. 5.63, a):
h(t) =—=(S) 1(¢) + So 0). (5.125)

BecoBas ¢ynkmus (puc. 5.63, 0):
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w(t) = —(S18(¢) + So). (5.126)

0) ImA ©
o—>0
W(i ®)
®»—>®©
5 — 51 |0 Ee

Puc. 5.62 UYacrornbie xapakrepuctuku [IU-peryasTopa:
a— AYX; 6 — PUX; ¢ — ADX

—h a) -w 0)

0! t 0| t>
Puc. 5.63 IlepexoaHble XapaKTEePUCTHKM
a — niepexoiHast PyHKIH; 6 — BecoBask (PYHKIUS

[TponopuroHanTbHO-UHTETPATBHBIN peryasTop couetaer B cede nocronHctsa I1- u M-3akoHoB
pErylMpoBaHUs, a HMEHHO: IMPOMOPIHOHANIbHAS COCTaBIAONMIAs O0eCIeYynBaeT JOCTaTOYHOE
OBICTPOJCICTBHE PETYIIATOPA, @ MHTETPAIbHASL COCTABIISIONIAS JIUKBUAUPYET CTATHUECKYIO OIINOKY
perynmupoBanus. [lepexonnsiii mpomecc B ACP ¢ [1U perymsitopom n3o0pakeH Ha puc. 5.64.

B Hauvane mpomecca peryjaMpoBaHUS OCHOBHYKO pPOJb HUIPaeT IPONOPLHUOHAIbHAS
COCTaBJIfIONIasl, TaK KaK HHTErpajbHas COCTABIISIONIAs 3aBUCHUT HE TOJILKO OT aOCOJIIOTHOTO
3HaueHus, HO MU oOT BpeMeHH. C yBEIMYEHHEM BpPEMEHU BO3PACTAET pPOJb HHTErPaJIbHOU
COCTAaBJISIIONIEH, 00ECIIeYMBAIOIICH YCTPAaHEHHE CTATUUECKON OIIMOKH, T.€.

1 W,s(s)
. = Tim sv(s) = Tim 5 — 00 —
Jim ()= lim $y(5) = i $ S (S, + 507 5)

SWoﬁ(S) _
s=>0 8 + W 5 (5)S;5 + Sy
[Tonbopom mapamMeTpoB HACTpoWku Sy W S| MOXHO H3MEHSTh YICIBHBIM BEC KaXIOH

(5.127)

cocTaBiswonei. B wactnoctu, npu Sy = 0 momydaercs [T-perynsarop, a mpu S; = 0 — U-
perymnsarop.
VA
)4l
1

o] \\a AN
Puc. 5.64 Ilepexoansiii npouecc B ACP ¢ IIU-, II- u U-peryasaropamu
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5.4.6 IlponopunoHaIbHO-MHTErpaJabHO-IU(PepeHnaIbHbII
3aKOH peryJupoBaHus

[IponopuroHanbHO-UHTETpaNbHO-TU G DEepeHITNATBHBIN 3aKOH  PEryJIUpOBaHUsl OINUCHIBACTCS
yYpaBHEHUEM

t
x, () = (S A9(0) + Sy [Ay(v)dT+ S,00 (1)) - (5.128)
0
JHunamuyeckue xapakrepuctuku [IW/-perymnstopa:

nepeaaTouHast GyHKIUs

W(s) = (S1+ 50 + Sy). (5.129)
N
4acTOTHBIE XapaKTEPUCTUKH (puc. 5.65):
~ ADX Mio) = —(S1+2 + Ss); (5.130)
1®
2 2 _ 2,2
~ AUX M((D):JS”” G0 S07) (5.131)
— dUYX o)=L+ arctg(&_wzJ : (5.132)
2 0 — S,
[TepexoaHble XapaKTEPUCTHKH:
niepexoaHas Gpyskmus, mpu ¢ > 0
h(2) =—(S1 + Sot + 52 8(2)); (5.133)
BecoBast PyHKITUS
w(t)=—(S18 (1) + Sy +5,8()). (5.134)
o—0 ImT 6)
=1 I Ee
O—> 0

Puc. 5.65 Yacrornsbie xapakrepuctuku [IU/I-peryastopa:
a—AUX; 6 —DdUX; 6— ADX

I'paduk nepexomuoit hbynkuuu [T1][-perynsaropa npeacrasieH Ha puc. 5.66.
—h

S1

0! »

Puc. 5.66 Ilepexoanas ¢pynxumusi IIU/I-peryasitopa
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[MU/-perynsatop couyeraeT B cebe JOCTOMHCTBA BCEX TpeX MPOCTEHUIINX 3aKOHOB
PEryaMpOBaHUsA: BBICOKOE OBICTpOAEHCTBHE Onarofaps HaJIUYMI0O HMIIYJIbca IO MPOU3BOMHOM OT

Ay(f) 1 OTCYTCTBHE CTaTHYECKOW OLIMOKH, KOTOpOE OOeCreynBaeT MHTErpajabHasl COCTaBIIAIOIIAs
(puc. 5.67).

VA "

Puc. 5.67 Ilepexoanbie npoueccbl B ACP ¢ pazanyHbiMu
3aKOHAMM PeryJIMpoOBaHusl

Heo06xomuMo  OTMETUTH, 4YTO TNPUMEHEHHE PETYIATOpPOB C  OuddepeHIInaTbHbIMU
COCTABJIAIOLIMMM, HECMOTPS Ha HUX JOCTOMHCTBA, HE BCErjJa ILienecoodOpa3Ho, a HHOrAa Hu
HemonmycTuMo. Tak, /uii  OOBEKTOB ¢ OONBIIMM  3ama3fbIBaHHEM IO KaHAy peryIHpOBaHUs
0ecroyie3H0 BBOJUTH BO3JICHCTBHE I10 MPOU3BOAHON OT PEryJlMpyeMOil BEIWYHMHBI, TaK KaK 3TOT
UMIyNbe OyIeT MOCTYNaTh B PEryjasTOp MO MCTEYEHUH BPEMEHHU YHMCTOrO 3amlas3jblBaHHs I0CIE
IIPUX0Ja BO3MYILIEHHUA, 32 KOTOpPOE€ B OOBEKTE MOTYT HAaKOMMThCA OoJblLIME OTKJIOHEHUs. boiee
TOro, B Takux ciaydasx [1/1 wm [T d-perynsaTop MoxeT "packadaTs" OOBEKT U CHCTEMa HOTepsieT
YCTOMYMBOCTD.

5.5 TPEHUPOBOYHBIE 3ATAHUA

1 3BeHbSMHM Ha3bIBAIOTCS OTAENbHBIE JJIEMEHThl CHCTEMbI, B KOTOPBIX MPOUCXOIUT
peoOpa3oBaHKe BXOAHBIX CUTHAJIOB B BBIXOJHBIC. Ecnu nepenarounas GyHKIHS 3BE€HA UMEET BHU]I
MPOCTOM NIpOOHM, TO TakOe 3BEHO OTHOCHUTCS K TPYNIE THUIOBBIX WM 3JEMEHTAPHBIX 3BEHBHEB,
ypaBHEHUS KOTOPBIX MOKHO MOIXY4YUTh U3 T PepeHIInaIbHOrO ypaBHEHHS

a, y"(1) +a, y'(t) + ag y(1) = by x'(t) + by x(1)

MIpUpPaBHUBASI T€ WIH UHBIE KOA(DPUIIMEHTHI HYIIO.

Paznuuaior cremyromue 3BEHbS: YCHWIMTENbHOE, WHTETrpajbHOE, HJIEAIbHOE U peajJbHOe
muddepeHIMpyOIMKe,  YUCTOTO  3ama3[blBaHMs,  alepuoJMYecKoe  TEepBOro  IMOpsKa,
arepuoIMYecKoe BTOPOTO TMopsAlKa, kojebarenpbHoe. Kaxkaoe u3 mepedyucileHHBIX 3BEHBEB
paccMaTpuBaeTCs ¢ MO3UILUHN aHAIM3a UX TUHAMUYECKHX XapaKTePUCTHUK.

A Kaxue 3BeHbs] ONUCHIBAIOTCS 0OBIKHOBEHHBIMU U hepeHInanbHBIMA yPaBHEHUSAMU?
B Tlouemy nneansHoe auddepeHnupyroiiee 3BeH0 GU3NIECKH HE peain3yeMo?
C Ha xakue rpyImiibl JeIsTCs TUIIOBbIE 3BEHbS?

21lpn aHamM3e W CUHTE3€ CUCTEM ABTOMATHYECKOTO YIPABICHUS HIMPOKO HCIOJIb3YETCA
CTPYKTYpHBIH aHanu3. B m000#i CTpyKTYpHOH cXeMe MOTyT NpHUCYTCTBOBAaTh TOJBKO TPU THUIA
COCMHEHUI: TOCIe0BaTEeIbHOE, MapajieIbHOe, COSAMHEHHE ¢ OOpaTHOM CBA3bIO. 3HaueHHE
NEepeaToOuHbIX (YHKIUH OTAEIbHBIX 3BEHbEB IIO3BOJSIET 3alucaTh IEpeAaTOYHble (QYHKIUU
COCUHEHUH U TIOCTPOUTh UX YACTOTHBIE XaPAKTEPUCTHUKH.

PeanbHble 00BEKTHI 00JIAAAIOT CIIOKHOW CTPYKTYpOH, B HUX HMEIOTCS, TaK Ha3bIBacMbIE,
NIEPEKPECTHBIE CBSI3U, KOTOpPblE HEOOXOIMMO pa3Bs3aTh, UCIOJb3Yysd IpaBuiIa IpeoOpa3oBaHUS
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CTPYKTYPHBIX CXEM.
A Kakune mnepenarounble (QyHKIMM MOXHO 3amucaTrh IS OJHOKOHTYPHOM CHCTEMBI
ABTOMATUYECKOTO PETyJIUPOBaHUS?

B 3ananbl nepenarounbie (QyHKIMH 3BEHBEB W(s)=k; Wz(s)=4TL. 3anucartbh 4aCTOTHBIE
N

XapaKTePUCTUKHU MOCIEA0BATEIHHOIO U apauieIbHOTO COeTUHEHUH.
C TlepeHoc KakuxX DOJIEMEHTOB TIpU TNPeoOpa3OBaHUU CXEM MPOU3BOAMTCS  0Oe€3
JOTIOJTHUTEIBHBIX MPeoOpa3oBaHui?

3 DnemMeHTaMU OJHOKOHTYPHOW CHCTEMBI aBTOMATHYECKOTO PEryJIHpPOBAHUS SIBISIIOTCA
00BEKT U perynarop. Bce 3akoHbl peryivpoBaHHUS MOAPA3JEIAIOTCS Ha MpocTeumue:
MIPOMOPIHOHANBHBIN, MU epeHITnaNbHBIN, HHTETPATBHBIA U TPOMBIIIIICHHBIE: TTPOOPIIUMOHATBEHO-
UHTETrpalbHbIN, MPONOPUHOHATLHO-AU(PGEpPEHINATbHBIA, MPONOPIHMOHATLHO-UHTErPATbHO-AU]-
(depeHIMaNbHBIA. Bce 3aKOHBI pErylupoOBaHHs pPAacCMATPUBAIOTCS C TOYKHA 3pEHUS HX
TUHAMHYECKUX CBOMCTB.

A Kakoil 13 3aKOHOB PeTyTHPOBaHUS PU3UIECKU HE Pean3yercs?

B Uto nmaer BBeJCHHE B 3aKOH peryIupoBanus ¢ depeHIInaaIbHON COCTABIISIONICH ?

C Ilepenmartouynble (QYHKIHMH pPETyIsSTOPOB 3alMCBIBAIOTCA €O 3HAaKoM "—".
nH(}OpPMAIHIO TaeT 3TOT 3HAK?

Kakyto

5.6 TECT

1 Kaxkwue 3BeHbsI OTHOCSTCS K TPYNIIE CTATUYECKUX 3BEHBEB?
A Crarndeckas XapaKTEpUCTUKA OTIMYHA OT HYJIA.
B CraTtnueckas XapakTepUCTUKA HE CYIIECTBYET.
C Crarnueckas XapaKTepUCTHKa paBHA HYIIO.

1
2 Tlepemarounast GyHKIIHS KAKOTO 3BEHA UMEET BUI W (s) = T ?
S

A YcunurenbHOro.
B PeansHoro auddepeHupyomero.
C UnterpanpHoro.

3 Tlepenarounas pyHKIUS arniepuoOANYECKOTO 3BEHA IEPBOT0 MO-PAIKA. ..
Ks

Ts+1°

1
B w)=K+—.
(5) =K+

A W(s)=

C w(s)= K .
Ts +1
4 Kpwusas pazroHa Kakoro 3seHa UMeeT BU?
h A
>
0 t

A YcunurensbHOro.
B Anepuoanueckoro nepBoro mopsiaka.
C Anepuoaudeckoro BTOpPOro MopsiaKa.
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5 Kakoe 3B€HO ONUCHIBACTCSl ypaBHEHUEM T y'(¢) + y(t) = kx'(t) ?
A Anepuoanueckoe NepBoro Nopsaxa.

B Wneanbroe nuddepennupyroriee.
C PeanbHoe nuddepeniupyroriee.

6 KakuM ypaBHEHHEM OIUCHIBACTCS KOJIEOATEIIHbHOE 3BEHO?
A Ty () +y(@)=kx(t).
B TTy"(0)+ ([ +T)y'(0) + y(t) = kx() .
C Y0+ T,y 0+ y() =kx().-

7 Kakyro KpUBYIO pa3roHa UMEET 3B€HO YHUCTOr0 3amna3/bBaHus?

ha A hA B hA C
k /
0 R R K

8 Kakoe 3BeHO MMeeT BECOBYIO (PYHKITHIO?

Wf >

_K
T2
A AnepuoandecKkoe mepBoro nopsaxa.
B Peanwsnoe nuddepeniupyromee.
C UnterpanpHoe.
9 Kakyro BecoByt0 (PYHKITUIO UMEET alepruoaNIEeCKOE 3BEHO TIEPBOTO MOpsIKa?

W, A C
K )
d T
+—>
0 ¢ 0 t
10 Kakoe 3BeHO uMeeT n300paxeHHyro Huxe ADX?
i Im(®)
: >
0| Re(m)

A YcumurennHoe.
B HWHurterpanbHOE.
C KonebarenbHoe.

11 Kakas AD®X cOOTBETCTBYET 3BE€HY UMCTOTO 3ama3/ibIBaHus?
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i Im(w) A i Im(w) B i Im(w) C

0 Re(w) 0 Re(w)

>
of Re()

12 Kakoe 3BE€HO C COOTBETCTBYIOIIEH NepeaaTouyHON (YyHKIHMEH OTHOCUTCS K IPyIIe 0COOBIX
3BCHBCB?

k
A’W”_n+f

k
B W(s)—TS_l.

ks
C’W”_n+f

13 Kakoe coennHeHr€e Ha3bIBAECTCS NapalieIbHbIM?

14 B xakom BapuaHTE MPaBUIBHO OCYIIECTBIIEH MIEPEHOC y31a Yepe3 3BEHO?
. -

B C

A
b S e

/ y
1/W(s) W(s)

15 Kaxkoii 3aKOH peryJiMpoBaHus UMEET MPONOPIHUOHATBHBIN perynsTop?
A x,=-8 M)
B x,=-$,M'(r).
C x,==8 M) -5 NY'(2).

16 Kakyro A®X umeer [I1-perynstop?
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Im Im Im
®—> 0 o=0
o=0 0
0=0 ®—0 Re
> <
0| Re 0 Re ®—> 0
17 Kakyto nepenatounyto ¢pyakuuio umeet [1/-perynstop?
A W(S):_Sl_st.
B w(s) :—i—sl -S,s.
S
C w(s)= —i—s1 )
N
18 Kakoii mepexonnbiii mporecc oOyner B ACP ¢ U-perynsaropom?
>
t
19 Kaxoit u3 3aKk0HOB peryaupoBaHus Hanu0oJIee pacCpoCTpaHEeH Ha IPAKTUKE?
A W-3axoH.
B 1I1-3aKoH.
C II-3akoH.

20 Kaxkoil u3 3aKOHOB pEryIMpOBaHUS UMEET TPU HACTPOEUHBIX IapameTpa’?
A IIN-3ako0H.
B T1/1-3akoH.
C TIN]JI-3aKo0H.

6 YCTOMYMUBOCTDH JUHEMHBIX CUCTEM

Bcesikas cuctema aBTOMAaTH4ecKOro yrpaBJIeHUS JJOJDKHA HOPMAabHO (DYHKIIMOHMPOBATH TPH
JCHCTBUM HA HEE CIIyYalHbIX [TOMEX, IIIyMOB WUJIM, HECMOTPS Ha ACHCTBUE PA3JIIMYHBIX IIOCTOPOHHUX
BO3MYIIICHUH, OHA JOJDKHA paboTaTh YCTOHYMBO. B CBS3M ¢ 3TMM  Ype3BBIYANHO Ba)KHBIM
ABJISIETCS MOHATHE 00 YCTOMUMBOCTHU 33JaHHOTO PEeKUMa pabOThl cUCTEMBL. [l TMHEHHBIX CUCTEM

ABTOMATHUYCCKOT'O YIIPABJICHUS 3aJTaHHBIM PCKUMOM IPUHATO COCTOSAHUC PABHOBCCHUS.

6.1 TIOHATUE YCTOUYUBOCTH U EE OIIPEJEJIEHUE

B mpocreiimem ciaydae MoHATHE YCTOMYMBOCTH CHUCTEM CBSI3aHO CO CIOCOOHOCTBIO CHCTEMBI
BO3BpAIIAThCA B COCTOSIHME PAaBHOBECHS IOCJIE MCYE3HOBEHUS BHEIIHMX CHJI, KOTOPBIE BBIBEIH €€
U3 3TOTO COCTOSIHUA. ECiu cucTeMa HeyCTOMYMBA, TO OHA HE BO3BPAILACTCS B HCXOJHOE COCTOSIHUE.

Taxum 00pa3oM, pa3aryaloT TPH TUIIA CUCTEM:
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1) ycmoiiuugvle — cUCTEMBI, KOTOPBIE TIOCIIE CHATUS BO3MYIIEHUN BO3BPAILAIOTCS B UCXOIHOE
COCTOSTHUE PAaBHOBECHS;

2) HelimpanbHble — CHUCTEMBI, KOTOpbIE TIOCIIE CHSTHS BO3MYILIEHUS BO3BpAllalOTCA B
COCTOSTHUE PAaBHOBECHS, OTIIMYHOE OT UCXOIHOTO;

3) Heycmotiuugble — CHUCTEMBI, B KOTOPBIX HE YCTAHABJIMBACTCS PaBHOBECHE MOCIE CHATHUSA
BO3MYILCHUU.

HarnsigHo ycToHYuBOCTS paBHOBECHS MIPEACTABIISIETCS CICIYIONIMMHU PUCYHKaMu (puc. 6.1).

B
)
S
B

e
e
RS

oo

A5
AT
e o IS
]
ST
K
B s

Puc. 6.1 Wnnmroctpauusi NOHATHS YCTOUYUBOCTH:
@ — YCTOIYMBasi CHCTeMa; 0 — HEYCTOIYMBasi CHCTEMAa; 6 — HeMTPaJIbHAs CHCTEeMa

ITonoxxeHne paBHOBECHS 1Iapa XapaKTepu3yeTcs TOUKon Ag. [Ipy OTKIOHEHNH B NOJI0KEHUE A |
B [IEPBOM CJIy4ae miap CTPEMHUTCS K MOJOKEHHUIO A9, BO BTOPOM HE CTPEMUTCS K 3TOMY IIOJIOKEHHUIO,
B TPEThEM — COCTOSIHUE IIapa 6e3pa3InyHo.

[lpumepoM yCTOWYMBBIX CHCTEM MOTYT CIYXHTh BCE THUIIOBBIC 3BCHB, Kpome
MHTETPUPYIOIIETO, KOTOpOE SBIAETCS HeWTpadbHbIM 00BeKTOM. llepexomHbie MpoIecchl,
COOTBETCTBYIOIINE HMITYJIbCHBIM BXOJHBIM CHTHANaM, JJIsl alepHOJUYECKOro 3BEHA MEepBOTO
MOpsAKA U UHTETPUPYIOIIETO BRIIAIAT CIeayIouM o0pa3oM (puc. 6.2):

XA a) XA 0)
> >
| ! | 4
vA | YA |
| |
[ |
|
[ |
[ |
| |
[ |
L > L >
t t

Puc. 6.2 Ilepexoanbie mpouecchbl MPHU UMITYJIbCHOM BO3MYIIICHUM
a — anepuoNYecKoe 3BeHO MEPBOTO MOPSAKA; O — HHTETPAITBHOE

[TpuMepoM HEYCTOMUYMBOW CHUCTEMBI MOXKET CIIYKUTb OOBEKT, OXBAauCHHBIH MOJOKHUTEIHHON
oOpaTHOH cCBs3pl0. Tak, HEKOTOpble XHWMHYECKHE pEAKTOPbl, B KOTOPBIX HPOUCXOIAT
HK30TEPMHUYECKUE PEAKIIMHU, SBISIOTCS HEYCTOHYMBBIMH OOBEKTaMH, TaK KaK MpPU TMOBBILICHUU
TEMIIEPATYPbl CKOPOCTh XMMHUYECKON PEaKLUH YBEIMYMBAETCS, YTO B CBOK OYEPENb IPHUBOIUT K
YBEJIIMYEHHUIO BBIJECJICHUS TEIlIa PEAaKLMKM U IMOBBIIICHUIO TEMIIEPAaTyphbl. B HEMMHEHHBIX cUCTEMAX
BO3MO>XKHBI M IPYTH€ TUIIBI COCTOSHUS.

PaccmoTrpum cnenyronuii mpumep (puc. 6.3):
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Puc. 6.3 IlosyycToiiuuBbI€ COCTOSIHUSI PABHOBECHUS

Cocrosinue paBHoBecHs (puc. 6.3, @) yCTOMYMBO JTUIIb A0 TE€X IMOP, MOKA OTKIOHEHUE HE BBIIILIO
3a HEKOTOPYIO TPAHHUILY, ONPENEIIEMYIO, HallpUMep, TOUKOM 5. Bbliias 3a Hee, map y»ke He BEpHETCS
B TOuKy A. Bropoii ciyuaii (puc. 6.3, 6) xapakTepusyeT NPUHIMIINAIGHO BO3MOXKHOE COCTOSHHE
paBHOBECHS [T HETMHEHHBIX CHCTEM, KOTOPOE HAa3bIBACTCS IOJIYYCTOMYHBBIM.

Paccmampueas nenunetinvie cucmemsi, 6600sm nouamus ycmouuueocmu "6 manom", "e
oonvuiom" u "6 yenom":

— cucreMa ycroiiumBa "B MaiioMm", €CIM JIMIIb KOHCTaTtupyercs (akT Haauuus o01acTh
YCTOMYMBOCTH, HO TPAHUIIBI €€ HE ONPE/ICIICHBI;

— cucTteMa ycroiunBa "B 00JbIIoM", KOTAa ONpeeseHbl TPaHHIIbl 00JIACTH YCTOMYMBOCTH, T.€.
OTIpe/ieNICHbl TPAHUIBI 00JIACTH HAYAIBHBIX OTKJIOHEHUW, IPU KOTOPHIX CUCTEMa BO3BpAIIaeTCs B
HCXOJTHOE COCTOSTHUE;

— cucTema, KOTOpas BO3BpAIAeTCs B HCXOAHOE COCTOSIHHE; MPH JIOOBIX HaYalbHBIX
OTKJIOHEHMSIX, Ha3bIBA€TCSl YyCTOMUMBOM "B 1iesiom". I HEKOTOPOTO Kilacca CUCTEM YCTOMYMBOCTD
"B 11e71oM" Ha3bIBaeTCsl aOCONIOTHONW YCTOWYUBOCTHIO.

Crnyuaii, n300pakeHHbI Ha puc. 6.1, a, COOTBETCTBYET yCTOMYMBOCTH "B 1IeI0M", a Ha pHC.

6.3, a — mu6o "B GombmioM", Mo "B ManoM". B paccCMOTpeHHOM MpuUMeEpe C IIapoM BOMPOC 00
YCTOWYMBOCTH peIIaeTcs MpOCTO, HO B OOIIeM cilyyae HE BCerja SICHO, MPH KaKUX YCIOBHSX
PaBHOBECHOE COCTOSTHUE CUCTEMBI OYIET YCTOHYHBO.

Kak yxe HEeOJHOKpPaTHO OTMEYalioCh, IMHEHHAs CUCTEeMa aBTOMATUYECKOTO PEeTyJIHMpPOBAHUS B
o0mIeM ciy4ae OINUCHIBAaeTCS JHHEHHBIM auddepeHInanbHbBIM ypaBHEHUEM C TIOCTOSTHHBIMHU
kodpdunrentamu (3.8) 1 HaYaTBLHBIMU ycIOBUAMU (3.9).

Perynupyemas Benwuwnna y(f) mpeactaBiseT co0oi pemeHrue ypaBHeHus (3.8):
V(@) = Yes(?) + Yorn(D)- (6.1)

OTHOCHUTENBHO COCTABISIONMUX Vey(f) U Vpym(?) petenus (6.1) moapodHO ToBOpUIOCH B 1. 3.4.
[Ipu paccMOTpeHHH BOIPOCOB YCTOMYMBOCTHM HHTEPEC BBI3BIBAET TOJBKO cBoOOAHAS
COCTAaBIISAOLIAs, ONpeaesieMas OOIIKUM PELICHHEM OJHOPOAHOTO UG (GEepeHIINaTIEHOTO YPaBHEHUS
(3.8) 6e3 mpaBoit vactn. PU3NYECKUIA CMBICT ATOW COCTABIIAIOIICH 3aKJIFOYACTCSI B TOM, YTO ATO Kak
pa3 To peuieHre, KOTOPoe OTIMYHO OT HYJIS TOJBKO B TEUEHUE MEPEXOJAHOr0 MpoIiecca U ncye3aeT
MIPU YCTaHOBUBIIEMCSI PEKUME. BBIHYKIEHHAs] COCTABISAIONIAS BBIXOJHON BEIWYHHBI, 3aBUCSIIIAS
OT BHJIa BHEIHETO BO3JCUCTBUS W TpaBod dactu auddepeHnmanbHoro ypaBHenus (3.8), Ha
YCTOWYHBOCTH CUCTEMbI HE BIIHSET.

CocrosisHue paBHOBECHS CHCTEMBI ompenensiercs pemenueM ypaBHeHus (3.8). Tak kak
muddepeHnaIbHOe YpaBHEHHE UMEET €IWHCTBEHHOE pPEIICHHE, TO M COCTOSIHHE pPaBHOBECHUS

CANHCTBCHHO.
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MareMaTHuecKoe OIpeNeNeHue MOHATHS  "yCTOWYMBOCTH" (OPMYIUpPYETCs CISAYIOIUM
obpaszoM. CucreMa SBISETCS YCTOMYMBOM, €CIIM CBOOOHASI COCTABIISIONIAS TIEPEXOTHOTO TIpoIiecca

C TCUCHUCM BPEMCHU CTPCMUTCA K HYIIIO, T.C.

Ves(t) = 0 mipu ¢ >0 (6.2)
I[Ipy »TOM BBIXOAHAS KOOpPAMHATA CHCTEMBI OyIeT CTPEMUTbCS K BBIHYXICHHOM
COCTABJISIFOLIEH, ONPEENsIeMO BHEIIHUM BO3CHCTBUEM U MPaBOM 4acThio ypaBHEeHHUS (3.8).
Ecnu cBoGoHast cocTaBisronias HEOTpaHUICHHO BO3PACTaET, T.€.

Ves(t) > o Tipu t >0, (6.3)

TO CUCTEMa HEYCTOMYHBA.
[ToHsITHE YCTOMYMBOCTH PACHpPOCTPAHSETCS U Ha OoJiee oOUTuil Cirydail — IBMYKCHUE CUCTEMBI.

6.2 YCTOMYMBOCTD JUHEMHOI'O TIUDDEPEHIIMAJTIBHOTO
YPABHEHUA C ITOCTOAHHBIMU KOO®OUITUEHTAMUI

Kak HU3BCCTHO, MOBCACHUC CHUCTCMBI ITOCJIC CHATUSA BO3MYIICHH:, T.C. CBO60£[HO€ JABHIKCHHC,

OIMCBHIBACTCSI PEIICHUEM OJIHOPOTHOTO U(G(EPESHIIUATLHOTO YpaBHEHHS C TOCTOSHHBIMHU
kod(ppunmenTamu:

4,y (1) + @ Y@ + . @ Y(@0) + ag (D) =0 (6.4)

" 3aJlaHHBIMH Ha4daJIbHBIMU YCJIOBHUAMMU.

C 3TUM ypaBHEHHEM CBS3aH XapaKTEPUCTUUECKHUM MOITHMHOM:

D(s)=a,s" +a,, s + ...+ a s+ ap. (6.5)

bes OTpaHUYCHUA 06H_IHOCTI/I OpCaANOJIOXKUM, YTO KOPHHU 3TOr0 MOJJMHOMA PAa3JIMYHbI, TOr1a
PEIICHUC YpaBHCHH 3alIUChIBACTCA B BUAC

y(0y=>.Cre'". (6.6)
J

Hccnenyem xapakrep pewreHus. Ilycts, Hampumep, KOpeHb S| — JIEHUCTBUTEIBHBINA, TOIAA
BO3MOJKHBI JIBa CJIydas:

a) s; < 0. B atrom cnywae cocraBmsmoomas Ce’ HWMEET BHUJ KPUBOW, aCHUMITOTUYCCKH
MIPUOITMDKAIOIIEHCS K ocH abcuce ¢ — oo (puc. 6.4, a).

HeiictBuTeIbHO, IPU 51 < ) UMeeT MeCTO yCJIOBHE

yi=Ce" >0, t > .

Takum 06pa3om, eciii BCe KOpHU — ACHCTBUTENBHBIC OTpPHLATEbHBIE, TO U BCE CllaraeMble OyIyT
CTPEMUTHCA K HYIIIO, a, CIICIOBATENBHO, U KX CyMMA.
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0) Tyc b WH W3 KOpHEH JeHCTBUTENEH W MOJIOKHUTENeH, s; > 0, Torma aOcomoTHas
Re .
a cjjargeMoro C,e” Oyner O0e3rpaHUYHO BO3pacTaTh nMpu t — «© (puc. 6.4, 0), T.e. Ce’™ —

:;,

JIAY

t
00 ApHnal —»400. B arOoM ciryuyae Y — o0 Jaxke B TOM CiIydae, KOIrJa BCC OCTaJIbHBIC CllaracMbuIe
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Re
t —
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ImA

Vi =c et

51 Re

Sl?

§24

ImA

S14

—t>
Re
524

Puc. 6.4 H3o0paxenue
COCTABJISIIOIIMX PelIeHHUs
Au(pGepeHIHATbHOI0 YPABHECHUS:
a — KOpPHH JI€UCTBUTEIbHBIE OTPULIATENbHbBIE; 6 — KOPHH JIEWCTBUTEIbHBIC MOJIOKUTEIBHBIC; 8 —
KOPHU KOMIIJIEKCHO-CONIPSKEHHBIE C OTPULIATENIBHON JCWCTBUTENBHOM 4YacTblO; 2 — KOPHHU
KOMILJIEKCHO-CONPSI’KEHHBIE C MOJIOKUTEIBHON JIEHCTBUTENIbHON YacThi0; 0 — KOPHU MHUMBIE; € —
HYJIEBOH KOPEHb

B) Ilycth ypaBHeHUE (6.5) HIMEET KOMIUIICKCHO-CONPSDKEHHBIE KOPHHU. 371€Ch TaK)KE€ BO3MOKHBI
nBa ciaydas. llepBblii  cimywad, ecnMm s, =a+tio, npuyeM o < 0, TOrma penieHue

3, = CeS" + Cre® = Ce™ sin(ot + ) MPEICTABIAET COOOM 3aTyXaloIUe KONeOaHus ¢ 4aCTOTOH ® (pHcC.

6.5, 6), TaKk KaK ¢* — 0IPH ¢ —» oo, U, CIECAOBATEIBHO, BCE BBIPAXKEHUE TAKXKE CTPEMUTCSA K HYIIIO
IIpU BO3pacTaHUU f.

Ecnn KOMIUIEKCHO-COTIPSKEHHBIE KOPHU MMEIOT OTPHULATEIbHYIO AEHCTBUTEIBHYIO YacCTh, TO
COOTBETCTBYIOIIHUE YWICHBI PEIICHUS CTPEMSITCS K HYJIIO MPHU ¢ — oo -

r) [Iycts o0 > 0. B 3TOM cityyae pemieHueM sIBISIOTCS KoleOaHus ¢ HapacTarolel aMIuTuTya0i
(puc. 6.4, 2), TaK KaK ¢* — oo OPH ¢ — oo , CIIENOBATENBHO, y, = C,e5 + C,e™? = Ce™ sin(wr + @) — o -

n) Jomyctum Temeps, 4ro ypaBHeHHE (6.5) MMEET MHHMBIE KODHH, T.€. s, =+i®, TOTAA

pemenue OyaeT MMETh BHI:  y, = (e + C,e ™ = = Csin(wt + @), T.e. HE3aTyXalOIINEe
koJnebanus (puc. 6.4, 0).
¢) Ilycte ypaBHeHHME MMEET HyNEBOH KOpeHb s; = 0, B 3TOM cCiy4ae y =C, T.€. PEUICHUE

IPEACTaBISAET COOO0I KOHCTAHTY.
CocCTaBJsIONIYIO PEICHUs Vep(?) JaeT odliee pemeHne ypaBHeHUs 0e3 mpaBoil yacTu, KOTOPYIO

YacTO HA3bIBAIOT MEPEXOJHOM COCTABJISAIONICH pEelIeHUs. Y CTOMYMBAs CHUCTEMAa XapaKTepHU3yeTcs

TeM, 4TO Ves(f) — 0 mpu t = oo. Ecnn ke 3T0 ycrmoBue He cOOMI0OaeTcs, TO CUCTEMa
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HEYCTOHYMBA, €CIIU Vcx(f) = const, TO cucTeMa HEWTpalibHa, a €CIHU Vcs(f) MpelncTaBisieT coOon
He3aTyXarle KonebaHHus, TO CUCTEMa HaXOJIUTCsS Ha I'paHUIle YCTOMYMBOCTH. Takum oOpazom,
CHUCTEMa yCTOMYMBA TOIZa U TOJBKO TOTJa, KOrJa BCE KOPHU XapaKTEPUCTHYECKOI'O ypaBHEHUS
UMEIOT OTPULATEIbHYIO JCHCTBUTENBHYI0 YacTb. OJTO MPABWIO IOJYYWJIO HAa3BaHUE — MPU3HAK
YCTONYHMBOCTH.

Jlnst  yCTOMYMBOCTH  CUCTEMBI HEOOXOUMO ¥  JOCTAaTOYHO, 4YTOOBI BCE KOPHU
XapaKTEepPUCTUYECKOTO  yYpaBHEHHUS  WMEIM  OTPUIATEIbHbIE  JIEWCT-BUTEIbHBICE  YaCTH.
['eomeTpuueckast UHTEpIIpeTalys 3TOTO IPU3HAKA MT0Ka3aHa Ha puc. 6.5.

Ortcroia BbITEKAeT cleayromas (popMyInpoBKa MPU3HAKA YCTOWYUBOCTH: ISl YCTOMYUBOCTH
CUCTeMBl ~ HEOOXOJMMO W JOCTaTOYHO, YTOOBI BCE KOPHU XapaKTEPUCTHUECKOTO YpaBHEHUS
HaxOJWJINCh B JICBOW MOJIYTUIOCKOCTH KOMILJIEKCHOW TIepeMeHHOM s. Eciii XOoTs Obl OJUH KOPEHb
JISKUT crpaBa OT MHUMOM OCH, TO CHCTEMAa HEyCTONYMBaA. ECiM K€ XOTh OJUH KOPEHb JICKHUT Ha
MHHUMOM OCH, CUCTEMAa HAaXOJMUTCS HA TPAHMIE YCTOMYMBOCTH. MHUMAas OChb i ABJISIETCA TPAHULEH
ycToiunBocTH. Ecnu xapakTepucTHYecKoe
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Puc. 6.5 T'eomerpuyeckasi HHTepHpeTANUA MPU3HAKA YCTOMYMBOCTH:
a — BCE KOPHU C OTPULATEIbHOMN NEUCTBUTEIBHON YaCThIO;
6 — 9acTh KOPHEW UMEET MOJOKHUTEIbHYIO ICHCTBUTENBHYIO YacTh
YPaBHEHUE HMEET OJHYy Iapy MHHMBIX KOpDHEH, a BCE OCTAJBbHBIC KOPHHM HAaxOIATCS B JICBOU
MOJTYTUIOCKOCTH, TO CHCT€Ma HaxXOIUTCS Ha KoyiebaTenbHOH rpaHuie ycroitumBoctu. Ecmm xe
YpaBHEHHE  HMEET HYJICBOM KOpEHb, TO CHCTEMa HAXOAWTCS Ha AalepUOJUYECKOM T'paHHLE
YCTOMYMBOCTH.

6.3 M30BPAKEHUE JIBUKEHUHA B ®A30BOM
ITPOCTPAHCTBE

6.3.1 Ilonsitue pa30BOro NpoCTpaHcTBa

[Ipyn paccMOTpeHUH yCTOMYMBOCTH JBHKEHHUS YPE3BBIUYAWHO IOJIE3HBIM OKA3aJ0Ch BBEIACHHUE
HEKOTOPBIX HarJsAHBIX MOHATUH U NPEJICTaBICHUM I€OMETPUUYECKOro Xxapakrepa. OCHOBHBIM U3
HUX SIBJISIETCA MOHATHE (Pa30BOro MPOCTPAHCTBA, BBEJCHHOE aKaJeMUKOM AHJIPOHOBBIM.

@®a30BbIM MPOCTPAHCTBOM HA3bIBAETCSI TAKOE IPOCTPAHCTBO, B KOTOPOM IMPSIMOYIOJbHBIMU
KOOpJAMHATaMHM TOYKH SIBIISIFOTCSI BEJIMYMHBI, ONPEAEIAIONIME MTHOBEHHOE COCTOSHUE CHCTEMBI,
HazbIBaeMble (ha30BBIMU KOOPAMHATAMHU.

Mertox ¢a30Boro mpocTpaHCTBa NMPUMEHUM Kak JUIsl JIMHEHHBIX, TaK W Ui HEITMHEHHBIX
CUCTEM.

JIro6oe auddepeHnnanbHoe ypaBHEHUE 71-TO TIOPSAKA MOXKHO 3aliCaTh B BUJE CUCTEMBI U3 7
JTUHEWHBIX U (dEepeHITUATBFHBIX YPaBHEHHI TIEPBOTO MOPSIKA!
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dy (D)) dt = ayyy,(t) +apy, () + ...+ @y, y, () + X, (D)5
dy, (1)1 dt = ay y, (1) + apy, (0 +...+ ay,y, (1) + x,(2);

dyn(t)/dt = anlyn(t) + anZyn(t) +..+ annyn(t) + xn(t)’

OIUCHIBAOLIMH IEPEXOHBIHA MIPOLECC IPH HATUYUHN BO3MYILECHHH x(7) = {xl, Xgs oo xn}.
B kadectBe (pa3oBBIX KOOpAMHAT BBIOMPAIOT BBIXOJHYK)  KOOPAMHATY CHCTEMBI H €¢

IIPOU3BOJHBIC.

Touka ¢azoBoro mpocTpancTBa (puc. 6.6), COOTBETCTBYIOIIAs] COCTOSHUIO CHCTEMBI B JTAHHBIH
MOMEHT BPEMEHHU ¢, Ha3bIBaeTCs uzoopaxcaowet mouxou (M).

H3MeHeHHe COCTOSHUS CHUCTEMBI BO BPEMEHH OyIeT COOTBETCTBOBATH JABMXKCHUIO
n3o0paxaronier TOuykd B (Pa30BOM MPOCTPAHCTBE MO OMNPEACIEHHOW TPaeKTOPUH, KOTOpas
Ha3bIBACTCS (ha30601 mpaexmopueil.

Kaxxnomy nepexogHoMy IMpolieccy B CHUCTEME COOTBETCTBYET CBOsI ompejeneHHas (a3oBas

TpaeKTopus B (pa30BOM MPOCTPAHCTBE U HAOOOPOT.

Metoxa ¢a3oBoro mpocTpaHcTBa MOJYYHII HAHOOJBIIEEe PACIIPOCTPAHEHHUE MTPH HCCIICOBAHUT
CUCTEM BTOPOTO Mopsiaka. B aToMm cimydae ¢pa3oBbIM MPOCTPAHCTBOM SIBIISIETCS IIOCKOCTh. CucTeMa
mudepeHInaIbHBIX YpaB-

Puc. 6.6 da3oBoe NpocTPpaHCTBO

HeHu# (6.7) st CUCTEeMBI BTOPOTO MOPSIKA B 00IIEM clTydae 3alrichIBaeTCs B BUJIE:
dn (@) _
dt

d
%(Q:fz(yl,yz).

SO v2); (6.8)

Daszosevie mpaexmopuu 0Jisl CUCTeEM 8MOpPo20 NOPAOKA 061a0arm CiedyIouUMU cOUCMBEAMU.
1 B xaxmoil Touke (Pa3zoBOil IIIOCKOCTH MOYKHO IMPOBECTH €IMHCTBEHHYIO KacaTeIbHYIO K
($a3oBoil TpaeKTOpUH, T.€. Yepe3 KakAyr TOYKY (ha30BOM IMIOCKOCTH MPOXOAMUT TOJIBKO OJHA
TpaekTopus. Mickitouenue cocrtaBisieT Havano koopauHart: y; = 0, y, = 0, KOTOpO€ COOTBETCTBYET
COCTOSIHMIO PaBHOBECHUs. Y PaBHEHUE COCTOSIHUSI PAaBHOBECHS:
40 _,
dt
dy, (1) _ 0.
dt
Hampasrnenune xacaTenbHONl B Hayajle KOOPAMHAT HEOINPEAETICHHO, TMO3TOMY Hadyalo

KOOP/AMHAT, COOTBETCTBYIOIIEE COCTOSIHUIO PABHOBECHSI CUCTEMBI, HAa3bIBACTCSI 0COO0U MOUKOLL.
2 HanpapieHue IBMKEHUS HA TPACKTOPHUH OTMEYAIOT CTpEIKaMu. J[BrKeHHe n300pakaroniei

TOYKH 1O (pa30BON TPACKTOPHH MIPOUCXOIUT 110 YACOBOM CTpesKe BOKPYT Hayaia KOOpJIUHAT.
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3 B Toukax y; =0,), =0, T.e. BOCOOBIX TOYKAX, MPOMCXOJUT OCTAHOBKA JIBUKCHHUSI.
4 B cucremax BTOpOro mopsijika (ha3oBbie TPACKTOPHH MEPECEKAIOT OCh a0CIIMCC IO MPSMBIM

)
YTJI0M, TaK Kak mpu y,(¢) =0, S—WZ =, a yj(t) = y(t) JOCTUTAET CBOETO MAaKCUMyMa.
T
5 B BepxHHX KBagpaHTaX KOOPJIMWHATHOH IJIOCKOCTH H300pa)karomiasi TOYKa JBHIKETCS

dy

BCerJa CJeBa HalpaBoO, @ B HW)KHHX — CIIpaBa HaJeBO, TaK KaK MpH , .., ——— , [EpeMEHHas

@t

v1(¢) = y(¢) BO3pacTaer, anpu , .., . ——. , nepemennas y; (f) = y(f) yobIBaer.

at

6 B nro60ii Touke (ha30BOM IIIOCKOCTH, TAe TIEpeMeHHas ),(¢) U yHkus f>()1, y2) HE paBHBI
HyII0, (ha30Basi TPACKTOPHUsS MMEET TOJIBKO OJIHO OMPEACTICHHOE HAINpaBJICHHE, COOTBETCTBYIOIIEE

MIPOU3BOIHOM —— B JAHHOM TOYKE, OTKyJa CJIEYeT, 4To (ha30Bble TPACKTOPUU HE MEPECEKAr0TCs.

HauanbHbie yciaoBUsS MEPEXOIHOTO MpoIecca ONMPEAESOT KOOPANHATE HaYalbHOMW TOYKH M)
Ha (a30BoOil TpaeKTOPHUU.
CoBOKYITHOCTh  ()a30BBIX TPACKTOPHH, COOTBETCTBYIOIIUX BCEM BO3MOXHBIM B JIaHHOU

CUCTCMC HAYAJIbHBIM YCJIOBUSM, HAa3bIBACTCA d)a308blﬂ/l nopmpemom cucmembsl.

6.3.2 ®da3zoBble NOPTPETHI THHEHHBIX CHCTEM BTOPOI0 NMOPSIAKA

Jlnsi monmydeHus: ypaBHEHUH, ONHMCHIBAIONINX (DAa30BBIA MOPTPET CHCTEMBI BTOPOTO IMOPSIKA,
HeoOXxoauMo B cucteme AuddepeHnnanbHbpIX ypaBHeHHH (6.8) BTOpoe ypaBHEHHE TMOACIUTHh Ha
MEPBOE U UCKITIOYHUTH U3 PACCMOTPEHUS BPEMS £, B PE3Y/IbTATE YETO MOITYJaIOT:

Pemenne 3Toro ypaBHEHHs a€T CEMEHCTBO MHTETPATBbHBIX KPUBBIX Ha (pa30BOW IIIOCKOCTH, 110
KOTOPBIM CTPOSTCS (Pa30BbIE TPACKTOPUU CUCTEMBI.

@a3oBble MOPTPETHl JUHEHHBIX CHCTEM BTOPOTO MOPSAKA KIACCU(PHUIMPYIOTCS IO TUIAM
0COOBIX TOYEK.

JIuHeliHas cucTeMa BTOPOTO MOPSIKA OMUCHIBAaETCS QUG PepeHIIaTbHbIM YpaBHEHHEM BUIA

S (6.9)

r1ie )() — BBIXOIHASI KOOPIMHATA CHCTEMBI; dy, 41, d; — TIOCTOSTHHBIE KO3((PUITMEHTBIL.

O603nauuB y(f) = yi(?), a % = yo(t),, TOTJA

3

U ypaBHeHHe (6.9) MOXKHO 3anucaTh B BU€ cucTeMbl auddepeHnanbHbIX ypaBHEHUI:

B

(6.10)
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PaSI[QJII/IB BTOpPOC YpaBHCHUC HaA IMICPBOC, ITOJIYHAIOT

] 6.11)

peleHreM KOoToporo OyaeT ypaBHeHHE (a30BbIX TPAEKTOPUI

2 =fn, c1, ¢2), (6.12)

TAC ¢; — NIOCTOSIHHBIC UHTCTPUPOBAHUS.

Bo3MOXHBI 1IecTh pa3inuyHBIX ClydaeB (a30BBIX TPACKTOPUHA B 3aBUCHUMOCTH OT KOpHEH
2
XapaKTEepUCTUUECKOI0 ypaBHEHUS az S~ + aj s + ap = 0.

Cnyuau 1
Kopau —MHumsble ipu a; =0, ap >0, ax> 0: 51, = +io;

= /_ . Cucrema HaXOUTCS HAa TPAHUIIE YCTOMYUBOCTH.
Ypasnenue cucmemvr: axy,"(t) + agyi(t) =0, eco pewenue umeem uo
yi(t) = Asin(ot + ), (6.13)
OTKy/1a

15(f) = y1'() = Ao cos(ot + B). (6.14)

I'paduxk y(¢) mokazan Ha puc. 6.7.

]

Puc. 6.7 @a3oBblii IOPTPET THIIA LEHTP:
@ — TIJIOCKOCTh KOPHEH XapaKTepHCTHUECKOTO YpPaBHEHUS,
6 — TIepeXOoIHBII mpo1iecc; 6 — (ha30BbIN OPTPET

Jlns monmydeHus: ypaBHeHUs: (hazoBoil Tpaekropuu BelpakeHUs (6.13) u (6.14) Bo3BOAAT B
KBaJpaT U CKJIA/IbIBAIOT, B Pe3yJbTaTe MOIY4alOT YpaBHEHHE:

o (6.15)

Breipakenue (6.15) npencrasnsier co0oil ypaBHeHHUE 3JuuInica ¢ moiyocsmu 4 U A,. 3amaBas
pasnuyHble A4, MONy4aroT ceMeMcTBO (Pa30BBIX TPACKTOPHM, KOTOpble HUTJEC HE NEPEeCceKaloTcs U
HMEIOT OOIIUH IIEHTP B Havajie KoopauHar (puc. 6.7, 8).

Hanpasnenue nBuxeHus n3o0paxaromeil Touku M B KaXaA0H MoJI0BUHE (Ha30BOI IIIOCKOCTH
OTIpesieNIsieTCs MO 3HAKy ),. IIpu MONOXKUTEIbHONW BEIMYMHE )| MOXET TOJBKO YBEJIMYUBATHCS, a
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IIPU OTPUIIATEIIBHOM ), — YMEHBIIAThCS, CIENOBATENBHO, JBI)KCHHE H300pakarolmieil TOYKU Ha
(ha30BOi1 TNIOCKOCTH MPOUCXOAUT 10 YaCOBOM CTpEJIKe, MO3TOMY He3aTyXaloUIUM MepUuoIUYECKUM
KoJIeOaHUSM B CHCTEME COOTBETCTBYET Ha (Da30BOM TUIOCKOCTHU 3AMKHYmMAs (a306as mpaeKxmopus.

Oco0ast ToUKa CHCTEMBI SIBISETCS TEOMETPUUYECKUM HEHTPOM (Pa3oBBIX TPACKTOPUN U HOCUT

Ha3BaHWE [EHTP, a caMa CHCTEeMa Ha3bIBACTCSA KOHCepsamueHol (T.e. cucTeMa 0e3 paccerBaHUS
SHEpTUH, 0€3 TPEHU).

Cnyuait 2 KopHH — KOMILIEKCHBbIC M HMEIOT OTPHLaTeIbHbIE BellleCTBeHHbIE YaCTH NMPH
2
a;” <4dapay; a1>0,a,>0,ay>0:
Si2 =—atio(puc. 6.8, a), o =-ai2a;, ®=(1/2a,),| — CHCTEeMa yCTOWYMBA.

Pemenue ypaBaenus (6.9) umeer Bu:

y1(f) = e’ sin(wt + P). (6.16)

Puc. 6.8 ®a3zoBblii mopTpeT THNA YCTOMYUBLINA QOKyC:
@ — PpacloI0XKEeHNE KOPHEN XapaKTEPUCTUYECKOTO YPaBHEHUS;
6 — TIepeXOoIHBII mpo1iecc; 8 — (ha30BbIN OPTPET
Otkyna
V2 (£) = y'(£) = yAe™ cos(ot + B + §), (6.17)

rae —; .

VYpaBuenust (6.16) u (6.17) maror B (Ha30BOM IUIOCKOCTH TapaMETPUUECKOE YpaBHEHHE
cupaneii (¢ mapamerpoM f). C KaXIbIM 00OPOTOM, COOTBETCTBYIOIIMM OJHOMY MEPHOIY
KoseOaHuil, n3o0pakaromas Touka MpuOIMKaeTcs K Hayaly KOOpJAUHAT, TaK Kak 3HAaYeHUs V| U )
3a TepuoJa KONCOAHW CTAHOBATCS MEHBINE, T.e. MEPEXOJHBI TPOIECC HMEET XapakTep
3aTyXaroumx KoJgeOaHui.

Ocobas TouKa Ha3bIBACTCA YCIMOUUUBLIM POKYCOM.

Cnyuaii 3 ~KOpHH — KOMILJIEKCHbIe U UMEIOT MOJIOKUTEIbHbIE BelleCTBEHHbIE YACTH
npu a21 <dapa;; ap>0,a1<0,a,>0: 51, =0a+io.

DTOT cilydail COOTBETCTBYET PACXOMSIIUMCS KOJIGOAHHSIM B CHUCTEME, T.. CUCTEMa SBISICTCS
HeycTorunBoi. Pemenune ypaBuenus (6.9):

() = Ae sin(t + B). (6.18)
Otkyna
ya(f) = y'(£) = yAe™ cos(ot + B + J). (6.17)
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dazoBasi Touka, JABHTasCh MO (a30BOH TPACKTOPWUH, HEOTPAHWYECHHO YAAISETCS OT Havajia
KOOpJMHAT.

COoCTOSIHMIO HEYCTOHYHMBOTO PAaBHOBECHSI CHCTEMBI COOTBETCTBYEeT Oco0asi TOYKa, KOTOpas
Ha3BIBACTCS Heycmouuuswlli ¢okyc (puc.6.9).

Ecmu B pesynprare CKONb YroJHO MajiorO BO3MYIIECHHUS CHCTEMa BBIWIET W3 COCTOSHUS
paBHOBECHS, TO OHA Oy/IeT HEOTPAHUYCHHO yIAIAThCS OT

v

Puc. 6.9 ®a30Bblil MOPTpET THIIA HEYCTOHYMBEIN (HOKyC:
a — pacrnoJioKeHHue KOpHell XapaKTepucTHYeCKOro YpaBHeHHs ;
0 — mepexoaHbIH NMpouecc; 6 — (pa3oBbIid MOPTpPET

HEero mo cnupaiu (a3oBOW TPAEKTOPUH, T.€. B CUCTEME BO3HHKAeT KojeOaTelIbHBIH Mpolecc ¢

BO3PacCTaIOIIC aMITUTYHAO0M.

. 2
Cayuaii 4 KopHu — BenecTBeHHbIE OTpULATENbHBIC TIPU a1 > 4apay, a1 > 0, a; >0, ap> 0:

S1’2=—OLiB; B

DTOT ciaydall COOTBETCTBYET amnepuoJUYecKOMY TMIpoIleccy B CHCTEME, cama CHCTeMa

YCTOMYHBA.

Pewenue ypaBuenus (6.9)

i) = : (6.20)
Otkyna

(1) = : (6.21)

['panuteit 061acTy ¢ MEpEeX0HBIMU MTpoIieccamMul THNA / U 2 CIy)KaT MPsSIMbIE C YPaBHEHUSIMH
V2 ==S2 V1 M ) =—51 | , KOTOpble monydatores u3 (6.20), (6.21) npu s; = 0 wnu s, = 0 (oOpamienue
OJTHOTO U3 KOPHEH B HYJIb).

Bce ¢a3oBbie TpaekTOpHM BIMBAIOTCS B HAa4ajJ0 KOOPAMHAT — OCOOYIO TOYKY, Ha3bIBAEMYIO

yemotiuugvim  y3iom (puc. 6.10). Bpemst 1BUKEeHHsI K COCTOSTHUIO PABHOBECHUS TEOPETHIECKH PABHO

OECKOHEUYHOCTH.
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Puc. 6.10 da3zoBblii nOpTPET THNA YCTOWYNBBIN y3e1:
@ — PacHoJI0XKEeHHE KOPHEH XapaKTepUCTUIECKOr0 ypaBHEHHUS;

6 — MIepex0IHBIN TIpo1iecc; 6 — (Pa30BBIN MOPTPET

Cayuait 5 KopHM — BeNIECTBEHHBIE MOJIOKUTENBHBIE TIPU a12 >4aoar, a1 <0,a,>0,ay>0:

S12= QA + B
B cucreme Oyner anepuoaudeckuii mpoiecc, oHa HeycToiunBa. Pemenue ypasaenus (6.9):
i) = : (6.22)
A
_4»
Puc. 6.11 ®a30Bblii MOPTPET THUIA HEYCTOWYUBBIN Y3€I:
a — pacnoJioKeHue KOpHell XapaKTepucTHYeCKOro ypaBHeHHs ;
6 — epexoAHbIi mporecc; 6 — (ha30BbId MOPTPET
Ortkyna:

n()=y'() = : (6.23)

da30BbIC TPACKTOPUU HAMPABICHBI OT Hayalla KOOPAMHAT B OECKOHEYHOCTh, T.C. €CIU B
CUCTEME HMMeeTCs OTKJIOHEHHE OT COCTOSHMSI PaBHOBeCHs (Hadallo KOOPIMHAT), TO C TEUYEHHUEM
BPEMCHHU OHO GYI[GT HCOTPAaHUYCHHO BO3paCTaTh.

Ocobast Touka HOCUT HazBaHUEe Heycmouuuewlll yzen (puc. 6.11). Ilo anamoruu co ciydaem 4
KPHUBBIM TIEPEXO0THOTO TpoIiecca Buaa / COOTBETCTBYIOT (Da30BbIe TPAEKTOpHUH BHUAA [, TIe KpailHHe
TPAEKTOPUH ONPEIEISIIOTCS YPaBHEHUSAMU ), = S1y1 U V2 = 52y1. KpUBBIM nepexoaHoro mporecca 2
COOTBETCTBYIOT (ha30BbIe TPACKTOPUH BUA 2.

Cayuait 6 KopHu — BellleCTBEHHbIE M UMEIOT pa3finyHble 3Haku ipu a; > 0, a; > 0, ap < 0:
s1 = —oy, s, = B. B srom cmywae Oymer HeycrtoiuuBas cuctema (mpu ap = 0 — rpanuia
YCTOMYNBOCTH).

[Tepexomubrii mpoliecc B CUCTEME HWMEET alephuoJUYECKHil XapakTep, HO (pa3oBbIi MOPTpET

AMEET COBEPLIEHHO APYroil BUI.
117



m:*

A t
A\
+

YacTHbIM sIBiIsIETCS Citydaid, korja a; = 0, u, yuuTsiBas, 4to ap < 0, ypaBHeHue (6.9) 3anumiercs
B BUJIC

S (6.24)

HHTerpupoBaHue 3T0ro ypaBHEHHUs 1aeT:

o _ . (6.25)

Puc. 6.12 ®a3oBblii nopTper
THIIA CeJIO:
@ — pacIoyIoKEHUE KOPHEN XapaKTepUCTUUECKOIO YPAaBHEHUS;

0 — TepexoJHBIN Ipo1ecc; 8 — (Pa3oBbI MOPTPET

Beipaxkenne (6.25) mpeacTtaBisier co0OMl ypaBHEHHE CEMEHCTBA PABHOCTOPOHHHX THUIEPOOIL,
OTHECEHHOE K TJIaBHBIM OCSIM. ACUMIITOTA THUIIEPOOIT: ;= £ my).

Kaxnas W3 acuMOTOT COCTOMT U3 TpeX (a3oBBIX TpaekTOpwid, T.e. ocobas TouKa
paccMaTpuBaeTcs Kak 0/1Ha U3 (a30BbIX TPAEKTOPUH.
Ocobasg TOYka HOCUT Ha3BaHHE cedio, a ACUMIITOTHI Ha (Pa30BOM IIOCKOCTH HAa3BIBAIOTCS

cenaparpucamu cemia (puc. 6.12).

ITo nByM cemaparpucaM H300pa)xkaromiasi TOUKa MpUOIMKAETCs K COCTOSHUIO PABHOBECHS, a T10
IBYM APYTUM YIAJISETCS OT HETO.
JBurasice 1o ar000# (pa3oBoil TpaekTopuu, H300pakaroias TOYKa M0 UCTEUEHUH JOCTATOYHO

00JIbIIOr0 BPEMEHHU yJANISIETCA OT COCTOSIHUS PAaBHOBECHS Ha CKOJIb YTOJIHO OOJIBIIIOE PACCTOSTHUE.
Cenno sBnsieTCs HEYCTOWYMBBIM COCTOSHHEM PaBHOBECHs, Jake KOTJa HavyajJbHBIC YCIOBHS

TOYHO COOTBETCTBYIOT TOYKE Ha Ceraparpuce, Majellnee BO3MYILEHHE MPUBOAUT K TOMY, UTO

n3o0paxaroniasi TOYKa, IMOMAB Ha COCEIHIOI TPAeKTOPHUIO, OyAEeT HEOTPaHHMYEHHO YAAJISATHCS IO

HEU OT COCTOSIHUS pAaBHOBECHSL.

6.4 TIOHATUE YCTOMUYMBOCTU JBUXEHUI

TGOpI/ISI YCTOﬁqHBOCTH JBUXXCHUA ObLIa CO3laHa B HaydaJiC¢ HAIICrO0 BCKa BCJIIMKUM PYCCKUM

MareMaTukoMm AuekcanapoM Muxainosudem JlsmyHoBeiM (1857 — 1918) B cBs3u ¢ 3amavamu
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HeOeCcHON MEeXaHHUKH.

JIrobas cuctema, Oyap OHAa WACATbHON (€CIM Ha HEee HE JACHCTBYIOT HUKAKHE BO3MYIIICHHS)
WM peabHOM, omuchiBaeTcs quddepeHInalbHBIMI YPAaBHEHUSIMH, PEIICHUE KOTOPBIX OMpPEIesieT
TPAECKTOPHIO €€ IBUKEHUSI.

JIBM>KEHME Ha3bIBACTCA HE8O3MYUJeHHbIM, €CIIM OHO IIOJIYYE€HO B pE3yJIbTaTe€ PacCMOTPEHHUS
WJICATU3UPOBAHHOMN CUCTEMBI.

JIBr>KeHHE C y4eTOM BO3MYILIEHUM, BO3HUKAIOIIMX B pEAIBHONM CHUCTEME, Ha3bIBACTCS
803 MY UE€HHBIM.

HeBo3MylieHHOE NBUKEHHE HA3BIBAECTCS YCMOUYUBHLIM, ECIIU TOCTATOYHO MaJIbIE BO3MYILIEHHUS
CKOJb YFOOHO MajoO OTKJIOHSIOT BO3MYILIEHHOE JABMKEHUE OT HEBO3MYILEHHOro. Ecimm xe
BO3MYILIEHHOE JBUKCHHE 3aMETHO OTKJIOHSETCS OT HEBO3MYIIEHHOTO MPHU CKOJb YTOJHO CIabbIX
BO3MYUIIEHUSIX, TO OHO HA3BIBACTCS HEYCMOUYUBHIM.

B Teopun ycTONYMBOCTH CYIIECTBYIOT pa3lUYHbIC MOHATHS (TEPMHHBI), KaK TO: OpOUTAIbHAS
YCTOMYHUBOCTh (YCTOMYHMBOCTH MO TPACKTOPHUH), YCTOMYMBOCTH IO JIAMyHOBY, acCUMITOTHYECKas
YCTOMYUBOCTD U T.J.

[Ipexxne dYem mepelTH K OMNpPENETCHUI0 JTHUX TOHATHH, HEOOXOJUMO YTOYHUTH, UTO
MMOHUMAETCS MTOJI MaJIBIMU BO3MYIICHUSIMH. JIF0ObIe BO3MYIIICHHUS MOXHO pPa3feliuTh Ha JIBa TUTIA.

1 HmnynbCHBIE BO3MYILECHHUS.

]

Puc. 6.13 JleiicTBHe UMIYJILCHOTO BO3MYILIIEHHS
a — UMITyJIbCHOE BO3MYIICHUE; O — TBI)KEHUE B (Da30BOM MTPOCTPAHCTBE

Bo3myuieHue Ha3bIBaeTcsi UMILYJIbCHBIM, €CJIM OHO JeficTByeT B TeYeHHE KOPOTKOIO
NPoOMe:KyTKa BpeMeHH (A?) (puc. 6.13, a). UMny/ibc cCYMTAIOT MTHOBEHHBIM, €CJIN 3a Bpemst At
KOOPAMHATA He yCIeBAaeT 3aMeTHO U3MEHHUTHLCHA. B 3TOM ciydae ero BJIMSHHE 3aKJIHOYaeTcs B
MIHOBEHHOM C/IBUTIe M300paxkawomeid Touku M, cucTeMbl U3 HAYAJBHOIO MOJIOKeHusi M, B
HEKOTOpoe apyroe mnoJio:xkenue M,'. Tpaekropusi HeBO3MYIIEHHOI0 JIBUKEHHUS] UCXOAUT M3
TOukM M, a BO3MYILIEHHOro — U3 M,' U oTiau4aercsi OoT mepBou (puc. 6.13, ). Bausnue
HMIIYJIbCA CKa3bIBAaeTCsl HA BCEM JABUKEHHHM CHCTEMbl, XOTHl OH [eiiCTBOBAJ TOJbKO INpH
BpeMeHH Af.

O6o03HaunM yepes y;) KOOpAUHATH Touku My, i = 1, ..., n; depes V'io — Mo, I:I [Ipu

MaJiIOM CABUTC pa3HOCTb KOOpAWHAT MaJia 11O a0COJIIOTHOU BCJIIMYHHC, T.C. YAOBJIICTBOPACT YCIIOBUTIO

L}
rAC N — HCKOTOPOC JOCTATOUYHO MAJIOC MOJIOKUTCIIBHOC YHUCJIO.
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Puc. 6.14 HenpepbiBHO JeiicTBYIOIIME BO3MYIIIEHH S

Manvim eo3myuieHuem Ha3bIBA€CTCAd TaKOC HMITYJIbCHOC BO3MYUICHHUEC, KOTOPOC BEBIZBIBACT
MaJbli CABUT HAa4aJbHOI'O ITOJIOKCHHMS H306pa>1<a}0mel71 TOYKH CUCTCMBEI.

ManbiM =~ BO3MYILEHHSIM  COOTBETCTBYIOT Majlble 1|, 4YeM MEHbLIE 1), TEM MEHbIIe
BO3MYILIEHUS.

2 HenpepbIBHO AEUCTBYIOIINE BO3ZMYILEHUS.

Takue BO3MyIIIEHUST ACHCTBYIOT Ha CHCTEMY HE TOJIBKO B Ha4aJIbHBI MOMEHT BPEMEHH, HO U B
nocnenyronue (puc. 6.14). Ha mepBbIit B3I KaKeTCs, 9TO y4eT TaKMX BO3MYIIEHUU CleIacT
OoJiee OOIMMMHU U BBIBOJBI, TaK KaK OHM MMEIOT OoJiee oOmryro ¢opmy, 4yem uMmiyibcHble. Ho Ha
MpaKTUKE OKa3biBaeTcsi He Tak. CHCTeMbl, YCTOWYMBBIE IPU HUMIYJIbCHBIX BO3MYILIECHUSX,
YCTOWYMBHI U TIPH HETIPEPHIBHBIX; HEYCTONYMBBIE TIPU EPBOM THIIE — HEYCTONYHBBI U IIPH BTOPOM.
[IpuunHOit TOTO SIBNISIETCA TOT (DAKT, UTO HEMPEPHIBHOE BO3MYILEHHUE MOKHO MPEICTAaBUThH B BUEC
MOCJIEIOBATEIILHOCTH HWMITYJIBCOB, T.€. pa3pe3aTh BeCh IpaduK x(f) HA UMITYJIbCHl JTUTEIHLHOCTBIO df,
M03TOMY B JTAJIbHEHIIIEM PacCMaTPUBAIOTCS JIUILb UMITYJILCHBIE BOSMYIIICHUSI.

6.5 OCHOBHBIE BHU/Ibl YCTOMUYUBOCTHU
6.5.1 OpOutanbHas ycTOHYNBOCTH

BBoguTcs  MOHSTHE  €-OKPECTHOCTHM  HEBO3MYIIEHHOTro  JBMKeHHs. C3TOH  LEeNbio
paccMaTpUBaeTCsl TPAEKTOpPUs HEBO3MYILIEHHOTO JABWXKEHHS MoM U CTpOUTCS KPUBOJIUHEUHBIN
UUAITUH]P PAJUyCOM €, OCBIO KOTOPOTO SIBIISIETCS 3Ta TPACKTOPHUS.

Cuuraercs, 4TO TPACKTOPHUS BO3MYILIEHHOIO JIBIXKCHHS MaJl0 OTKJIOHSIETCS OT TPaeKTOPHH
HEBO3MYIIEHHOTO JIBMKEHUSI, €CIIM OHAa IEJIMKOM JIEKUT B €-OKPECTHOCTH HEBO3MYIIEHHOIO
JBIKEHUS (€ — Mano). Bo3aMmylieHHOe IBH)KEHUE UCXOAUT U3 Touku M 'y (puc. 6.15).

Y CTOMYHMBOCTE - 3TO CBOMCTBO JBIDKCHHS, NMEIOIIEE KadyeCTBECHHBIM, a HE KOJIWYCCTBCHHBIN
xapakrep. [Toaromy pu HpopmMyaupoBKe TOHATHS YCTOMYMBOCTH BaXKHA JIUIIh NMPUHIUITHAIBHAS
BO3MOYXHOCTB TI0JI0OpaTh CTOJIh MaJIO€ 1), YTOOBI KpHBask BO3MYIICHHOTO JBMKCHHS HE BBITILIA U3 €-
OK-PECTHOCTH HEBO3MYILIEHHOTO ABM)XCHHS TpU JIOOOM 3HadeHWH €. Eciam Takas BO3MOXHOCTh
CYLIECTBYET, TO IBMXKEHUE YCTOMYMBO, €CIIM OHA OTCYTCTBYET, TO HEYCTOMYHUBO.

[x]

Puc. 6.15 K nonsaTuro "OpoOuTajibHasi ycTOHYHBOCTD"

I'oBopsT, cucrtema 00iagaeT OpOMTANBHON  yCTOWYMBOCTBIO, €CIM TPHU JIOOOM € MOXKHO
1000paTh TAKOE OTJIIMYHOE OT HYJIS 3HAYEHUE 1) B BBHIPAKCHUU I:l, 4TOOBI TPAEKTOPHS

BO3MYILIEHHOTO  JIBIDKEHHS HE BBIIUIA M3  €-OKPECTHOCTH  HEBO3MYILEHHOTO IBUKEHHS, TO
nocliefiHee Has3blBaeTcad YCTOWYMBBIM. Ecim ke momoOparh Takoe 1| Heslb3sl, TO HEBO3MYILEHHOE

JBU>)KEHUE HEYCTOMYUBO.
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[Tonatue opOUTANBEHONW YCTOWYMBOCTH MMEET CYLIECTBEHHBIN, MPUHIMITAAIBHBIN HEAOCTATOK,
OTPAaHUYHMBAIOIINKA TIPEACIBI €r0 MPUMEHUMOCTH. [Ipn opOUTaIbHON YCTOWYHUBOCTH BO3MYIIICHHOE
JBUKEHHE MOXKET 3HAYMTEIBHO OTJIMYATHCS OT HEBO3MYIIEHHOIO.

Ecim naxke TpaekTopun u OJu3KkH, HO TOUKH M u M ' IBUKYTCS C pa3HBIMU CKOPOCTSIMHU, TO C
TEYCHHEM BPEMEHH PACCTOSIHHE MEXIy HUMHU MOXKET OKa3arbcst OonpimM (puc. 6.16), T.e.cnm y; —
KOOpJMHATBHI TOYKU M, a Vi — M', TO npu HaaTUIUU OpPOUTATBLHON YCTOMYHMBOCTH MOKET
0Ka3aThCs, YTO BENMYUHBI (); — )';)) CcTaHyT OojblIMMH. B CBsI3u ¢ 3TMUM BBOAMUTCA TMOHATHE
YCTOMYMBOCTH 110 JIAMyHOBY.

[x]

Puc. 6.16 K nonsiTuio ycroitunBoctu no JissmyHoBy
6.5.2 YcroiyuBocTh no JisnmyHoBy

JIBr>KeHre Ha3bIBaC€TCsl YCTOMUMBBIM 10 JIAmyHOBY, ecnu i 06oro € > (0 MOXHO yKasaTh
gyucino mn = mn(e) > 0 Takoe, 4TO M3 HEpPABEHCTBA I:I npu t = ty cruemyer

HepaBeHCTBOI:I IS BCEX [ > [y.

CMBICIT OHATHST YCTOMYMBOCTU TIO JISIITyHOBY COCTOWT B TOM, YTO JIBUKEHHE YCTOMYMBO, €CITU
MpU JOCTaTOYHO MaJOM HayalibHOM casure M’y or M, Touka M' B mocienyromeM JBUXEHUU
nocratouyHo Omm3ka Kk M (puc. 6.16). Ecnm xe momoOpats Takoe m(€) HENIb3s, TO JBIKECHUE
HEYCTOWUYUBO.

6.5.3 Acumnrorunyeckasi ycTOH4MBOCTh

[Tox ycTOMYHMBOCTBIO OYEHB YACTO MOHMMAKOT CBOMCTBO TE€ja BO3BpALAaThCS B COCTOSIHUE
paBHOBECHsI, U3 KOTOPOTO OHO MPEABAPUTEIHHO OBLIO BBIBEJICHO, HANpPUMEp, MAATHHUK TIOCIE
3aTyxamIuX KoieOaHuid BepHETCs K TMOJIOKEHUIO paBHOBecus (puc. 6.17).  IlomoGHoe
ONpEACICHUE MOKHO BBECTH U JIJI1 HEBO3MYIIIEHHOTO IBUKEHUS.

[x]

Puc. 6.17 K onpenesieHnI0 aCHMITOTHYECKOH YCTOHYMBOCTH
Eciv Iy IBUKEHHH B TTPOCTPAHCTBE TOYKK M U [ | HeOrpaHMYEeHHO COMMKAIOTCS M PA3HOCTH

ux koopaumHar (y; — )') — 0, TO BO3MYUIEHHOE JBM)KEHHE IIOCTENIEHHO BO3BpAIlaeTCsi K
HEeBO3MYILeHHOMY. Takoe IBUKEHNE Ha3bIBAETCS ACUMIITOTUYECKH YCTOMUUBBIM.
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I[BI/I)KCHI/IC Ha3bIBACTCA aCHUMIITOTUYCCKHU YCTOP'I‘IHBBIM, €CJI1 MOXHO HOI[OGpaTb TakKo€ 1M, 4To,

€ClIn I:I, TO BBIIIOJTHACTCA YCJIOBHC I:I IIpU { —> 0.

[ToHATHE acCHMNTOTUYECKOH YyCTOHUMBOCTH Oojee y3KO, 4YeM IOHSTHE YCTOWYMBOCTH IIO
JlanmynoBy. Ecnu nBuKeHHE aCUMOTOTHYECKHM YCTOMYMBO, TO OHO HaBEpPHSKAa YCTOMYMBO IO
JIsnynoBy. Ho oOpatHoe yTBepxkaeHue, BOOOIIe TOBOPs, HECIPABEUIUBO. J[BUKEHHE MOXKET OBITh
YCTOWUYHUBBIM 10 JIAMYHOBY, HO HE SIBASATHCA ACUMIITOTUYECKH YCTOUYUBBIM.

6.6 HEOBXOJIMUMOE YCJIOBUE YCTOMYUBOCTHU

B . 6.2 mony4eHo HE0O0XOIUMOE M JOCTATOYHOE YCIOBHE YCTOWYUBOCTH — OTPUIATEILHOCTD
JNEUCTBUTEIIBHBIX YacTEH KOPHEH XapaKTepUCTUYECKOIO YPaBHEHMS WIIH, YTO HACHTUYHO, 3THU
KOpHH OOJIKHBI pacriojiaratbeCs CJICBa OT MHUMOM OCH.

B sTux hopmynupoBkax HU3JI0KEH HE TONBKO MPU3HAK YCTOWYMBOCTH, HO M JIaH, B CYIIIHOCTH,
METO/]l UCCIIEIOBAaHUSI YCTOMYMBOCTU: HEOOXOAMMO HAWTHU KOPHU XapaKTEPUCTUUYECKOTO YPaBHEHUS
U MPOBEPUTB, JIEXKAT JIM OHU B JIEBOH MOJIYINIOCKOCTH WX HET. OHAKO TaKOW METOJ COBEPIIEHHO
HeaJIeKBaTeH 3a/1aue MCCIe0BaHUs B CUITY CIEAYIOIINX MTPUYHH.

1 3amaua ompenencHus KOpHEH XapaKTePUCTHUECKOTO YPaBHEHHS MPOCTO PEHIAETCS TOJIBKO
JUIsl ypaBHEHUN TE€PBOTO U BTOPOTO MOPSAJKA; ISl BCEX OPYTUX CIIy4aeB MIPUXOAUTCS MOJIb30BAThCA
Ppa3siInIHbIMU HpI/I6JII/I)KCHHbIMI/I, CpPaBHUTCIIbHO 'POMO3JIKMMHU MCTOJaMH.

2 Jlna ompeneneHUss yCTOMYMBOCTH HEOOXOIMMO 3HATh TOJBKO 3HAKH KOPHEH, MOITOMY
oTpejieNiecHue KOpPHEH MpEeACTaBIsIeT HEHYXHYIO TPYJOeMKYyIo paboTy. Mexay TeM He MOJydaroT
o0mux GopMyIl, MO KOTOPHIM MOKHO OBLTO OBl CYAUTH O BIUSHUU KOX(D(DHUITUESHTOB ypaBHEHUN HA
YCTOMYMBOCTh CHUCTEMBI, HO HMEHHO JTO BIIMSHUE, B IIEPBYID OYEpEldb, U HHTEPECYET
MIPOEKTUPOBIIHUKA CUCTEMbI aBTOMATHUECKOTO PEryIHPOBAHUSI.

321[[3.‘13. HUCCIIECA0BAaHUA YaCTO CTaBUTCA TaKHUM 06pa30M, qTo H€06XOI[I/IMO ONpCACIINTD
KO2(pPUIIMEHTHI ypaBHEHUM, TPU KOTOPHIX CHCTeMa ObL1a Obl yCTOWYMBA.

B PpacCnops’KCHUN UCCICAOBATCIIA UMCHOTCA MCTOAbI, ITO3BOJIAIOINNEC CYOAUTH 06 YCTOI\/'I‘H/IBOCTI/I
CUCTeMBI 10 TaK Ha3blBAEMBIM  YCJIOBHUSIM YCTOMUHMBOCTH, HE pellas XapaKTepUCTHUECKOTOo
ypaBHEHUS M HE HaxoJs ero KopHeil. [lepBbIM TakuM ycCIOBHEM, KOTOPOE CIEIyeT pPacCMOTPETh,
SBIISIETCS HEOOXOAMUMOE YCIOBHUE YCTOMUYMUBOCTH.

[TycTh XapakTepuCTHUECKOE YypaBHEHHE n-ii CTEIICHH UMEET KOPHH Si, §2, ..., Sy. 1OTJA 3TO
ypaBHEHHUE MOYKHO 3aMKcaTh CIeIyIomuM 00pa3om

a,(s—s1)(s—52)...(s—s,)=0. (6.26)

Ecnu cucrema ycroitunBa, TO KOPHU JIOJDKHBI OBITH THOO ACHCTBUTEILHBIMUA OTPUIIATEIBHBIMH,
JTM00 KOMIUIEKCHO-COTIPSKEHHBIMU C OTPUIIATEILHOM ICHCTBUTEIHFHON YaCThIO.

Ilyctb 51 =—0, a.> 0, Tornas —s; =s + o > 0.

Ilyctb sp3 =—a+ 1 m, a> 0, Torna

(s—5) (s—s3)=(+a—io) (s+totin)=(+a) +o” >0.

Otcroa cremyer, 4ro IOCIe PACKPBITUS CKOOOK BCe KOI(P(UIMEHTH ypaBHEHHS OYymyT
MOJIOKUTEIbHBL. VI3 3TUX paccyXIeHUH cieayer, uTo, KOTrJa XOTb OJWH M3 KO3()PHUINEHTOB
XapaKTePUCTHUYECKOTO YPaBHEHUS OTPUIIATEICH, TO CUCTEMAa HEYCTONYMBA.

Ecam Bce koa(ppuimeHTs XapakTepucTUYECKOro moJIMHOMa @; > (), To r000€ ACHCTBUTEIHLHOE
MOJIOKUTETTFHOE 3HAYCHHE S, TIOJICTABICHHOE B YpaBHEHHE, HE MOXXET OOpaTUTh €ro B HYNb H,
CIIEIOBATEIbHO, HE SIBIISIETCS KOPHEM XapaKTepucTHueckoro ypaBHeHus. [lostomy mpu a; > 0
HEBO3MOXXHO TIOSIBIICHME HApPACTAIOMIMX JKCIOHEHT, XapaKTEePHU3YIOIIUX arnepruoJIUIECKYI0
HEYCTOMYNBOCTb, T.€. allepuoNYECcKas HEYCTONYMBOCTh HEBO3MOXKHA. OJHAKO MOKET BOSHUKHYTh
KoJebaTenbHass HEYCTOMYUBOCT, T.€. TIOSBICHUE B PEIICHUH COCTABISIONIMX B BHJE KOJIeOaHUH ¢
HapacTaloumed aMIUIMTYJ0H. DTO BO3HUKAET, KOrJa CYHIECTBYIOT KOMIUIEKCHO-COMPSKEHHBIC
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KOPHM C IIOJOXHUTEIBHOM JEUCTBUTENBHOM 4YacThlo. llodTomMy ycinoBHE IOJIOKUTENBHOCTH
KO3((HUIIMEHTOB MPHU TOPSAKE CUCTEMBbI OOJbINE JABYX SBISETCS HEOOXOMMMBIM YCIOBHEM, HO HE
JOCTaTOYHBIM, a JUIs YPaBHEHMM  IEpPBOrO W BTOPOro IOpPsIKA 3TO YCIOBHE SIBISETCA MU
JOCTaTOYHBIM.
JleCTBUTENBHO:

]

2
ars“+ars+ap=0;512=

2
Ecnu xkopHU KOMILTIEKCHO-CONpsKEHHbIE, TO a1” —4 apa; <0, a; > 0; a, > 0. CnexpoBaTenbHO,
2
uay>0, Tak Kak a;” <4 apa; .

6.7 AJTEBPAMYECKHUE KPUTEPUHU YCTOMYNUBOCTHU

Kputepuit  ycroiiumBoctn Payca u ['ypBuma mo3Boisier 1o Koa(@HUIEHTaM
XapaKTEepUCTUUECKOTO YypaBHEHHUs 0€3 BBIYMCIECHUS €ro KOpHEH cjaenatbk cykaeHue o0
YCTOMYUBOCTU CUCTEMBI.

CnoBankuii  yuensli  A.CTomona, mpenoaBaBIInid B [lIBeitnapuu, mMmocTtaBui mepen
IIBEHLIAPCKMM  MaTeMaTHKOM ['ypBHIlEM 3azady HaxXOXXIEHUsS YCIOBUNM  YCTOMYMBOCTH JUIS
JUHEWHOW CHCTEeMBI JI000TO mopsiaka. Takyro ke 3ajady mocTtaBwil MakcBeUT B CBOEM JIOKIIAJe,
Ha KOTOPOM IIPUCYTCTBOBAJl aHIVIMMCKUM MaremaTuk Payc. B pesynbrare, HE3aBUCUMO ApPYr OT
Apyra U B pa3nunyHbiX (opmax, Payc um ['ypBull BbIBeIM HEpaBEHCTBA, COOIOACHHE KOTOPBIX
ABIISICTCA HEOOXOAUMBIM U JIOCTaTOYHBIM YCIIOBUEM YCTOHYHMBOCTH CHCTEM JIFOOOTO MOPSIKA.

6.7.1 Kpurepuii ycroitunsoctu Payca

Kpurepuii, kotopslii npennoxun Payc, HanOonee npocto noscHseTcs tabm. 6.1, rae
D(s)=aps" +a; s+ .. +a,s+a, — (6.27)

XapaKTEPUCTUYECCKUN ITOTTUHOM.

Taoamma 6.1
Koaddwurr |Ctpo Cronbery
HUEHT 7 Ka 1 2 3 4
— 1 ap=ci a=cy as = c3
- 2 a =ci2 a=cy as=c3
r3=aplay | 3 | c3=ax— | c;3=c31— | €33=C41—
rsas r3C3p r3C42
ra=ailcis | 4 | ca=cn-—
r4C23
rs=cup3/cia | 5
— C1i= €22~ =
Fi=Cl ! ! C2i=C3jn—
—IiCy -1

2/C1in FiC3,ic1
B mepBoil cTpoke 3amuCBHIBAlOTCS B TOPSJKE BO3PACTaHHUA HWHAECKCOB KOI()(OUIIUEHTHI

XapaKTEPUCTHYECKOTO YPaBHEHHSI, IMEIOIINE YSTHBIH HHECKC, BO BTOPOI — HEUETHBIN HHACKC.
JIro60i1 gpyroii Ko3PPHUIHEHT TaOIUIBI OTIPEIENIETCS KaK

Cki = Ck+1,i-2 — Vi Ck+1, i-15 (6~28)

rne r; =ci2/cii1; k—HOMep cTonbdia; i — HOMep CTPOKH.
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Yucino cTpok Tabauisl Payca paBHO CTENEHH XapaKTEPUCTUYECKOTO MOJMHOMA TUIIOC €AMHULIA
— (n + 1). [locne 3amosHEHUS TaOIUIIBI MOXHO CHIENATh CIEIYIOIIEE CYKICHUE 00 YCTOWYUBOCTH
CUCTEMBI COIVIACHO YCIIOBUIO ycToWunBocTu Payca.

s Toro, 4roObl CHCTEMa aBTOMATHYECKOTO YIpaBJIEHUs ObUIa ycTOWUYMBA, HEOOXOAUMO M
JOCTaTO4HO, 4TOOBI K03 PHuMEeHTH mepBoro ctojidua Tabmuipl Payca MMenu oAMH M TOT e
3HaK, T.€. IpH ap> 0 ObUIM MOJ0XKUTENbHBIMU YHCTIA:

cn=ao>0;cp=a1>0;¢13>0; ..;¢c1,+1>0. (6.29)

Ecnu He Bce ko3 (pULIMEHTHI EepBOTro CTONOIA MONTOKHUTENbHbI, TO CUCTEMa HEYCTOWYHUBA, a
YHCII0 IPaBbIX KOPHEH paBHO YUCIy IEpEMEH 3HaKa B IEpBOM cTojb1e Tabnuisl Payca.

OTOT KpuTepuil O4YeHb yJNOO€H, KOrJa 3aJaHbl  YHUCIECHHbIE 3HAYeHUs KO3(PPHUINEHTOB
XapaKTepUCTUUECKOIO YpPaBHEHUs, OUYEHb JIETOK JUIsl NporpammupoBaHuss Ha OBM wu Hawen
HIMPOKOE MPUMEHEHHE TIPU UCCIICIOBAHUN BIMSIHUS HA YCTOMYMBOCTh KO3(DPUIIEHTOB ypaBHEHUS
100 OT/AENbHBIX MapaMeTPOB CHCTEMBI.

6.7.2 Kpurepnii ycroitunsoctu I'ypuna

I'ypBur paszpabotan anreOpandeckuil KpUTEpUid yCTOWYMBOCTH B (hopMe OmpenenuTenci,
cocTaBJsieMbIl U3 KO3 (PUIIMEHTOB XapaKTePUCTUYECKOTO YPaBHEHUS CUCTEMBI.

N3 x03pduImeHToB XapaKTepUCTUYECKOTO ypaBHEHHS (6.27) CTpOSAT CHavajga TIaBHBIHA
onpenenutensb ['ypsuma (6.30)

xl

[0 CJIEAYIOLIEMY MPaBUITy: MO TJIABHOM JMaroHa M ONpPEeNTUTENs ClIeBa HANpPaBO BBIMHCHIBAIOT BCE
KO3(GHUIMEHTH! XapaKTEePUCTHIECKOTO YPaBHEHHS OT d) /IO @, B TOPSIIKE BO3PACTaHUS WHJIEKCOB.
CronOupl BBEpX OT TIJIaBHOM  JMAroHaM JOMOJHSIOT KO3(p(HUIHMEHTaMH XapaKTEepPUCTUYECKOTO
YPaBHEHUS C TIOCIIEA0BATEIHHO BO3PACTAIOIINMH HHICKCAMH, a CTOJIOIBI BHU3 — Kodddurmentamu ¢
MIOCJIEA0BATENIFHO YOBIBAIOIMMU MHJIEKCaMu. Ha MecTo Ko pHUIMEHTOB ¢ MHAEKCaMH OOJblIe 71 U
MEHBIIIE HYJIS TPOCTABIISIOT HYJIH.

OTuepkuBass B TJaBHOM ompeaenurene ['ypBuilla JuaroHajdbHbIE MHUHOPBI, IOIYYHM
omnpenenuTenu [ ypBuIa HU3MIETo MOPSAKA.

I E ; . (6.31)

Howmep onpenenurens onpeaensercs HoMepoM koddpduimenta no auaronanud. Cam Kputepuit
hopMyIHpyETCs CIETYIOIIMM 00pa3oM.

st Toro, 4ToObl cHCTEMa aBTOMATHYECKOTO YIPAaBJICHUs ObUIa ycTOWYMBA, HEOOXOIMMO M
JIOCTaTOYHO, YTOOBI BCe ompeaenuTenu ['ypBHuIla UMenu 3HAKH, OJMHAKOBBIE CO 3HAKOM IIEPBOTO
KO3 PHUIMEHTA XapaKTePUCTUIECKOTO YPaBHEHUS o, T.€. TpH ag > 0:

Ar>0; Ay>0; A3>0;...;A,>0. (6.32)
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Ecnu packpbeiTh omnpenenurtenb ['ypBulla IJii ypaBHEHHIl TEPBOr0, BTOPOrO M TPETHETO
MOPSIAKA, TO MOIYYaTCsl CIECAYIOIINE YCIOBUS YCTOMUUBOCTHU:

1) n=1;ays+ a; =0; ycnoBus ycrounBoctu: ap> 0; a; > 0.

2) n=2;a s+ a, s + ayp = 0; ycrnoBust yctoMuuBocTH: ay > 0; a; > 0; a, > 0.

3) n=3;a sS+a st tas+ a3 = 0; ycinoBust yctounBoctu: ap > 0; a; > 0; a, > 0; a3 > 0; a;
a» —apaz>0.

Kpurepuii ['ypBuiia 006I4HO MPUMEHSIOT TIpHU 1 < 4.

Tak kak A, = a, A,.1, TO IpH @, > 0 AJS TPOBEPKH YCTOWYMBOCTH HEOOXOIUMO MPOBEPUTH
ONPEACTUTENHN OT A 110 Ay .

Ecmu a, = 0 wim A,y = 0 mpu A; > 0, ..., TO cUCTeMa HaXOJUTCS HA IPAHUIIC YCTOMYHMBOCTH,
IIpUYeM IpU a, = 0 — rpaHuIa anepruoAUUECKON YCTOMUMBOCTU (OJIMH U3 KOPHEHN paBeH HYIII0); MU
ap,1 = 0 — rpaHuIia KoneOaTenbHON  YCTOMYMBOCTH (MMEIOTCS JBa KOMILIEKCHO-COMPSKEHHBIX
KOpHS).

[To 3TOMYy KpUTEpPHUIO MOKHO OINpPEACIUTh KPUTUUECKOE 3HAUCHUE MapaMmeTpa, Mpu KOTOPOM
CUCTEMA HAaXOJIUTCS HAa TPAHUIIE YCTOMYUBOCTH.

6.7.3. Kpurepmuii ycroitunBoctu Jinenapa-llunapo

IIpn wmccnenoBaHMM YCTOMYMBOCTH CHCTEM AaBTOMATHYECKOIO PErylIMpOBaHMS, HMEIOLINX
MOPAJIOK XapaKTEPUCTHUUECKOIO YpaBHEHUS 7 = 5, PEKOMEHIYETCS HCI0JIb30BaTh OAHY U3
Monudukamuii kpurepus ['ypBuna, npemnoxennyio B 1914 r. II. Jlsenapom u P. Illumapom u
BOILLIEJIIYI0O B TEOPUIO aBTOMATHYECKOIO YIPAaBICHHUS KaK KPUTEPHl YCTOMYMBOCTH JIbeHapa-
HIunapo, KOTOpbIi hopMyaHpyeTcs caeyonM 00pa3oM.

Jlns TOoro, 4ToObl CUCTEMA aBTOMATHUYECKOTO YIpPaBIEHUs ObLIa yCTOWYMBON, HEOOXOIUMO U
JOCTaTOYHO, YTOOB! BBHIMOJHAIOCH HEOOXOAMMOE YCIOBHE YCTOMUMBOCTU U YTOOBI OINpENeIUTENN
I'ypBuna ¢ 4eTHBIMU MHJIEKCAaMH (WJIM C HEYETHBIMU MHIEKCAMH) ObUIN MOJIOXKHUTEIbHBI, T.C.

ay>0,a,>0, ..., a,>0; A >0, A4 >0, Ag>0, ... (6.33)
Nniin
ao>0,a,>0,..,a,>0; A >0,A3>0,As>0,... (6.33,a)

B Ttakoil ¢popmynupoBKke KpUTEpUs YCTOMYHMBOCTH TpeOYyeTCS pPacKpbhITHE MEHBIIET0 YHucliia
omnpeAeNnuTeNnei, uem no kpurepuio ['ypsuiia.

IIpumep 6.1 VccnepoBaTh Ha ycTOMYMBOCTH ¢ IOMOIIbIO Kputepus Payca cucremy, eciu
XapaKTepUCTUUECKOE YPABHECHUE NMEET BUJL
_ b 3 2 _
D(s)=3s"+55 +2s"+7s+10=0.

N3 xoaddummeHToB ypaBHEHUS cocTaBisieTcs Tabuuia Payca.

Tabnuma Payca x mpumepy 6.1

- CTPOK croaben k
' ak 1 2 3
— 1 ap=73 a =2 as=10
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— 2 a1=5 a3=7 a5=0
ry = 0,6 3 aiz = 10 ary = 0
10
Vg = — 2,27 4 a4 = arq = 0 0
15,7
1”5:(),14 5 ais = 10 6125:() 0

Cucrtema He ycTOWYMBa, TaK KaK 3HAKW KO3(PPHUIMEHTOB MEPBOTO CTONOLA pa3IHyUHBL: d > 0,
a1>0,c13<0,c14>0,c15>0.

IMpumep 6.2 UccnenoBarh Ha yCTOMYMBOCTH C MOMOIbIO KpuTepus ['ypBuua, eciu
XapaKTEPUCTUUECKOE YPABHEHUE UMEET BU/L:

35’ + 25 +4s +2=0;
a=3;a1=2;a,=4;ay=2;

A =2>0; | : >0.

Cucrema ycToifuuBa, Tak Kak A; > 0, A; > 0, A3 > 0.
6.7.4 YcToiuMBOCTH M YCTAHOBHBUIASICS NMOTPEIIHOCTD

Cucrema aBTOMATHYECKOTO PETYJIMPOBAHUS  pPACCUUTHIBACTCS W3  YCJIOBHUS, 4YTO B
YCTaAaHOBUBLICMCS PCIKUME NOJIKHA OGGCHG‘II/IBaTBCH Majiad morpCuIHOCTb, a HepeXOHHbIﬁ mponecc
MPOTEKaTh JOJDKHBIM 00pa3oM, T.€. CHCTeMa JOJhKHA OBITh YCTOWYMBOH (HE "packaumBaTbes'') U
IIEPEXOIHBIN IIPOLECC JOJDKEH 3aTyXaTh C TEYCHHEM BPEMEHU. B peanbHBIX 3aMKHYTBIX

xl

Puc. 6.18 IlepexoaHsblii mpouecc B yCTOMYHUBOM cHCTEMe

ACP obpatHas CBsI3b — OTpHUIIATEIbHAS, U B 3TOM CJIydae Ha BXOJ CHUCTEMbI JelcTBYeT curHai &(f)
= x(¢) — y(¢). PaccmaTpuBaeM KaHaJl yrnpaBiIeHUS.

Ecam Ha BXOA paccMaTpuBaeMol CHCTEMBI MOAAeTCs cTyneH4yaTtas QyHKIus x(f) = Xo, TO IpH
YCTOWYHMBON CHUCTEME IMOCJIEe OKOHYAHUS MEPEeXOJHOT0 Mpollecca Ha €€ BBIXOJE yCTaHABIUBACTCS
HEKOTOPOE MOCTOSHHOE 3HAYECHUE Yycr (PHC. 6.18).

[lepexomnplii mporiecc omuchiBaeTcst ypaBHeHueM (3.8). B ycTaHoBUBIIMMCS peXuMe Bce
MIPOM3BOHBIEC PABHBI HYIIO U YpaBHEHUE MIPUHUMAET BUI:

ao Yyer = bo xo, (6.34)
OTKyZAa
(6.35)
Pasnocts
Vs =X0— Vyer = Xo (6.36)
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Ha3bIBAETCSl YCTAHOBUBLIMMCS 3HAYEHUEM NOTpeIHOCTH. Cuctemsl, nMeromue ys # 0, Ha3pIBaroTCA
cmamu4yeckumu, a YCTAaHOBHMBINAACA IIOIPEHIHOCTh Js — CTaTHU3MOM CHCTeMbl. [Hornma
paccMaTpUBaEeTCS OTHOCUTENbHAS TIOTPEIIHOCTD WM KO3 PHUIIMEHT cTaTh3Ma S:

(6.37)

JUis nocTHKEHUs Malloil TMOTPEelIHOCTH B YCTAaHOBUBIIEMCSI pEXHME HEO0OXOJUMO HMETh
OoJplioe 3HaueHue KOAG UIIMEHTa YCUIICHUSI CUCTEMBI, HO TIPH JOCTaTOYHO OOJIBIIIOM 3HAYCHUH
MOCTIETHETO CHCTEMa CTAHOBUTCS HEYCTOWYMBOM, T.€. BOBHHKAET KOH(IMKT MEXAy TpeOoBaHHEM
YCTOWYMBOCTH M TpeOOBaHMEM Mayoil  morpemHocTH. Pemenue 3Toii  mpoOIeMbl MOKHO
PaccMOTpPETh Ha CIEAYIOEM pUMeEpe.

[TycTh 3aana cucreMa, CTpYKTypHas cxema KOTOpoi M300paxkeHa Ha puc. 6.19.

]

Puc. 6.19 CrpykrypHasi cxeMa CHCTeMbl ABTOMATHY€CKOI0 PeryJTupoOBaHuUs1
Ha sroit cxeme | %] ; [x] ; (]

[Tepenatounas GyHKIHS pa30OMKHYTOW CHUCTEMBI OYCT:

[x] ,

rae K — koaddurment ycunenus cucreMsl u K = ky ky ks .

Jns ycraHoBuBIIerocs pexuma ypasHenue (6.34) npuaumaet Bug (1 + K) yyer = K X0, 0OTKyna
Yyer =K xo/(1 + K), acratuszm cucteMsl 1 K03()GHULUUEHT CTATU3MA, COOTBETCTBEHHO:

ys=xo/(1 +K), §=1/(1+K).

XapaKkTeprUCTUUECKOE YPAaBHEHNE PACCMAaTPUBAEMON CUCTEMBI UIMEET BU/L:

Tak kak Bce KOI(PPULIMEHTH XapaKTEPUCTHUECKOTO YpPaBHEHHsI TPEThEro IMOpsIKa
MOJIOKUTEIBHBI, TO COrMIACHO KpUTEepHIo ycroiunBoctu ['ypBHIa cuctema OyJeT yCTOHYMBA, €CIIU
BBITIOJIHAETCSI HEPABEHCTBO:

13 KOTOPOTO MOXKHO ONPENeNUTh KO3 OUIIUEHT YCUIeHHUS, T.€.:

[x]
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Bennuuna Ha3bIBACTCS MpPEeNbHBIM K03 HULIUEHTOM

ycwieHus. JIJis yCTOMYMBOCTH CHUCTEMBI  HEOOXOJUMO W JIOCTATOYHO, YTOOBI KOd(h(uImeHT
YCUJIEHHsI CUCTEMBI ObUT MeHblIe npeaenbHoro 3HadeHus K < Ky, Ecam B3sate 7= T, = T3 , 10O
Kup = 8 mn, cnenoBatensHo, K < 8. Ecin e 1715 OJIy4eHUsl MaJIO TIOIPEIIHOCTH 3a/1aTh CTaTU3M S
< 0,01 (S <1 %), To momyuaetrcst K > 100. Pa3pemenue 3Toro KoH(IUKTA SBISETCS OTHOU U3
OCHOBHBIX 3amad. llyTu ero paspemieHuss  pa3IUYHbBI, TaK, HAIpUMEp, MOXXHO H3MEHSTh
noctostHHble BpeMeHu T, 1>, T3 u no0uthes TpeOdyeMoro 3HaYeHHs KOA(PQPUIMEHTA YCHIICHHS.
Haubonee obumii myrs paspemeHusi Takoro KOH(MIMKTa — 3TO U3MEHEHHE CTPYKTYPHOH CXEMBI,
BBEJICHUE JIONOJHUTEIBHBIX CBS3CH.

B obmem ciyuae cHCTeMa Ha3bIBaeTCs acmamu4eckoll OTHOCUTEIIbHO HEKOTOPOTo
BO3MYIILAIOIIETO BO3JICHCTBHS f, €CIM TpU f = const YCTAHOBUBIIIEECS 3HAUCHHUE TMOTPEIIHOCTH Vg HE
3aBUCUT OT 3HaueHus f. B Takoil cucreme NOMKHO TNPHCYTCTBOBATH HHTErPHUPYIOIIEE 3BEHO.
Y cTaHOBUBIIASICS TIOTPEIITHOCTD B PEXKUME OTPAOOTKH MOCTOSHHOTO PACCOTIIACOBAHMUS paBHA HYJTIO.

6.7.5 OO6uacTb yCTOHYHBOCTH

Ha ycToWyMBOCTH CHCTEMBI aBTOMAaTHYECKOTO PETyJIMPOBAaHUS OKa3blBAIOT BIUSHUE
mapaMeTpel CHCTEMBI, 3TO HAarJAAHO OBLIO BHJIHO Ha TPUMEpPE, PACCMOTPEHHOM BBILIE.
['eomerpuuecknii 00pa3 3aBUCUMOCTH YCTOWYMBOCTH OT IAapaMETPOB CHUCTEMBI  Ha3bIBACTCS
00JIacCThI0 YCTOWYMBOCTH M ObLT BBefeH B paccmorpenue W. A. Berimnerpaackum. Iloctpoenue
oOjacTtell yCTOMYMBOCTH SBIsSIETCS OAHMM M3 HauOoyiee HEHHBIX A NPAaKTHKU PE3yIbTaToOB
UCCIIEIOBaHMs YCTOMYMBOCTU CUCTEMBI.

OO6nacTb yCTOWYMBOCTH CTPOUTCS B MPOCTPAHCTBE MApaMETPOB, MOJA KOTOPHIM IOHHMAETCS
IIPOCTPAHCTBO, KOOPJIAUHATaAMU KOTOPOI'O SBISIOTCS NapaMeTpbl cucTeMbl. KoanuecTBo mapameTpos
MOJXKET OBITB JIFOOBIM, HO JJIs1 TpadyuuecKoro n300pakeHnss HanboJiee pacIpoCTPAHCHHBIMH SBIISIFOTCS
IBa.

[TycTh XapakTepuCTHUECKOE YpaBHEHHUE CUCTEMbBI UMEET BU /T

S+As+Bs+1=0, (6.38)

rae A u B — mapameTpbl CUCTEMBI.
st yCTOWYMBOCTH CHCTEMBI, UCXOIs W3 Kpurepus ['ypBuia, HEOOXOAMMO M JTOCTATOYHO,
yT00OBI A B > 1, OTKyna rpanuia 00acTu ycTonuyuBocTy Oyner A B = 1.

xl

Puc. 6.20 I'mnep6osa BeimHerpaackoro

B miockoctu mapameTpoB 4 W B rpaHuna o0JacTH yCTOWYMBOCTH IPENCTaBIsET COOOM
runepboy, HaspiBaeMylo TunepOosnoi Bermmaerpaackoro  (puc. 6.20). O6mactp ycTONYHBOM
paboThI OTMEUYEHA IITPUXOBKOM.
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I'panuubl  06macTW  YCTOWYMBOCTH MOTYT OBITh HaWIEHBI, €CIM HPUPABHATH HYIIO
KOY(Q(QUIMEHTBl ), a, XapaKTePUCTUYECKOTO YypPaBHEHUS M  NPEANOCICIHUNA OINpeleNnuTeNlb
I'ypBuna:

ao="0;a,=0; Apy =0. (6.39)

Bropas U3 3THX I'paHUIl COOTBETCTBYET HAIMYUIO HYJIEBOTO KOPHS XapaKTEPUCTUYECKOTO
yYpaBHEHUS, a TPEThsl — HAJIMYUIO YHUCTO MHHUMBIX KOpHeH. YpaBHeHus (6.39) pa3zbuBaroT
MPOCTPAHCTBO TIAPAMETPOB Ha psAM 00JacTei, W3 KOTOPBIX YCTOMYHMBOW OymeT Ta 00JacTh, rie
onpeaenutenu ['ypsuna Ay, ..., A, TOJOKUTENBHBI.

6.8 YACTOTHBIE KPUTEPUH YCTOMYNUBOCTHU

YacToTHBIE KPHUTEPUHM YCTOWYMBOCTH IMO3BOJSIOT CYIUTh 00 YCTOWYMBOCTH CHCTEM
aBTOMATHYECKOI'0 YIIPABJICHUS 10 BUAY UX YaCTOTHBIX XAPAKTEPUCTUK. DT KPUTEPHUH MO3BOJISAIOT
HCCIEA0BAaTh YCTOMYMBOCTh CHUCTEM BBICOKOTO IOpPSJKA M HUMEIOT IPOCTYI0 I€OMETPUYECKYIO
MHTEPIPETALHIO.

6.8.1 IlpuHuMI aprymMeHTa

B ocHoBe 49acTOTHBEIX KpUTCPUCB YCTOﬁqHBOCTH JICKUT CICACTBUC H3BCCTHOI'O U3 TCOpPHUH

(YHKIMN KOMIUIEKCHOTO MEPEMEHHOIo MpHUHIMIA aprymeHTa. IlycTh AaH MONMMHOM n-i CTENEeHU
(6.27):

D(s)=ags" + an 5" + ... +a,.
DTOT MOJMHOM B COOTBETCTBUHU C TEOPEMOil be3y MOKHO MpeICTaBUTh B BUJIE
D(s)=ap (s —51) (s —52) ... (5§ —5n), (6.40)
rie s; = o, + io; — KopHu ypaBHeHus D(s) =0;=1,2, ..., n.

Kaxpiii KOpeHb TE€OMETPUYECKH MOKET ObITh M300pa)KeH BEKTOPOM, MPOBEIEHHBIM W3
Hayajla KOOpJMHAT K ToYke S; (puc. 6.21, a). /mna ero paBHa MOIY/II0 KOMIUIEKCHOIO YHMCIIa, &
yroyi, oOpa30oBaHHBIH BEKTOPOM C TMOJOXKHUTEIbHBIM HaIlpaBiICHUEM JEHCTBUTEIBHOM OCH,
apryMeHTy Wid (aze KOMIJICKCHOTO YHCIIa.

BennuuHel (s — §;) FeOMETPUYECKH H300pakaloTCs BEKTOPOM, IMPOBEICHHBIM U3 TOYKH S§; K

MIPOU3BOILHOM TOUKE s (puc. 6.21, 6).
[Ipu s = i®, HaTpuMep, MOTY4aIOT:

D(io) =ap (io—s1) ( ©—52) ... ([ ®—5,), (6.41)

Y KOHIIBI BCEX BEKTOPOB OyayT HAXOJUThCS HA MHUMOM ocH (puc. 6.21, ).
PaccmarpuBas Bektop D(i®), MOTy4aroT, YTO MOAYIb €r0 PaBeH

|Dow)| =ar|io—si| |io—s]|..|io-s.], (6.42)

a apryMeHT

. (6.43)
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Ecnu nmpuHATH 3a MOJOXKUTENBPHOE HANpaBlIEeHHE OTCYETa YIVIOB BPALICHUS MPOTHB YaCOBOM
CTPCJIKH, TO IIPpHU U3MCHCHUHN YaCTOTBHI OT —00 10 400 Ka)KI[BIﬁ BHCMGHTaprlf/'I BCKTOp IMOBOPAYMBACTCA
Ha yToJI T, €CIM KOPEHb PACIOJIOKEH CJIeBa OT MHMMOM OCH, M Ha - — €CJIU cripaBa (puc. 6.21, 2).

[x]

Puc. 6.21 IIpuHOmMnm aprymeHra

Ecaun nonumHoM MMeeT m npaBbIX KOpHEH U (1 — m) JEBbIX, TO IPU U3MEHEHUHU ® OT -00 10 +00
U3MEHEHHE apryMeHTa BeKTopa D(i ) paBHO CyMMe YIJIOB TIOBOPOTa BEKTOpa (i ® — s;), T.€.

(6.44)

OTkyna BbITEKAeT Cleaylollee MpPaBUIIO: U3MEHEeHHe aprymeHta D(i ®) Nmpu HU3MEHEHUHU
Y4acTOTHI OT —0 JI0 +00 PaBHO PA3HOCTH MEKY YHCIIOM JIEBBIX U MPaBbIX KOpHEW ypaBHeHUs D(s) =
(0, YMHO>KE€HHOM Ha T.

[Tpu u3meHeHun 4yactoThl ® OT 0 10 o0 M3MEeHeHue aprymMeHTta Bekropa D(i ®) Oyner BaBoe
MEHBIIIE

(=] . (6.45)

DT0 npaBUIIO MOJIOKEHO B OCHOBY BCEX YACTOTHBIX KPUTEPHUEB.
6.8.2 Kpurepuiit MuxaiiioBa
DTOT KpPUTEPHUH MO CYIIECTBY SBIAETCS  T'€OMETPUYECKOW HWHTEpIpeTalueld MNpUHIHNA
aprymenTa u 6su1 chopmynupoBas B 1938 r. coBeTCKUM ydeHbIM MUXaiIOBBIM.
PaccmarpuBaercs xapakrepucTuueckuit moauHom (6.27):

D(s)=ag s" + a; sV +a,

3ameHa § = i ®, IPUBOAUT K KOMIUIEKCHOMY TIOJMHOMY, Ha3bIBaeMOMY (YHKIHEH
Muxaiinosa.

Di®)=ay(i®)+a ()" +..+a,=U0)+iV(o)=D) ", (6.46)
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M

Ha3bIBAIOT COOTBETCTBEHHO BEIIECTBEHHONM M MHUMOW QyHKIusaMH MuxaitnoBa; D(®) — MOIynb
D(io); ¢(o) — paza D(i w).

[Ipn w3MeHeHHM 4acTOTHl KOHEI] BekTopa D(i ) OyJdeT OmuchIBaTh HEKOTOPYIO KPHUBYIO B
KOMIUIEKCHOM TNIOCKOCTH, KOTOpast Ha3bIBaeTCs rogorpadom Muxaitinosa.

[Tpu m3Menenun dYactoThl OT () 10 0 yroj MOBOpPOTa BeKTOpa [ BOKPYr Hayaja KOOpAMHAT
paBeH (6.45):

rze |

B

OTCIOJIa YHCIIO MPaBBIX KOPHEH MOJMHOMA

B

(6.47)

T.6. m =0, ecin

(=] . (6.48)

[Tocnennee siBnsieTcs: HEOOXOIWMBIM YCIOBHEM YCTOWYMBOCTH, HO HEIOCTaTOYHBIM. Jliist
TOT0, YTOOBI TONYYUTh HEOOXOAMMOE M JOCTATOYHOE YCIOBHE YCTOWYUBOCTH, HEOOXOIUMO
WCKITIOYUTH KOPHU, JIKAIINE HAa MHUMOW OCH, T.€. JOJKHO BBITIOTHATHCS YCIOBHUE:

D(i ®) #0. (6.49)

Gopmynsl (6.48 — 6.49) mpencraBisAloT o000 MaTEMAaTHUYECKOE  BBIPAKEHHUE KPUTEPHS
ycroiunBocTd MuxaiiinoBa. J[ins Toro, 4roObl CHUCTeMa  aBTOMATHYECKOTO YIpaBiieHUs Oblia
yCTOIUMBa, HEOOXOAUMO U I0CTATOYHO, YTOOBI rogorpad Muxaiinosa D(i ®) npu u3MeHeHu# ® ot 0
710 00 TIOBEPHYJICS, HE MPOXO0/Isl Yepe3 Hylb, BOKPYT Hayajia KOOPIUHAT MPOTHB YaCOBOHM CTpENIKU Ha

yroia| |, I/ie # — HOPSI0K XapaKTEPUCTUUECKOTO YPaBHEHHUS.

Jlns ycroWdyMBBIX cucTeM rojporpad MuxaiinoBa HaumHaercst nmpu o =0, Ha BEIIECTBEHHOMH
nosryocH, T.. D(0) = a,; KxpoMe TOro ¢ pocToM 4acToThl (pa3a T0JDKHA MOHOTOHHO BO3pacTarth, T.C.
BEKTOp JOJDKEH IMOBOPAYMBATHCS TOJNBKO MPOTHB YACOBOM CTPENKH, TaK KaK BO3pAcTaioT (ha3bl
3JIEMEHTapHBIX BEKTOPOB (I O — 5;), ABISAIONIHMECs ciaaraeMbIMu (assl BekTopa D(i o).

B cBsi3u ¢ 3TUM KpUTEpUil YCTOHYNBOCTH MOXKHO COPMYIUPOBATH CIETYIOUIMM 00pa3oM:

U3 nonunoma 6 3uamenamene nepedamounou Gyukyuu ACP  (xapaxmepucmuueckoeo
noaunoma) obpasyemcsa @yukyua Muxainosa. Jna mozo, umobvl cucmema da6moMamuieckKo2o
ynpasnenus Ovlia YCmouuusa, Heobxooumo u 0oCmamouto, ymobwl 2o0oepagh Muxaiinosea npu
usmenenuu yacmomor om 0 0o ©, Hayunasice npu © = 0 Ha GewecMeeHHOU NONOHCUMENLHOU
nomyocu, 006X00Ul MOIbKO NPOMUE YACOBOU CMPEIKU NOCIe008AMeNbHO N K8AOPAHMO8
KOOPOUHAMHOU NIOCKOCMU, 20€ N — NOPAOOK XAPAKMEPUCMUYLECKO20 YPAGHEHUS.

lNomorpad MuxaitnoBa 11 yCTOMYMBBIX CHCTEM MMEET TIJIaBHYIO CHUPAICBHIHYIO GOpMYy U
yXoAUT B  OECKOHEYHOCTh B TOM  KBaJgpaHTe, HOMEp KOTOPOTrO pPaBeH CTEleHU
XapaKTEPUCTUIECKOTO ypaBHEHUs (puc. 6.22).
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Puc. 6.22 T'oporpad Muxaiinosa

IIpu3HakoM HEYCTONYMBOCTU CHUCTEMBI SIBIISIETCS HApyLIEHHE YUCIIa U I10CIEI0BaTEIbHOCTH
IIPOXOKJICHHSI KBaJIPAHTOB.
[Tpumeps! rogorpada Muxaiinosa 1Jisi HEYCTOHUMBBIX CUCTEM IpeJICTaBIeHBI Ha pHc. 6.23:

xl

Puc. 6.23 Tonorpadgnr MuxaiijioBa 111 HEyCTOHYHUBBIX CUCTEM:
a — HAUMHAETCA Ha OTPULIATEIbHON JEHCTBUTEIBHOM MOTYOCH;
6 — He 00XOAUT N-KBaJAPAHTOB KOOPAMHATHOM IJIOCKOCTH;

6 — HC OXBAThIBACT HA4YaJl0 KOOpAWHAT

xl

Puc. 6.24 T'ogorpad MuxaiijioBa HeHTPAJIbHBIX CHCTEM:
a, b — cucTemMa MOXeT ObITh YCTOMUYNBA; 8 — CUCTEMa HEYCTOMYNBA

Jlns HeWTpanbHBIX cuUcTeM roxorpad MuxaitnoBa nzobpaxeH Ha puc. 6.24. B mepBbIx IBYX
ciydasix HeOousblue aAegopMalnuy BHIBOAST CUCTEMY Ha YCTOMYMBOCTbH, B MOCIIEIHEM K€ CHCTEMa
HEYCTOWYUBA.

[Toctpoenne romorpadpa MuxaiaoBa TPAKTUYSCKA MPOU3BOAUTCS JIMOO  METOJIOM
KOHTPOJBHBIX TOUYEK, TUOO METOJOM BCIIOMOTaTeNbHBIX rogorpados. [lepBolii MeTO CBOIUTCS K
ONpeeNieHUI0 pAga Todek rojorpadga MuxaiiioBa, COOTBETCTBYIOIUX (UKCUPOBAHHBIM
3HAUEHUSM dYacTOThl. [Ipu BTOpOM MeToAe ompenenstoTcss roxorpadbl OTACTHHBIX 3BEHBEB,
MIPUMEHSIS PaBUJIa CIIOKEHUS U YMHOKEHUSI BEKTOPOB, CTPOST HCKOMEIH rogorpad.

Ananmm3upyst romorpad MuxaitnoBa, MOXHO YCTaHOBHTH CIeAylolee: Korga romorpad
MuxaiioBa MOCIEIOBATEIbHO MPOXOAUT KBAIAPAHTHI, TO BEIIECTBEHHAass W MHHUMas OCH
nepeceKaroTesl moouepeHo. B Toukax mnepecedeHust ¢ BEUIECTBEHHON OChIO OOpalaeTcsi B HYJb
MHUMas QyHKus V(®), a B TOYKax IepecedeHusi KPUBOH C MHHUMOW OCBIO JIEHCTBHUTEIIbHAS
byakuus U(m).

YacToThl, MpH KOTOPBIX MPOUCXOAUT MEPECEUECHHUE OCEH, ONPENIENAIOTCA KOPHSIMH YpaBHEHU N
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(6.50)

Touku mepeceuennss kpuBblx U(®) U V() ¢ ocbio abCIUCC MAOT 3HAUYCHHUE KOpPHEH
ypaBHeHu# (puc. 6.25) misi Ulw)=0: ©;, m3, ®s,...; 111

Puc. 6.25 leiicTBUTe/IbHAsA 1 MHUMasi cocTaBiasomme Gyaknuu Muxaiijiosa:
a — ycToiuuBas cuctema; 6 — HeyCTOMYMBas CUCTEMa
Mw) = 0: wy, @, O4,... B 3TOM cnydae ajis yCcTOWYMBON CHCTEMBI 0053aTEIBHO COOJIIO/ICHUE
HEPABCHCTBA MWy < W] < My < M3 < 4 < ...
B cBsi31 ¢ 3TUM MOXKHO IPUBECTHU CIEAYIOIYIO (POPMYIUPOBKY KPUTEPHSI yCTONUMBOCTH:
Cucmema asmomamuieckoeo ynpaeienus 6yoem yCmouuuea moz20a u moibko mozod, Ko20d

sewecmgennas U(®w) u muumas V(o) @ynxyuu Muxaiinoea, npupasHenHvle HYII0, UMEOM GCe
OelicmeumenvHvle U nepemedcaouuecs KOpHu, npuiem ooujee 4ucio 3mux KopHeli pagHo NopsoKy
xapaxmepucmuueckozo ypasHenus n, u npu ® = 0 yooeremeopsaemcs ycrosue U(0) > 0; V'(0) > 0.

6.8.3 Kpurepuii HajikBucra
DTOT YaCTOTHBIN KpuTepuii OblT pa3padboTan B 1932 r. amepukanckuM yyeHbIM HaiikBucTOM,

OH TMO3BOJISIET CYAUTh OO0 YCTOWYMBOCTH 3aMKHYTOH cHCTeMbl 1o Buay ADPX pa3zoMKHYTOH
CHUCTEMBI.

[TycTh nepenatounas GyHKLINS Pa3OMKHYTOW CUCTEMBI UMEET BUJ

e N

Ilepenarounas Gpynkius 3aMmkHyTOoiH ACP 10 KaHally yrpaBieHHs:

B

XapakTepUCTUYECKOE YPAaBHEHHE PA30MKHYTON CHCTEMBI (n-TO TOpSAIKa) ONPEAENEHO, Kak

[}

XapakTepUCTUUYECKOE YpPaBHEHUE 3aMKHYTOM CHUCTEMBI (7-TO MOPSAJKA) BBIpAKaeTCs, Kak

PaccmoTpum, uTo npeacTaBisieT U3 ceds Beipakenue 1 + W(s):

] (651
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rac | — XapaKTCPUCTUUYCCKHUE IIOJMHOMBI, COOTBETCTBCHHO, SaMKHyTOﬁ n

pazomknytoi ACP. Iloacrasmusig s =i ®, HOJIy4uM

[x] u

A®DX pazoMKkHYTO# cucTeMbI (puc.6.26).
Bekrop [ | crenosatenbHo, BKmOUaeT B ceGs CBOWCTBA 3aMKHYTOH M Pa3sOMKHYTOI

CUCTEMBI, U 110 TOMY, Kak BeaeT ce0st W(i ®) oTHOCH-

]

Puc. 6.26 ADX pa3oMKHYTOI CHCTeMBbI

tenbHO (—1, i0) MOXHO caenaTh BBIBOJ 00 YCTOMYMBOCTH 3aMKHYTOM CHCTeMBI. B nmampHeliem
paccmarpuBaercs ADX, cOOTBETCTBYIOLIAs MOJIOKUTEIBHBIM YaCTOTaM.

Beigenum Tpu cilydas COCTOSIHUSA PaBHOBECHsSI PA3OMKHYTOM CHUCTEMBI: YCTOWYUBA,
HEWTpalbHa U HEYCTOMYMBA.

1 cnyuaii— cucreMa B pa30OMKHYTOM COCTOSIHUM yCTONHYMBa. Torzna M3MEHEHHE apryMeHTa
XapaKTEpUCTUUYECKOTO IIOJMHOMAa Pa30MKHYTOM  CHUCTEMBI COIVIACHO  KPUTEPUIO YCTOWYMBOCTH
MuxaitnoBa Oynet paBHO (6.48):

I[JISI TOIO, YTOOBI 3aMKHYTasA CUCTEMa ObL1a YCTOP'I‘IHBa, AOJIKHO BBITIOJHATBCA PABCHCTBO

(6.48):

Orcrozia ciiesyer, 4To IpHpamieHe apryMeHTa BEKTOpa | | paBHO HymO:

(6.52)

CootHomienne (6.52) o3HayaeT, 4TO ISl YCTOWYMBOCTH 3aMKHYTOH CHCTEMBI HEOOXOAMMO,
9TOOBI BEKTOP :L Hayajuo KOTOpOro HaxoAuTcs B Touke (—1, i0), a koHel, ckoib3sd no ADX

Pa30MKHYTOM CUCTEMBI, HE OXBaThIBaJl TOUKy (—1, 70) mpu n3mMenenuun o ot 0 10 oo (puc. 6.27).

Puc. 6.27 A®X:
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@ — pa30MKHYTOH cuctembl; 6 — pyHkuuu H(i o)

Takum o06pazom, kputepuii HaiikBrucra riacur:

Ecnu paszomknymas cucmema asmomamuyeckoeo YNpPAGieHus YCmouuusda, mo 3dMKHYymas
cucmema  aBMOMAMUYECKO20 YNpasienus Oydem ycmouuuga, eciu amniumyoHo-ghazoeas
Xapakmepucmuka pazoMKHymou cucmemul ne oxgeamviéaem mouxy (-1, i0) npu uzmenenuu » om 0
00 .

2 cunydal—cucrtemMa B pa30MKHYTOM COCTOSIHUM HEYCTONYMBA.

IIpy paccMOTpeHMHM MHOTOKOHTYPHBIX W OJHOKOHTYPHBIX CHCTEM DPETYIUPOBAHUSA,
CoJlepKaIMX HEYCTOWYUBBIE 3BEHbS, PA30OMKHYTasi CUCTEMa MOYKET OKa3aThCsl HEYCTONYUBOM.
IIycTe B pa3sOMKHYTOM COCTOSIHUM CHCTEMa HEYCTOWYHMBA, IIPH OTOM XapaKTEPUCTUYECKOE
YPaBHEHHME PAa30MKHYTOM CUCTEMbI MMEET /1 KOPHEW B IIPaBOM IOJIYIIOCKOCTH. Torma coriacHo
MPUHIIUITY apryMeHTa (6.25):

[x]

Ecimu motpeboBath, 4TOOBI CHCTEMa B 3aMKHYTOM COCTOSIHMM ObLiIa YCTOWYWBA, TO JOKHO
BBITIOJIHATHCS PaBEeHCTBO (6.48):

B

B toM cryuae yroi noopota Bextopa H(i ®)=[ | Gyzer pasen

] (6.53)

[Tocnenuee rosoput o ToMm, 4yto ADX dynkunu H(i ®) npu U3MEHEHUH 4acToThl oT 0 10 oo
OXBaTBIBACT HA4aJ0 KOOPJIUHAT B MOJOXKHUTEILHOM HAIlPaBJICHUH | | pas3.

Yucno o6opoToB BekTopa H(i ®) BOKpYr Hayaja KOOpPIMHAT PaBHO YKUCITy 00OPOTOB BEKTOpA
A®X pazomkHyToii cucrembl W(i ®) Bokpyr Touku (-1, i0). Ha ocHOBaHMM 3TOro BBITEKAaeT
cnenyromias popMmynupoBka Kputepus HaiikBucra.

Ecnu pasomxnymas cucmema aemomamuiecko2o YnpagneHusi Heycmoudued, mo Oas moeo,
umooObl 3aMKHYMAsL CUCMeMAd A8MOMAMUYECcKo20 YApasieHus Ovlia YCmoudusd, HeodXooumo u
oocmamouro, umoowvt ADX paszomxuymou cucmemsvl W(i®) npu uzmenenuu wacmomst om 0 00 oo

oxeamuigana mouxy (-1, i0) 6 nonosxrcumenvHom Hanpaeienuu | | pas, 20e m - YUCIO NPABbIX KOPHEU

xapakmepucmu4ecKkozo ypaeHeHusl paB’OMKHyI’I’IOIZ cucmemal.
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Puc. 6.28 A®DX:
a—H@{iw), 6—Wio)upum=2

Ha puc. 6.28 wnzo0paxens! B kadecTBe npumepa ADX H(i ) u ADX pa3oMKHYTO# CHCTEMBI,
COOTBETCTBYIOIIME YCTOMYMBOM 3aMKHYTOM CHCTEME, KOTOpas B pPa3sOMKHYTOM COCTOSIHUH
HeycToMunBa U m = 2.

[Tpu cnoxuoit hopme W(i ®) MOTYyT BO3HUKHYTH 3aTPYAHCHHS IPH ONPEACICHUH YHCTIa €€
ob6oporoB BOkpyr Touku (—1, i0). B 3TomM cimydyae yqoOHO HpUMEHSTH "HpaBUIIO TEpEeXoaoB',
npemioxeHHoe . 3. LpImkuHbiM

HazoBem nepexon W(i ®) yepe3 BEIIECTBEHHYIO OCh NPHU BO3PACTAaHUH () MOJOKUTEIbHBIM,
€CJIi OH MPOUCXOAUT CBEPXY BHU3, U OTPULIATEIbHBIM, €CIIM OH MPOUCXOAUT CHU3Y BBepX. Ecnu
W(i ®) HaumHaAEeTCs WM 3aKaHYMBAETCS HA OCH, TO OHA COBEpILIAET noimnepexona. Torna kpurepuit
HaiixkBructa MOHO c(HOpMyIHUpOBaTh CIEIYIOIIIM 00pa30oM.

Eciu pa3omkHyTasi cucteMa aBTOMAaTHYECKOrO YIIPABJICHUS HEYCTOWYMBA, TO Il TOTO YTOOBI
3aMKHyTas CUCTEMa aBTOMAaTUYECKOTrO YIpaBieHuUs OblIa yCTOUYMBaA, HEOOXOAUMO U JOCTATOYHO, YTOOBI
Pa3HOCTh MEKIY YMCIIOM TTOJIOKUTEITHHBIX U OTPHIIATEIBHBIX TIepexo0B ADX pasoMKHYTOM cuctembl W(i

) Yepe3 OTPE30K BEIIECTBEHHOM OcH (—o0, —1) mpu u3MeHeHnr 4acToThl OT () 710 00 OblIa paBHA | |, TIE 71 —

YHCJIO MPABBIX KOPHEW XapaKTEPHUCTUIECKOTO YPaBHEHUSL.
B kauectBe mpumepa Ha puc. 6.29 nzobpakena ADPX pazoMKHYTONH CHCTEMBI: YHCIO MPaBbIX
KOpPHEM m = 2; 4HUCI0 MEpPEXO]0B — JiBa IOJIOXKHU-

Puc. 6.29 A®X pa3oMKHYTOH CHCTEeMBbI IPU 1 = 2
TCJIIbHBIX, OAUH OTpI/IHaTCHBHBIfI, HUX pa3HOCThb paBHA 1= , CJICAOBATCIIbHO, 3aMKHYTasd CUCTCMa

YCTOMYHBA.

3 cnydyal—cucreMa B pa30MKHYTOM COCTOSIHUM HEUTpaJibHA.

B »srom cnydae cuctema JODKHA < COAEpPKATH MHTETPUPYIOIIME 3BEHbS, U TOrJAa
XapaKTEPUCTUUYECKOE YpPaBHEHUE PA3OMKHYTOM CHUCTEMBI  MMEET KOpPHHU, paBHBbIE HYJIIO, H
3aIMCBHIBACTCS B BUJIE

(6.54)

rjie vV — NOpsAIoK acTaTusma; Ai(s) — MOJIUHOM, HE UMEIOLIUN KOPHEH, paBHBIX HYJIIO.
AMIUIUTYAHO-(pa30Basi XapaKTEPUCTUKA PA30MKHYTOI CHCTEMBI 3alIMCHIBAETCS B BUE
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(6.55)

I[lpuy ©=0, Wiw)=o u ADPX mnperepneBaeT pa3pblB, MOITOMY peIIaTh BOMPOC 00
YCTOMYMBOCTH 3aMKHYTOM CHCTEMBI TPYIHO, TaK Kak HescHO, oxBaTbhiBaeT ADX Touky (-1, i0) nnu
HeT.

YroObl COXpaHUTh (POPMYTUPOBKY KPUTEPHS IS YCTOWYHMBBIX B PA3OMKHYTOM COCTOSIHUU
CHCTeM, NIPU MOCTPOEHUU Troporpada MuxaidaoBa Ipy HW3MEHEHHM YacTOTHI OT —00 J0 +00 00XO0IAT
HayYajo0 KOOPJAMHAT MO MOJIYOKPYKHOCTH OECKOHEUHO Mayoro paauyca r. Toraga HyseBble KOPHU

JaIyT TaKOHU YK€ yroj MOBOPOTA, KaK JIEBbIE KOPHU, T.€. KX/ 3 BEKTOPOB IOBEPHETCS HA yrOJ T
(puc. 6.30).

B

Puc. 6.30 OO0xox Haya/Ia KOOPAUHAT M0 Ayre 0€CKOHEYHO MAJIOT0 paauyca r

O6xomy Hauaga KOODAMHAT MO Majoi xyre re'?

Pa30MKHYTOW CHUCTEMBI

COOTBETCTBYET IepenaTovHas (yHKUIUS

] (6.56)

IIpu » — 0, paguyc R — o0, a apryMeHT | MEHSAETCS OT hi(e} (=] MIpY U3MEHEHUU OT|:|

a0

Puc. 6.31 A®DX HellTpaabHON PAa30MKHYTOH CHCTEMBbI:
@ — ¢ aCTaTU3MOM IIEPBOTO NMOpAIKa, V= 1; 6 — ¢ acTaTU3MOM
BTOPOTO MOpsiAKa, v =2

Takum oOpa3oM, Hpu JBHKEHUH 10 TMOJIYOKPY)KHOCTH OECKOHEYHO Majioro pajauyca B
miockoctu KopHer ADX pazoMKHYTOH cucteMbl cama W(i ®) MOKET OBITh MPEICTaBICHA B BUC
BEKTOpa OECKOHEYHO OOJBIION UIMHBI, MOBOPAYMBAIOIIETOCS HAa KOMIUIEKCHON IJIOCKOCTH TIO
4aCOBOW CTPEJIKE Ha YIroJl, PABHBIM —VTT.
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[Ipu u3menennu ® ot 0 10 oo, Te. ¥ > 0,0 < @ < D, W(i ®) w3MeHsieTcs 1o ayre OECKOHEYHO

OonpIIoro pamuyca, onuchBas yroi ot 0 1o (=] (puc. 6.31). Kpurepuii HaiikBucra

(hopMynHupyeTcs CISAYIOIUM 00pa3oM.

Cucrema aBTOMAaTHYECKOIO pEryJlIHpOBaHMs, HEHTpaibHas B Pa30OMKHYTOM COCTOSIHHH,
yCTOMUMBa B 3aMKHYTOM cOCTOsiHUHU, ecii ADX pa3oMKHYTOH CUCTEMBI C €ro JONOJIHEHHEM B
OCCKOHEYHOCTH HE OXBATBHIBAET TOUKY (-/, 1)) mpu u3MeHeHun @ ot () 10 oo,

Kak BuznHO u3 puc. 6.31, eciiu pa3soMKHyTass CHUCTEMA UMEET acTaTU3M IIEPBOrO MOPAIKA, TO
3aMKHyTasl CUCTEMa yCTOMUYMBA, TaK Kak Touka (—1, /0) He oxBaThIBaeTCs, €CJIN XK€ acTaTU3M OyzeT
BTOPOr0 MOpsAJKa, TO 3aMKHYyTas cucrema HeycTolumBa — Touka (—1, i0) oxBareiBaeTcsi ADX
Pa30MKHYTOW CHUCTEMBI.

JlocronHcTBamu Kpurepus HallkBucra sSBISIOTCS:

1) mpUMEHUMOCTh INPU  HEU3BECTHBIX YPABHEHUSAX  HEKOTOPBIX 3BEHBEB Pa30MKHYTOH
CUCTEMBI;

2) BO3MOXHOCTb UCCIIEIOBAHUS YCTOWUUBOCTU CUCTEM C 3aIa3/IbIBAHHEM.

IIpumep 6.3 HccenenoBarh yCTOMYMBOCTBH CHUCTEMBI KpuTepueM  MuxaiinoBa, eciu
XapaKTEpUCTHYECKOE YPABHEHUE CUCTEMBI HUMEET BUJL

D(s)=2s"+4s> +2s* + 55+ 1 =0.
3amMeHsis s = i , HAXOJATCS JIeHiCTBUTENbHAs M MHUMas pyHKIMH Muxaiiiosa:
D(i®)=2(0)+4( o) +2( o) +5(®)+ 1,
OTKyZa
Ulo) =20" - 26* + 1;

V(o) = o(—4e” + 5).

l'omorpad MuxaiinoBa u3o0paxeH Ha puc. 6.32. Ero ananmus3 mokasbpIBaeT, 4TO CHUCTEMa
HeycroruuBa. Ecnm ucnons3oBath ciencteue, To U(w) = 0; V(w) =0

o 2 .
Pemenue atux ypaBHeHui gaer: ® 13 = 1 £7; 09 =0; 4 =4

Puc. 6.32 T'oporpa¢ MuxaiisioBa k npumepy 6.3

Tak kak UMeIOTC KOMIUIEKCHO-CONPSKEHHbIE KOPHU, TO CUCTEMa HEYCTOMUYMBA.
IIpumep 6.4 lccnenoBaTh YCTOWUMBOCTH CUCTEMBI aBTOMAaTHYECKOTO PETYIUPOBaHUs (puC.

6.33), eciu Wi(s) = Wa(s) = e,

Puc. 6.33 CrpykrypHas cxema ACP

B pa3oMKHYTOM COCTOSHUM CHCTEMa aBTOMAaTHYECKOTO peryJlnpOBaHUS ycToitunBa.
AMIUIUTYAHO-(pa30Bas XapaKTepPUCTUKA PA3OMKHYTON CHCTEMBI 3alIUChIBAETCS:
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1 n300paxkeHa Ha puc. 6.34.

Puc. 6.34 A®X pa3oMKHYTOH cucTeMBbI K mpuMepy 6.4
Tak xak aMIIMTyHO-(a30Basi XapaKTEPUCTUKA PA30MKHYTON CHCTEMBbl HE OXBAThIBAET TOUKY
¢ koopauHaramu (-1, i0), To 3aMKHyTas CUCTEMa yCTOMYNBA.

6.8.4 IlpuMeHeHMe KpUTEpPHEB AJIsl HCCIEIOBAHNUS
YCTOMYUBOCTH CHCTEM

CpaBHeHHE PACCMOTPEHHBIX KPUTEPUEB YCTOMUMBOCTH MO3BOJISET CAENATh CIEIYIOMUN BHIBOJ
OTHOCHUTENIBHO UX IPUMEHUMOCTH.

Kpurepuii ycroitunBoctu ['ypBuIla 11€71€C000pa3HO MPUMEHSTh, KOTJa XapaKTEPUCTHIECKOE
YpaBHEHHE UMEET CTETEHb HE BhIIIE YeThIpeX (1 < 4).

Kpurepuii ycroitunBoctu Payca gaetr OBICTpBIi OTBET TNPH YHUCIEHHO 3aJIaHHBIX
KO3 pHUIMEHTaX, UM LIeIeco00pa3Ho MOIb30BaThCs, Koraa n > 4.

Kpurepuii ycroitumBocTH MuxaiiioBa  1enecoo0pa3HO NPUMEHSATh TPHU HCCICIOBAHUH
CIIO)KHBIX MHOTOKOHTYPHBIX CHCTEM, KOI/Ia HEOOXOIMMO BBIACHUTH  BIHMSHHUE HM3MEHEHUS
CTPYKTYpPBbI CUCTEMBI M CPE/ICTB CTAOMIN3ALINY HA €€ YCTONYHBOCTb.

Kputepuii ycroitumBoctu HailikBucra 1menecoo0pa3HO NPUMEHATh NpPU  HUCCIEJOBAHUU
CIIO)KHBIX CUCTEM. DTOT KPUTEPUN OKa3bIBaeTCS €IMHCTBEHHO MPUMEHHMBIM, KOT/Ia YacTh WUJIH BCE
XapaKTEPUCTUKU OTIEIbHBIX 3JIEMEHTOB CHCTEMbl 33/JlaHbl SKCHEPUMEHTAIbHO, MPUMEHHUM MPHU
aHaJIM3€ CUCTEM, OMUCHIBAEMbIX aHATUTHUYECKUMHU QYHKIIUSMHU.

[ToMrMO cBOEro MpsIMOrO HAa3HAYEHHS YACTOTHBIE KPUTEPHUH YCTOMYMBOCTH MOTYT OBITH
MCIOJIb30BAHBI 17151 OLIEHKH BIMSHUN TapaMeTPOB CUCTEMBI HA €€ YCTONYUBOCTb.

Ha puc. 6.35 uzobpaxen ronorpad MuxaiinoBa ans ycroiuuBoil cucremsl. Otpe3ok OM)
paBeH 3HaueHHio Bektopa D(i ®) (6.35) mpu ® = 0 u paBeH 3Ha4YeHHIO KodddwuimeHTta a,
XapaKTepUCTUUECKOIO ypaBHEHMUSI.

Mo>HO moka3aTb, 4YT0 K03((OUIIUEHT YCUIIEHUS CUCTEMBI BIMSAET TOJIBKO Ha CBOOOIHBIN WiIEH ay,
XapaKTEPUCTUYECKOro ypaBHeHHs. [1o3ToMy mpu ero yBenuyeHUM OyJeT YBEIWYMBATBHCA TOJBKO
K03 (PUIMEHT @, ¥ B 3TOM ClTydae

[x]

Puc. 6.35 Tomorpad MuxaiijioBa 11 yCTOHYMBBIX CHCTEM
3-ro nopsiika

]

Puc. 6.36 CrpykTypHasi cxeMa cMCTeMbI ¢ TPeM$sl 3BEHbSIMHU
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Bce BeKTOpbl D(i ®) MOy4aroT OAMHAKOBOE IOJIOKUTEIbHOE ACHCTBUTEIBHOE IPUPALICHUE, U BCS
KpuBasgs MuxaiioBa 6e3 nmedopmanmu TepeaBUTACTCsS HApaBo, HAIpUMEp, W3 TOJOXKeHus [ B
nonoxenue 2 (puc. 6.35). Eciu yBenuunBath KO3QPUIUEHT YCHICHUS U AalblIe, TO IPH HEKOTOPOM
€ro TpenenbHOM 3HaueHuW rojorpad MmuxaiiaoBa mpoiner depe3 Hadalo KOOpAWHAT, U CHCTEMaA
BBIAJIET HA TpaHHUIly ycToHumBOCTH. [lanmbHeliiee yBenmuueHHe Kod(duIMeHTa yCHJICHUS ClenaeT
CHUCTEMY HEYCTOMYUBOM.

31ech BO3MOXKHO W OOpaTHOE pelleHHe 3aJaud, a HMEHHO, HaXOXXICHUE IPEeIbHOTO
koddunmenta ycunenus. Otpesok OM"y (puc. 6.35) COOTBETCTBYET NPEAEIbHOMY 3HAYEHUIO
K0dbpuLueHTa (a,)np, 3HaU€HHE KOTOPOrO MOKHO OTCYUTATh U IO HNEPBOHAYATLHOMY HOJIOKEHHIO
KprBOM MuxaiinoBa — otpe3ok MrM,.

OneHuTh BIMSHUE  IAPAMETPOB CHUCTEMBl Ha €€ YCTOMYMBOCTb, MOXHO H IOJIB3YACH
kputepueM HalikBucrta. B kadectBe mpumepa HHXKE PacCMOTpPEHA CHCTEMa TPETHEro MOpsAKa C
TpeMsI HHEPLIMOHHBIMU 3BEHbAMH (puc. 6.36), B KOTOpOH

] ] ]

AMIUIUTYAHO-(Pa30Bble  XapaKTEPUCTUKUA PA30MKHYTOH CHUCTEMBI JJIS pa3IMYHBIX 3HAUEHUH
kod(dunmenta yeunenus k = K; K, K3 n3obpaxkena Ha puc. 6.37, a.

]

Puc. 6.37 A®X craTHYeCKOi cHCTeMbl TPEeThero MoPsiaKa:
a — JUI Pa3InYHbIX KO3 PHUIIMEHTOB YCUIICHUS;
6 — BEIYEpUYMBAHUE OOPATHBIX M3MEHEHUH ¢IMHUITBI MacIITada

Bce 3T XapakTepHCTHUKH MOTYT OBITh INOJY4€HBl U3 "MEpBOHAYAIBHOWH" MyTeM HM3MEHEHUS
MaciuTaba, nmpuueM ynoOHee He BhIYEpUYMBATH XapaKTEPUCTUKY C HOBBIM MAaclITabOM, a U3MEHSTh
MaciTad oOpaTHBIM M3MEHEHHEM €IMHUIbI MaciiTaba. B 3ToM ciaydae JOCTaTOUYHO BBIYEPUUBATDH
onqHy A®X pa3 u HaBcerja M yMeHbLIaTh pazmep orpe3ka OA, paBHOIO €QMHULE, BO CTOJBKO )K€
pa3, BO CKOJIbKO yBenuuuBaercs kodpdunuent ycunenus. [lpu stom Touka 4 OyneT nepemMemaThest
Bipaso (puc. 6.37, 6). Ilpu manom 3HaueHMH KoOd(pHUUMEHTAa YCWIEHHsS Kk CHCTeMbl MacITad
equHullbl OA BeNWK, U ToYKa A HaXOOUTCA B MOJIOkKEHUU A;. B 3ToM cimyqae ADX pazoMKHYTOM
CHUCTEMBl HE OXBaTbIBa€T TOYKY A, W, CIEJOBATENIbHO, 3aMKHyTas cucrema ycroiiumsa. Ilpu
yBeNMYeHUH Kod(p(UIIMEeHTa YCUJICHHS k MacmTad €IUHUIBI YMEHBIIAETCs, KPUTHUYECKas TOYKa
JABWKETCS HANpaBoO WU NIpHU k = ky, 3aHUMaeT IoOJOXKEeHHE A), CHCTeMa HAXOJMUTCA Ha TPaHUIE
YCTOMYMBOCTH.

Ilpu k > kyp KpUTHUECKAs TOYKA NPOJOIDKAET IEPEMENIATHCA HAPABO, 3aHUMAET I0JIOKEHHE
A3, ¥ cCTEMa CTAaHOBUTCSA HEYCTOMYMBOM.

Bnusaue kosd¢uipenta ycuieHus Ha YCTOHYMBOCTb, WCHOJB3ys KpuTepuil HailikBucra,
MOXXHO TPOCIEIUTh M JUIsi CHCTEM BBICOKOTO TMOPSIIKA, B YaCTHOCTH, ¢ "KIIFOBOOOpa3HBIMU"
xapakrepuctukamu (puc. 6.38, a). B aTom ciyuae npu mManoM 3Ha4€HUH KOA(PPHUIMEHTA YCUICHUS
KpUTHYECKasi TOUYKa HaXOAUTCA B MOJIOKEHUU A;, M 3aMKHYTasl CUCTeMa yCTONYMBa. Y BEJIMYCHHE
K03 QHIUEHTa YCUIEHHs NEPEIBUTaeT TOUKY B IOJOXKEHHE As, k = kypi, 1 cHCTEMa BBIXOAUT Ha
rpaHully ycroiuuBoctu. JlanpHeliee yBenuueHne KodQpuiueHTa yCUIeHNs NPUBOAUT CUCTEMY K

HEYCTOMYMBOCTH, TaK KaK KPUTUYECKas TOYKA 3aHUMAaET MoJokeHue As u oxmaThiBaeTcsi ADX.
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[Tonoxenue A4, B KOTOpOoM k = kyp, sBISETCA TpaHHLEH YCTOWYMBOCTH, a IOJIOKEHHE As
KPUTHYECKOW TOYKH YCTOWYMBO, TaKk Kak He oxBaThiBaeTcss ADX. Takum 00pa3oM, MOKHO CIENaTh
CHEAYIOIIUN BBIBOI.

Cucrema ycroiumBa IpH MalbIX 3HAYEHMAX KodpduuueHta ycuneHus k < kyp U 1pu
J0CTaTOYHO OONBMMX Kk > kypy, UMEET JABE TPAaHMIBl YCTOMYMBOCTH NPU k = kypt U k = kypo,
HEYCTOWYMBA IPH Kp1 < k < kypo.

[x]

Puc. 6.38 A®X cucrembl BLICOKOT0 MOPSIIKA:
a — "xmoBoobpazHas" ADX nepBoro nopsaka; 6 — "kiooodpazHan” ADX
BTOPOTO MOPSI/IKA

B

Puc. 6.39 A®X npocTbIX cUCTEM:
a — A®X cuctem nepBoro nopsaka; 6 — AO@X cucreM BTOPOro MOpsiIKa

AHanu3 aMIMTyJHO-(ha30BOM XapaKTEPUCTUKHA PA30MKHYTON CHCTEMBI, H300pakeHHOM Ha pHC.
6.38, 0, MOKA3bIBAET, YTO CUCTEMA MUMEET TPH IPEICIbHBIX 3HAYEHUS KOIPPUIUECHTA YCUIICHUS kpp,
konp , kinp, COOTBETCTBYIOIIME TOYKaM As, A4, A¢ W TpaHune ycToiumBocTH. IIpum 3HaueHMAX
kodhuuuenTa ycuneHus k < kppi, kupp < k < kyp3 cucrema ycroitumBa (Touku A, As), a 1pH
3HAYEHMAX kip1 < k < kup2, k> kup3 cicTeMa HeycTOMYMBa (TOUKA A3, A7).

[Ipumenenne kputepusi HaiikBucTta K HCClIeOBAaHWIO 0OJiee TMPOCTBIX CHCTEM — CHUCTEM
MEPBOTO M BTOPOTO MOPsiIKa MOKA3bIBAET, UYTO €CIIM PA30MKHYTas CHCTEMa SBIIETCS CHCTEMOM
MepBOro Mmopsaka 0e3 3ama3ibIBaHUs, TO Kak Obl HU HM3MEHSUINCH Mapamerpel cuctembl, ADX
Pa30MKHYTOM CHCTEMBI Bcerja OyneT pacrmoJiaraThCs B YETBEpPTOM KBaapaHte (puc. 6.39, a) u,
ClIeZIOBAaTENbHO, 3AMKHYTas CUCTeMa Bceraa OyeT yCTOHYNBOA.

JInst pa3OMKHYTBHIX cucTeM BToporo nopsaka ADX pacronaraeTcsi B HUKHEH MOTYIIOCKOCTH
U, CJIeIOBATENIbHO, KaK Obl HM U3MEHSIUCH ee mapameTpbl, ADX HUKOTJa HE OXBATHIBAET TOUKY (—
1, i0), u uccnemyemas 3aMKHYTasi CHCTeMa Beera OyIeT yCTOWYHBOM.

Taxoke ¢ momonIbio KpuTepreB ycTounBocT Muxaiiinosa n HaiikBucra MOTyT OBIThH peIieHbI
BONPOCHl CTAaOMIIM3AIMM CUCTEMBbl. B 4YacTHOCTH, OJHUM U3 CIOCOOOB  CTAOMIM3ALUM SBIISIETCS
BBEJICHHE THOKOW OTPHIIATEILHOM CBSI3H.

6.8.5 AnHaau3 ycToi4MBOCTH 110 JIOTapu(pMHIeCKUM
YaCTOTHBIM XapaKTepHCTHKAM

B umXeHepHON NpaKTHKE MHOTAA aHalIW3 YCTOMYMBOCTH IMPOBOIAT MO JIOTapUPMHUUECKUM
YaCTOTHBIM XapaKTEPUCTHKAM, TIIOCTPOCHHE KOTOPBIX MPOINE, YEeM aMIUTUTYIHO-(ha30BOH
XapakTepuUCTUKU. Eciaum mpocieauTs 3aBUCUMOCTh Mexay TmoBeneHrneM AdDX pa3oMKHYTOU
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CHCTEMBl M JOTapU(PMHUECKONW AaMIUTUTYIHO-4YaCTOTHOM U JorapupMuueckoil (azo4acToTHON
XapaKTePUCTHKAMH, TO MOXHO c(HOpPMYIHpOBaTh KpuTepuid HalkBHCTa NPUMEHHUTEIBHO K
Jorapu(pMHUUECKUM YAaCTOTHBIM XapaKTePUCTUKAM.

Jlnst Toro, 9TOOBI CHCTEMa aBTOMATHYECKOTO YIpaBieHUs ObLIa yCTOHYMBOW, HEOOXOAMMO H
JOCTaTOYHO, YTOOBI PA3HOCTh MEXAY YUCIOM MOJOXHUTEIbHBIX M OTPHUILATEIBHBIX IEPEX0J0B
nmorapudMudeckon GpazoqacTor

xl

Puc. 6.40 YacroTHble XapaKTePUCTHKMU
a — ADX; 6 — norapupMHIECKUE YaCTOTHBIC XapaKTEPUCTUKHU

HOM XapakTepucTHKON mpsmeix [ |(2j + 1), tme j = 0, 1, 2, ... Bo Bcex obmactsx, e
sorapuMuUecKas aMIUIUTYJIHO-YACTOTHAS XapaKTepPUCTHKA MOJIOKHUTEIbHA, Oblla paBHa | |, e

M — YUCJIO MPABbIX KOPHEW XapaKTEPUCTUUCKOTO YPaBHEHUS Pa30OMKHYTONW CUCTEMBI.

Ha puc. 6.40 npuBeaensl AD®X pa3oMKHYTOM CHCTEMBI M CcOOTBeTCTBytomue el JIAUX u
JIPUX.

AHanmu3 YacTOTHBIX  XAPAaKTEPUCTHK IOKa3blBA€T, YTO PA3HOCTh MEXAY YHUCIOM
MOJIOKUTEIBHBIX M OTPHUILATENLHBIX MEPEX0J0B paBHa HYIIO, TO €CTh 3aMKHYyTasi CUCTeMa Oyaer
yCcTOMYMBa TOJBKO B TOM Cllydae, €clid IMpaBble KOPHH OyIyT OTCYTCTBOBATb, T.€. PA3OMKHYTas
crcTeMa JJOJDKHA ObITh yCTOWYHBOM.

6.9 A-PASBBUEHHE

B m. 6.7 6bI0O paccMOTpEHO MOCTPOCHHE O0JIACTEH YCTOWMYMBOCTH C HCIOJIB30BaHHUEM
Kkputepus ['ypBuIla u B KauecTBe MpuMepa mocTpoeHa runepbona Beimuerpaackoro. Ha mpaktrke
UCIIONIBL3YIOTCSL pyrue Ooyiee 0oOIMe METONbI HCCIEAOBAHUS BIHUSHUS Pa3IUYHBIX MapaMeTPOB
CUCTEMBI — Ha €€ YCTOHYHMBOCTbD, T.€. Pa3pabOTaHbl CIEAYIONIUE CIIEIHAIbHBIE METOIbI TTOCTPOCHUS
obiactel yCTOMYHNBOCTH:

1) myrem aHanu3a mepeMelieHHs KOpPHEH XapaKTepUCTUYECKOTO YpaBHEHHUS B IIOCKOCTH
KOpHEH — MeTOJ] KOpHEBOTO rojgorpada;

2) TyTeM aHajiu3a Yucila KOPHEW XapaKTEPUCTHYECKOTO YPaBHEHUS, JIGKAIIUX B IMPaBOH
MOJIYTTIOCKOCTH, B TMPOCTPAHCTBE IMMapaMEeTPOB CHUCTEMBI — MeTona Jl-pa3OuBaHus MPOCTPAHCTBA
rapamMeTpoOB, KOTOPBINA ObUI IPeAIOKEH U pa3padoTtan B 1948 r. Heitmapkom.

6.9.1 Ilonsitme /I-pazouenust

PaccMoTpuM  XapaKTepUCTUUYECKOE YpaBHEHUE 3aMKHYTOW CHUCTEMBI n-ro TMopsaKa,
KOTOPOE BCEI/1a MOXKET ObITh IPUBEIEHO K BUY:

D(s)=s"+as"" +..+a,=0(a=1). (6.57)
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[IpenacraBuM cebe KOOpAMHATHOE MPOCTPAHCTBO, OCSIMH KOTOPOTO SIBISIOTCS KOA(DPHUITUESHTHI
YpaBHEHHUsS, OHO TMOJIyYWJIO Ha3BaHUE NPOCTpaHCcTBO KoddduuuentoB. Kaxmoit Touke 3TOrO
MIPOCTPAHCTBA COOTBETCTBYIOT KOHKPETHBIC UMCIIEHHBIC 3HAUEHUS KOI((UIIMEHTOB YpaBHEHHS U
COOTBETCTBYIOIIMA MM IIOJIMHOM A-H CTENEHH, KOTOPBIM HMEET 7 KOpPHEH, 3aBUCALIUX OT
YHUCIICHHBIX 3HauYeHUH K0d(duimeHToB a;. Ecau m3MeHsTh 3TH KO3 UIIHMEHTHI, TO KOPHU OyIyT
IEpEMEIAThCS B KOMIUIEKCHOM JIOCKOCTH KOPHEH 3TOTr0 YpaBHEHHUS

PaccMoTpuM ypaBHEHHE TPETHETO MOpsAIKa

Dis)=s+a1 " +ars+az=0 (6.58)

Y COOTBETCTBYIOIIIEE €My IMPOCTPAHCTBO K03 PHIMeHTOB aj, as, as (puc. 6.41).

Kaxxoil To4yke NMpOCTpPAHCTBA COOTBETCTBYET BIIOJIHE OIPEIACICHHBIM IIOJIMHOM W BIIOJHE
OIIpesieNIEHHbIE TPU KOPHSL.

Hanpumep, Touka M wuMeeT KOOpAMHATHI {div, dam, a3y}, W CIENOBATEIbHO,
XapaKTepUCTUUECKUM ITOJIMHOM 3aIIUChIBAETCS B BUJIE

2 2
D(s) =5+ as” + aw s* + azy
1 UMEET KOPHU S1p1, Soar, S3r-
Korga onun u3 xopHe#t paBeH 0 wim +i o, TOra TOYKA MPOCTPAHCTBA OYIET yIOBICTBOPATH
YpaBHEHHUIO

D ©)=(i ®) + ai1(i ®) + ax(i ®)+ a3 =0.

[Ipu —o0 < ® < 00 3TOMY YpaBHEHHIO COOTBETCTBYET HEKOTOpasi HOBEPXHOCTH Q.

]

Puc. 6.41 CaBs3b KOpHell XapaKTePUCTHYECKOT0 YPABHEHHUS H
NMPOCTPAHCTBA KOI(PPUIIUEHTOB:
@ — TUIOCKOCTb KOPHEHN XapaKTEpUCTUYECKOTO YPAaBHEHUS;
6 — IPOCTPAHCTBO MapaMeTPOB

Ecnmu xopHM MHHUMBIE, TO TOYKa B HPOCTpaHCTBE KO3()(PUIMEHTOB TNOMajaeT Ha 3Ty
noBepxHocTh Q. [Ipu nepeceueHnn ee KOpHU NMEPEXOIAT U3 OJHOM MOJIYIIOCKOCTH B IPYTYIO.
Takum o00pa3oM, MOBEepXHOCTh () pas3fenseT BCe MIPOCTPAHCTBO Ha OOJACTH C PaBHBIM
KOJMYECTBOM IPAaBbIX U JIEBBIX KOpHEH, ux o0o3HauaioT D(m), rAe m — YUCIO MPaBbIX KOpHEH
XapaKTEPUCTUUECKOTO yPaBHEHHUSI.

Pa3zbuenne mpocTpaHcTBa MapaMeTpoB Ha O0JACTH C OJMHAKOBBIM YHCIIOM TPaBbIX KOpPHEH
BHYTPU KaKIOW 00NacTM M BbIIETICHHE Cpe MONydeHHbIX oOnacteid 00JacTH  YCTOHYMBOCTH
Ha3bIBaeTcsi MeToZioM Jl-pazOueHust.

Jlis ypaBHEHHS TpEThero Mopsiaka MOXHO BbienuTh 4 obmactu D(3), D(2), D(1), D(0),
nocyenHsist OyeT 00J1acThi0 YCTOMYHMBOCTH.

Ecnu u3menstorcst He Bce K03 (DULIMEHTHI, a YacTh U3 HUX, HAIPUMED, @) U dz, TIPU a3 = const,
TO BMECTO IOBEPXHOCTH IMOJYYUM JIMHUIO, KOTOpas SIBJISIETCS CEUYEHHUEM IOBEpXHOCTH O U
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pasaenser TIOCKOCTh KOA((UIIUEHTOB d;, @; Ha 00JIACTH C OJJUHAKOBBIM YHCIIOM IPABBIX KOPHEH
(puc. 6.42).

xl

Puc. 6.42 TI'panuna /[-pa3ouenusi B IJIOCKOCTH KOIPPUIUEHTOB

VYpaBHeHue rpaHuiibl J[-pazOueHns MOMyJaroT U3 XapaKTePUCTUUECKOTO YPaBHEHHS CHCTEMBI
3aMEHOU S = I .

Dio)=>(o)+a (o) +.. +a,=0. (6.59)

I'pannny JI-pa3OwieHUsT MOXHO CTPOUTH HE TOJBKO B TPOCTPAHCTBE KOIPHUIIMCHTOB
Qg QepeHInaIbLHOr0 YpaBHEHHs, HO U B IPOCTPAHCTBE MMAPaMETPOB CUCTEMBI.

6.9.2 JI-pa3Omenue mo oTHOMY apaMeTpy

[Tycth TpeOyeTcs BBIICHUTH BIMSHHE HAa YCTOMYMBOCTH KaKOTO-JIMOO MapaMmeTrpa v, JTUHEHHO
BXOJAIIETO B XapaKTEPUCTUYECKOE YpPaBHEHUE. DTO ypaBHEHUE MOXKHO IIPUBECTH K BUAY

D(s) = M(s) +v N(s) = 0. (6.60)
['panuma J[-pazbuenus onpenenuTcs Kak

D(i ®) = M(i ®) +v N(i ®) =0, (6.61)
OTKyzAa

v=|E = X)+i V(o). (6.62)

JlaBasi 3HaUY€HUSI ® OT —0O JO 0, MOKHO BBIUMCIUTH X(®) U Y(®w) u nmoctpouts rpanuny /-
pa30bueHus, TpaHHIy CTPOST Toibko it @ > 0, a ama < 0 momydaoT 3epKaJbHBIM
otoOpakeHueM (puc. 6.43).

Ecnu B I1ocKOCTH KOMIUIEKCHBIX KOPHEW JBUTATHCS 110 MHUMOM OCH IIPU U3MEHEHUHU (® OT —00
IO o0 M IITPUXOBaTh €€ CJIeBa, TO B IUIOCKOCTH MapaMerpa Vv 3TOMY JIBHXKEHHIO Oyaer
COOTBETCTBOBAThH JBI)KEHHUE IO rpaHule [[-pazOueHus, KOTOpyI0 Takke MTPUXYIOT cieBa. Eciu
’Ke B IUIOCKOCTH V TMepecekaTh rpaHuly Jl-pa3OuWeHus MO HampaBiEHUIO IITPUXOBKHU (/)
(puc 6.43), TO 3TOMYy COOTBETCTBYET NEPEXO0 KOPHS W3 MPABOH MOJYIJIOCKOCTH B JIEBYIO, €CITH JKE
MPOTHUB MITPUXOBKHU — TO KOPEHb MEPEXOAUT U3 JIEBOU MOITYIIIOCKOCTH B IIpaByro. Ecnu mTpuxoBka
JIBOMHAs, TO MHUMYIO OCb IIEPECEKAIOT JBa KOPHS.

st ompeneneHuss 00JaCTH yCTOWYMBOCTH JOCTAaTOYHO 3HATh pacHpesesieHHe KOpHEH Npu
KakoM-J1100 OJHOM 3HadeHHH mapameTpa v. Ilepexons B MIOCKOCTH Vv OT OJHOTO MapameTpa K
JIpyromy, Mo 4YUCIy MepecedeHuil TpaHuIbl [[-pa3OueHus, HAPaBICHUIO U YUCTY IITPUXOBOK
MOXHO OTIPEACIUTh 3HaUeHue D(m).

[IperenneHTOM Ha 00JACTh YCTOHYMBOCTHU SIBIISETCS 00JaCTh, BHYTPb KOTOPOW HarpaBlieHa
LITPUXOBKA M KOTOpas COOTBETCTBYET OOJACTH € HaumOONBIIUM 4YHCIOM JIEBBIX KOpHeH. B
BbIOpaHHOM obOnacTu OepeTcst 3HAueHHE MapaMeTpa v M 1O JI00My M3 KPUTEPHEB CHUCTEMa
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IIPOBEPSIETCS HA YCTOMYUBOCTb.

Puc. 6.43 [I-pa30ueHue no

OJIHOMY MapamMeTpy
Tak kak v — BEIIECTBEHHOE YHUCIIO, TO U3 TOJXYYEHHON OOJIACTH BBIJICNSAIOT TOJIBKO OTPE30K
BEIIIECTBEHHOM OCH, JIe)KaIei B 00J1aCTH yCTOMYMBOCTH, HAIIPUMED, OTPE30K AB.
6.9.3 /I-pa3OmeHue mo AByM napameTrpam
Ha mpaktuke uyacto TpeOyercs BBIACHUTH BIUSHHE Ha YCTOMYMBOCTH IBYX, @ HE OJHOTO
napamerpa.
XapaKkTeprucTUYECKOe ypaBHEHHUE B 3TOM Cydae MPUBOJIUTCS K BULY:
D(s) = vN(s) + tM(s) + L(s) =0, (6.63)
MOJICTaBJISAS § = i, OJY4YaroT YpaBHEHUE i IpaHullbl [{-pazOuenus

D(i®) = vN(iw) + tM(iw) + L(iw) = 0. (6.64)

Ecan 0603Ha4nTH

(6.65)

TO YPaBHCHUC IJId I'PAaHUIIBI MOXKHO paSGI/ITB Ha aBa.
VN; (@) + ™M, () + L) () =0; (6.66)
VN, (®) + ™M, (o) + Ly (0) = 0.

[Mocnemusist cucTemMa pemaercsi OTHOCUTENILHO MTapaMeTPOB T U V:

v=|:|; = | (6.67)

145




rIe =

3amaBas pa3jMYHbIC 3HAYCHUS YaCTOTHI (® OT -00 JIO 00, JUIS KaXJOTO M3 €€ 3HAYCHHU I10
MapamMeTpUUeCKUM YPaBHEHUSM ONPEEISIIOTCS BEJIMYUHBI V U T U CTPOUTCS rpaHuna J[-pa3ouenus.
[Ipu 5TOM BO3MOXKHBI CIIEIYIOLIUE TPHU CIIydas.

1 Ilpu 3aganHoOi yactote , onpenenutenu A # 0; A;# 0; Ay # 0 oTauyHsl oT HyIsA. B 3TOM
cllydae CUCTeMa COBMECTHA, U ypaBHEHUSs (6.60) mpeAcTaBistoT cOO0H MpsIMbIE JIMHUU B IJIOCKOCTH
v — 1 (puc. 6.44, a).

xl

Puc. 6.44 WinrocTpanus CyliecTBOBaHMS pPellIeHUsl
cucTeMbl ypaBpHeHui (6.66):

@ — PelICHNE CYIIECTBYET; 6 — KOHEUHBIX PEIICHU HET;
6 — pellleHre HEeOolpeIeTICHHO

2 Ilpu nexoropom 3HaueHuu wx A =0,a A;# 0; Ay # 0. Torna cucrema (6.66) HeCOBMECTHa,
KOHEeuHbIX pemeHuii HeT. [Ipsambie / u 2 napamnenshsl (puc. 6.44, 0).

3 Tlpu HEKOTOPOM 3HAYEHUH (M BCE OMPEICIUTENH PaBHBI HYIIO, TOTJAA V U T CTAHOBSTCA
HeomnpeaeneHHbIMA. [IpsiMble [ U 2 cTUBalOTCS IPYT C APYrOM, B 3TOM CIydae MOJIy4aroT HE TOUKY,
a, TaK Ha3bIBaEMYI0, 0COOYI0 TIpsiMyto (puc. 6.44, 6), ypaBHEHUE KOTOPOH:

VN(og) + t™ (k) + Li(wg) = 0. (6.68)

Oco0as mpsiMast He OTHOCHUTCSI K KpuBO# J[-pa30ueHusi, Tak Kak BCEM €€ TOYKaM COOTBETCTBYET
OJIHO M TO K€ 3HAYCHHE YaCTOTHI, U HAIPABJICHUE JIBHYKCHUS 110 HEH YCTAHOBUTH HEBO3MOXKHO.

B ocHOBHOM 0c00BIE MTPsSIMBIE BO3HUKAIOT MPU ® = 0 UK = 00, 3TO B TOM CJIy4ae, Korja a, =
0 mu6o ayp = 0, coorBercTBeHHO. Eciim ay ¥ a, HE 3aBHCAT OT V M T, TO OCOOBIC MpsIMbIC

OTCYTCTBYIOT.

Ilocne moctpoenust rpaHuubl J[-pa3OuMeHHs U OCOOBIX MPAMBIX HEOOXOOUMO UX
3alITPUXOBATh, MOJB3YACH CICAYIOIIMM IPABWIOM: IIPU BO3PACTaHMM ® OT -0 10 oo rpaHuna Jl-
pazOueHus mTpuxyercs ciesa, eciu A > 0, u cipaa, ecinu A < 0.

Tak KaKk v ¥ T ABISAIOTCS YETHBIMUA (PYHKIUSMH ®, TO TPAHHUIIBI J-pa3buenus mis
MOJIOKUTEIBHBIX M OTPUIATEIBHBIX YacTOT COBMAJAIOT, MO3TOMY KpUBYIO [I-pazOuenuss o0xoasr
JIBOK]IbI, U OHA BCETJa ITPUXYETCS ABOMHON MITPUXOBKOM.

HITpuxoBka 0COOBIX JMHMH, KaK IPaBUJIO, OJUHApHAs U LITPUXYETCS Tak, 4TOObl B MecTax
CONpsKEeHUs ¢ [[-rpaHuiiel 3aliTPUXOBAHHBIE U HE3AIITPUXOBAHHBIE CTOPOHBI IPSIMOU M KPUBOU
OBLITM HaIpaBJICHBI IPYT K Apyry (puc. 6.45 a, 6).

B Tex ciydasx, xorma ocoOas mpsiMas MMEET MECTO MPHU HEKOTOPOM KOHEYHOM 3HAYCHUU
4acTOThl ® = ¢ # 0 U Ipu 3TOM A IPOXOAUT 4Yepe3 HyJdb M MEHSET 3HaK, 0cobas mpsmas
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LITPUXYETCSl COIVIACHO IpaBUIly, HO IBOMHOW IITpUXOBKOH (puc. 6.45, ¢). Ecnu ke A He MeHseT
3HaK, TO 0co0as mpsiMasi He MITPUXYETCS] U U3 PACCMOTPEHUs BeIOpacsiBaeTcst (puc. 6.45, 2).

[locne HaHeceHHMs IUTPUXOBKHM ONPEAEHAOT 00NacTh, MNPETEHIYIOUIYI0 Ha 00JIacTb
YCTOMUYMBOCTH, T.€. 00/1aCTh, BHYTPh KOTOPOW HalpaBiIeHa IITPUXOBKA.

[Tepecevenue rpanuiibl J[-pa3OrueHus u3 3aITPUXOBAHHOW 30HBI B HE3AIITPUXOBAHHYIO
COOTBETCTBYET NEPEXOY ABYX KOMIUIEKCHO-CONPSKEH-HBIX KOPHEN U3 JIEBOM MOJYILIOCKOCTH
KOpHE# B mpaByro, 1 Hao0opoT. [lepeceuerre oco0oii MpsSMOiA ¢ OJTHOM MITPUXOBKOM
COOTBETCTBYET IIEPEXOLY OJHOIO KOPHS.

B

Puc. 6.45 IlpaBuio wurpuxoBKku 0co00i npsiMoi npu {-pazonenun

1o IBYM MapaMeTpam:
a, 6 — ogHapHas MITPUXOBKA; 8 — ABOWHAS MITPUXOBKA; 2 — HE IITPUXYETCS

6.10 YCTOHUYABOCTH CUCTEM C 3AMA3IBIBAHUEM U
CUCTEM C UPPAIIMOHAJIbHBIMMU 3BEHbAMMU

Bce peanpHble cHCTEMBI aBTOMAaTHYECKOTO PETYJIHMPOBAHMS  SABIAIOTCS CHCTEMaMH  C
3anasapiBaHueM. HeoOX0oIMMBIM M JIOCTaTOYHBIM YCIOBHEM YCTOMUMBOCTU JIMHEHHBIX CHUCTEM C
IIOCTOSIHHBIM ~ 3aIIa3[bIBAHMEM SBJIACTCSA PACIIONOKEHHE BCEX KOPHEM XapaKTEpUCTHYECKOIO
YPaBHEHHUS B JIEBOU MOJIYILIOCKOCTH.

HemnocpencrBeHHOE ~ HaxXOXACHUE  KOPHEM  XapaKTEPUCTUYECKOIO YpaBHEHUS
3aTPYAHUTCIIBHO, B CBA3UM C C€ro TPAHOCHACHTHOCTBIO, IIO3TOMY NIPHUMCHAKOT KPUTCPUHU
ycroiunBoctd. OpHako B OOBIYHOW (opMe TPUMEHUM TOJBKO KPHUTEPUHA YCTOWYHUBOCTH
HatikBucra.
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CUCTEMBI 0e€3

Ecmn  W,c(io) — amminTyaHo-(a3zoBas XapaKTEpPUCTHKA pPa3OMKHYTOH
c

3ana3abiBaHus, a Wy, (i®) — aMIIMTyaHO-(a30Bas XapaKTEPUCTUKA PA3OMKHYTOM CHCTEMBI

3arasablIBAHUEM T, TO MOXKHO 3aIlluCaTh:

Wy co(i®) = W, (i®)e™;
M(o) = M(w);

9(®) = () — OT.

I'paduxkun ADPX pa3oMKHYTHIX CHCTEM O€3 3ama3/IbIBaHMs U C 3ala3IbIBAaHUEM TPEICTABIICHbI
Ha puc. 6.46. Kak BumHo u3 rpadpuka, ADPX pa3soMKHYTOH CHCTEMBI C 3ama3ibIBaHHEM

3aKpy4MBaeTcs, Tak Kak (asza npu u3mMeHeHun 4acToThl OT 0 10 + oo u3Mensercs ot 0 70 - co.
Ecan u3MeHsTh Bpemsi 3ama3/iblBaHMs, TO MOKHO HAaWTH, TaKk Ha3bIBAEMOE, KPUTHUYECKOE

3HaYeHUE, MPU KOTOPOM CUCTeMa OyJeT HaXOIUThCS HA TPaHUIIE yYCTOMYHMBOCTH.

]

Puc. 6.46 A®X pa3oMKHYTOH CHCTEMBI € 3aN1a3bIBAHHEM

JIJ1 5TOTr0 KPUTHUYECKOTO CIydasl ClIpaBeAJInBa 3alKCh

= 1. (6.68)

Wp.c.r (ipr) =

N3 cootHomenus (6.68) MOXKHO 3amucaTh 3Ha4YeHHS (PA30YaCTOTHOM XapaKepUCTHKH, MPH

KOTOPBIX MEPECCKACTCA OTpULIATCIIbHAA HeﬁCTBHTeHLHaﬂ OChb, T.C.
Peli0p) = @ (Orp) — OugTip == (2 + 1), (6.69)

rnej=0,1,2, ..., oTkyna

] (6.70)

MuHUMaIbHOE KpUTHUYCCKOC BpEMs 3alla3JIbIBaHUs ABJIACTCA I'PaAaHUYHBIM U OIIPCACIIACTCS IMTPU

j=0:

] (6.71)

Ero moxHO ompenenuts W TpapUUECKUM CIIOCOOOM, IJIsi 3TOTO TMPOBOAUTCS OKPYNKHOCTH
eMHUYHOTO paguyca Ha TiockoctH ADX, ee mepeceduenne ¢ ADX pa3oMKHYTOM cHCTEMBI 0e3
3ala3AbIBaHuA OMPCACIIACT (P(O)Kp), a C 3ana3/IbIBAaHUCM IO3BOJIACT OIMMPCACIINTD OJKp U COOTBCTCTBCHHO

Tip -
148



6.11 TPEHUPOBOYHBDIE 3ATAHUSA

1 Bceskas cucreMa aBTOMAaTHYECKOTO VIPABICHHsI JOJDKHA padorarth yctoWunBo. I[lox
YCTOMYMBOCTBIO MMOHMUMAETCS CIIOCOOHOCTh CHCTEMBI BO3BpAIIATHCS B MEPBOHAYAIBHOE COCTOSIHHE
IIOCJIE CHATHS BO3MYILEHHS, T.€. Y(f) > 0 mpu t — . HeoOX0QuMBIM U JTOCTaTOUYHBIM
YCIIOBUEM YCTOMYMBOCTU SIBISIETCS OTPULATEIBHOCTH JICMCTBUTEIBHOM 4YacTU BCEX KOpHEU
XapaKTEPUCTUUECKOTO YPAaBHEHHUS.

A Kaxkas cucrema Ha3bIBaeTCsl HEUTPaAIbHOU?
B bygner JW CHUCTeMa AaBTOMAaTHYECKOIO VYIPaBJIEHUS YCTOWYMBOW, €CIM KOPHHU
XapaKTEPUCTUUECKOTO YPaBHEHHUS:
S1=-2; S3=-3+4in; S4=57?
C bymer nm cucremMa aBTOMATHMYECKOrO YIPABJICHUS YCTOMYMBOM, €CIM KOPHH
XapaKTEPUCTUUECKOTO YPAaBHEHHUSI PACIIONIOKEHBI ClIeBa OT MHUMOM ocH?

2 Jlna otBera Ha BONPOC 00 YCTOWYMBOCTH CHCTEM AaBTOMATHYECKOTO YIIPaBIICHUS
UCIOJb3YIOTCS KPUTEPUH YCTOMYMBOCTH, MO3BOJISIOIINE CYIUTh 00 YyCTOMYMBOCTH, HE HAXOIS €ro
KopHel. U mepBbIM sBISiETCS HEOOXOIMMOE YCIOBHE, COTJIACHO KOTOPOMY BcCe KOA(PPHUIIMEHTHI
XapaKTEepPUCTUUECKOTO ypaBHEHMs JIOJDKHBI OBbITh MONOXHUTENbHbL. Clemyromed rpynmnon
KPUTEPHUEB SBISIIOTCS alreOpandeckue KpUTEpUU YCTOMYMBOCTH, U MPEXKAE BCETO, 3TO KPUTEPUN
Payca u kputepuii ['ypBuiia.

A JIns KakuxX CHCTEM aBTOMAaTHYECKOTO YIpaBJIeHUs HEOOXOJUMOE yCIOBUE YCTOWYMBOCTH
ABJISIETCS M JOCTATOYHBIM?
B Ecnu XxapakTepucTU4YECKOE YPaBHEHUE CUCTEMBI

38° + 487 +25+1=0,

TO B COOTBETCTBHH C KpUTepueM [ ypBuila 3ta cucrema
a) YCTOWYMBA;
0) HeycToNYMBa,
B) HaxOJUTCS Ha IPaHUIIE YCTONUYHUBOCTH.
C Kakum# WCXOTHBIMH JaHHBIMH HEOOXOAMMO pacroliarath, 4TOOBI NJIS MCCIEIOBAHUS
YCTOMYHMBOCTH MOKHO OBLIO TPUMEHUTH Kputepuii Payca?

3 Jlna wWccienoBaHUS YCTOMYMBOCTH IIMPOKO TPUMEHSIOTCS YaCTOTHBIE KPUTEPUH
ycTodunBocTH. B cooTrBercTBUM C KputepueM MuxaitnoBa crtpoutcs roporpad Muxaitiosa,
KOTOpBIM JUIsl YCTOWYMBBIX CHCTEM JOJDKEH HAYMHATHCS HA JCHCTBUTEIBHOW IMOJOKUTEIBHOU
MOJIyOCH, OOXOJUTh TIOCITIEAOBATENBHO, YXOAs B OECKOHEYHOCTh, HUTJAE HE 0OpaIasch B HYNb, 1
KBaJIPAaHTOB KOOPJIMHATHOM IIJIOCKOCTH, TJI€ 7 — MOPAJOK XapaKTEPUCTUUECKOTO YpaBHEHUS.

BTopeiM yacTOTHBIM KpUTEpUEM SBISIETCS KpuTepuii HalikBucTa, mo3BOISIIONTUN CyIUTh 00
YCTOMYMBOCTH 3aMKHYTOM cucTeMbl 10 ADX pa3oMKHYTON CUCTEMBI, IPUYEM Pa30OMKHYTas
CHUCTEMa MOXKET OBITh YCTOMYMBOM, HEYCTOWYHNBON U HEHTPAIBHOM, HO 3aMKHYTasi CHCTEMa MPHU
BBITTOJIHEHUH ONPEACTICHHBIX YCIOBUI MOXKET OBITh BO BCEX CIydasX yCTOWYMBOU

A Cdhopmynupyiite kputepuit HaiikBucra ais ciydas, KOTJa pa3oMKHYyTas CHUCTeMa He
YCTOMYHBA.

B byner num ycroiluMBa cHUCTEMa aBTOMATHYECKOTO YIPABICHUS B COOTBETCTBUM C
KpuTepueM MuxaiinoBa, ecinu nedcTBuTenbHas QyHKIusS Muxaitnosa U(w) = 2 — 3%
MHnMas pyHKIHs Muxaitnosa V(o) = o + 30°?

C Ilyctb pazoMkHyTas cucteMa yctoilunBa u umeer ADX:
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Byner nu 3aMkHyTas cuCcTeEMa yCTONYNBOM?
6.12 TECT

1 Kaxkas u3 pusndeckux cuctem OyIeT yCTOWINBOMA?

2 Kakas cucrema Ha3bIBa€TCA YCTOMYMBOM, €CIIU TTOCTIE CHATHUS BOSMYILICHUS ...
A Cucrema He BO3BpAIIAETCs B UCXOIHOE COCTOSIHUE.
B TlpuHrMaeT HOBOE YCTaHOBUBILIEECS COCTOSIHUE, OTIIMYHOE OT IEPBOHAYAIILHOTO.
C Cucrema BO3BpalIacTCsl B UCXOIHOE COCTOSIHUE.

3 Kakas U3 cucteM, ONMCHIBaeMbIX YpaBHEHUEM, Oy/IET HEYCTOHIHUBOI?
A Y'(@)+2y'(t)+3 y(r)=0.
B y"(0) + y"(O) +4 y'(t) + 3 (1) = 0.
Cy'(® - ¥+ ¥ =0.

4 OOBEKT HMEET XapaKTePUCTUUYECKOE YpaBHEHHE ass’ + ars* + ars + ap=0. Kakoil u3
OIIpeleIUTENEH ABIIsieTCs onpenenureneM ['ypeuna:

[x]
A ;
B ;

[x]
C

5 CornacHo anredpanueckoMy KpuTepuro [ 'ypBuIla cucTemMa yCToM4nBa, €CIu. ..
A Bce nuaroHanbHble MUHOPBI IJIABHOTO ONpeAennTeNs [ ypBuIa MOI0KUTEIbHBIL.
B T'naBublii  omnpenenutens ['ypBunia TMOJOXKHUTENEH, a AUArOHaJIbHBIE MHUHOPBI
OTpULATCIILHBI.
C [JlunaroHanbHblE MHHOPBI TJIABHOTO omnpeaenuTens ['ypBuUlla 4YETHOro MOpsIKa
TMOJIOKUTCIIBHBI, HCUCTHOI'O OTPHULIATCIIbHEIL.
6 Kakas u3 cucrteM corjlacHO KpuTepuio MuxaiioBa OyneT ycTOWYMBOHM, eciu rogorpad
MuxaiinoBa UM€eeT BHJ
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7 Kakasg u3 cucTeM corjacHO Kpurepuio MuxaiiaoBa OyneT HaxXOAMTbCA Ha TpaHUIlE
YCTONYUBOCTH:

]

8 Kakumu [MOMKHBI OBITh KOPHU XapaKTEPUCTUYECKOTO YypaBHEHUS [UIS YCTONYMBOMN
CHCTEMBEI?
A C orpunarenbHO 1eMCTBUTEIBHOM YaCThIO.
B C nonoxxurenbHOol JeCTBUTENbHON YaCTRIO.
C KoMIUIeKCHO-CONPSIKEHHBIE C OTPULIATENIHBIMU U TIOJIOKUTEIbHBIMU JICUCTBUTEIHLHBIMHU
YacTIMH.

9 Kakas u3 cucrem OyaeT yCTOWYMBOW, €CIM JACHUCTBUTEIbHASS W MHHMas (QYHKIUH
MuxainoBa UMEIOT BUJ

xl

10 ITycth pa3oMKHyTass cHUCTEMa YCTOWYMBA, TO Kakas U3 3aMKHYTBIX CHCTeM Oyner
ycToitunBa, eciii ADX pa3oMKHYTOM CUCTEMBI UMEET BU/I:

11 IlycTe pa3oMKHyTas cucTeMa HEHTpalibHa, TO KaKas 3aMKHYTas cUcTeMa OyJeT yCTOWYNBa,
eciin AD@X pa3oMKHYTON CUCTEMBI UMEET BUL:
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12 Tlycte pa3oMKHyTasi CHCTeMa HE YCTOWYMBA, TO Kakas 3aMKHyTas CHCTeMa Oyaer
ycroitunBa, eciin ADPX pa3oMKHYTON CUCTEMBI UMEET BUI:

xl
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7 OBECHEYEHHME YCTOMUYHUBOCTH

71 YCTOHWYUBBIE U HEYCTONYUBBIE
3BEHbSI U COEJJUHEHUS

Bce 3BeHBS cuCTEM aBTOMATHYECKOTO PETYIUPOBAHMS MOJPA3ACISIOTCA HA YCTOHUYMBBIE U
HeycToWumBble. Tak, 3JeMEHTapHbIE 3BEHbS, KaK yXKE OTMEYaloCh, SIBISIOTCS yCTOHYMBBIMH,
UCKJIIOYEHUE COCTaBJIsIET MHTETPUPYIOIIEe 3BEHO, OTHOCAIIEECS K IPYIe HEUTPaIbHBIX 3BEHBEB.
HeycroiiunBbie 3BeHbsI HMEIOT MOJIIOCH B TPABOM MOJIYIJIOCKOCTH U HanOoJee pacrpoCTpaHEeHHBIM
MPUMEPOM TAKHUX 3BEHBEB SIBIISICTCS KBA3UMHEPIIHOHHOE 3BEHO.

Ha ycToH4nMBOCTH CHCTEM OKa3bIBaIOT BIMSHHE MapaMeTphl peryiupyeMoro oowekra. s
TOro, 4roObl cUCTeMa Obula CTa0MJIBHOW, HeoOxonumMo obecneuyuTh TpeOyeMmblii 3amac
YCTOWYMBOCTH, MPUYEM, €CIIH MapaMeTphl ONpEAeNeHbl MPUOIMKEHHO WM MOTYT M3MEHSTHCS B
mporecce 3KCIUTyaTallid CHUCTEMBbI, TO 3arac yCTOWYMBOCTH CIEAYeT 3aJaTh OOJBIINM, YeM IpU
TOYHO YCTaHOBJICHHBIX M HEHM3MEHHBIX NapaMmeTrpax. JloCTIKeHHne YCTOWYMBOCTH BO3MOXHO
OCYIIECTBUTh TaKXK€ BBIOOPOM COOTBETCTBYIOIIMX 3JEMEHTOB  CHCTEMBl peryaupoBaHus. B
YJaCTHOCTH, CIIEAYET BHIONPATh TaKWEe HACTPOHKH PETYIATOPOB, YTOOBI CHCTEMa OblIa YCTOWYHNBOM.

Yame  Bcero  OmpenensitoT — HACTPOWKH  PErylsaTopoB, MpPHU  KOTOPHIX  KOpPHHU
XapaKTEPUCTUIECKOTO ypPaBHEHMsSI 3aMKHYTOHW CHCTEMBbl HaxojsaTcs Ha MHuMoM ocu (ACP
HaXOJUTCS HA TPAHUIIC YCTOWYMBOCTHU) JUIsI TOTO, YTOOBI 3aT€M 110 U3BECTHBIM METOJUKAM CO3/1aTh
yctoitunByto ACP ¢ 3a1aHHBIMU CBOMCTBAMH.

7.2 CHHTE3 YCTOMYUBBIX CUCTEM

CuHTe3 YCTOWYMBBIX CHUCTEM aBTOMAaTHYECKOTO PEryJupOBaHHs CBOAMTCS, KaK YIMOMSHYTO
BBIIIIE, K BBIOOPY HACTPOCK pErylIsITOpPOB TakUM oOOpa3oM, dYTOOBI 3aMKHyTas  CHCTEMa
aBTOMATHYECKOT'O PEryIupOBaHUs ObLIa yCTOWYMBOM.

CornacHo kputepusi HaiikBucTa rpaHuiia yCTOMYMBOCTH ONPEIEISAETCS YpaBHEHUEM

WOG(iO‘)) Wper(SO; Sl; SZ, i(D) = ‘1, (71)

TE€OMETPHUECKU OTpaxaromuM (GakT npoxoxaeHus ADX pa3oMKHYTOH cucTeMBbl uepe3 Touky (-1,
i0). 3neck Wper(So, S1, $2, i) — ADX [MU/I-perynsaropa; So, S1, S» — HacTporiku [TU/]-
perynsaropa. Kak uzectno n3 [1M/[-3akoHa peryanpoBaHusi MOKHO MOJTYYUTh Pa3IMYHbIC 3aKOHBI
perynupoBaHus. PacCMOTpUM CHHTE3 yCTOMYMBOM OJHOKOHTYPHOM CHCTEMBI pETyJIUpPOBAHUS C
Pa3IMYHBIMU TUIIAMH PETYJIATOPOB.

7.2.1 IlocTpoeHue rpaHUIbI YCTOHYHUBOCTH J1JI

cucrembl ¢ [IU-peryasitropom

['pannma ycroitunBocTH, onpeaensemas o ypasaenuto (7.1), ais cucremsl ¢ [TU-perymsitopom
3aMUIIeTCs KaKk

WOG(im) Wper(SOa Sla 10)) =-1. (72)
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[locnegnee ypaBHEHHE MOXXHO 3alKMcaTh B BHUAE CHCTEMbl YPaBHEHMM, WCIONb3Ys
aAMIUTUTYTHO-YaCTOTHBIC U ()a309aCTOTHBIC XapaKTEPUCTUKH:

] (1.2, a)

HJIN BCUICCTBCHHBIC 1 MHHUMBIC YaCTOTHBIC XapPAKTCPUCTUKHU:

] (1.2, 6)

B nockoctu mapameTpoB HacTpoek So, S1 [IM-perymnsaropa cTpoutcs rpaHuia yCTOWYUBOCTH
(puc. 7.1) mo ypaBHeHHsM (7.2), U3 KOTOPHIX IO 33IaHHON YaCTOTE OMPEACIISIOTCS HACTPOUKHU Sy U
S1. IlonydeHHas KpuBas W SBJISIETCS TPaHUIIEN YCTOMYMBOCTH, HUXKE ITOM KPUBOHM pacriosiaraercs
00J1aCTh YCTOMYMBOU pabOTHI, a BBIIIEC — 00JIACTh HEYCTOMYNBOU pabOThl CHCTEMBI PETYITHPOBAHMS.
Touku | 1 2 Ha KpUBOH COOTBETCTBYIOT IpaHulie ycronuusoctu I1- u U-perymnsropos.

xl

Puc. 7.1 I'panunna ycroiiuuBocTHu 14 cucrtemsl ¢ [IN-peryasitopom

7.2.2 TI'paHuubl yCTOMYNBOCTH sl cucTeMbl ¢ II-peryasitopom

Ecnu B cucremMe aBTOMaTHMYECKOTO PETYIMPOBAHUS HCIONb3YETCS [I-perynsitop ¢
nepeaatouHoi GpyHkuuen Wyer (s) = =S|, To cuctema ypaBHeHu# (7.2) IpUHUMAET BU:
=] (7.3)

W3 Broporo ypaBHeHus cuctembl (7.3) ompezpensercs paboyas dYactota @, (puc. 7.2),
COOTBETCTBYIOIIAasl TPAHULIE YCTOWYMBOCTH, [0 KOTOPOHW W3 IIEPBOrO YPAaBHEHUS OIIPEAEIACTCA
MpeeTbHOE 3HAYEHUE HACTPOUKHU S:

(x| (7.4)
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Puc. 7.2 OmnpeaejieHue 4acTOTHI AJIsl TPAHUIBI

ycroiiuuBocTH cucremsl ¢ II-peryasitropom

[IpenenbHoe 3HaueHue HacTpoilku II-perymsitopa S MOXXHO OmNpenenuTh U TIpapUuecKuM
METOJIOM, HCIOJNIB3Ysl cooTHOIeHHEe Wys(im) Sy =—1. Ecnu npunsate, uto S = 1, To oTpe3ok d Ha
OTPULIATEIbHON BEIIECTBEHHOM MMOMyocH MOoHOCTBIO onpenensercs ADX 00beKTa U COOTBETCTBYET
€e JECHCTBUTEIbHOM YacTU MPU PABEHCTBE MHHUMOW Hymt0. B 3toM cimydyae ADX pazomMkHyTOM
cucrembl coBnamaeT ¢ ADX o0bekTa.

xl

Puc. 7.3 I'pajpuyeckoe onpenesieHne npeaeabHOro
3HaveHusi HacTpoiiku Il-peryasitopa
VYBenuyeHue HaCTpOMKH S| MPUBOIUT K TOMY, 4T0 ADPX pasOMKHYTOM CHCTEMbl HAUYUHAET

YBEIMYMBATBCS M OTCEKAeT Ha BEIIECTBEHHOW OTPHIATEIBPHOM TIOJYyOCH OTpPE3oK 7 = dS.
JanpHeiiliee yBelIndyeHue 51 TpUBOJUT K TOMY, UTO MTPU KaKOM-TO 3HaueHUU S1 ADX pazoMKHYTOU
CUCTEMBI IPOUET Yepe3 Touky (-1, i0), T.e. cucTeMa BBIMIET Ha TPAaHUILy YCTOMUYHUBOCTH U r

= 1. Oro 3HaueHue S; OyHeT ABIATHCA NPEJEIbHBIM U ONPENETUTCS U3 COOTHOMEHUS dSinpes = 1,
CIIEIOBATENBHO, Sinper™ , T.C. JUISl OINpEIENCHUs] HACTPOMKU AOCTATOYHO mnocTpouTh ADX

00BEKTa U U3MEPUTH OTPE30K d.
7.2.3 I'paHuubl yCTONYUBOCTH 11 cucTeMbl ¢ U-peryasitopom

Jlis Mcnonp30BaHUs B CHCTEME aBTOMAaTHYECKOro peryiaupoBaHusi M- perymsaropa cuctema
ypaBHeHu# (7.2) onpeneneHus TpaHUIbl YCTOMUYMBOCTH 3aMChIBACTCS B BUJIE:

(7.5)

Kak u B cimyuae ucnosnb3oBanus Il-perymsaropa, u3 BTOporo ypaBHEHHs cuctemsl (7.5)
ompenensieTcss pabodas vacrtora (puc. 7.4), MO KOTOPOW W3 TEPBOTO YPaBHEHHUS OMPEACIICTCS
MpeeIbHOE 3HAYEHUE HACTPOUKHU S:
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Somer=of 2| (7.6)

[Ipu rpadudeckom ompeaesieHn:r MPEASIHbHOTO 3HAYSHUsI TapamMeTpa HacTPOMKH Sy cucTema
ypaBHeHUH (7.5) 3aUCHIBAETCS B BUJIE

Wos(io) 2 o™= -1,

Crpoutca ADPX obwekTa, a 3aTeM ADPX pazoMkHyTOH cuctemsl pu  Sp = 1 (puc. 7.5). Jns

nocTpoeHust nocienHeir Bektop ADPX o0bekTa HEOOXOAMMO pa3BepHYTh Ha Yroil , a €ro

MOMYJb pa3euTh Ha M. B pe3ynprare mocTpoeHus onpeaensercss oTpe3ok d, otcekaemblii ADX
Pa30MKHYTOM CHCTEMBI Ha OTPHUIATEIbHOW BEHIECTBEHHOW IOJYOCH. YBEIUYECHUE 3HAYEHUS
HacCTPOMKHU Sy NPUBOAUT K TOMY, 4YTO ADPX pa3oMKHYTOH CHUCTEMBI 'pacmyXxaer' M OTCEKaeT YXKe
Ha OTPULATEIILHON BEIIECTBEHHOM MOIyOCH OTPE30K 7, OTPEAEIsIeMbI Kak 7 = Sod.

JanpHelinee yBenuueHue Sy NpuBOAUT K ToMy, yTo ADX pa3oMKHYTOH CHCTEMBI IPOHAET
yepe3 Touky (-1, 70), u cinemoBatenbHO » = 1, a OTCIOA NpENENbHOE 3HAU€HUE HacTpouku -

peryiadaropa onpeacinuTCa Kak S()npea =

Takum oOpa3om, s TOro, 4YTOOBI CHHTE3UPOBATH YCTOWYMBYIO CHCTEMY, HEOOXOIMMO
BBIOMpaTh HacTpoiiku [1- u M-perynsaTopoB MeHbIIe npeaenbHbIX 3HadYeHul, a [IM-perynsaropa u3
00J1aCTH, pacIOI0KEHHON HIUKE TPAHUIIBl YCTOWIMBOCTH.

7.3 OLIEHKA 3AIIACA YCTOMYUBOCTH

CuHTe3  yCTOMYMBBIX CHCTEM, HAaXOISAIIMXCS BOJMU3M OT TPAaHUIBl YCTOWYMBOCTH M HE
o0najaomux HEOOXOJUMBIM  3aIlacoM YCTOHYMBOCTH, HE YIOBIIETBOPSCT HH OJHY peajbHYIO
CHCTEMY, TaK Kak J000e W3MEHEHHE MEPEeMEHHBIX, HaKe€ HEe3HAUYUTEeNbHOE, MOXET BBIBECTH
CUCTEMY M3 YCTOMYMBOIO pekuma. B cBsi3u ¢ 3TUM HEOOXOAMMO KOJIMYECTBEHHO OLEHUTH 3arac
ycroitunBoctu. HanGonee pacnpocTpaHEHHBIMH OIICHKAMHU IOCJIEIHEro SBISIOTCS CIEAYIOIIHe
OLICHKH.

7.3.1 KopHeBble MeTObI OLIEHKH 3a11aca YCTOMYHUBOCTH

Kak wu3BecTHO, IpaHUIEd YCTOWYHMBOCTH B IIJIOCKOCTH KOPHEH XapaKTEPUCTUYECKOTO
YPAaBHEHHS SBISETCA MHHUMAas OCbh, I03TOMY, YeM OJMXKe KOPHHU XapaKTEPUCTHUYECKOTO
YpaBHEHHS pacIloaraloTcsi K MHHMOW OCH, TeM OJMXe CHUCTeMa HaXOJUTCA K TpaHule
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ycroitunBoctu. ClieqoBaTeNbHO, OIEHUTH 3amac YCTOMYUBOCTHM MOKHO IO PACIOJIOKEHHIO
KOpHEH XapaKTepUCTUUECKOr0 ypaBHEHHUs. Takoi OLEHKOU ABIAECTCA CTEIIEHb YCTOMYUBOCTH 1,
KOTOpasi ONpeesieTcs PacCTOsIHUEM O MHUMOM ocu Oimxkaiimero kopHs (puc. 7.5, a).

[x]

Puc. 7.5 KopHeBble MOKa3aTe/ Il OLEHKH 3a11aCa YCTOHYHNBOCTH:
a — CTeTIeHb YCTOMYMBOCTH; O — CTETIEHb KOJIEOATEIbHOCTH;
6 — OJTHOBPEMEHHOE MCIOJIb30BAaHUE CTENIEHN YCTOMYMBOCTH M CTETICHU
K0JIe0ATeIbHOCTH

Ecnu 3anac ycrodunBocTH Oy[eT 3ajjaH yepe3 IOKa3aTelb Tsy;, TO CUCTEMA JOJKHA UMETh
CTENEHb YCTOWYMBOCTH OOJIBIIE UM PABHYIO 3aJaHHON 1 > Msaz, U O0JIACTH PACIIOIOKEHUS KOPHEH
OylleT HaxOJUThCA CJIEBA OT MPAMON M = My (pHUC. 7.5, a).

Jlpyrum moka3zaTeseM 3TOU TPYIIIHI SIBISIETCS CTETeHb KoIebaTeIbHOCTH M — MOYIb
MUHHMMAaJIbHOIO OTHOLICHHS JEMCTBUTEILHOM U MHUMOM YacTe! KOPHS §; XapaKTEPUCTUIECKOTO
YpaBHEHUS IO CPAaBHEHHIO C APYTUMH KOPHsIMHU (puc. 7.5, 0):

=] . (7.8)

C FQOMCTpH‘IGCKOﬁ TOYKHU 3pCHUA CTCIICHb KOJI€6aT€JIBHOCTI/I SABJIACTCA TAHI'CHCOM YTIJIa,
3aKII0YEHHOTO0 MeX Ay tydamu OA wim OB, TpoBeICHHBIMH Y€pe3 HadaJlo KOOPIMHAT U Haubosee
yJaJIeHHbIE KOPHU U MHMMOM OCbIO, T.€. tg @ = m unu ¢ = arctg m. KopHu, Haxos1uecs Ha 3THX
Jy4ax, pacIoyioKeHbI TAKUM 00pa30M, 4TO BCE OCTANIbHBIE KOPHHU, JIEXKAT CJIeBa OT HUX (B CEKTOpE
AOB).

Jlist oGecniedeHust 3amaca yCTOMYMBOCTH HEOOXO0UMO, YTOOBI CTENEHb KOJIeOATEIIbHOCTH B
cucremMe Oblia OOJIbILE MM paBHA 3alaHHON M1 > My, @ 00JaCTh 33JaHHOTO 3araca yCTOMUYUBOCTH
B 9TOM ciiydae ompenenutcs cekropom AOB (puc.7.5, 6).

B psine ciydaeB i1 OIIEHKH 3araca yCTOMYMBOCTHA MOXKHO UCIIONTb30BaTh OJTHOBPEMEHHO 00a
PacCMOTPEHHBIX TIOKA3aTeNs — CTENEHh YCTOWYMBOCTH U CTETIEHb KOJIe0aTeIbHOCTH. B 3TOM cityuae
o0acTh obecrieueHusl 3aJaHHOTO 3armaca YCTOMUUBOCTH onpeensiercs oonacteio ABCD (puc. 7.5,

8).

7.3.2 YacroTHbIe METOABI

Cpenu 4aCTOTHBIX METOJIOB OLIEHKH 3aI1aca yCTOMYMBOCTH MIPEKIE BCETO BBIIEISIOTCS
METO/IbI, CBA3aHHBIEC C AMILTUTYIHO-()a30BON XapaKTEPUCTUKON Pa30MKHYTOW CHCTEMBI, 3TO 3arac
YCTOMYMBOCTH 10 MOJYIIIO | 3aIlac yCTOMYMBOCTH 110 (pase.

3anac ycmoiiuugocmu no mMooynro onpeAensercsa Kak JUInHa 0Tpe3Ka d, paBHOT'O pacCTOSIHUIO
oT ToukH nepeceueHuss ADOX pazoMKHYTOH CUCTEMBI C OTPULIATENBHOMN BEIIECTBEHHOM MOIYOChIO
1o touku (-1, i0) (puc. 7.6, a).
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Puc. 7.6 YacroTHble METOABI:
a — 3amac yCTOMYMBOCTH 110 MOAYJIIO; O — 3amac yCTOWYMBOCTH 110 (paze

YucneHHo 3armac yCTOfI‘IHBOCTH M0 MOIYJIIO IMOKa3bIBACT, HAa CKOJIbKO OOJIKCH HW3MCHHUTLCA
Moayinb ADX pa3soOMKHYTOW CHCTEMBI, YTOOBI CHCTEMA BBIIILIA HAa TPAHUILY YCTOHIMBOCTH.

3anac ycmouuueocmu no ¢paze — 3T0 yroi vy, JKAIIHH MEXITY BEIICCTBEHHON
OTPHULATENILHOI IOJIYOChIO U JIYy4OM, IPOBEJACHHBIM W3 Hayala KOOPJUHAT B TOUKY IepeceyeHUs
ADX ¢ enMHUYHOM OKPYKHOCTBIO C LIGHTPOM B Havaje KoopAuHaT (puc.7.6, 0).

UrcneHHo 3amac yCTOMYUBOCTH 1O (ha3e MOKa3bIBAET, HA CKOIBKO JOJKHO YBETUIUTHCS
oTCTaBaHUE 10 (aze B pa3OMKHYTOH CUCTEME TPU HEM3MEHHOM Mozyiie ADX, 4ToObI cucreMa
BBIIIIJIA HA TPAaHULly ycToWunBOCTH. Kak paBui0, 3TH MOKa3aTENN UCIIOJIb3YIOT BMECTE.

Jnist paboTOCIOCOOHOCTH CHUCTEMBI TPeOyeTCsl, YTOOBI 3amackl yCTOWYMBOCTH 110 MOAYIIIO U
(haze ObUTM HE MEHBIIIE HEKOTOPBIX 3aIaHHBIX BETUYHH: d > dsay; Y > Vaan.

OaHMM U3 OCHOBHBIX YaCTOTHBIX METOJIOB OLIEHKH 3amaca yCTONYUBOCTH SIBIISIETCS
nokazamens KoiebamenibHOCMu, KOTOPBIA Kak Obl 00BEIUHSET 3a1ac yCTOMUYUBOCTH 110 MOYITIO U
3amnac ycToMunBocTH 1o ¢aze. Oka3pIBaeTCsl, YTO CTEIICHB OJU30CTH 3aMKHYTOW CHCTEMBI K
IPaHMIIE YCTOMUYUBOCTA MOXKHO OIMPEACIIUTD 110 BETUYMHE MAKCUMYyMa aMIUTUTYTHO-4aCTOTHOM
XapaKTePUCTUKU PA3OMKHYTOM CUCTEMBI. DTOT MAaKCUMYM U Ha3bIBACTCS HOKA3amenem
konebamenvrocmu M, eciiu M(0) =1 (puc. 7.7).

]

Puc. 7.7 AYX 3aMKHYTOH CHCTEMBbI:
1 — HekonebaTenbHO; 2 — Kone0aTeNNbHOM; 3 — Ha TPaHUIle YCTOHYHBOCTH

Uewm Oonpmie MakcumyM umeer AUX 3aMKHYTOH cucteMbl, TeM Onmxe ADX pa3zoMKHYTOM
cucteMsbl Kk Touke (—1, i0) u, cienoBaTenbHO, TEM MEHBIIE 3a11aC YCTOMYMBOCTH UMEET CUCTEMA KaK
mo Moayio, Tak u o ¢aze. Kak n3Bectno, ADX 3aMkHYTO# cucTeMBbl omnpenensiercs yepe3 ADX
Pa30MKHYTOUN CHCTEMBI CIEAYIOIIIM 00pazoM

xl
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oTrkyna AUX 3aMKHYTO# CHCTEMBI, COOTBETCTBEHHO, PaBHA

xl

Ananmn3z A®X pa3oMKHYTOH CHCTEMBI MOKAa3bIBAET, UYTO, KaK BUJHO U3 pHUC. 7.8, €€ MOIYlb
paBeH uHe otpeska OB, T.e. ‘ W, (io) ‘ = OB.

Bekrop 1 + W, (im) onpenensercs kak pazHocTh BeKTOpoB OA4 u OB, T.e.

Puc. 7.8 Omnpenesienue nokasaresisi K0Jjed0aTeJIbHOCTH

CnenoBatenbHo, M, (®) =

Ecmm n3MmeHITH 4aCTOTy OT 0 J0 00, TO OTHOIIICHHE BHa4aJIC BO3PacTacT, a 3aTEM HAYUHACT

YMEHBIIATHCS, cliefoBaTeabHo, 1 AUX 3aMKHYTOW cHCTeMbl BHayaje OylIeT BO3pacTaTh, a 3aTeM
YMEHbILIAThCS, T.€. OyIeT MMeTb MakCUMyM. [ TOro, 4ToObl 3TOT MAaKCUMyM HMEN 3a/laHHYIO
BEIMYMHY, a, CJIEIOBATeNbHO, OBUI 3aJlaH IOKa3aTelb KOoJIeOATeTbHOCTH, HEOOXOAMMO, UYTOOBI
F€OMETPUYECKH Ha IMIOCKOCTH ADX pa3oOMKHYTOM CHCTEMBI OTHOUIEHHE OTpe3koB OB u AB
HMMEJIO MOCTOSIHHYIO Benu4yuHy (puc. 7.8):

= M = const. (7.9)

Ecnu 3anan nmokazarerns Kosie0aTeIbHOCTH, TO 3a/1aH 3arac YCTOHUMBOCTH (MakcuMyM AUYX
3aMKHYTOM CHCTEMBI HE JIOJDKEH MPEBBIIIATh HEKOTOPOH 3apaHee 3aJaHHON BEIWYHHBI),
BBbIpayKaroOIUiiCs F€OMETPUYECKH B 3aJaHNU HA IIIO0CKOCTH ADX pa3oMKHYTON CUCTEMBI OKPYKHOCTH

panuycoM ] , C LIEGHTPOM Ha OTPULIATEILHOM BEIIECTBCHHOM IIOJIyOCH Ha PACCTOSHUU

=] , KOTOPYIO HE IOJDKHA IIepeceKaTh aMIUIUTYAHO-(pa30Basi XapaKTepUCTHKa Pa3OMKHYTOM

cuctemsl (puc. 7.9).
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Puc. 7.9 Kpyrosas nmarpamma

7.4 AHAJIM3 CUCTEM HA 3ATIAC YCTOMYMUBOCTH

7.4.1 PacumMpeHHbIE YaCTOTHbBIE XapaKTEPUCTUKHI

Kak n3BectHO, aMIITUTYy1HO-(ha30Basi XapaKTEPUCTUKA ABISIETCS KOHPOPMHBIM O0TOOpakeHUEM
MHHUMOM OCH TIJIOCKOCTH KOPHEH XapaKTEepPUCTUUYECKOr0 YpaBHEHUS Ha TIOCKOCTh ADX,
MEXaHU3MOM €€ TOIyYCHHS SIBIIS

[x]

Puc. 7.10 PacmmmpeHHasi 4aCTOTHASI XapaAKTEPUCTHKA
1O CTeNEeH! YCTOMYHBOCTH:
@ — MJIOCKOCTh KOPHEH XapaKTepUCTUUECKOTO ypaBHEHUS;

O — 9aCTOTHBIE XapaKTEPUCTUKU

eTcs 3aMeHa B MepeaTouHO (PyHKIIMM KOMILIEKCHOTO TapameTpa s Ha i®. Beenenue B
paccMOTpEHHE 3araca yCTOMUYMBOCTH PaBHOCUIIBHO IEPEHOCY MPAaHULIbl YCTOHYMBOCTH.

Ecnu 3amac ycTOMUNBOCTH XapaKTEPU3YETCS CIMENneHvio yCmoudueocmu, TO B 3TOM cilydae
IpaHHIa YCTOMYUBOCTH KaK ObI CIIBUTAETCS BJIEBO HA BETUUYHHY T35 (puc. 7.10, a).

OtoOpaxeHne HOBOW TpaHMIBI YCTOWYMBOCTH, XapaKTEPHU3YIOILEHCsS 3aJaHHOW CTENEHbIO
YCTOMYMBOCTH, Ha TUIOCKOCTh ADX macT HEKOTopwlid romorpad, KOTOPBIA IMOTYYUST Ha3BaHUE
pacIIMpeHHON aMIUTUTYAHO-(ha30BOM XapaKTepUCTUKH. B MIOCKOCTH KOpHEH XapaKTepUCTHYECKOTO
ypaBHEHHUs Jr00as TOYKAa Ha TPsSMOM 3aJaHHOW CTETMEHM YCTOMYMBOCTH OIpENeisieTcss Kak
§ = —Maax Ti®. ClenoBaTenbHO, AN TMONYYEHMsS] pACIIMPEHHONW YacTOTHOW XapaKTEPUCTUKH
HEOOXOJMMO B TEpeNaTOYHON (YHKIMM KOMIUICKCHBIA MapaMeTp S 3aMEHUTb Ha (—Msy T+ iM).
I'ogorpad pacmmpenHoit amrmmuTyaHO-ha3oBoi xapaktepuctuku (PADX) W(—Ms; i) 1o
cpaBHeHHIO ¢ 00bIYHONM ADX cranm kak Obl mupe ("pacmyx") (puc. 7.10, 6), B CBA3HM ¢ 4YeM 3Ta
XapaKTepUCTHKAa M TMONyYWsia Ha3BaHue paciuupeHHas. CoriacHO cBoicTBaM KOH(OPMHOTO
otoopaxenwus mpu ® = 0 3ra PAD®X Beixoaut no yriiom 90° kK 1eHCTBUTETHHON TTOTYOCH.
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Crnenyromasi pacuimpeHHasi 4aCTOTHAsl XapaKTEPUCTUKA XapaKTEPU3yeTCs 3aJJaHHOM CTETEeHbIO
KoJiebaTeIbHOCTH. B 3TOM citydae rpaHuIiia ycToMunBocT omnpenensercs siyaamu AOB (puc. 7.11,
a).

OtobOpaxenune 5Tod rpaHullbl Ha Tuiockocth A®X wu maer romorpad pacHIMpPEHHOU
aMIUTUTYTHO-(Da30BOM XapaKTEPUCTHKU TI0 CTETICHH KOJeOaTeTbHOCTH 1.

Ha mygax AOB napameTp s IMEET KOOPIUHATHI (-Cl, i), KOTOPBIE CBA3aHbl COOTHOIIICHUEM Ol = 110D,
Torjga s = —oL + i® = —motim, CIICI0BATEIBLHO, JJIS I10-

xl

Puc. 7.11 PacmmmpeHHasi 4aCTOTHASI XapaAKTePUCTHKA

1O CTEeNeH’ K0J1e0aTeJIbHOCTH:
a — TIOCKOCTh KOPHEW XapaKTepUCTUUECKOTO YPaBHEHHUS;
0 — 4aCTOTHBIE XapPaKTEPUCTUKU

aydeHust PADX nocrarodHo B mepeaTouHol (YHKIIMM KOMIUICKCHBIA TapaMeTp § 3aMEHUTh Ha (—mo +
i®). Tomorpad paccmarpuBaemoii PADX — W(-mw + i) Ha iockoct ADX mmpe, yem romorpad

00braHOM ADX, 1 1iprt © = 0 BEIXOUT MO YTJIOM =] (puc. 7.11, 6).

Paciipennbie aMIMTy1HO-(pa30BbIe XapaKTEPUCTUKU MOTYT OBITh 3aIMCaHbI Yepes3
pacImpeHHbIe aMIUTUTYTHO- U ()a304aCTOTHBIC XapaKTEPUCTUKU:
W(—n + i®) = M(n, ®)e ) W(—mo + io) = M(m, ®)e ™). (7.10)

IMpumep 7.1 TTocTpouTh pacCHIMpPEHHBIE YACTOTHBIE XapaAKTEPUCTUKH, €CIIH

xl

a) [IpousBons 3ameHy s = — mo + i®, UMEeM

ADX: | [

AYX:

OUX:

I'paduk yaCTOTHBIX XapaKTEPUCTUK U300pakeH Ha puc. 7.12.
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Puc. 7.12 PacmmpeHHbIe YaCTOTHbIE XaPAKTEPUCTHKHU

a— AUYX; 6 — ®UX; 6 - ADX

CpaBuenue AOX n PA®X moka3bIBaeT, 4To AJs TF000N 4acTOThI 3HAUeHUs M(m, o), ¢(m, )
OospIie 1O a0CONMOTHOM BennunHe, 4eM M(®), ¢(®), mostomy rogorpad W(—-mw + iw) mupe, gem
W(io).

0) [IpousBojis 3amMeHy § = -1 + i®, UMeeM

ADX: | [ :
AUX: |[] ;
OUX: ¢(n, w) = ] \ ]

I'padpykn 4aCTOTHBIX XapaKTEPUCTHK N300pakeHsbl Ha puc. 7.13.

[x]

Puc. 7.13 PacmmpeHHbIe YaCTOTHbIE XAaPAKTEPUCTHKU

a—AYX; 6 — PUX; 6 — ADX

7.4.2 Ananuz cucmem na 3anac ycmouyugocmu

Jlist aHanM3a CUCTEM Ha 3arac yCTOMYMBOCTH MCIIOJIb3YeTCs aHalor kpurepus Haliksucra.

CornacHo kputepuro HalikBucTa 3aMKHyTasi CUCTeMa HaXOJMWTCSA Ha TPAHMIE YCTOMYMBOCTH,
eciin ADPX pa3oMKHYTOH CHCTEMBI TPOXOAUT depe3 Touky (-1, i0). [IpumeHnsist 3ToT kpuTepuil ans
UCCIIEIOBAaHMs CHCTEMBl Ha 3amac yCTOMYMBOCTH, CIEAYET, YTO €CIM Pa3OMKHyTas CHCTEMa
o0lajjaeT 3amacoM YCTOMUMBOCTU W paclIMpeHHas aMIUTUTYIHO-(a30Bas XapaKTepUCTHKA HE
oxBaTbIBaeT Touky (-1, i0), To 3aMKHyTass CHUCTEMa MMEET 3alac yCTOWYMBOCTH HE MEHbIIE, YeM
3aJaHHBIH.

Ecnu 3anac YCTOfIqPIBOCTH OIICHUBACTCA CTCIICHBIO YCTOP'I‘IHBOCTPI TN, TO IJIA aHaJin3a CUCTCMbI

aHajor kputepus HalikBucta MokeT ObITh MCTIOJIB30BaH B cienyrolieit hopmynuposke. Ecinu
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Pa30MKHYTasi CHCTEMA UMEET CTETIEHb YCTOMYUBOCTH T3a;, TO 3aMKHYTAs cEicTeMa OyzeT o0naiath
3aJJaHHOM CTENEHBIO YCTOWUHUBOCTH, €Cii PADX pa3oMKHYTOM CUCTEMBI W(-n, i®) TpoxXoauT
yepe3 Touky (—1, i0). Ecmu PA®X pa3zomkHyTOM cuctembl W (-1, i®) HE OXBATHIBAECT TOUKY
(-1, i0), TO cTeTeHbh YCTOMYMBOCTH 3aMKHYTOU CUCTEMBI OY/IET BBIIIE 3aJaHHOU 1|3,y

YcnoBue, corinacHo KOTOPOMY 3aMKHYyTasi crctema OyzaeT 001aaTh 3aJaHHON CTETIEHbIO
KosebaTeTbHOCTH 11, (hOpMyIUpyeTcs ceayromuM oopazom. Ecu pa3oMKkHyTasi cucrema uMeeT
CTETICHb KOJI€0aTeIbHOCTHU My;, TO 3AMKHYTasl cUCTeMa OyzeT 00J1a1aTh 3aJaHHON CTETNICHBIO
konebatenpHoCTH, eciit PADX pazoMKHYTOH crcTeMbl W(—mo + i®) TpoXoauT depe3 Touky (-1, i0).
Ecrn PA®X pa3omkHyTO# crcteMbl W(—m® + i®) HE OXBATHIBACT TOUKY (-1, i0), TO cTeneHpb
KOJIe0aTeIbHOCTH 3aMKHYTON CHCTEMBI OYJIET BBIIIE Mlsyy.

[Ipu aHanmu3e cucTEMBI Ha 3aMac YCTOMYMBOCTH IO MOJYIIO U TI0 (pa3ze HEOOXOIUMO MOCTPOUTH
A®X 3aMKHYTOH CHCTEMBI W ONPENETUTh HCCIEAyEeMbIE 3arachl yYCTOMYMBOCTH TpadHuyuecKH,
COTJIACHO HX OTPEACIICHUIO.

[Ipu oueHke 3amaca yCTOWYMBOCTH I10 IOKa3aTelto KosuedarenbHocTu M crpoutcss ADX

Pa3OMKHYTOI CHCTEMBI H OKPYXKHOCTB (puc. 7.9) pamuyca | [*] C LIEHTPOM B TOYKE

xl

. 3aMKHYyTas cucTeMa 00J1aJaeT 3a1acoM YCTOMYMBOCTH BBIIIE 3aJaHHOTO, ecii ADX

Pa30MKHYTOH CUCTEMBI HE 3aXOUT BHYTPh 3TOM OKpykHOCTH. Eciin ADX kacaercs 3Toi
OKPYXXHOCTH, TO 3aMKHYTasl cicTeMa 00J1a/laeT 3a/laHHbIM 3a1acoOM YyCTOMUMBOCTH.

7.5 CHHTE3 CUCTEM, OBJIAJAIOIIUX 3AJAHHBIM
3AITIACOM YCTOMYUBOCTH

B . 7.2 611 paccMOTpEH CHHTE3 YCTOMYMBBIX CUCTEM. Ternepbh He0OX0IUMO ITPOBECTH CHHTE3
cucTeM, 00Ja1al0IMX 33JaHHBIM 3aI1aCOM YCTOMUMBOCTH, HAIPUMED, 3aJJaHHOM CTENIEHbIO
K0J1€0aTeNbHOCTH M,y [101 CHHTE30M B TaHHOM ciiyyae OyJieM OHUMATh pacyeT HacTPOeK
PErynsaTOpOB B 3aMKHYTOU OJHOKOHTYPHOM CUCTEME PEryIUPOBaHUS.

Kak u3BecTHO, UIs TOTO, YTOOBI 3aMKHYTasi CUCTeMa 00J1a1ana 3aJaHHbIM 3a11acoM
YCTOMYMBOCTH — 33/IaHHOU CTETICHBIO KOJEOATeIbHOCTH, HEOOXOAMMO U IOCTATOYHO, 4T0OBI PADX
Pa3oMKHYTOM cucteMsl W(-mm + i®) npoxoauna yepe3 Touky (-1, i0). Ha ocHoBaHUM 3TOT0 MOKHO
3aIKcaTh

Wos(—may, + iop) Wp(—mo, + io, ) = —1. (7.11)

VYpaBHenue (7.11) MOXKHO CBECTH K CHUCTEME [IByX YPaBHEHHUH, OTPa)KAIOIIUX CBSA3b MEKIY
YAaCTOTHBIMU XapaKTEPUCTUKAMHU 00BEKTA M PEryJsATOpa:
{ M o5(m, 0p)H,(m, ®,, Sy, Sy, S,) =1;

(p06(m’ O‘)P)+(Pp(m’ 0‘)p’ SO’ Sl’ SZ) =—T,

(7.12)

rae So, S1, S» — mapamerpel HacTpoek perymsTopoB. Cucrema ypaBHeHuil (7.12) mo3BomseT
OTpeAeTuTh Pabodyio 4acTOTy W TMapaMeTpbl HACTPOEK PErylsTOpOB, Ta CHCTEMa MOXET OBITh
3anucaHa Takke B BUJIE:

xl
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7.5.1 Cucmema c II-pecynamopom

Pacmmpennas ammiautynHo-(azoBas xapakrepuctuka Il-perynstopa 3amuceiBaeTcst B BHUIE:
Wo(-me + i®) = =S; = Sje’™ , Torna cucrema ypaBHeHui (7.12) U1 CHCTEMBI aBTOMATHYECKOTO
perynupoBanus ¢ [1-perynsaropom npeobpasyercs K BUILY:

=l (7.13)

Puc. 7.14 Onpenenenue HacTpoiiku II-peryiasitopa, odecnneunBarome
32/IaHHYI0 CTeNeHb K0/1e0aTeIbHOCTH:
a — onpezeneHue pabodei 4aCTOThl p; 6 — onpeeneHue 3HadeHuss PAUYX

00BbeKTa pu paboyeii 4acToTe My

W3 BTOpOro ypaBHEHHsI CUCTEMBI OIIpeaenseTcs: paboyas 4acToTa oy, . IlocneH00 MOKHO
OIIPENIENIUTh U rpauuecKH, AJIs Uero cielyeT MOCTPOUTh PACIIUPEHHYIO (ha304aCTOTHYIO
XapaKTepUCTUKY O00BEKTa U MPAMYIO, paBHYIO —Tt (puc. 7.14, a), nepeceyeHne KOTOPBIX U JAET M.
Hacrtpoiika [T-perynaropa onpeAennuTcs Mo COOTHOMIEHUIO

(] A (7.14)

rae 3HaueHue pacmmpeHHoi AYX o0beKTa MOXKHO ONPEACTUTh KaK aHATUTUYECKH, TaK H
rpadudecku (puc. 7.14, 0).

7.5.2 Cucrema ¢ U-perynstopom

Pacmmpennas amrinTynHo-(a3zoBas xapakrepuctuka M-perynsaropa uMeer BUI

B

C ydeToM 3Toif XapaKTepUCTUKH cUcTeMa ypaBHeHUH (7.12) my1s onpeneneHust HACTPOUKHU Sy 1
paboueil yacTOTHI 3aMCHIBACTCS B BHJIE:

B

(7.15)
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Puc. 7.15 Onpenenenne Hactpoiiku U-peryasitopa, odecneunBaromniei
3a/IaHHYIO0 CTeNeHb K0/1e0aTeJIbHOCTH:
a — onpezieneHne pabodel YacToThl Mp; O —onpeneneHue 3Hadyenus PAUX
00beKTa IpH paboueii 4acToTe oy

Pemenne cucrempl ypaBHeHuil (7.15) MokeT OBITh TPOBEACHO KaK aHATUTHYECKH, TaK M
rpaduuecku. ['paduueckoe perieHre BTOPOrO YpaBHEHHMS C LIENBIO OMpereieHus pabouyel 4acTOThI
MpecTaBiIeHo Ha puc. 7.15, a.

Ha puc. 7.15, 6 npencrasieno onpenenenue 3HadeHnss PAUX obbvekra mpu paboueii gacrore.
Hactpoiika Sy U-perynaropa, oOecreunBaromas 3aJaHHYI0 CTENEHb KOJeOaTeIbHOCTH,
OTIpEeIeNIAETCS COOTHOIICHHEM

K : (7.16)

7.5.3 Cucrema c IIM-peryastopom

Pacmmpennas ammntynHo-¢ha3oBas xapakrepuctuka [IM-perynsaropa:

x ,
OTKyZa JUIsl perynisaropa
PAUX — [ ;
POYX —

[TA-perynaTop UMeeT [Ba HapaMeTpa HacTpoek So M S|, KOTOpble BMECTE C (), IOJJIEKAT
pacuety. Cucrema ypaBHeHwuit (7.12) 3anmucpiBaeTcs B BUC:

]

(7.17)

IlomydenHas cucTeMa MO3BOJISIET OIPEAEINUTH TOJIBKO [1BAa HEU3BECTHBIX, @ HAl0 TPH, IIO3TOMY OHA
nMeeT OECKOHEUHOE MHOYKECTBO PEIICHUI.
JI1st oJty4eHus 3TUX PELICHUH CUCTEMA pa3pelIacTcss OTHOCUTEIbHO 3HAYECHUN HACTPOCK:
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(7.19)

M (m, o) =| 0" (m0)=-¢ (m o).
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S1, 2
m<m

3
I
3

—-m>m

B

JUIsL TBYX 3HAUEHUUW NMOCTOSHHOW BpemeHu 77, (cruiowmHas), 7y, (myH-ktupHas), 11, > Ti;. Kak
BHJIHO W3 TpaduKOB, YBEIMYCHHE TIOCTOSHHOM BpEMEHHM BEACT K YBEJIMUYCHHUIO 3amaca

YCTOWYMBOCTH MO (haze OT Yy 10 Y, €CIM CONpAramolias 4acToTa o) = | pacrmojaraercs JeBee

YaCTOThI CpE3a M. Ecou xe compAararomas 4aCctora pacroJIOKHUTCA HpaBCC YaCTOThI CpE3a, TO
YBCIIMYCHUC MMOCTOSIHHOM BPCEMCHH allCPUOJNICCKOI0 3BCHA YMCHBIIUT 3aI1ac yCTOfI‘-IPIBOCTH.
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3TO MpaBUIIO CIIPABEAIMBO AJIS allEPHOAMYECKHIX, KOJeOaTeIbHBIX 3BeHbEB. [l
(bopcupyroniero 38eHa BIMsHIE TOCTOSHHON BPEMEHU MTPOTUBOIONIOKHO, a AJIS psiia CTPYKTYp,
UMEIOIUX TEPEeTaTOUHYI0 (PYHKINIO pa30MKHYTON CUCTEMBI, HallpUMeEp,

=] , OHO HE BBITIOJIHSETCS, T.C. C yBeIHueHueM 7 3amac no ¢aze

YMCHBIIACTCA.

JHpyrum Haunbosee pacpocTpaHEHHBIM IyTeM OOecrieueHus] YCTOWYMBOCTH U 3araca
ycroiuuBoctu ACP siBnsieTcs BBEICHHE B €€ MPSAMYIO LIETb IONOJHUTENbHBIX 3B€HBEB, TPUUEM
BBEJICHUE OJTHOTO U TOTO K€ 3B€HA B 3aBUCUMOCTH OT CTPYKTYPHI M TapaMETPOB CUCTEMBI TaET
pa3nudHbIe pe3ynbTaThl. [103TOMY MpaBUIBHBIN BEIOOP TOTOTHUTEILHOTO 3BEHA MOKHO CJIENAaTh,
€CJIM U3BECTHA CTPYKTYpa U MapameTpbl CUCTEMBI.

7.7 CTPYKTYPHASI HEYCTOMYHUBOCTH

CTpyKTYpHO-YCTOWYMBBIMUA HA3bIBAIOTCS CHUCTEMBI, KOTOpbIE HPH KAKUX-TMOO 3HAYCHUSIX HX
[apaMeTpoB MOI'YT CTaThb YCTOMYMBBIMHU. CTPYKTYpHO-HEYCTOMYMBBIMHM  Ha3bIBAIOTCS CUCTEMBI,
KOTOpBIC HE MOTYT CTaTh YCTOMYMBBIMH HU MTPHU KAKUX KOMOMHAIUSAX 3HAYCHUH UX TTApaMeTpOB.

Bomnpocsl cTpyKTypHOW YCTOMYMBOCTH BO3HHUKAIOT IIPU BBEAEHUH JIOTOJHUTEIILHBIX 3BEHBEB,
T.€. TIOJIydaeMasi CHCTEMa JIOJDKHA OBITh, B TIEPBYIO OY€pe/lb, CTPYKTYPHO-YCTOHUYMBOM. B psne
CJIy4aeB 110 BUAY CTPYKTYPHON CXEMbI MOKHO OIIPEIEIUTD, SABISECTCA CUCTEMA CTPYKTYPHO-
YCTOMYMBOW WIIK CTPYKTYPHO-HEYCTOMYHBOM.

CucreMa sSIBISI€TCS CTPYKTYPHO-YCTOMUYMBOM, €CJIM B €€ COCTaB BXOJAT TOJIbKO YCTOMYMBBIE
MHEPILUOHHBIC U KoJieOaTeNbHbIE 3BeHbs. XOPOIlei reOMeTpUIECKON HHTEpIIpeTallueil sIBsSeT s
paccmoTpenue rogorpada Muxaiinosa.

ITycTs crcTeMa COCTONT U3 OJTHOTO MHTETPHPYIONIETO U YCTOMYNBBIX HHEPIMOHHBIX 1
KoJIe0aTeNnbHBIX 3BeHbEB. B aTOM citydae royorpad Muxaiinosa UMeeT BHI, H300paXeHHbIH Ha puc. 7.19,
a. AHanm3 3TOro roforpada MoKaseIBaeT, YTo MPH JIOCTATOYHO MaJIbIX BO3MYIIIEHHSX BECh rojorpad
CIIBUTAETCSl HEMHOTO BIPABO U CHCTEMa CTAHOBUTCSI YCTOMYMBOIA, CIIEZIOBATEIILHO, CUCTEMA C OJHIM
MHTETPUPYIOIINM 3BEHOM CTPYKTYPHO-YCTOHYHBA.

Cuctema, cocrosiias M3 JIByX MHTEIPUPYIOIIUX 3BEHBEB U JIFOOOI0 YHUCIIA YCTOWYUBBIX
MHEPILUOHHBIX U KoJeOaTeIbHBIX 3BeHbEB, CTPYKTYpHO-HeycToiuuBa. ['ogorpad Muxaiinosa 3Toit
cUCTeMBbI H300paxkeH Ha puc. 7.20, 6, U3 KOTOPOTO BUIHO, YTO HUKAKUMHU BO3MYIICHUSIMHU HE
yJacTcsi CIIBUHYTH rojiorpad BpaBo TakuM 00pa3oM, 4TOOBI CHCTEMa CTajla YCTOHYNBOIA.

Puc. 7.19 Toporpadsr MmuxaiiioBa ¢ LeJbI0 ONpe/esieHUs] CTPYKTYPHOH YCTOH4YMBOCTH
CHCTEeMbl, COCTOSAIIEH U3 YCTOMYUBBLIX HHEPIHOHHBIX, K0J1e0aTe/JIbHBIX 3BCHbEB:
@ — OJTHOTO MHTETPUPYIOIIETO 3B€HA; O — JBYX MHTETPUPYIOLINX 3BEHHEB

7.8 BJIMAHUE MAJIBIX IIAPAMETPOB
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HA YCTOUMYUBOCTD

[Ipu pa3paboTke MaTEMATHYECKOTO OIMMCAHUS CUCTEMBI HEPEIKO BHOCSITCS T€ WM WHBIC
JIOTIYILIEHUS, 3aKJIIOYaloluecss B MPEeHeOpekeHWH MalbIMU NapaMmerpamu cuctemsbl. [locnennee
BEJeT K TOHWKEHUIO Topsnaka AuQQepeHInaTbHbIX YpaBHEHHH U 00 yCTOWMYMBOCTH CYISAT TIO
NPUOIKEHHBIM  "BBIPOXKJICHHBIM"  yPaBHEHHSIM YHCTO HWHTYHTHBHBIM TmyTeM. OpmHako uist
KOHKPETHBIX CIIy4aeB MOKHO OLICHUTh BIUSHUE MAJIbIX MAPAMETPOB Ha YCTOMUUBOCTb.

[TycTh Manblif mapaMeTp | BXOJUT JUHEHHO B XapaKTepUCTUUYECKOE ypaBHEHHE CHUCTEMBI, T.€.
3TO ypaBHEHUE 3aITUCHIBACTCS CIETYIONUM 00pa3oM

D(s) = uD; (s) + Do(s) =0, (7.20)

rzae | — Maublil mapamertp; Do(s) — nosmHoM nopsiaka n; Di(s) — nonuHoM nopsiaka N =m + n.

371ech BO3MOXKHBI TPU XapaKTEPHBIX CIydast:

1 Tlopsaok uncnurens QyHKIUHA = |na €IMHUILY BBbIILIE MOpsAJKa 3HameHartensd, m = 1. B

ATOM CJydyae OAWH W3 KOPHEW XapaKTEepPUCTUYECKOTO yYpaBHEHUS § = = | u npu p > 0, ]

YXOIUT B OCECKOHEYHOCTh IO OTPHUIATEIHLHON BelleCTBEHHON ocH. [Ipm m0cTaTodHO Majbix
3HAYCHHUAX |l CUCTeMa OyJeT yCTOMYMBOM, €CIM KOPHU BBIPOXKACHHOTO ypaBHEHUsT  Do(s) = 0 —
JIEBBIE.

2 Tlopsimok yucnutens GyHKIIUNA =] |ua JIBa TIOPSiJIKa BBILIE MOPSAIKA 3HAMEHATENs, m = 2.

B »TOoM cnyyae yciaoBHEM YCTOMYMBOCTH CHCTEMBI SIBJISIETCS YCTOMYMBOCTH  pEIICHUS

BBIPOXKJIEHHOT0 YpaBHEeHUS Dy(s) = 0 1 BBIIIOJIHEHNE HEPABEHCTBA ]

3 Pa3HOCTb MOPSIKOB YHCIUTENS U 3HaMeHatesst m > 2. B aToM ciaydae oTOpackiBaTh Mable
IIapaMeTpsl IPU UCCIIEI0BAHUN YCTOWYUBOCTH HEIOIIYCTUMO.

Bcerpeuarores ciydyau, KOraa Majblii lapaMeTp BXOJUT B YPABHEHUE CUCTEMBI B BUJIE
MOJINHOMA. Y CTOMYUBOCTh TaKOM CHCTEMbI ONpPENENIeTCs TEM, KaK PacIoyiaraloTcsl yXOsAIIne B
OCCKOHEYHOCTh KOPHHU: CIIpaBa WX CJIeBa OT MHHUMOMW OCH. PacmosioxeHne 3TuX KOpHEH
OTIpesIeNIsieTCs, TaK Ha3bIBAEMbIM, BCIIOMOTATEeNIbHBIM ypaBHEHUEM. [[j1s Toro, 4ToObl HCX01HAs
cucTeMa IpH JOCTATOYHO MaJIbIX [ ObLIa yCTOWYMBOM, HEOOXOIMMO M JOCTATOYHO, YTOOBI
BBIPOXKJACHHOC U BCIIOMOTAaTCIIbHOC YPABHCHUS, KAXKIOC IMOPO3Hb, YAOBJICTBOPSIN YCIIOBUAM
YCTONYUBOCTH.

7.9 KOPPEKTHPYIOIIUE YCTPOMCTBA

Kak yxe HEOIHOKpaTHO TIOBOPHIJIOCH, OJHHUM W3 TIPUEMOB OOECIEeYeHHs YCTOMYHMBOCTH M
3araca yCTOWYMBOCTU CUCTEMBI SABJISIETCSI BBEICHHUE B HEE JOIOJHUTEIBHOIO 3JIEMEHTA, KOTOPBII
UCIIPABIIACT, KOPPEKTUPYET CBOMCTBA MCXOAHOM CHCTEMBI, M Ha3bIBACTCS KOPPEKTHUPYIOIIUM
3JIEMEHTOM.

Ecnm 3TOT 35IEMEHT TOCTAaTOYHO CIIOKEH, TO OH HAa3bIBAETCSI KOPPEKTUPYIOIIMM yCTPOKCTBOM.
Takum 00pazoMm, KOPPEKTHUPYIOIIEEe YCTPOHCTBO — 3TO (YHKIMOHAIBHBIA 3JIEMEHT CHCTEMBI
aBTOMATHYECKOTO  PETyJIHpPOBaHMUA IO  OTKJIOHEHHUIO, OOECIeYHBAIOIIUN  HEOOXOAUMBIE
JUHAMHYECKHE CBOMCTBA JTOW CHCTEMBL. BKIIIOYAIOTCA 3TH DJIEMEHTHI B CUCTEMY Pa3IM4YHBIM
oOpazom.

7.9.1 Ilocneoosamenvnas Koppekyus
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Koppekrupyroiree ycTpoicTBO BKITFOUAETCSI B MPSIMYO IIETTh CUCTEMBI OOBIYHO TTOCTIE JaTIMKA
WJIH K€ TIpeaBapuTenbHoro yeunurenst. Ha puc. 7.20 nzo0paxeHna CTpyKTypHasi CXeMa CHCTEMbI
ABTOMATUYECKOT'0 PEryJIMPOBAHUS C TIOCIIEN0BATENEHBIM KOPPEKTUPYIOIIUM YCTPOUCTBOM W(s).
[IpumeHeHue nocien0BaTeNbHBIX KOPPEKTUPYIOMIUX YCTPOUCTB Hanbosee yJo0HO B CUCTEMAX,

y KOTOPBIX CUTHAJ YIIPAaBICHHS MIPEICTABIACT OO0 HANPsSHKEHHUE TTOCTOSHHOTO TOKA.

B kauecTBe KOPPEKTUPYIOIIMX YCTPOHUCTB MOTYT OBITh BRIOPAHBI CIICIYIOIIHUE:
— udeanvroe oughghepenyupyrowee 36eHo

W(s)=Tys; (7.21)

— udeanvHoe Oughghepenyupyrowee 36eHO C COBMECMHbLIM — B8680CHUEM NPOU3BOOHOU U
OMKIOHEHUs

Wi(s) = k(Tu s + 1); (7.22)

— UHepyuoHHbvle Ouppepenyupyrouue 36eHbs

W(s)= (7.23)

— udeanvHoe uUHmezcpupyirouiee 36eHo

Wds)=| | (7.24)

— UHEPYUOHHOE UHmMespupyruee 36eH0

W(s)=| =] (7.25)

[x]

Puc. 7.20 CrpykTypHasi cxema CHCTEMBbI

C MOCJIeI0BATEIbHON KOppeKuuei

Vcnonp3oBaHne KOPPEKTUPYIOIIETO dJIEMEHTa ¢ nepeaarounoi pynkuueit (7.21) Beger k
norepe HHGOpPMAaLUY O BEIUYMHE OTKIIOHEHUS PEryIupyeMoil BelnuyuHbl. B 3TOM ciydae
HEOO0XOAMMO YYUTHIBATh KaK CaMO OTKJIOHEHHUE, TaK U ero MPOU3BOIHYIO, T.€. KOPPEKTUPYIOIIEe
YCTPOHCTBO AOKHO BBIOMpaThCs B Buae (7.22). Oqnako nepeaatouHas QyHKIIHS
KOPPEKTUPYIOIIETO YCTPOUCTBA JIOJDKHA BRIOMpaThes B Bue (7.23).

Hcnonbs3oBanre HHTETpupyromux 38eHbeB (7.24), (7.25) noBbIaeT nopsaok acTaTu3Ma
CUCTEMBI, YTO BEJIET K YXYAIICHUIO YCTOMUYUBOCTH, IOATOMY OJTHOBPEMEHHO HEOOXOIMMO
103a00TUTHCS O JOTIOTHUTENBHBIX CPEICTBAX KOPPEKINH C LIEIbI0 MOBBIIICHHS YCTOHYHBOCTH.
BBenenue npou3BOIHBIX SBISIETCS OJHUM U3 CIIOCOOOB TaKOW KOPPEKIIUH.
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7.9.2 Ilapannenvnas Koppexkyus

[Ipu mapamienbHOW KOPPEKIUU KOPPEKTHPYIOIIEEe YCTPOMCTBO MOAKIIOYACTCS MapalielbHO
OJIHOMY WJIM HECKOJIBKUM OCHOBHBIM 3BE€HbAM (puc. 7.21), Ipu 3TOM BO3MOKHA KOPPEKLHMs IBYX
BHJIOB: YIpEXIaromas Wid mpsiMas cBsi3b (puc. 7.21, a) u oOparnHas cBsi3b (puc. 7.21, 6). B
3aMKHYTOM CHCTeME pa3HHUIla MeXAy ASTHUMH BHJAMHU [apaJljIeIbHON KOPPEKIUH CTAaHOBUTCS
YCJIOBHOM M CBOAMUTCA JIMIIb K TOMY, KaKHW€ 3BEHbSI CUUTAIOTCS "OXBAYECHHBIMHU'" JAHHOW CBA3BIO.
OpHako Ha MPAaKTHKE Yalle BCEro UCIMONb3YI0T OTPULIATEIbHYIO0 OOPATHYIO CBSI3b.

B 3aBHCHMOCTH OT THUIa KOPPEKTUPYIOLIETO YCTPOMCTBA PA3NIMYAIOT CIEAYIOIINE THUIIBI
00OpaTHBIX CBS3CH:

— orcecmkas 0bpamuas césa3v

W(s) = kx = const, (7.26)

rae k - ko3 HUIHEHT )KeCTKOW 00paTHON CBSI3H;
— UHEPYUOHHASA JHCeCMKasa 0Opamuas Ces3b

; (7.27)
]
Puc. 7.22 CrpyKTypHas cxema napajuiejibHOM KOPppPeKIHu:
a — mpsiMasi CBsI3b; O — oOpaTHas CBS3h

— uodeanvHas eudbxas oopamuas cesasw (Ouggpepenyupyrowas)

Wieals) = Tys; (7.28)
— UHepyuorHas eubkas oopamuas cea3v (U300POMHAS)

; (7.29)

— UHEePYUOHHAS KOPPEKMUpyrowads oopamuas céassb (acmamuieckas KOppeKyus)
Wis(s) = D; (7.30)

— KOMOUHUpOBanHas_obpamuas cea3b (U300POMHAS ¢ OCAMOYHOU HEPABHOMEPHOCMBIO)
(7.31)

AHanu3 NpUMEHEHNS PAa3IMYHBIX KOPPEKTUPYIOMINX YCTPOUCTB IMO3BOJISIET CHIEATh HEKOTOPHIE
BBIBOJIBI M PEKOMEHJIAIIMK OTHOCHTEIBHO UX HCIONB30BaHusA. [lomoxuTrenpHas xecTkas oOpaTHas
cBa3b (7.26) chayxuT [uis yBenuyeHus Kod(dduumeHTa yCWIIEHHsS, HO NPU 3TOM HEOOXOJUMO
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CIIEIUTh 3a TOCTOSHHOM BpEMEHH, KOTOpas TakKe YBEIMYMBAETCS, M CHCTEMa MOXET CTaTh
HeycTorunBoi. OTpuIaTenbHas kecTkas oOpartHas CBs3b (7.26) MCIOMB3YETCS I YMEHBIICHHS
WHEPIMOHHOCTH CHUCTEMBI. Tak KaK MOJOXUTEIbHbIE 0OpaTHBIC CBA3M BJICKYT 3a CO0OIW MOTEPIO
YCTOWYMBOCTH, TO B JaJbHEHIIeM 0e3 CIeNUalbHBIX OTOBOPOK OYIET CUMTaThCs, 4TO oOpaTHas
CBs3b — oTpHuarenbHa. JKecTkue oOpaTHBIC CBSI3UM AHHYJIMPYIOT MHTETPUPYIOIIME CBOWCTBA, a
THOKHUE CBS3M COXPAHSIOT acTaTu3M. OXBaT KECTKOW 00paTHON CBSI3bIO MPEBpAIIAET aCTATHIYCCKHE
CBS3M B CTaTHMYecKHe. B mpakTHueckoM NpUMEHEHUH HauOoJjblllee pachpOoCTpaHEHUE MOTyduIia
WHEPIIMOHHAs THOKass 0OpaTHas CBS3b.

7.10 TPEHUPOBOYHBIE 3AIAHUA

1 Ha ycTOHYMBOCTh CHCTEM aBTOMAaTHUYECKOTO YIPABIECHHS OKAa3bIBAIOT BIUSHUE IAPAMETPBI
perynupyemoro o0bekrta. JlOCTH)KEHHE YCTOMYMBOCTH MOXXHO  OCYIIECTBUTH  BBIOOpOM
COOTBETCTBYIOIIMX 3JEMEHTOB CHCTEMbl PEryJUpOBaHMs, B YaCTHOCTH, BBIOOPOM HACTPOEK
peryistopoB. Takum 00pa3oM, CHHTE3 YCTOMUUBBIX CUCTEM CBOJHUTCSA K OMPEICICHHIO HACTPOEK
PETyIATOPOB, MPU KOTOPBIX CHCTeMa OyAeT HaXOJUThCS Ha FPAHULIE YCTOMYUBOCTH.

A Ha kakoM KpuTepun 6a3UpyeTcs CHHTE3 YCTOHUHMBBIX CHCTEM?
B Kakum o00pa3oMm CTpOUTCS TpaHUIA YCTOHYMBOCTH /IS CUCTEM PETYIHPOBAHUS C
PErYISITOPOM, UIMEIOLLIMM JIBA HACTPOCUYHBIX NTapameTpa’?
C Kak cunte3upoBaTh ycroitunByto cucreMy ¢ [1- wim U-perynsaropom?
2 Cuctema aBTOMaTHYECKOTO YIPaBICHUS HE TOJBKO JIOJDKHA OBITH YCTOWYMBOW, HO H

OGJI&I[&TB HCKOTOPBIM 3aI1aCoM yCTOfI‘-IPIBOCTH. HOCJIGI[HI/Iﬁ MOKHO OLICHUTH C IMTOMOIIIBIO KOPHCBBIX
1 9aCTOTHBIX METOI0B.

A Kakue KopHEBbIE METO/IbI OLICHKH 3a11aca YCTOWYMBOCTH BaM U3BECTHBI?

B Kakoii pu3nueckuii CMBICII UIMEET IMOKa3aTelb KojeOaTeIbHOCTH?

C C noMomIpIo KaKMX 9aCTOTHBIX XapaKTEPUCTUK BBOJSATCS B pACCMOTPEHHUE OIIEHKH 3araca
YCTONYUBOCTH?

3 Jlns aHanmv3a CHCTEM Ha 3amac yCTOMYMBOCTH MCMOJIb3YeTCsl aHaior kputepust HalikBucra,
Ha KOTOPOM OCHOBAaH M CHHTE3 CHUCTEM, OOJaJaloluX 3armacoM ycroiuumBocTH. [Ipu 3TOM, Kak u
P CHUHTE3€ YCTOMYMBBIX CHCTEM, HEOOXOAMMO OINpEAENUTh HACTPOMKU PpEryjisiTOpoB, MHpH
KOTOPLBIX CUCTEMA OGH&I[&CT 3alaHHbBIM 3aI1aCcoOM yCTOfI‘-IPIBOCTH.

A Ecnm 3amac ycTOMYHMBOCTH OIEHUBACTCS TIOKA3aTelieM KoJieOaTeIbHOCTH, TO KaK OIICHUTh
3arac yCTOMUYMBOCTH 3aMKHYTON CUCTEMBI?

B Opno3HauHO WM HET peraeTcs 3amava onpeaeneHus Hactpoek [1U- u ITI-perynstopoB Ha
3aJJaHHBIH 3a11ac yCTOWYMBOCTH?

C UYro o3HayaeT TepMUH ""CTPYKTYpHAs HEYCTOMYMUBOCTh'"?

7.11 TECT

1 IlpenenpHOoe 3HaueHWe HacTpoek Il-perymsiTopa, mpu KOTOPOM CHCTEMa HaXOAWTCA Ha

I'PaHULIE YCTOMUMBOCTH ONPEAEIAETCS 10 COOTHOLIEHUIO:

4 =
B |
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2 Kak onpenenuTs CTeNneHb yCTOMYMBOCTH ?

4 = ;
B X ;
c |

3 Kak mosy4uTh pacmiupeHHYI0 aMILTUTYAHO-()a30BYI0 XapaKTEPUCTUKY?
A 3ameHoil B mepeaaTouHoi GyHKIMH S = i ©.
B 3amenoii B nepegarounoii ¢pynkuuu S =i o+ M o.
C 3ameHoii B nepenarounoit GyHkumuu S=-m o + i .

4 Kakoii mokaszaTenap Onpeaenser 3anac yCToiuuBOCTH?
A Crenenb 3aTyXaHHUsl.
B Tloka3zatenb Koi1e0aTeIbHOCTH.
C Bpewmst peryinpoBaHus.

5 Kakum 1mokazarenem OINpeaenisercss 3amac YCTOMYMBOCTH IIPU pacueTe HACTPOCUYHBIX
napamerpos Mmerogom PADX?
A 3anac ycToWYMBOCTH Ha ¢ase.
B Tloka3arenb K0ie0aTeIbHOCTH.
C Crenenb K0ye0aTeIbHOCTH.

6 Ilpm pacdere peryiasTopoB Ha 3aJaHHBId 3amac YCTOWYMBOCTH HUX HAcCTPOMKH
BBIOMPAIOTCH. . .
A BHe KpuBOM 33JJaHHOIO 3araca yCTOMYHUBOCTH.
B Ha kpuBo#i 3a1aHHOTO 3araca yCTOMYHMBOCTH.
C Baytpu 061acTH, OrpaHMYCHHON KPUBOW 3aJaHHOTO 3araca yCTOHIMBOCTH.

7 s cucreM perynupoBanus ¢ [IHM-perynsatopom rpaHuna 3aJaHHOTO 3amaca yCTOMYUBOCTH
CTPOUTCA B KOOpAUHATAX. ..
A4 S —So.
B Re(m, o) — Im(m, ).
C Re(w) — Im(w).

8 Kakue yacTOTHBIE XapaKTePUCTUKHU UCTIOIB3YIOTCS IPU aHAIU3€ CUCTEM PEryJIMpOBaHUS Ha
3arac yCTOMYMBOCTH 110 MOAYIIO U (aze?
A ADX oobekTa u ADX perynsaropa.
B A®X pa3oMKHYTOU CUCTEMBI.
C ADX 3aMKHYTOH CHUCTEMBI.

9 T'panuma 3aaHHOTO 3aIaca YCTOWYHMBOCTH OMPEACISETCS 0 YPAaBHEHHUIO. ..
A Wos(—my, i®,) Wos(—mwy, iop, So, S1) =— 1.
B Woﬁ(i(x)p) Woﬁ(i(x)p, S(), Sl) =—1.
C Wos(—mw,, im,) = Wos(—moyp, i, So, S1).

10 Ilpu cuHTE3€ CHCTEM Ha 3aJaHHbIH 3amac yCTOHYMBOCTH paboyast 4acToTa — 3T0. ..
A Yacrota, Ipu KOTOPOI cucTeMa HaXOAUTCS Ha TPAHULE YCTOMYMBOCTH.
B Yacrora, mnpu KOTOPOM CHCTEMa HaxXOAWUTCA Ha TpPaHUILE 3aJaHHOrO 3amaca
YCTONYUBOCTH.
C Yacrota, mpu KOTOPOH CHCTeMa HAXOAUTCS B 00JIaCTH HEYCTOWYUBON PabOTHI.
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8 UHCCIEJOBAHHE KAYECTBA IIPOLJECCOB
PET'Y/IHPOBAHHUA

OnHoit U3 mpo6iieM, BO3ZHUKAIOUINX MPU OCTPOCHUH CHCTEM aBTOMATHYECKOTO
peryIupoBaHus, HapsIy ¢ IPOOJIEMOI YCTOMYMBOCTH, SIBISIETCA KAUeCTBO PETYJIUPOBAHUS,
XapaKTEepU3yI0Illee TOUHOCTD U IUIABHOCTh IIPOTEKAHUS IEPEXOIHOTO MpoIiecca.

Cucrema aBTOMaTH4ECKOTO PETYJIMPOBAHNS HA3bIBAETCS] KAUECTBEHHOM, €CIIM OHA
YJIOBJIETBOPSIET ONPENEIEHHBIM TEXHOJOTHUECKUM TPEOOBaHUAM: HalpuMep, Kak OyJ1eT MEHAThCS
peaxius CUCTEMBI, €CIIM Ha €€ BXOJl AEUCTBYIOT Pa3JIMYHOIO POJa BO3MYIIEHHS KaK 110 KaHaIly
yIIpaBJIEHUs, TaK U 110 KaHAIy BO3MYILEHHs, T.€. 00eCIeuynBaeTCs JIM MPUHIUIHATIbHAS
BO3MOXXHOCTb IIPUX0/1a CUCTEMBI B HEKOTOPOE YCTAaHOBUBILIEECS] COCTOSIHME. Takoe MoHATHE
KauecTBa AaBTOMAaTUYECKON CUCTEMBI OXBATBIBAET €€ CTATUYCCKUE U TMHAMUYECKHE CBOMCTBA,
BBIpQ)KEHHBIE B KOJTMYECTBEHHOH (popMe M MOTydYHMBIINE Ha3BaHUE MOKa3aTelel KauecTBa
YIPaBICHUS.

8.1 IMOKA3ATEJIM KAYUECTBA
8.1.1 IIpsimble moka3zarean

Haubonee pacnpocTpaHeHHBIMH MPSIMBIMH [OKa3aTeIsIMH WM KPUTEPUSIMH KadyecTBa,
MIPUMEHSAEMBIMU B CUCTEMAX YIPABIICHHUS, ABJISIFOTCS:

1 Cratnueckas oOmuOKa pETYIHPOBAHUS V., ONpeenseMas Kak pa3HOCTb MEXIy
YCTAaHOBUBIIUMCSI 3HAUEHHUEM DPETYIUPyeMON MEPEeMEHHOW W €€ 3aJlaHHbIM 3HadeHueM (puc. 8.1),
T-e~yCT=yyCT_y3aa-

2 JluHamuueckas OIIMOKa PEryJUpPOBAHUS Yy, ONPEAEsieMas Kak HauOoJbIlee OTKIIOHEHHE
B NEPEXOJHOM IMPOIECCE PETYIUPYEMOU NEPEe-MEHHOW OT €€ YCTAHOBMBIIETOCS 3HayeHUs (puc.
8.2).

3 Bpems perymupoBanus 7, — Bpems, 3a KOTOPOE Pa3HOCTb MEXKIy TEKyIIMM 3HaYeHHEM
peryaupyemMon nepeMeHHON U ee 3a/laHHbIM 3HaYeHUEM (UM YCTaHOBHUBILIUMCSI) CTAHOBUTCS MEHBIIIE €

(pric. 8.1, 8.2), [Vsan(®) — (0 <&

xl
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4 TlepeperynupoBaHue G, u3MepsieMoe B % U pPaBHOE OTHOIICHHIO TEPBOTO MaKCHMAaJIbHOTO
OTKJIOHEHHSI ~PETyJIMPYeMOH TIepeMEHHOM OT €€ YCTaHOBHBIIETOCS 3HaYEHHS K OITOMY
YCTaHOBHUBILIEMYCsI 3HaU€HHUIO (puc. 8.3):

B . (8.1)

KavecTBO perynupoBaHHs CUHMTACTCS YIOBICTBOPUTEIBHBIM, €CIIM TEPEperyJupoBaHUE He
npessimaet 30 — 40 %.

5 Crenenb 3atyxaHus Y, usmepsaemas B %, CIIy’)KUT KOJIMUECTBEHHON OLIEHKOM
MHTEHCUBHOCTH 3aTyXaHUs KOJIeOaTEIbHBIX MPOLIECCOB U OMPEEIIETCS KaK OTHOIICHNE Pa3HOCTH
MEePBOH M TPEThEH aMIUIUTY K IEpBOM amruiutyzae (puc. 8.4):

[x] . (8.2)

WHTeHCUBHOCTD 3aTyXaHus KojeOaHUN B CUCTEME CUMTAETCS yOBIETBOPUTEIHHOMN, €CIIN
CTENEHb 3aTyXaHUs COCTaBISIET 75 % U BbIIIE, B HEKOTOPBIX CiIydasix JomyckaeTcs nopsaka 60 %.

Jnst TOro, YTOOBI CUCTEMa aBTOMAaTHYECKOTO PETYIMPOBAHUS YAOBIETBOPsIa TpeOyeMoMy
KauecTBY HEOOXO0JUMO, YTOOBI IPSIMbIE TIOKAa3aTeNId KauyeCTBa PEryIMPOBaHUSI TOM CHCTEMBI OBLITN
MEHBUIE WU PaBHBI 33JJaHHBIM, T.€.

[x]

WNnorpa tpeboBaHUS MO KayecTBY PEryJIMpPOBaHHUS MOTYT ObITh Oojiee >KECTKHE, HalmpHUMep,
HCpCXOI[HBIﬁ mponecc N0JIKCH GBITL MOHOTOHHBIM WJIX MOHOTOHHBIM U 663 HepeI‘I/IGOB.

[Ipsimble moka3zaTenu KadecTBa YAOOHO MCIIONB30BAaTh B TEX ClydasX, KOrjaa uMmeercs rpaduk
MepPexXoHOTo mporecca )(f), KOTOPBIA MOXET OBITh IMOIY4eH SKCIEPUMEHTAIBHO B PEaTbHOM
CHUCTEME PEryJIMPOBAHUS WU MyTeM MojenrupoBanus Ha OBM. Eciu ke Takoil BO3MOKHOCTH HET,
T.€. HE yIaeTCsi HUKAKMM O0pa30M IMOIYYUTh KPUBYIO MEPEXOIHOTO MPOIECcca, TO MONb3YIOTCS
KOCBEHHBIMH IIOKa3aTeNsIMU KauyecTBa, KOTOpPbIE BBIYUCIAIOTCS 0e3 TMOCTpoeHHs Trpaduka
MEePEXOTHOTO TpoIiecca Mo Ko3(pPUIeHTaM ypaB-HEeHUH WITH TI0 YaCTOTHBIM XapaKTePUCTHKAM.

8.1.2 KocBeHHbBIE IOKA3aTeJaN KA4ecTBAa

OcCHOBHYIO Tpynmy cpeaud KOCBEHHBIX [IOKa3aTelell KauyecTBa COCTAaBJISIOT KOPHEBBIC
MOKa3aTeaN KauecTBa PETyIHpPOBaHUS, K KOTOPHIM OTHOCSTCS CTENEHb YCTOWYMBOCTU U CTENEHb
KOJI€6aTCJIBHOCTI/I. OTH IOKa3aTelu YKEC GBIJII/I HCIIOJIb30BAHBI Ui OMPCACIICHHUA OLCHKH 3ariaca
yctoiunBocTH (11. 7.3, r1e Obu10 mano ux onpenenceHue). C TOUKH 3pEeHUs KauecTBa PeryIupOBaHuUs
MOKHO CACIIATh CICAYIOIINUEC BEIBO/bI.

1 Crenenp ycTOHYMBOCTH, oripenensemMas 1no gopmyne (7.7), XxapakTepu3yeT MHTEHCUBHOCTb
3aTyxaHusl HanboJiee MEUICHHO 3aTyXalollel HeKoJeOaTeIbHOM COCTABISIONICH MTEPEX0THOTO
npoliecca, KoTopas onpeensercs kak y (1) = Cee V. IlycTh paccMaTpuBaeMas cucTeMa
ornuceiBaeTcs qudGepeHanTbHbIM YpaBHEHHEM BTOPOTO MOPSAKA, XapaKTEPUCTHUECKOE
ypaBHEHHE KOTOPOTO UMEET JIBa JEHCTBUTENbHBIX Pa3IMUHbIX KOPHS SI=—0l, 8 =—0p U 0
< oy (puc. 8.5, a). [TocineqHuM COOTBETCTBYIOT JIBE AJIIEMEHTAPHBIE COCTABIISIONINE CBOOOTHOTO
JBIDKEHUS CUCTEMBI (puc. 8.5, 0):
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Kak BugHO M3 rpad)KOB MEpEXOAHBIX MPOIECCOB, YeM MEHBIIIEe a0COIIOTHOE 3HAYCHHE KOPHS
XapaKTePUCTHUECKOTO  ypaBHEHHS, TEM MEIJCHHEee 3aTyXaeT COOTBETCTBYIOIIAs €My
coctaBisifonasi. PesynmpTupyromuii mepexomHbld  mpomecc (f) = XZy(f). Ero 3aryxaHue
ompenensercss HamboJee MENJICHHO 3aTyXalolleld COCTAaBIIONICH, T.e. HAWMEHBIIUM TI0
a0COFOTHOMY 3HAUEHUIO0 KOPHEM XapaKTePUCTUIECKOTO YPaBHEHUSI.

[x]

Puc. 8.5 OmnpenesieHue kauecTBa MOHOTOHHBIX NEPEXOIHBIX
MPOLECCOB M0 CTeNEeHH YCTONYNBOCTH
a — pacrojoKeHUE KOpHEH XapaKTepUCTUYECKOT0 YpaBHEHNUS,

o — COCTAaBJIAIOIIHNEC IICPEXOJHOI0 ITpo1ecca

B

Puc. 8.6 OmnpenesieHne KauecTBa KoJ1ed0aTeIbLHBIX MEPEXOTHBIX
NMPOIECCOB MO CTENEeHN YCTOHYNBOCTH:
@ — PacroiI0XKeHNEe KOPHEN XapaKTEpUCTUIECKOTO YPaBHEHUS;

6 — TIepEeXO0/THBIC TTPOIIECCHI

Ecnmu ke XapakTepuCTHUECKOE YpaBHEHHUE CHUCTEMbl HMEET KOMIUIEKCHBIC COMpPSIKEHHBIC
KOPHH, TO COCTABJISIONIAs MIEPEXOHOTO Tporiecca y,(¢) OyaeT uMeTh KonebaTenbHbIN xapakTep yi(f)
= Cie™cosot, n NelCTBUTENbHAS YACTh KOPHS, a (QAKTUYECKH CTeNeHb yCTOHYMBOCTH, TAK KaK 1) =

0L, XapakTepu3yeT orubaromryro (puc. 8.6).
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Kak BugHO u3 puc. 8.6, nBa KoneOaTeNbHBIX MEPEXOAHBIX MPOIEcca Pa3HON YaCTOTHI UMEIOT
OJIMHAKOBBIC OTHOAIONIUE, T.€. Vorus = e ™. Ho NP OJMHAKOBOW CTENEHU YCTOMYMBOCTHU KaY€CTBO
ATUX MEPEXOAHBIX MPOLECCOB CYIIECTBEHHO OTJIMYAETCA ApYr oT Apyra. CiegoBaTelibHO, 3HAHUS
CTENEHW YCTOWYMBOCTH [IJIi OIICHKM KadecTBa KOJIeOATeNbHBIX TEPEXOAHBIX IMPOIECCOB
HEJI0CTAaTOYHO.

CreneHb yCTOWYMBOCTH MOKET OBITh UCIIOIB30BaHA JIJIsl OLICHKH BPEMEHU PETYIUPOBAHUS

MOHOTOHHBIX TIEPEXOHBIX MporeccoB. KacaTenpHas K |:| = ¢ " B Touke ¢ = 0 OTCEKAET HA OCH

a0CITMCC OTPE30K |:| (puc. 8.5, 6). Bpems perynupoBaHus B 3TOM CIIy4ae OMPeaAesaeTcs Kak

T,< D (8.3)

Ecom TtpeOyercss yMEHBIIUTH BpeMs peryilupoBaHMs, TO, Kak cieayer u3 (8.3), cTeneHb
YCTOMYHUBOCTH HaJ0 yBeNWYMBaTh. lIpW OIICHKE BPEMEHH pETYIMPOBAHHUS YACTOTa HE
YUUTBHIBACTCA.

2 CreneHb K0IEOATETLHOCTH TaK K€, KaK U CTETMECHb YCTONYHMBOCTH, MCIIOJNB3YETCS H JUIS
OLICHKM 3amaca yCTOMYMBOCTM Y 1 OLEHKM KauecTBa perynupoBanus. (CreneHb
K0Je0aTeNbHOCTH, ompenensemMas B cooTBercTBHM C (7.8), XapakTepu3yeT 3aTyXaHHe HambOolee
MeJUIEHHO 3aTyXalollled COCTaBIAIONIeH, KoTopas ompenensercs kak y(f) = Ae "“sinot, oTkyma
CIIEITyeT, YTO U3MEHEHUE YaCTOTHI BJI€YET U H3MEHEHUE aMILTUTY/IbI KOJIeOaHUI.

Crenenpb K0j1€0aTENbHOCTH OJIHO3HAYHO CBA3aHA CO CTEMEHbIO 3aTyxaHus. JlelicTBUTENBHO, B

MOMEHT BPEMEHH f) aMIUIUTYyAa CBOOOAHON COCTaBJISIOIIEH ONpenenseTcs Kak )= |:|, aB

MOMEHT BpeMeHHU fy + T, T.e. yepe3 mepuon, y; = |:| B sTom ciyyae creneHpb 3aTyxaHus,
coriacHo (8.2), 3anuiiercs:

]

tak kak | <] | 10

y=1-e™. (8.4)

Crenenn 3atyxaHus u3Mensiercs oT 0 mo 1, a cremens kosebarenpHOCTH — OT 0 70 0.
Haubonee wacto wucnonb3yrotTcs cienyrone ux 3nauenus: m = 0,141 (y = 0,61); m = 0,221 (y =
0,75); m=0,366 (y =0,9); m=0,478 (y=0,95).

3 OrmeHka CTaTUYECKON OMMOKHM MOXKET OBITh MOJTydeHa 10 TPESIbHON TeopeMe:

Yer= ) (8.5)

rne W,.(s) — mnepematouHas (QYHKIUS 3aMKHYTOH CHCTEMBbI IO KaHainy omuOku; X(s) —
n300pakeHUE 3aJ1al0IIero BO3JACHCTBUS, B O0nbIIMHCTBE ciaydaeB x(f) = C = const u Torma X(s) =

D. C y4eroM BBIIIECKA3aHHOTO

Yer=

Hanpumep, 1715 cucteM ¢ HHTETpabHBIM PETYISATOPOM CTaTUYecKas OUIMOKa OTCYTCTBYET
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a Ul CUCTEM C IIPONIOPLUUOHAIBHBIM PErYISTOPOM paBHA

B

Ecmu B Wos(s) koapduninent nepegaun paBeH k, To

W3 mocneaHero COOTHOIIEHUsI BHIHO, 4TO B cuctemax ¢ [l-perymaropom craTuyeckas ommoka
YMEHBIIIAETCS] C YBEIMYECHUEM 3HAUEHUs IapameTpa HaCTPOMKHM peryisTopa. B peanpHbIX cuctemax
OepeTcst MaKCUMaJIbHO BO3MOYKHOE 3HAUEHHE S1, UCXO/IS U3 00ECIICUSHHUS 3araca yCTOHUYUBOCTH.

B 3akiouenue creayeT 3aMeTUTh, YTO AMHAMHUYECKas OMIMOKa KOPHEBBIMH METOJAaMU HE
OLICHUBAETCSI.

8.1.3 HHTerpanbHble KPUTEPHHU KayecTBa

WHTterpanbHble KpUTEPHM KauyecTBa NPEACTABISIOT CcO0OW OmpenesieHHbIe HMHTETpalbl 110
BpeMeHH B Tipesienax oT () 10 co OT HEKOTOpO# (PyHKIIMH MEePEXOAHOT0 Tporiecca y(f) uiu ommoku &(f)
U BBIUUCIAOTCA HCEMOCPECACTBCHHO, JII/I60 no MnepexoaAHbIM (I)YHKI_[I/IHM CHUCTCMbI, HJIIKX IIO
ko3 dunpenTam mnepenaTouHold (QYHKIMHM CHUCTeMBI. L[enmpro HCIONb30BaHHUS ATHX KPUTECPHEB
SIBIISICTCS TIOJTyYeHHE OOIIeH OleHKHU OBICTPOACUCTBHUS U OTKJIOHEHHUS PETyIHpPyEeMOW BETHUHUHBI OT
YCTAaHOBHBIIETOCS 3Ha4YeHWs. K HMHTErpallbHBIM KPUTEPHSIM KadecTBa MPEABSIBISIIOTCS BA
TpeOOBaHUS: a) TPOCTOTa BBIYHUCICHUS HHTErpaiia; ©O) HECIOKHOCTh BBIPAKCHHUS Yepes3
koahpurmenTs! qudepeHITmaIbHOTO YPaBHEHHUS.

8.1.3.1 Jluneiinwiit unmezpaivnlit Kpumepuii

&l (8.6)

CIY)KUT JJIsl OIICHKH KadecTBa HEKOJeOaTeNbHBIX MPOIECCOB. | €OMETPUYECKH 3TOT KPUTEpUU
XapaKTepu3yeT IUIOIIa/lb, 3aKIOUEHHYI0 MEXKIy KPUBOH MEPEXOHOTO MPOoIecca U OChI0 adCIHCce
(puc. 8.7, a), OH YYHTHIBACT KaK BpEMsS PETYJIUPOBAHHS, TaK W BEIHMYMHY TUHAMHYECKHX
oTkioHeHWH. Ecin Hew3BecTHa KpuBas IMEPEXOAHOTO TpOIlecca, HO HM3BECTHA IepenaTodHast
GbyHKIMS 3aMKHYTOM cUCTeMBI W, (s) u BxoaHas mepemerHas x(f) = 1(¢), To 3HaUCHUE JIMHEHHOTO
HHTCTPAJIBHOI'O KPUTCpHUA ONMPCACIIACTCA € HUCHOJIB30BAHUCM TCOPEMbI O KOHCYHOM 3HAUCHUH
¢dbyakuuun. [etictBurensHo, dopmyny (8.6) MOKHO 3amucaTh HHAYE:

B

U TOorza

]

JIMHENHBI MHTErPAIbHBIA KPUTEPUM KayeCTBA MOXKHO BBIUYUCIUTH U JPYTMMHU METOAAMM.
Hanpumep, eciau nans! 1uddepeHiuaibHoe ypaBHEHNE U HadyalbHbIE YCIOBHUA:
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an ") + any ") + .. Fag() =0,

Y7 00), .., y'(0), ¥(0),

TO, IIPOUHTEIPUPOBAB €0, IIOTYYUM

B

JInst yCTOMYMBBIX CUCTEM y(i)(oo) =0msa i=1,2,...,n.
Torma — any(" “D0) - a,, y(" 20)— ... —agly =0, OTKYy/1a
S, ,

a IIpU HYJICBBIX HAYAJIbHBIX YCIOBHAX

J, =| =

CymiecTByI0OT MOAM(UKALUY JIMHEHHOTO MHTETPAIBHOTO KPUTEPHUs, KOTOPhIE MTPUMEHSIOTCS B
TeX CIy4asX, KOrJa HadaJIbHbIM y4acTOK MEPEXOAHOIO MPOLECCa SBISETCS MEHEE OTBETCTBEHHBIM,
HaIpuMep,

B

BriBenem  dopmyny, TIO3BOJSIONIYIO  BBIYMCIATH  TakoW  Kputepud. Jlms  3TOro
npoauddepenuupyem 1o s GyHKIHIO

B

OCYIIECTRBIISIIONTYIO TpeoOpazoBanue no Jlamnacy Gyakmuu y(r):

Ecnu nepelitu k npenemny| [x] npu s — 0, To noay4um

B

CrieyeT OTMETHUTD, YTO JUISl BBIYMCIICHHS TAKUX KPUTEPHEB HE TPeOYeTCsl 3HAHUE MEPEXOIHOTO
nporecca. YeM MeHbIIe 3HAYCHUE JIMHEHHOTO MHTETPAIbHOTO KPUTEPHs, TEM JIydlle KayeCTBO
nporecca  peryiaupoBaHus. OJHaKO  WCIOJB30BAaHWUE JAaHHOTO THNA  KPUTEPHEB VIS
3HAKOIEPEMEHHBIX MEPEXOIHBIX MPOIECCOB HE JaeT 0OOBbEKTHBHOW KapTHHBI, TaK, HAIPUMeEp, IS
He3aryxatomeil cunycouasl J; = 0. IloaromMy Uil OLIEHKM KauyecTBa pPETYJIUMpPOBAaHUS TaKUX
MIPOIIECCOB MCTIONIb3YIOT HH-TETPaJIbHbIE OLIEHKH, 3HAKOIEPEMEHHOCTh OIBIHTErPaIbHON (DYHKIIUN
KOTOPBIX yCTpaHEeHa KaKUM-TH00 criocoOoMm.
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IMpumep 8.1

*
TpeOyeTrcst BBIYUCTUTD J; ISl CUCTEMBI C

Pemrenue.

Haiimem  y(s):

Puc. 8.7 HNHTerpajbHble OLIEHKH Ka4yecTBa PeryJIupOBaHusA:
a — NMUHEeNHast; 6 — MOJlyJIbHasl; 6 — KBaJpaTUYHasl

8.1.3.2 Mooyavustii unmezpanvHslii Kpumepuii

X (8.7)

NPpUMCHACTCA [JIA OLCHKU KadCCTBa KOHCGaTeJIBHBIX mnmpomneccos, a i HCKOH€6aTeHBHLIX
MIPOIIECCOB OH COBIAAAET C JTMHEWHBIM HHTETPATIBHBIM KpuTepueM. /s ero BerunciaeHus Tpedyercs
3HAHHWE TMEPEeXOIHOro Tpoiecca. Ha mpakTHke 3TOT KPUTEPHH HCHOJIBb3YeTCSA MPH YHUCICHHOM
UCCIICIOBAaHMH CHCTEM HAa MOJCISAX C MPUMEHEHHWEM BBIYHCIUTEIBLHON TEXHUKH, T.e. TaM, TIC
orneparys B3ATHS MOMAYJIS HE MPEACTABISACT TPYAHOCTH. | €OMETPUYECKH KpPUTEPHH paBeH
TUIOMIA/IA, 3aKIIFOUEHHOW MEXTy KPHUBOU | y(z‘)‘ u ocblo aOcmucc (puc. 8.7, 6). B HEKOTOPBIX
CIIydasx MCIONb3yIOT MOIHMHUKAIINIO MOAYIEHOTO HHTETPAILHOTO KPUTEPUSL:

(8.8)

KOTOpasi MpUiaeT OOJBITUN BeC 3HAUCHHSIM TIEPEXOTHOTO MPOIecca B €ro KOHIIE.

8.1.3.3 Humecpanvnwiii keadpamuunwliit Kpumepuii

, (8.9)

ABIISICTCA HauboJIee PacpOCTPAaHEHHBIM KPUTEPUEM KauecTBa U MPECTaBIsIeT OO0 TIIOIMIAb O
KpUBOM yz(z‘) (puc. 8.7, 8). Kak BunHo u3 (8.9), pasHble M0 BEIMYMHE OPJUHATHI MEPEXOTHOTO
rpouecca BXOJAT B KPUTEPUM C pa3HbIM BECOM, YTO IPUBOJUT K TOMY, YTO HAYaJIbHBIN y4acTOK
MEePEXOIHOTO Tpollecca MpuodpeTaeT HauOoNbIIee 3HAYCHHE, YeM ero "XBOCT', KOTOPBIH
IIPAKTUYECKM HE BIUSAET Ha KBaApaTU4HbI kputepuil. CTpeMsach MUHUMHU3HpOBaTh (8.9),
(aKkTU4YEeCKH MHUHUMHU3UPYIOT HaAMOOJBIINE OTKIOHEHHS PEryJlupyeMOil BEJIWYHHBI, MO3TOMY
MUHHUMAaJIbHBIE 3HAUYEHUS] KPUTEPHUs BCETJa COOTBETCTBYIOT KOJIeOaTeIbHBIM MPOIIECCaM € MallbIM
3aryxaHueM. C LeJbI0 yCTpaHEHUsI 3TOTO HEJOCTaTKa MPUMEHSIOT YIYYLIEHHYIO KBaJpaTUYHYIO
OLICHKY:
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, (8.10)

KOTOpasi, KpOME CaMUX OTKJIOHEHUH, YYUTHIBAET C BECOBBIM KOA((HUIIMEHTOM UX MPOU3BOIHYIO.
BecoBoii ko3¢ uienT BeIOUpaeTcs paBHBIM KeJaeMOMY BPEMEHU HapacTaHUs WIM IPUMEHSEeTCs

B Ipejennax
D <T< D, (8.11)

rae T, — ’KenaeMas IIUTEIbHOCTh IEPEXOHOO IpoIiecca.

KBagpartuunelii KpuTepHid, Kak M JTHHEHHBIN, MOXKHO BBIYMCIUTH 0€3 MOCTPOCHUS TMEPEXOTHOTO
Ipoliecca 1Mo YaCTOTHOM XapaKTEepPUCTHKE 3aMKHYTOM CHUCTEMBI U IpeoOpa3zoBanuio mo dypbe oT
BXOJIHOT'O CUTHAJIA.

Hcnons3ys ¢popmyny Penes, monyyaior:

B

B 3aximoueHue criemyeT OTMETUTb, YTO a0CONTIOTHBIE 3HAUSHHUS JTF000I MHTETPATTbHOMN OLIEHKU
camM 110 ce0e He MpeCTaBIsAoT nHTepeca. OHU CITyKaT Ul CONOCTABJICHUST Pa3/IMYHbIX BapUAHTOB
HACTPOMKH OJTHOU Y TOU 7K€ CUCTEMBI, & TAKXKE JUIS ONIPEEIICHU [TapaMETPOB HACTPOMKU CUCTEMBI.

8.2 YACTOTHBIE METO/IbI AHA/IN3A KAYECTBA
PET'Y/IHPOBAHHUA

B uH)XeHEepHON NPAKTHKE IIUPOKO HCIIONB3YIOTCA YaCTOTHBIE METOMBI UCCIEJOBAHMS CUCTEM
ympasneHus. B yactHoctu, rpynma MeTooB, papabotannas B. B. Con010BHUKOBBIM, TO3BOJISIET
OLICHUTH Ka4yeCTBO PEryJIMPOBAHMS IO BEIIECTBEHHBIM YACTOTHBIM XapaKTEPUCTHKAM, IIOCTPOUTH
IIEPEXOIHBIE MPOLIECCHI, & TAKKE CUHTE3UPOBATH KOPPEKTUPYIOLLUE YCTPONCTBA.

8.2.1 3aBucuMOCTH MeKIy NepPexoHO U
YaCTOTHBIMHU XapAKTEPUCTHKAMHU
JIsl OLEHKH KadyecTBa PEryIupoBaHMs HEOOXOAMMO YCTaHOBHUTH CBSI3b MEXIy NEpEXOAHBIN U
YaCTOTHBIMU XapaKTEpUCTHKaMH. B 4acToTHOI 007acTy mepexoHas XapaKTEepHCTHKA 3allUChIBACTCS

yepe3 rnpeodpazoBanue Dypre:

E (8.12, a)

n yepe3 ADX cucteMbl U n300pakeHUE BXOJIHONW TepeMeHHOM mo Dypbe ¢ Apyroi CTOPOHBI
y(io) = W(io) X(io). (8.12, 0)

Hcnonw3yst oOpatHOoe mpeoOpa3zoBanue Dyppe W TMOCICAHUE COOTHOIICHHUS, MEPEXOTHOM
mporecc (mepexoaHasi XapaKTepUCTUKA) OMPeAeTSeTCs CIEAYIONIIM 00pa3oM:
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=] (8.13)

ITpu Bo3aeicTBUM HA BXOJ €IMHUYHOM CTYNEHYaTOW (QyHKIUEH x(¢) = 1(t), nzo0Opaxenue
kotopoit x(im) = 1/(im), cootHomenwue (8.13) nis nmepexoaHoi GyHKITUN 3aIUIIETCS KaK

[Ipencramsass ADX depe3 neHCTBUTEIBbHYIO 1 MHUMYIO YacTh W(i®w) = Re(w) + ilm(w) u
pasnaras €' o gopmysie Ditnepa, BrIpaXkeHUe A1 MEPeXoAHOH (DYHKIMM peobpasyercs K Goiee
yno6HOMY Buay ¢ ucnonb3oBanueM BUX — Re(w):

(8.14)

nmu MUX - Im(o):

=] . (8.15)

Ha mpaktuxe ucnonp3yercs popmyna (8.14), B kotopoit BUX mpeacraBisieT co00it CI0XHYIO
(GYHKLMIO ¥ HHTETPUPOBAHHE BO3MOXKHO TOJIBKO MPHOIMKEHHO: YMCICHHBIMU METOIAMH C
npuMeHeHreM DBM 160 myTeM npenBapuTeNbHON anlpOKCHMAITNH CII0KHON XapaKTepucTHKH Re(m)
KYCOYHO-TTMHEHHBIMU (DYHKITUSIMH — CYMMOH TparieIiuii Wik CyMMOW TPEYTOJILHUKOB, YTO TTO3BOJISICT
MOJIY4YUTb JOCTATOYHO YI[OGHBIC BBIPAYKCHUSL.

Ecnu Ha cucteMy IefCTBYET IPOM3BOJIBHOE BO3MYIIEHHUE, TO IEPEXOAHBIN IIPOLECC
ornpezensercs mo 00001EHHBIM BEIIECTBEHHON U MHUMON XapaKTepUCTUKAM:

Regs(@) = Re[W(im)X(iw)], Imys(®) = Im[W(iw)X(im)], (8.16)
MIPU ATOM HEOOXOIMMO, YTOOBI TTONFOCK! PyHKIIUU W(s)X(s) pacmosarainck cieBa OT MHUMOW OCH.

8.2.2 CgoiicTBa BelIECTBEHHO-YACTOTHBIX XaPAKTEPUCTHK U
COOTBETCTBYHIIUX UM MEPEeXOAHBIX NMPOLECCOB

OcnoBHbIe cBoiicTBa BUX 1 nepexoaHbIX poIieccoB ClieAyroT u3 (8.14).
1 Ceoiicmso aunerinocmu: ecnu BUX MOXHO IIpecTaBUTh CyMMOM

B (8.17, a)

U KaXJ0M COCTaBJSAIOUIEN COOTBETCTBYET MEPEXOAHBIN MTPOLECC
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=] , (8.17,6)

TO ¥ TIEPEXOAHBIN MPOIIECC J(f) MOKET OBITh IPEICTABIICH CYMMOM COCTABIISIOIINX

] . (8.17, 6)

Puc. 8.8 CoorBercrBHe MacIITa00B 110 OCH OPAMHAT:
a —BYX; 6 —nepexoouvie npoyeccol

2 CooTBeTcTBHE MAcCIITa0OB [0 OCH OpAMHAT 0151 Re(w) u y(t).
Ecmm ymHOXUTE Re(®) Ha MOCTOSHHBIA MHOXHUTEIh O, TO COOTBETCTBYIOIICE 3HaueHUE )(f)
TOXE YMHOYKAETCSI Ha 3TOT MHOXXHTEIb o (puc. 8.8).
3 CootBercTBHE MacmITabOB Mo ocu adciucce 015 Re(w) u y(t).
Ecnu aprymMeHT B COOTBETCTBYIOIIEM BBHIPAKEHUU YaCTOTHOW XapaKTEPUCTUKU YMHOXKHUTH HA
MIOCTOSTHHOE YHUCIIO, TO apTyMEHT B COOTBETCTBYIOIIEM BBIPAKCHHH MEPEXOIHOTO Tporiecca Oyaer
JEUTHCS Ha 3TO yucio (puc. 8.9), T.e.

(8.18)

Puc. 8.9 CoorBercTBHE MACIITA00B IO OCH A0CIHCC:

a — BUX; 6 — nepexoIHbIe MPOLIECCHI

4 HauanpHoe 3HaueHue BYX pasno KoHeuHOMY 3HAYEHUIO NEPEeXOOHOU XApaKmepucmuKu
(puc. 8.9)

(8.19)
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Hauanbnoe 3nauenne MUX Im(0) = 0.
5 Koneunoe 3nauenue BUX pasHno nauanbhomy 3HAUEHUIO NEPEeXxOOHOU XapaKmepucmuKku

(8.20)

WuTepec mnpeAcTaBisiOT pa3phiBbl HEMPEPHIBHOCTH M MHKU B BE-IIECTBEHHO-4aCTOTHOM
XapaKTEePUCTHUKE.
[Tycts mpu ® = ®; BUX umeer pas3psiB HenpepsiBHOCTH (puc. 8.10, @) Re(w;) = oo, mpu 3TOM
XapaKTepUCTHUUECKOE YPaBHEHUE CUCTEMbI OyJeT UMETh MHUMBIM KOPEHb S| =+ i®], T.€. B CUCTEME
YCTaHABJIMBAKOTCA HE3ATYyXaOIHUEC TAPMOHNYCCKUC KOH€6aHI/I$I, CCJIM OCTAJIbHBIC KOPHU JICBBIC.

]

Puc. 8.10 Pazamunnie Buanl BUX:
@ — C pa3pbIBaMH; 6 — C BBICOKMM OCTPBIM YTJIOM

Bricokuit u octpeiii muk BUX, 3a kotopeim Re(w) mnepexonut uepe3 HyJIb MPU YACTOTE
ONMU3KOH K ], COOTBETCTBYET MEJICHHO 3aTyXatoluM kosiebdanusiM (puc. 8.10, 0).
6 Ymobwr mepexoiHas XapaKTEepHUCTHKa HUMeNa nepepezynupoganue o < 18 %, BYX donocna

ObLIMb nONOIHCUMENbHOU Heso3pacmalowell pyHKkyuel yacmomol, m.e. Re(w) > 0, (=]

[x]

Puc. 8.11 BYX, cooTBeTrcTBYIOIIAS
NepexoaHoH xapakTepucTuke ¢ 6 < 18 %

7 YCIOBUSL MOHOTOHHOI'O INPOTEKAHUsI MEPEXOIHOrO MpPOoLECca.
Ymobwi  nepexoOHoli npoyecc umel  MOHOMOHHBIU Xapakmep, O00CMAmo4Ho, Ymoobl
coomeemcmeyrowas emy BUX Re(w) asnanace nonosxcumens-

[x]

Puc. 8.12 YciaoBUS MOHOTOHHOIO NMPOTEKAHMS MEPEXOIHOI0 Mpoiecca:
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a— BYX; 6 — nepexoonoii npoyecc

HOU, HenpepvléHOU (pyHKYUell Yacmomsvl ¢ OMpPUYamenvHot, yovigarowet, no abdcoiomHol

senuyune npoussoonou (puc. 8.12) Re(w) > 0,

[x]

< 0.

8 Omnpenenenre HauOONBIIETO 3HAUYCHUS HEPepeyIUPOBAHUSL Omgyx NEPEXOOHO20 Npoyecca

no maxcumymy BYX (puc. 8.13)

B

(8.21)

rae Rem,x — MakcumanpHOe 3HaueHue; Re(0) — HauanpbHOE 3HAUCHUE.

xl

Puc. 8.13 K onpexnesiennio Han0o0/1b11ero 3Ha4YeHHUs MepeperyInpoBaHus

9 Ecnu BUX 6nu3ka K TpanenenaaibHOM, T.€. MOXKET ObITh alllIPOKCHUMUPOBAHA TpameIuen ¢

nuarna3zoHoM 4actoT 0 — m; W K03 (UIMEHTOM HaKJIOHA ) = , TO BpEeMsl pEryJlnpOBaHUS

IMEPEXOAHOTO IMponIecca CUCTEMBI 3aKJIIFOYCHO B IIpEaciax E

Puc. 8.14 Annpoxcumanusa BUX Ttpanenueit

8.3 HYBCTBUTEJBHOCTb ABTOMATHYECKUX CUCTEM
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IIpn anann3e YCTOWYMBOCTM M KadecTBa aBTOMAaTHYECKMX CHUCTEM IIPEAIoJarajloch, 4TO
3HaueHHUs TMapamMeTpoB OOBEKTa M YIPABIAIOIIETO YCTpPOIlCTBa OCTAlOTCA B Mpolecce
9KCILTyaTalluM CUCTEMBI IOCTOSIHHBIMU. B 1eliCTBUTENBHOCTH K€ MapaMETPbl CUCTEMBI IIOCTOSIHHO
MU3MEHSIOTCS 10 pa3HbIM MPHUYMHAM, 3TO TaK Ha3bIBAEMOE, HKCILTyaTallMOHHOE M3MeHeHue. Kpome
TOrO, 3HAYEHHUS IapaMEeTPOB MOTYT MMETh pa3Opoc BCIEACTBUE IOMYCKOB Ha HM3TOTOBJICHHUE U
TEKylIUEe 3HAYEHUs NEPEMEHHBIX OTIMYAKOTCA OT PacyeTHBIX. B CBA3M C 3TMM BO3HHUKAET 3ajaya
OlpeNieNIeHUs]  BIUSHUS pa3Opoca M U3MEHEHHS  IapaMeTpOB CHUCTEMbl Ha CTAaTHYECKHUE U
JUHAMHAYECKHE CBOMCTBA MPOLIECCA YIIPABICHHUS.

Binsuus Bapuanuii mapaMeTpoB CHCTEMBlI Ha €€ CTaTHUYECKHE M JAWUHAMUYECKHE CBOWCTBA
Ha3bIBAIOTCA IMAPAMETPUYECKMMH BO3MYILECHHUSIMH, a BO3HHMKAIOIIHWE IPU 3TOM OTKJIOHEHHS
XapaKTEpUCTUK  CHUCTEMBl OT pPAaCUETHBIX 3HAYEHUM — MapaMETPUYECKUMHU IOTPELIHOCTIMHU
(omubkamm).

JInisi OIIEHKH CTETeHU BIUSHUS pa30poca M M3MEHEHHUs MapaMeTPOB CUCTEMbI HCIIONb3YIOT
MOHSATHE — YYBCTBUTEIBHOCTh CUCTEMBI. UyBCTBUTEIBHOCTh — 3TO CBOMCTBO CUCTEMBI MU3MEHATH
CBOM BBIXOJHBIE NEPEMEHHBbIE M IIOKA3aTelId KAadyecTBAa IPU OTKIOHEHWU TOTO WM HHOTO €€
napameTpa OT HCXOIHOIO MJIM PacyeTHOro 3HayeHus. s o00o3HaueHHs] MPOTHBOIIOJIOKHOTO
CBOMCTBa WCIIOJIB3YETCS TMOHATHE '"TPyOOCTh" W CHCTEMBI, COXPAHSIOIIME CBOM CBOWCTBA MpH
TOOBIX MApaMETPUUECKUX BO3ZMYILCHHSX, HA3bIBAIOTCS IPyOBIMU MIIM pOOACTHBIMH.

KonnyecTBeHHBIMU OLIEHKAMH YYBCTBUTEIHHOCTH SBISIOTCS:

— (YHKLUS 4yBCTBUTEIIBHOCTH;
— KO3 (HUIHUEHT IyBCTBUTEILHOCTH.

@OyHKIMEH YyBCTBUTEIBHOCTH HA3bIBAETCS YaCTHAS MPOMU3BOIHAS KaKOW-IMOO AMHAMHYECKOM
XapaKTEPUCTUKHU WM KAaKOTo-IM00 IOKa3aress M0 MU3MEHSoLEMYCs (BapbUpyeMOMYy) NapaMeTpy
ki. Hanmpumep, nns mnepemarounoi QyHkuuu W(s, k;), 3aBucsmeil ot mapamerpa k;, (GyHKUIUSA
qyBCTBUTEIBHOCTH ONPENEISIETCS KaK

] (8.26)

JUTs1 IepexoaHon pyHKIMu A(2, k;) IO OTHOIICHHIO K IMapaMeTpy A;:

(8.27)

rae ki — pacueTHOE 3HAUYCHHE MmapaMeTpa k;.

Ha mpaxTuke 4acTo HCIONB3YIOT OTHOCHTEIBHYIO (DYHKITUIO YyBCTBUTEIEHOCTH, KOTOpast
COOTBETCTBEHHO 11715 (8.26), (8.27) 3anumiercs:

[x]
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Taxk, 17151 OTHOKOHTYPHOM CHCTEMBI aBTOMAaTHYECKOTO PETYIUPOBAHUS, COCTOSIIEH N3 00bEeKTa
Wos(s) = ko  |(s) u perynsaTtopa Wy(s), oTHOCUTENbHAs (GYHKIUSA YyBCTBUTEILHOCTH I10
OTHOIICHMIO K MapaMeTpy ko OIpeAesieTCss COOTHOIIEHHEM

xl

¢ yuetoM (5.86) oHO mpeoOpa3yeTcs K BUILY

, (8.28)

KOTOPOC O3HA4YacT, 4YTO YYBCTBUTCIIbBHOCTH TUIIOBOM CHUCTEMEI peryjim-poBaHusds K HU3MCHCHHUIM
CBOMCTB 00BEKTa TIOJHOCTBHIO OMPENESETCS TOJBKO TMepeaaTouyHol (QYyHKIMEH pa3OMKHYTOU
cucteMbl. YeM MeHbIIE 3HAYCHHE (I)YHKI_[I/II/I YYBCTBHUTCJIBHOCTHU, T.C. YCM pr6€€ CHUCTEMA, TCM
MEHbBIIE JOMOJ-HUTEIbHOE OTKJIOHEHHE BBIXOJHOW NEPEeMEHHON W, CleOoBaTeIbHO, JIy4llle
KaueCTBO CUCTEMBI.

Ecnu (yHKIUS 9yBCTBUTENBHOCTH BBIPAXKAETCS YMCIIOM, TO OHA HAa3bIBAaeTCA KOA()OULIUEHTOM
4yBCTBUTENBHOCTH. C MOMOIIBIO KO (PUIIMEHTA YyBCTBUTEIBHOCTH OLIEHUBAETCS
4yBCTBUTEIBHOCTH YMCIIOBBIX MIOKA3aTeN el KauecTBa, HAIPUMED, OKa3aTess KOIeOaTeIbHOCTH,
nepeperynuposanne. OLeHKa M3MEHEHHUS X0/1a IPOIIECCa MO OTHOIIEHHUIO K BO3MYIIECHUIO
npousBoauTes o popmyie Ay(r) = VE(1)Ak.

[1o OTHOLIEHUIO K HECKOJIBKUM NapaMeTPUYECKUM BO3MYILEHHUSM NPUMEHSIOT PUHLINIL
CYNEPIO3ULINH, KOTOPBIM MOKHO IIPOMJUTIOCTPUPOBATH CIEAYIOLUM IPUMEPOM.

[lycte cuctema ympaBieHHs ONUChIBaeTcs AUQPEpeHlnaIbHbIM ypaBHEHHUEM IE€PBOTO
opsIKa

Ty'(6) + () = k x(¢) wm | ] ,

JUISL KOTOPO# BBOJIATCS JiBE (DYHKIIMH YyBCTBUTEILHOCTH
V(1) = s

Ecmn mpomuddepenmpoBats UCXOHOE ypaBHEHHE TIO Tapamerpam ku T

]

U TIPOM3BECTH B TOJYYEHHBIX BBIPRKEHUSX 3aMeHy uepe3 (YHKUUU UYyBCTBUTEIBHOCTH, TO
IIOJIy4alOT yPaBHEHHS YyBCTBUTEILHOCTH PACCMATPUBACMON CUCTEMBI:
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Onpenenvs I:I u I:I, MOYKHO HAaWTH W3MEHEHHE XOJ/a IMpOoIecca YIPABICHUS 3a CUET
M3MEHEHUs rmapameTpoB k u T+

NO=| Ak +] AT

OYHKINN YyBCTBUTEIBHOCTH MPUMEHSIOT JUIsl IPOCKTUPOBAHUS CUCTEMbI C HAMMEHBIITNUM
H3MEHEHHEM KaueCTBEHHBIX ITOKa3aTelei IIpHU OTKJIOHCHUU 3Ha4YCHUHU mapaMeTpOB CUCTCMBI OT
pacUETHOM.

8.4 IIOHATHE OB YIIPABJISIEMOCTH
N HABJIIOJAEMOCTHU OBBEKTA

[Ipy TpOEKTUPOBAHUU CUCTEM YIPABICHUS HEOOXOIUMO IMPEABAPUTEIHHO OIICHUBATH TaKHE
CTPYKTYpPHBIE CBOMCTBAa 0OBEKTOB KaK YIIPABISIEMOCTh M HA0JI01aeMOCTb.

OOBeKT Ha3bIBACTCS TMOJHOCTHIO YIPABISIEMBIM, €CIM €ro ¢ TIOMOIIBI0 HEKOTOPOTo
OTPAaHWYCHHOTO YIPABJISIONIETO BO3ACHCTBUS MOXHO MEPEBECTH B TEUEHHWE KOHEYHOTO MHTEpBAIa
BpEMEHH U3 JIO0OT0 HAYaIBHOTO COCTOSHUS B 3aJlaHHOE KOHEeYHoe cocTtostHue. Jlns
OCYIIIECTBJIICHHUSI TaKOTrO IepeBoAa 00bEKTa HEOOXOAUMO, HO HE JOCTATOYHO, YTOOBI KaXkjas U3
KOOpJIWHAT COCTOSHUSI 3aBUCENa XOTS Obl OT OJHOM U3 COCTaBISIONIUX YIPABJISIONIECTO
BO3JICUCTBHS.

JIMHeWHBI CTalMOHAPHBIA OOBEKT HA3BIBACTCS TIOJHOCTHIO HAONIONAaeMBbIM, €CIIH IO
pesynbTaTam HaOMoAeHUsS (M3MEPEHHUS WIM W3MEPEHUS W BBIYHMCIICHHS) BBIXOIHBIX KOOPAMHAT
MOKHO OIpPENETUTh (BOCCTAHOBUTD) MPEIBIIYIINE 3HAUCHUS KOOPIMHAT COCTOSHUA. JlJis TOTHOM
Ha0II0JJaEMOCTH WJIM BOCCTaHABIMBAEMOCTH OOBEKTa HEOOXOAMMO (HO HE JOCTAaTOYHO), YTOOBI
KaKJash KOOpJIWHATa COCTOSHUS ObLla CBS3aHA MO MEHbBINEH Mepe C OJAHMM M3 HaOII0AaeMbIX
CHUTHAJIOB.

8.5 TPEHUPOBOYHBIE 3ATAHUA

1 Hapsny ¢ mpobnemoif  yCTOHYMBOCTM TpHM CHHTE3€ CHCTEM aBTOMATHYECKOTO
peryiaupoBaHus sBIseTCS MpolieMa KadyecTBa PETYIMPOBAHUS, XapaKTepU3yollas TOYHOCTh U
IJIABHOCTh IIPOTEKAaHUs IEPEXOJHOro mnpouecca. [l ONEHKM KayecTBa pETyJIHpPOBAaHUSA B
KOJINYECTBEHHON (popMe HCHOIB3YIOTCSA MOKa3aTead KadecTBa, KOTOpBIC MOJAPA3ACsIoTCS Ha
IpsiMbIE, KOCBCHHBIE, YACTOTHBIC, UHTEIPAJIbHBIE.

A Kakue nokasarenu Ka4ecTBa Ha3bIBAIOTCA MIPSIMBIMU U TIOUEMY?

B Kakoii 13 KOCBEHHBIX IMOKa3aTeslel KayecTBa PEryJIupOBaHUS MCIOJBb3YIOT ISl OLICHKH
KayecTBa KOJIeOaTEeIbHBIX MePEXOIHBIX IPOIECcCOB?

C Yto sBisSeTCS MOJIOKUTEIbHBIM (PAKTOM HCIOJIB30BaHUSA HHTETPAIbHBIX KPUTEPUEB
KauecTBa PeryJIupoBaHus?
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2 B UHXCHEpHON NpPaKTUKE IIHUPOKO HCIOJB3YIOTCS YaCTOTHBIE METOJbI HCCIIEIOBAHUS
CUCTEM YIIPABJICHUSA, KOTOPBIE MO3BOJAIOT OLEHUTH KaYECTBO PETYIMPOBAHUS 110 BEILIECTBEHHBIM
YaCTOTHBIM XapaKTEPUCTUKAM.

A Ecmm BUX nmpencraBieHa CyMMOM, TO YTO MPEACTaBIsAET COO0M EepeXOoaHBIN mporecc?

B Ecnmu BUX 1no ocu KoOpAMHAT YBEJIWYHIM B O pa3, TO KaK MOBEJET ceOsl MepexoaHbIH
npouecc?

C Kak onpenenuts Ha4aJlbHOE U KOHEYHOE 3HaYEHMsI IEPEXOJHOrO Ipouecca?

8.6 TECT

1 Kakoil moka3aresnb OTHOCUTCS K TPYIIE IPSMBIX NTOKa3aTeNeld KayecTBa peryJIupoBaHus?

A CreneHp yCTOMUMBOCTH.
B Bpewms perynupoBaHus.
C HayanbHO€ OTKJIOHEHUE.

2 Kako# noka3aresib KauecTBa Ha3bIBAETCI CTATUUYECKOU OIIUOKON?

A MaxkcuManbHOE OTKJIIOHEHHE OT 33aHHOI'0 3HAYEHUS.

B Otki0HEHME OT 3aJaHHOTO 3HaU€HHsI B yCTAHOBUBLIEMCSI COCTOSIHUU.

C Pa3HOCTBb MEXIy MaKCUMaJIbHBIM M1 MMHUMAJIbHBIM 3HAUE€HUSIMU NIEPEXOIHOTO MpoIiecca.
3 CreneHsp 3aTyxaHHs ONpPENEIAETCS Kak...

yRIE %;
B | %;
c | %,

T V1, V2, V3 — aMIUTUTY/Ibl BBIXOAHBIX KOJICOAHMIA.

4 Ecnu m — cTeneHb YCTOMYMBOCTH, TO BPEMSI PETYIMPOBAHUS allEPUOANUECKUX MTEPEXOIHBIX
IIPOLIECCOB OIPEAECIIAECTCS KaK. ..

AE;
B | .
c |

5 OrmeHKa cTaTHYECKOMW OIIMOKH MOKET OBITh TIOJTydeHa Kak. ..
A

N
3

6 UurerpanbHblii KBaJpaTUYHbIN KPUTEPUI Ka4eCTBa PErYIUPOBAHUS — 3TO. ..
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4 |

B J= Iyz(t)dt; .
0

c |

7 [Ipn ananmse mepexomHoro mporecca ¢ momompbio BUX HeoOXogumMo mpuBECTH B
COOTBETCTBHE MacmITa0bl 10 ocu KoopauHat. Ecnmu BUX yBenmuuunace B o pa3, T.e. crana aRe(w),

TO MEPEXOIHBIN MPOLECC. ..
A VYBenuuutcs B o pa3 — o y(?);

B VYMeHbmnred B o pas — [x] ;

C Coxmercs B o pa3 —

8 VYcioBueM MOHOTOHHOCTH IPOTEKAHUS MEPEXOHOIO MPOLlecca SABISETCH. ..

A Re(w)>0; | = :

B Re(w) > 0; | :

C Re(w)<0;[ ]<0.
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9 CHUHTE3 CUCTEM ABTOMATHYECKOI'O
PEI'YJIMPOBAHMUA

9.1 34/IA4YH CUHTE3A

PaccmoTpenHble  BbIIIE 33aJaud  OTHOCATCS K 3ajladyaM aHajiu3a aBTOMAaTHYECKHX CHUCTEM.
3amaun cuHTE3a MOXHO paccMaTpuBaTh Kak oOpaTHbIe 3a1a4aM aHanu3a. OHU MOJpa3AeisIoTCS Ha
JIBa BHJA: BO-TIEPBBIX, TpeOyeTcs OMpeNeNuTh CTPYKTYpPY, BO-BTOPBIX, MapaMeTpbl CHUCTEMBI IO
3aJJaHHBIM TOKa3aTeJsIM KauecTBa.

CuHTe3 gBIIETCSA BXHEUILINM ATAIIOM IIPOEKTUPOBAHUS U KOHCTPYHPOBAHUS CUCTEM,
OCHOBHBIM U Han0oJiee BaKHBIM IMPUIIOKEHUEM PE3YIIbTAaTOB, OIYYEHHBIX TEOPUEH
aBTOMaTHYECKOro ynpasieHus. [Ipu perennu 3a1a4u moJIHOro CHHTE3a HE00X0AUMO ONPEACTUTh
AITOPUTMUYECKYIO U (PYHKIIMOHATIBHYIO CTPYKTYPBI CHCTEMBI.

ANTOPUTMUYECKYIO CTPYKTYPY CUCTEMBI HAXOAAT MPU MOMOIIN MAaTEMaTUHYECKUX METOJIOB Ha
OCHOBaHUU TPeOOBaHMIA, 3aIMMCAHHBIX B MaTEMAaTHYECKOH Gopme. B cBsi3u ¢ 3TUM Tporieaypy
OTBICKaHUS AITOPUTMUYECKON CTPYKTYpbI Ha3bIBAIOT TEOPETUUECKUM CUHTE30M HUJIN
AHAJIMTUYECKUM KOHCTPYUPOBAHUEM CUCTEMBI YIIPABICHUS.

CuHTe3 QYHKIMOHAIBHOMN CTPYKTYphI 3aKJII0UAETCS B BBIOOPE KOHKPETHBIX 3JIEMEHTOB
CUCTEMBI M COIVIACOBAHUM MX XapPAKTEPUCTUK. DTOT ITAll IPOECKTUPOBAHMS HE UMEET MOKA CTPOron
MaTeMaTHYECKOW OCHOBBI M OTHOCUTCS K 00JaCTH MH)KEHEpHOTro UCKyccTBa. [locinenoBarenbHOCT
pelIeHns 3a/1a4 MOJIHOTO CUHTE3a MOXKET OBbITh Pa3INYHOI.

B mpocThix citydasx 3agady HHOTJA YAAETCS PEIIUTh C METOA0JIOTHYECKON TOUKY 3pEHUs B
UJeabHOM MOCIe10BaTENbHOCTH. [Ipy MPOEKTUPOBAHUY CIIOKHBIX POMBIIIJIEHHBIX CHCTEM
yIpaBJIeHUS MPUMEHUTH TaKylo MMOCIE0BATEIbHOCTbD, KaK MPaBUJI0, OKA3bIBAETCSI HEBO3MOXKHO,
M03TOMY B OOJIBIIMHCTBE CITy4aeB 33aJauy CHHTE3a PEUIaloT CIECAYIOIIMM 00pa3oM.

Brauane, ucxozs u3 TpeOOBaHM HA3HAYCHHS CHCTEMBI U YUYUTHIBAs YCIOBHS €€ paboThl, IO
KaTaJioraM CEpuHHOT0 000PYI0OBaHUS BBHIOMPAIOT (YYHKIIMOHATIHLHO HEOOXOIUMBIC DIIEMEHTHI:
PETYIUPYIONINI OpraH, UCTIOTHUTEILHOE YCTPOMCTBO, TaTYHKH, KOTOPBIE BMECTE C 00BEKTOM
yIpaBieHHUs 00pa3yloT HEU3MEHHYIO YaCTh CUCTEMBI. 3aTeM Ha OCHOBAaHUU TPeOOBaHUI K
CTaTUYECKUM U JTUHAMUYECKUM CBOMCTBAM CHUCTEMBI ONPEACIIAIOT €€ H3MEHSIEMYIO YacCTh,
QITOPUTMHUYECKAs CTPYKTypa KOTOPOM HaXOJUTCS C YUETOM CBOMCTB BBIOPAHHBIX (DYHKLIMOHAIBHO
HEO0OXOIMMBIX AJIEMEHTOB. TeXHUYeCKast e peann3als OCYIIECTBIISICTCS C HCIIOIh30BAaHUEM
CTaHJIAPTHBIX YHU(PUIIUPOBAHHBIX PETYISTOPOB U PA3IUUYHBIX KOPPEKTUPYIOLIUX U
KOMITEHCUPYIOIIHUX yCTPOUCTB. [Iporiecchl ompeneneHus anropuTMUIECKON U (PyHKIIMOHATLHOM
CTPYKTYpP CHCTEMBI yIIPaBJICHUSI TECHO MEPEIICTAIOTCS MKy COOOM, UX MPUXOIUTCS BBINOIHSTD
10 HECKOJIBKO pa3. OKOHYATENbHOE PEIIEHUE O CTPYKTYPE CUCTEMbl TPUHUMAETCS Ha OCHOBE
KOMITPOMHCCA MEKYy TOYHOCTBIO U KaueCTBOM PabOThl CUCTEMBI, C OJHOW CTOPOHBI, U MPOCTOTON U
HAJIE)KHOCTBIO — C IPYTOM.

3aKTIOYUTETHLHBIM dTAIOM MPOSKTUPOBAHMS CUCTEMBI YIIPABJICHHUS SIBISICTCS PacyeT
HACTPOEYHBIX MapaMeTPOB BHIOPAHHOTO peryistopa. B pa3aene 7 oTMeuanocs, 4To 1Moj CHHTE30M
YCTOMUYMBBIX CHCTEM MOHUMAJIOCh ONPEAEIEHUE TapaMETPOB HACTPOEK PETYIISITOPOB MTPU
U3BECTHOM CTpyKType. Huke mpuBoaATCS METOBI pacueTa HACTPOCUHBIX MapaMeTPOB AJIs
OJIHOKOHTYPHOM CHCTEMbI aBTOMaTHYECKOIO yIIPaBICHHUS.

B nacrosiee Bpems pa3paboTaHO MHOTO METOJIOB pacueTa HACTPOEK PEryyIsaTopa, OIHU U3 HUX
SBJIAIOTCS OOJIee TOYHBIMU, HO TPYAOEMKHUMH, IPYTHe — IPOCTHIMU, HO MPHOIKEHHBIMH. Bo Bcex
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MEeTOoJIaX HEOOXOMMO 00ECTICUUTD MPOIIECC PETYIMPOBAHUS, KaK MPABUIIO, YAOBICTBOPSIOMINI ABYM
BBIOpaHHBIM KPHUTEPHSIM, OJJUH U3 KOTOPBIX MI03BOJISIET 00ECTIEUNTh 3a/IaHHBIH 3a1ac yCTOMYUBOCTH, a
BTOPO — 00ECTIEUUTh KaueCTBO PETYIHPOBAHUSL.

9.2 BBIFOP OIITUMAJIbHBIX HACTPOEK PET'Y/IATOPOB
METOAO0M HE3ATYXAIOIHX KOJTEFAHHH

Mertop He3aTyxaronmx Kojiebanuil, npeaiokeHHbIN yaeHpIMEU Lurnepom n Hukomnbcom, siisieTcst
NpUOIMKEHHBIM METOJIOM OTIPEAEIICHUS ONITUMAIIBHBIX HACTPOEK PETYIISITOPOB, 00ECTICUNBAIOIINM
HEOOXOJMMBII 3a11ac yCTOMUMBOCTH, HEKOTOPYIO CTENEHb 3aTyXaHHs U HEOOJNBIIYIO JTUHAMUYECKYIO
OIINOKY.

Pacuem pecynamopos ¢ 0onum napamempom Hacmpotiky TPOU3BOAUTCS B OJAMH ATAIl U
OCHOBBIBAETCS HA pacyeTe KPUTUUECKOTO 3HAUYEHUS HACTPOMKH MPONOPLHOHATIBHON
cocTaBisitoliel, mpu kotopoit ACP Oyzner HaXOIUTHCS HA TPAHUIE YCTOMUMBOCTHU. Y paBHEHUE JUIS
pacdeTa 5TOM HACTPOWKHU BBIBOJMTCS M3 KpUTEPHUs yCcTOMYMBOCTH HaitkBrcTta, 4ToOBI 00€CTICUNTh
3amac yCTOMYMBOCTH. JIJ1s1 HEKOTOPOIO 3HAYCHHUS YaCTOTHI O, JOJKHO BBIITOJIHATHCSA COOTHOIIECHHE
Wy e (i) = —1.

Taxum oOpaszom, II-perynarop paccunThiBaeTCs MO0 OOBIYHBIM YaCTOTHBIM XapaKTEPHUCTUKAM
00bekTa. YpaBHEHUS Ul pacueTa KPUTUUECKHX 3HAUYCHUI HACTPOUKHU Sixp U YACTOTHI M UMEIOT
BUJI:

Pos(@xp) = —T0; 9.1)

Sle: |E| . (92)

OnrumanbsHas HacTpoiika [I-perynstopa:

S1°M=0,55 Sixp. (9.3)

Pacuer perynsaropoB ¢ 1Byms U OoJiee mapaMeTpaMy HaCTPOWKM MPOM3BOAMTCS B JBa dTara: Ha
MIEPBOM — OIpeeseTcs] KpUTHUIECKOe 3HaYeHUE TPONOPIMOHAIBHOM COCTaBISAIONICH; Ha BTOPOM —
obecrieunBaercs crenensb 3atyxanus ¢y = 0,8 ... 0,9.

OnTuManbHble HACTPOUKH PEryJIATOPOB HAXOAT MO CIEAYIOUUM GopMysiam:

— I[I1-perynsTop
SlonT = 0)45 Sle; (94)

So”™ = 0,086 p®xp;

— [T /I-peryasrop S1°™ =0,6 Sixp;
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So™™ = 0,192 11 Orps 9.5)

5,0 = 0,471| 2

9.3 AJITOPUTM PACYETA OBJIACTH HACTPOEK
THIIOBBIX PEI'YJIIATOPOB METO/IOM PA®X

MeToa pacHIMpeHHBIX YaCTOTHBIX XAapaKTEPUCTUK ONKCAaH B pas3zeiie 7 W UCIOJIb30BaH IpU
CHUHTE3€ CHCTEM C 3aJaHHBIM 3aI1aCOM YCTONYHUBOCTH.

MeTtoauka pacueTa ONTUMAJIbHBIX HACTPOEK peryiasTopoB meronoM PA®X ananornyna. [lox
ONTUMAJIbHBIMU HACTpPOMIKAaMH B J@HHOM METOJI€ IIOHMMAIOT HACTPOMKH  perynaropa,
o0ecreynBaoIue 33/JaHHYI0 CTENEHb KOJICOATEIbHOCTH My, TpOLIecca PEryIMpPOBAHUS TpU
MUHUMYME€ HHTETPAJIBHOTO KBAIPaTHUYHOIO KPUTEpHUs Jyz. B CBSI3M ¢ 3TUM pacdeT HAaCTPOEYHBIX
[apaMeTpoB PETyJSITOpa paclajaeTcs Ha JBa ATama: ONpelesIeHHe HacTpoeK, 00ecreurnBaroLINX
3aJJaHHBIH 3amac yCTOWYMBOCTH — 3a/laHHYIO CTENEHb KOJeOaTeIbHOCTH, U ONpPEIEIeHNE HaCTPOEK,
o0ecreuynBaIUX KayecTBO PEryJupOBaHMs, OLIEHUBAEMOE 110 MHTErPAJIbHOMY KBaJpaTUYHOMY
KPUTEPHIO.

[lepBbiii Tan moxpoOHO omucaH B paszzaene 7. Pacuer perynsiTopoB ¢ OJHHUM HAaCTPOCYHBIM
napamerpoM (I1- u M-perynaropsl) BbIIOJIHAETCSA B OAMH (IEpBbIN) 3Tall. {1 peryiasTopoB ¢ AByMs
HacCTPOEYHbIMM IIapaMeTpaMHM Ha II€PBOM JTalleé PACCUMTHIBACTCS JIMHMS PAaBHOM  CTENEHH
K0JIe0aTeNbHOCTH B IUIOCKOCTH IapamMeTpoB HacTpoek Sy, S;. Ha BTOpom sTame HeoOxomumo
BBIOpATh TOJBKO OJHY Iapy HacTpoek Sy ', Si°", COOTBETCTBYIONIYI0 MHHUMAIBLHOMY 3HAYCHUIO
MHTErpaJlbHOrO KBaJpaTMYHOIO KPHUTEpHs KadecTBa. Pacder 3TOro kxpurepus A pa3iA4YHbIX
IIPOLIECCOB PETYIMPOBAHUS TOKA3bIBACT, 4TO €ro MuHumymy it [IM-perynstopa COOTBETCTBYET
TOUYKa Ha KPUBOW PABHOW CTENEHU KOJEOATEIbHOCTH, PACIIONOKEHHAs! HECKOIBKO MpaBee BEPIIMHbI
(puc. 9.1, a). Takoii Toukou sBisieTcss Touka 3. Pa3HbIM TOUkaM Ha KPUBOM PaBHOM CTEICHU
KOJIeOATEIIPHOCTH COOTBETCTBYIOT Pa3JIMYHbBIC TPOIIECCH peryaupoBanus (puc. 9.1, 6).

]

Puc. 9.1 Brpi0op onTumanbHbix HacTpoek IIU-peryasitopa:
a — KpuBas paBHOM CTENEHHU KOJIeOaTeNbHOCTH; 6 — TpadUKH MePEXO0THBIX
IIPOLIECCOB PErYIMPOBAaHUS I pa3andHbIX HacTpoek 11U perymsaropa

B Touke / OTCYTCTBYeT MNpONOPIHOHATIbHAS COCTABIAIONIAs, PErylarop padoTaeT Kak
MHTErpalbHbIN, 0COOEHHOCTHIO KOTOPOTO SABJsETCS HauOoublas AUHaAMuueckas omuoka. B Toukax
2 u 3 perynarop padboTaer Kak [I1-perynarop, npyu4eM U3 CPaBHEHHS 3THX JBYX MPOILIECCOB
BHUJIHO, YTO C TOYKH 3PEHHMS 3aJJaHHOTO Ka4eCTBA PEryJIMPOBAaHUS MEPEXOIHBIN MPOIECC B TOUKE 3
nmydrie, yeM B Touke 2. Tak kKak mpu JBMKEHUH BIIOJIH KPUBOM paBHOW CTENEHU KOJIeOATETbHOCTH
MPONOPIIMOHANIBHAS COCTABJISIOIIAs BO3pAacTaeT, Bo3pacTaeT pabouas 4acToTa, CIIeJOBaTENbHO,
yYMEHbBINAETCS AMHAMUYECKas OMIMOKa PperyJupoBaHMs, HO C HEKOTOPOTO MOMEHTa (Touka 2)
HAaYMHAET YMEHBIIATHCA M BEJIWYMHA HACTPOMKM MHTETPaJbHOM COCTaBIAIOLIEH S), KoTOpasd
OTIpeNieNIIeT CKOPOCTh YCTpPAaHEHHsl cTaTHuecKoi omuOku. Uem MeHble BenuyuHa Sy , TEM
MeJJICHHee BBIOMpaeTcss craTUdeckas ommuOKa, T.e. HaOmromaercs  3aTsAruBaHue  "XBocTa'
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nmepexoaHoro mporecca (Touka 4). B Touke 5 OTCYTCTBYeT MHTETpaiibHasi  COCTaBIISIOIIAs,
perymarop  paboTaeTr Kak  MPOMOPIHOHATBHBIA, €ro OCOOCHHOCTBIO SIBISICTCS HAIUYHE
CTaTUYECKOH OMMOKHU perylTupoBaHHmsL.

OnTuMmanbHbIE HACTPOUKH PETyNIATOpa I:I u I:I PaCCUUTBIBAKOTCS 110 MUHUMYMY Jyp. Jliis
UX BbIOOpa HEOOXOIMMO PACCUUTHIBATH KPUTEPUIA Jys ITIS1 BCEX MAP HACTPOEK PETYIATOPA BIOIb
KPUBOW PaBHOM CTEMEHU KOJIeOaTeNbHOCTH. DTa MpoLeaypa TPYA0eMKa U Ha MPaKTHKE MPUOEraioT
K WH)KEHEPHOI METO/IMKE OMpeieNIeHHs MECTOHAX 0K IeHHs ToukH 3. Pabouas yactoTta
OIIPEAEIAETCS, HCXOI U3 COOTHOILECHUN

op=1,2 00 mm 0,=0,8 o,

TJIe M) — YaCTOTa, COOTBETCTBYIOIIAS] BEPIIUHE KPUBOU M = Misyy; ®; — 4acToTa,
COOTBETCTBYIOIIAs IPOMOPIHOHAIIEHOMY 3aKOHY pery-impoBanus. Ilocime storo mo dopmyiam
(7.18) paccuuThIBalOTCS ,

[Ipouenypa pacuera ONTUMAIBHBIX MMapaMeTpoB HacTpoek II/[-pery-nsgtopa aHamoruvHa
pacuery [IHU-perynstopa. B miockoctu napameTpoB S; U S, CTpOUTCS KpHBas 3aJaHHOM CTENEHU
konebatenpHOCTH (pUCc. 9.2, a). Ilpm nABMKEHUM BIOJb KPHUBOW BIPABO YBEIMYHUBACTCS
muddepeHnro-HallbHas CcOoCTaBisAOmas S, u uactora. CremoBarenbHO, 4eMm Ooubiie S, TeM
MEHbIIe JWHaMUYeckas omuoOka perynupoBaHus. BenudnHa HacTpoWKH, MPOMOPLHUOHAIbHAS
cocTaBJsIoONIeH S|, CHauana yBelIUIMBACTCS, a 3aT€M yMEHBIIAeTcs, MpudeM, 4eM Oombiie S,, TeM
MEHbIIIe cTaThu4YecKas ourbka. BelleckazaHHOe XOpOIIo WILTIOCTpUPYETCs rpaduKaMu IpOIECCOB
peryiar-poBaHUs IS Pa3IYHBIX HACTPOEK PETYISATOPOB, H300pakeHHBIX Ha puc. 9.2, 6.

]

Puc. 9.2 Bpi0op onTumanbHbIX HacTpoek I1/I-perynsTopa:
a — JINHHS pPaBHOU CTETICHH KO0JIEOATEIhHOCTH; O — IPaUKH MPOIECCOB
perynupoBaHus i pa3ianyHbIX HacTpoek I1/1-perymnsaropa

o * *
OntumanbHble HACTPOUKHU 1 , Sy ONPenessitoTCs U3 YCIOBUSA MUHUMYMA Jy, KOTOPOMY Ha
KpUBOU paBHOU CTENEHU KOJIe0aTEIPHOCTH COOTBETCTBYET TOUKA, PACIIONOKEHHAS HA €€ BEPIIUHE.

9.4 TPA®OAHATUTHYECKHH METOJ CHHTE34 CUCTEM

PaccmarpuBaeMslii METOA OTHOCHUTCS K Tpynie rpad)0aHaIuTHIECKUX METOJI0B,
paspaboranubix B. SI. Potauem, B OCHOBY KOTOPOTO 3aJI05KEHBI CIIEAYIOIIUE TTOJI0KEHUS.

Bo-niepBriX, cuuTaeTcs, 4TO CUCTEMa peryaupoBaHus o0JagacT HEOOXOIUMBIM 3aITacoM
YCTOMYMBOCTH, €CJIH €€ IMOKa3aTeIb KoaeOaTeTbHOCTH He TpeBbImaeT Benudnnasl M = 1,1 ... 1,6,
T.€. OTHUM M3 KPUTEPUEB ONTUMATILHOCTH SIBJISETCS OOeCreueHue 3aJaHHOTO MTOKa3aTes
K0J1e0aTeNbHOCTH Msy, ;.

Bo-BTOpBIX, TMHEHHYIO CUCTEMY PETYJIUPOBAHUS MOKHO pacCMaTPHUBATh KaK CBOCOOpa3HBIN
YaCTOTHBINA (GUIBTP, Yepe3 KOTOPBIA MPOXOIAT COCTABIISIONINE TAPMOHUKH BXOIHBIX BO3JCHCTBUMN.
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B 3aBucumoctn oT nuHaMuueckux cBOMCTB ACP rapMOHUKH € pa3IMYHbIMU YaCTOTaAMU
MPETEPIIEBAIOT Pa3IMYHbIe H3MEHEHHUS, T.€. aMIUIUTY/a U (a3a BBIXOJHOTO CUrHaia OyayT Ipyrue,
4eM Ha BXOJIE.

WneanbHON CHCTEMOW pEryiIMpOBaHUs CUYMTACTCA CUCTeMa, oOusafaromas aOCOTIOTHBIMHU
GUIBTPYIOIIMMUA  CBOMCTBAMHU. AMIUIMTYIHO-4YaCTOTHAsI ~XapaKTEpUCTUKA TaKOM  CHUCTEMbI
OTHOCHUTENIBHO BO3MYILAIOIIMX BO3JCHCTBUI paBHA HYJIO BO BCEM Juamna3zoHe 4acTtoT oT 0 oo, a
OTHOCHTENBHO YIPABIIIONIEr0 BO3ACHCTBUS OHa paBHa 1, T.e. My(w) = 0; M(w) = 1.

3asaya BbIOOpa ONTUMAIBHBIX TAPAMETPOB HACTPOEK CHUCTEMBI 3aKJII0YAETCS B TOM, YTOOBI B
HauOosbIel crernenn npuoam3nTh AUX peanbHoi cucreMbl K AXY npeanbHol cucteMbl. Tak Kak
B pealIbHBIX CUCTEMAaX MPAKTHYECKH HEBO3MOXKHO JOOHUTHCS, YTOOBI BHITIOTHSIIOCH YCIOBUE My(m)
= 0, TO mapamMeTpsl HACTPONKHU JOJKHBI BBIOMPATHCS TAKUM 00pa3oM, 4TOObI cuctema HanboJee
WHTEHCUBHO (MIbTpOBaJia "onacHble" rapMOHUKH. Tak Kak MPOU3BOACTBEHHBIE OOBEKTHI SBIISIOTCS
HU3KOYACTOTHBIM (PHIIBTPOM, TO I€I€CO00pa3HO BHIOPATh TaKOM METOJI, KOTOPBIN rapaHTHUPOBAI
Obl HawTyuIIee MPUOIMKEHNE YACTOTHBIX XapaKTEPUCTUK CUCTEMBI B OKPECTHOCTH TOUKH C
HyJIeBOW YacToTOH. [Ipnbmmkenre peabHON CUCTEMBI K UICATTHHOM OCYIIECTBIISIETCS ITyTEM
paznoxxenus B psia Teisopa. Y cnoBre ONTUMaIbHOCTHA MOXKHO 3aIUCaTh B BUJIE:

— OTHOCHUTEJIbHO BO3MYIIAIOIIETO BO3/IEHCTBUS

M:(0) = 0; ; (9.6)

— OTHOCHUTCJIBHO YIIPABJIAOLICTO BOSHGﬁCTBHH

My(0) = 1; : 9.7)

VYpaBuenus (9.6), (9.7) cmyxar mjis ompeneneHUs ONTHMAIbHBIX IapaMeTpPOB HACTPOCK
CHCTEMBI. Pacyet mpoBOIUTCS B CIEAYIONIEM TTOPSIIKE.

1 B npocmpancmee napamempog HACMpOeK pe2yismopa onpeoensemcs epanuya ooiacmu, 6
KOmMopou cucmema obaadaem 00CMAMOYHbIM 3aNACOM YCIMOUYUBOCTIU.

2 B osmou obracmu onpedensemcs mMouKa, YOO0GIeMEOPAIOUAS. MUHUMYMY OMKIOHEHUS]
4ACTNOMHBIX XAPAKMEPUCIMUK PedbHOU CUCTNEMbL OM XAPAKMEPUCMUK UOedNbHOLL.

HcxoOHvimMu  OaHHbIMU AGTAIOMCA  4ACMOMHblE XAPAKMeEPUCMUKY 00beKmd, 8 4acmHOCm,
amMnaumyoHo-ghazoeas.

Jna nocmpoenus epanuybl 3a0AHHO20 3ANACA YCMOUYUBOCMU UCNOTIb3YEMCs CAeOVIouuil
nooxoo. Kax uzeecmuo, 3anac ycmouuu8oCmu MOMCem ONpeoelimvbcs O08YMs HUCTOBLIMU
BENUYUHAMU: 3ANACOM YCMOUYUBOCMU NO MOOYVIIO U 3ANACOM YCMOUYU8OCmMu no @ase,
xapaxmepusyrowumu cmenensv yoarenus ADPX pazomxnymotl cucmemsvt om "onacnou” mouxu (-1,
10). Ho oxasvisaemcs, umo cmenensv yoanenus ADPX pazomxnymoti cucmemsvt om mouxu (-1, 10)
Modxcem Obimb onpedenieHd no eluduHe MAKCUMYMA aMAAUMYOHO-4ACMOMHOU XAPAKMEPUCTUKU
3aMKHYymou cucmemul (cm. 7.3.2).

Takum o6Opaszom, TpeboBanue, uyToObl MakcMMyM AUYX 3aMKHYTOH CHCTEMbl HE MpEBBIIAI
HEKOTOPOH 3apaHee 3a7aHHON BEJIMYMHBI, CBOAUTCA K TpeOoBaHuI0, 4TOObI ADX pasoMKHYTOM CHCTEMBI
HE 3aXOJ¥jIa BHYTPh OOJACTH, OrpaHMYEHHOM PAJUycOM 7 U C IIEHTPOM Ha PacCTOSHUM R OT Havaia
KOOPJMHAT, pacoJIOKEHHOW Ha OTPHULIATENTLHON BEILIECTBEHHOM MOITYOCH.

[Tocne ompeneneHuss 00NacTH 3aJaHHOTO 3araca YCTOWYUBOCTH MPOU3BOJIUTCS OIpPEICICHHE
TOYKH B 3TOHM 00JIaCTH, COOTBETCTBYIOIIEH ONTUMAIBHBIM HACTPONKAM pPEryssTopa.

9.4.1 II-pecynamop

[lepenarounas Gpynkius [I-perynaropa 3anucbiBaeTcsi B BHIE
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W(s) = k.

AmmunTyaHO-(pa3oBasi XapaKTepUCTUKA PA3OMKHYTOM CUCTEMBI € II-perymsaropom:
Wy (io) =k, Wos (im).

o o *
Onpe;[eneHHe OINITUMAJIbHOU HACTPOUKHU kp IMPOU3BOJUTCA B CIICAYIOIIEM MTOPAIAKE.

]

Puc. 9.3 K onpenesienuro 3Hadenusi kodpdunuenrta nepenaum I-peryastopa

Crpoutrcs A®X pa3oMKHyTOW cucTteMbl npu k, = 1, uro coorBercTBYeT W(im) = Wos(im),
T.e.moctpoeHnto ADX perymupyemoro obObekta (puc.9.3). Jlamee, W3 Hayama KOOpJIWHAT
MPOBOJUTCH JIYY IIOJ YIJIOM

[x] (9.8)

K OTPULATEIbHOM BEIIECTBEHHOM I10JIyOCH.
BbruepumnBaercsi OKpy>KHOCTb C LIEHTPOM Ha BEIIECTBEHHOW OTPHUIIATENILHOW IMOJTYOCH, Kacarolascs
omHoBpeMeHHO ADX 00BEKTa U 3TOTO JTyya:

B 9.9)

B OonbuminHCTBE Cay4aeB pacdyeT CHCTEM aBTOMATHYECKOrO PEryJupOBaHUs MPOBOJUTCS Ha
obecrieyeHre mokasatens kosnebarenbHOCTH M = 1,62, 4TO rapaHTHpYeT 3amac yCTOMYUBOCTH IO
monymo d = 0,38 wu mo ¢ase y=236° a creneHp 3aTyXaHus IEPEXOJHOIO MPOLECCa B KOJe-
atenbHOM 3BeHEe M, (0)=1: y=0,9. B coorBercTBUU ¢ 3TUM dopmynsl (9.8) u (9.9) npunumaroT
BH]T

=]
(9.10)

Haiinennoe 3nauenue kodpuienTa nepeiaun SBsieTcs: ONTUMATbHBIM 3HAUEHUEM.

9.4.2 H-pecynamop

[Tepenarounas pynkuus U-perynstopa:

xl

AMIUINTYAHO-(pa30Bask XapaKTePUCTUKA PA3OMKHYTON CUCTEMBI:
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Puc. 9.4 Omnpenenenue npeaeabHoro kodgdunuenra nepenaun U-perynsropa
Pacuer II-perynsaropa npou3BOIUTCA B 1Ba dTala:

1 Ilo A®X perynupyemoro oobekra crpoutca ADX pazoMKHYTOH cucTeMbl Ui k, = 1 1
HEKOTOPOI'0 3Ha4YEHUs IOCTOSHHOU BpeMeHU 7}, BEIMYMHA KOTOPO BBIOMpaeTCs N000M, y100HO
JUTSL IOCTPOCHMSI XapaKTEPUCTUKHU:

[TocnenHioro ynoOHO CTpOUTh, OBOpauMBas Kaxbslii BekTop ADPX obObekTa Ha yroa 90° mo
4acOBOM CTpeNIKe M yMEHbIIAs €ro AIuHy B 1), o pa3 (puc. 9.4).

2 [IpoBoauTCsT NWHUA TOA YrioM [3 K OTPHUIATEIHHOW BEIIECTBEHHOW IIOJNIYOCH W
BBIYEPUMBACTCS  OKPY)KHOCTb C LIEHTPOM, pACIOJIOKEHHBIM  Ha JTOW OCH, Kacarolascs
OJIHOBPEMEHHO MOCTPOeHHOU TuHUU 1 ADX Wp_cl(ico). Benuunna kodddunmenrta nepenaqn k;,

o0ecrieynBaomas 33/JaHHYI0 BeIWYMHY MakcumMyma AUX 3aMKHYTOM CHCTeMBl (3aJaHHBIN
MoKa3aTeNnb KojebaTenbHOCTH M,,,; onpenensercs o ¢opmyiie (9.9)), u, cienoBarenbHO, BETUIMHA
npeneiabHoro kosdduuuenta nepepauu M-perynstopa, KoTopas SBISETCS U €r0 ONTHUMAJIbHBIM
3HAUEHUEM, OIIPENENsIeTCs KaK

9.11)

Ecmu , TO

(=] ; (9.12)

9.4.3 IIH—pezynamop

[Tepenarounas pynkums [IHU-perynstopa:

AMIUINTYAHO-(pa30Bask XapaKTEPUCTUKA PA3OMKHYTON CHCTEMBI:
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Pacuer IIM-perynaropa Npou3BOAUTCA B CIEAYIOIIEM ITOPSAIKE:

1 Crpourcs cemeiictBo ADX pa3oMKHYTOH cHCTeMBI IpHU kp, = 1 M HEKOTOPBIX Pa3IMYHbBIX
3HauUeHUSAX BpeMeHu uzoapoma Ty (I =1, 2, 3, ...), BBIOMpaeMbIX MPOU3BOJILHO, HO C TOYKU 3PECHUS
yI00CTBa TOCTPOCHUS:

Puc. 9.5 K onpenesieHuro ko3ppuuueHToB nepeaaun

IIN-peryasTopa nJs pasauyHbIX 7y

s ompeneneHus rpaHUIl  objmacth  ycroWumBocTH  [IM-perymstopa  mepBOHaYaIbHO
BbuepunBaercsi ADX oObekra W(im), KOTOpPyrO aOCTaTOYHO uMeTh B mipenenax Il kBampanTa
KOMILIEKCHOM TutockocT W (puc. 9.5).

Ha sToit XxapakTepucTuke BRIOUPAIOTCS TOUKHU A1, A2, A3, ... C YACTOTAMU ®] O, ®3, ..., KOTOPbIE
COEIMHSIOTCA ¢ HayaoM KoopauHat otpe3kamu OA;, OA;, OAs, ... . K 3TuM oTpe3kam B Toukax Aj,
A», A3, ... BOCCTaHABIMBAIOTCA NEPIEHANKYIPBI. Jlanee onpenensrorcs moyuoxenus Touek B; AOGX
pa3oMkHyTOM cucTembl. C 3TOW 1EIbI0 HA BOCCTAHOBIICHHBIX TMEPIEHIUKYISpax OTKJIAJAbIBAIOTCS

04;
OTpe3Ku A;B;, omnpenenieMple, Kak A;B; = — Coenunss To9ku B; ¢ BpeMeHeM u3oapoma 1y
T _

jtul
MJIAaBHOW KpUBOM, momydaroT ADX pa3oMKHYTOH CUCTEMBI. AHAJIOTHYHBIM 00pa3zoM cTpostcs ADX
Pa30MKHYTOM CUCTEMBI IS APYTUX 3HAYCHUM Ty
2 Ilposooumcs aunus noo y2iom [ K eewecmeeHHol OmpuyamenibHol NOLyoCU U CMpOosImcs
OKPYICHOCIU C YEeHMPOM Ha dmou ocu, kacaowuecsi APX pazomkHymou cucmemvl 015 pa3IUiHbIX
Tu u omoii npamou. [nsa kasxcooeo 3uavenus T, onpedensemcs npedeivHoe 3HAUEHUE

K03 puyuenma nepedauu

[x]

1
eciu M, =1,62, to f=38°, kp, :71.
3 B naockocmu napamempog Hacmpoex kp — Ty, empoumcsa epanuya obnacmu, 6 KOMOopoti
makcumym  AYX 3amxHymoii cucmemvl OMHOCUMENbHO  YAPAGIAIOUIE20 gozoelicmeus He
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npesviiaem 3a0annotl eenuyunsl. C smou yeavio ucnonv3yromes norydennvie oannvie Ky, Ty (puc.

9.6).
[x]

Puc. 9.6 Onpenenenue ontuMabHoil HacTpoliku IIM-perynsTtopa

OnTuMalbHBIM HAaCTPONKaM peryyisaTopa COOTBETCTBYET TOYKA, JUIsl KOTOPOM OTHOIIEHHE

OyleT MakCUMabHOM, TaK KaK UIMEHHO B HEel BhIMOIHsETCS ycinoBue (9.7). Takoit Toukoii sBisieTcs
TOYKa KacaHMsl KacaTeJbHOM K TIpaHule o0JacTh JOMYyCTHMOTO 3amaca yCTOMYHMBOCTH,
MIPOBEJICHHON Yepe3 Hauano KoopauHat. [leiicTBuTenbHO, r06ast Apyras npsiMasi, BHIXOJAIIAs U3

Hayaja KOOpAMHAT C OOJBIINM OTHOIIECHUEM| |, KOTOpOE OMpeeiseT YriioBol KodhduimeHT, He

Oyler mpOXOauTh 4Yepe3 00JacTh JOMYCTHMMOIO 3araca YCTOWYMBOCTH, M TOATOMY MOJIYYUTH
00JbIIYyI0 BEJIWYMHY OTHOIICHHWS B  JAaHHOM cHCTEME HEBO3MOXKHO 0€3 yMEHBbIICHHS ee
YCTOMYMBOCTH HIKE HEOOXOTUMOU BETUYHHEI.

9.5 TPEHMPOBOYHBIE 3AIAHUSA

1 BaxuHeimum 3TanoM NpoeKTUPOBAHMS U KOHCTPYHUPOBAHUS CUCTEM SIBIISIETCSI CHHTE3, KOT/Aa
HE0OXOIMMO OMPENIETUTh aTTOPUTMUYECKYIO U (DYHKIIMOHATBHYIO CTPYKTYpyY. Eciiu cTpykTypa
M3BECTHA, TO CHHTE3 CBOJIUTCS K OMPE/IEIICHUIO TapaMeTPOB HACTPOEK PETyIATOpoB. Bece MeToabl
pacdera MoCIeIHUX TOaPa3AeSI0TCS HAa TOYHbBIE, HO TPYIOEMKHE U MPOCTHIE, HO MPUOIMKEHHBIC.
Haubonee pacipocTpaHeHHBIMU SBIISFOTCS METOJT He3aTyXaromux Konedanuii, metoq PADOX u
rpad0aHATUTHYECKUN METOI.

A B d4em 3aknrovaercs CUHTE3 (QyHKIIMOHATBHOU CTPYKTYPBI?

B Kakue merompl pacueTa mHapaMeTpOB HACTPOEK PETYISATOPOB OTHOCSTCS K TOYHBIM
Meronam?

C Kak Ha3pIBaeTCid CHHTE3, 3aKJIIOYAIONIMHCI B pacyeTe MapaMeTpoB HACTPOEK
peryasaTopos?

2 OxHMM M3 TOYHBIX METOJIOB pacueTa MmapaMeTpOB HACTPOEK PETYIATOPOB SIBISETCS METO/
PA®X, ocHoBaHHBII Ha aHanore kputepus HalikBucra. Pacuer pacnagaercs Ha aBa dTamna:
OIpeJieNIeHUe HaCTPOeK, 00ECIIeUnBaIOIINX 3a/1aHHBIN 3a11ac yCTOWYMBOCTH, U OIIpEICIICHUE
HACTPOEK, 00ECIIeUNBAIOIINX KaYeCTBO PEryIHPOBAHHUS.

A Kakue mnapameTpsl HACTPOEK PpETryJIsSTOPOB HA3BIBAIOTCA ONTUMAIbHBIMH COIJIACHO
metony PADX?

B KakuMm nokasarenem OLEHUBAETCS KaueCTBO peryinpoBanus B meroae PADX?

C Kak BbIOMpAIOTCS ONTUMAJIbHBIE HACTPOUKH B MeToJie PADX miis perynsTopoB ¢ AByMs
HaCTPOCUHBIMU NTapamMeTpamu?

3 BTOpBIM TOYHBIM METOJIOM pacyeTa ONTHUMAJIbHBIX HACTPOEK PETYIATOPA ABIISIETCS
rpadoaHaIUTUYECKUIN METO], OCHOBAHHBIN Ha UcTob3oBaHu ADX perynnpyeMoro o0beKTa.
A Kakum mokazaresem OlEHHBAETCS 3armac yCTOMUYMBOCTH B TpaOaHATUTUIECKOM MeToe?
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B Kak B rpad)oaHaTUTHYECKOM METOJIE€ OIEHUBACTCSI KAYECTBO PETyIUPOBAHUS?
C Kak onpenenuts ontumanbHble HacTpoiiku [IW-perynstopa?

9.6 TECT

1 BpIOOp anropuTMHUECKON CTPYKTYpPBI CHCTEMBI aBTOMAaTHYECKOTO PETYJINPOBAHUS
3aKJII0YaeTCs B BBIOOpE. . .
A DOYHKIHMOHAIBHBIX 3JIEMEHTOB U UX XapaKTEPUCTHK.
B CTpyKTypbl CUCTEMBI aBTOMAaTUYECKOTO PETYIUPOBAHHUS.
C IlapameTpoB HACTPOEK TUIIOBBIX PETYISTOPOB.

2 BpI0Op ONTHUMAJIBHBIX HACTPOEK PETYISATOPOB METOJIOM HE3aTYXAIOUMX KOJIeOaHUH OTHOCAT

A TOYHBIM METOIaM.
B Cny4ailHbIM MeTO1aM.
C TlpuOnrmKxeHHBIM METO/IaM.

3 Ilpu BeIOOpE onTuManbHBIX HacTpoek [1-perynstopa pabouas yacTora onpeneasieTcs
Kax...

A4 0p,=0,8 o,
B o, = oy
C op,=1,2 o

I7I€ Oy — YaCTOTAa, COOTBETCTBYIOIAsI IPONIOPLIMOHAIILHOMY 3aKOHY PETYIIMPOBAHMUSL.

4 Touka, COOTBETCTBYIOIAs] ONITUMAJIbHBIM HACTPOIKaM I11-perynsaropa,
pacrioyio’keHa Ha KpUBOH 33/1aHHON CTETIeHU KOJeOaTeIbHOCTH B INIOCKOCTH MAapaMEeTPOB
HACTPOMKH perymstopa S, — S:

A Cnea OT MakCUMyMa.
B B Bepmune.
C CmpaBa 0T MaKkcCUMyMa.

5 KakuM uHTErpasbHbIM KPUTEPUEM OLICHUBAETCS KQ4€CTBO perynupoBanus B meroge PADX
pacdera ONTUMAIBHBIX IAPAMETPOB HACTPOEK PEryIATOPOB?
A JIMHEWHBIM UHTETPAIBHBIM KPUTEPHEM.
B MoaynbHBIM UHTETPAIbHBIM KPUTEPHUEM.
C KBagpaTUuHbIM UHTETPATbHBIM KPUTEPHUEM.

6 U3 cKONBbKUX ATANOB CKIAAbIBACTCS pacyeT ONTUMAIIbHBIX TapaMETPOB HACTPOCK
perynsaropoB st [11- u ITJ[-perynsaropos?
A W3 onmHoroO.
B U3 nByx.
C U3 tpex.

7 B rpadoananuTHUECKOM METO/IE pacyeTa ONTUMalIbHBIX IAPaMETPOB HACTPOEK PETYISTOPOB
CUMTAETCs, YTO OOECIIeYeH 3aJaHHbIH 3amac ycToHunBoCcTH, ecii ADX pa3oMKHYTOH CUCTEMBI U
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OKpPY>KHOCTb paauyca C LIGCHTPOM Ha OTPULATENBHOMN BEIIECTBEHHOM MOIyoCH

A Tlepecekatorcs.
B Kacatorcs.

C He 3axoasT apyr Ha apyra.

8 Ilpu xakom 3HaYeHUH KodddurmenTa nepenayu Ky, KOTOpbIA He n3BecTeH, cTpoutcss ADX
Pa30MKHYTOM CUCTEMBI?

A K;=0.
B K,=1.
CKH=K06.

9 Ecnu noka3zatens konedarensHoctd M = 1,62, T0o K03 PuLMeHT nepenadn paBeH. ..

A K;=1/r.
B K,=r.
C K,=1/r+1

10 Ilpm pacuere ONTHMAJBHBIX HACTPOEK NMapaMeTpoB M-perynsaTopa nocTossHHas BpeMeHu 17,
BBIOMpaAeTCs. ..

A T,=1.
B TlpousBoibHO.
C T, =Tos.
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10 PEHHIEHUE TPEHHUPOBOYHbIX 3A,Z[AHI/[I7[
Pa3znen 1

COBOKYMMHOCTh TEXHHYECKHX CPEJCTB, BBIMOJIHSIOMMX HEKOTOPBIM Mpolecc, Ha3bIBaeTCs
oO0bekToM ympasneHus. [IpumepoM 00BeKTa ympaBieHHS, HANpUMEp, SBISETCS IMPOIECC
PEeKTH(UKAINH, IEHTPU(YTa U JIp.

BxonHble mepeMeHHbIE SBISIOTCS YIPABISAIOMIMME, €CIM OHHM CIIyXaT A IMOJAEpKaHUs
YIIpaBIsieMON IEPEMEHHOM B COOTBETCTBUH C HEKOTOPHIM 3aKOHOM YITPABIICHHS.
[TepemeHHasA, KOTOPYIO HEOOXOANMO TMOAJICPKUBATH B COOTBETCTBUH C HEKOTOPHIM 3aKOHOM
yIIpaBICHHsI, HA3bIBAETCS YIIPABIIIEMOM.

B ACP, wusobpaxenHoil Ha puc. 1.2, peanu3oBaHbl MNPHUHLHUIBI PETYIUPOBAHUSA IO
OTKJIOHEHUIO U 110 BO3MYILIECHHUIO.

Ecian perynatop HM3MEHsET pErylupyrouee BO3ACHCTBHE IPU OTKIOHEHUU DPETYIUPYyEMOH
nepeMeHHoN OT 3agaHHOTO 3Ha4YeHUsS (AY(f) =)(f) — Vsan), TO TAKOE pEUICHUE HA3bIBACTCS
peryaupyeMbIM 10 OTKJIOHEHUIO, Ay(f) Ha3bIBaETCSI OTKIOHEHUEM HJIM OIIMOKOM yrpaBiieHus.
Haubonee a3¢hexTnBHOI sBISETCS KOMOMHUPOBAHHAS CHCTEMA PETYIUPOBAHMUS.

JIuHeiiHas cucTeMa OTHOCHUTCA K KJIACCY CUCTEM 110 OCHOBHBIM BHJIaM YPaBHEHUH TUHAMUKH
IIPOLIECCOB YIPABJIECHUS.
Knace "xapakrep (yHKIMOHHPOBaHUA" JENUTCS Ha:
a) CHCTEMBI CTaOMIIN3AINY;
0) cHCTEeMBI IPOrPAaMMHOTO PETYIHUPOBAHNUS;
B) CIEIAIINE CUCTEMBI,
I') CHUCTeMbl ONTHMAJIbHOTO YIPABICHUS;
J1) aJanTHBHBIE CUCTEMBI.
Kiacc "xapakrep nogauu cursanoB"” nojapasiensercs Ha:
a) HEIpPEpbIBHBIE CUCTEMBI;
0) IUCKpETHBbIE CUCTEMBI, B KOTOPBIX BBIJACISAIOT UMITYJIbCHBIE, pelieiiHbIe, HU(POBHIE.

Paznen 2

Curnan Ha3bIBa€TCsl PETYJSPHBIM, €CIM €r0 MaTeMAaTUYECKUM IPEICTaBICHUEM SIBISETCS
3apaHee 33/1aHHasg QYHKIUS BPEMEHH.

Cy1ecTByIOT BpEMEHHOE U YaCTOTHOE IPECTABIECHUS CUTHAJIOB.

K OCHOBHBIM THIIaM pEryJaspHBIX CHUTHAJIOB OTHOCATCSA: NEPUOJUYECKHM, TMOYTH
MIEPUOJANYECKUI U HENIEPUOIUYECKUMN.

[IpeobpazoBanrem Oypbe HA3BIBACTCS OTIEPATOP

xl

XapakTepHBIMU CBOWCTBAMU CIIEKTPA MEPUOUICCKOTO CUTHAIIA SBIISIOTCS:

a) CHEKTpPbI BCErJa AUCKPETHBI, YaCTOTHl OCHOBHBIX TAPMOHMK KPaTHbI OCHOBHOM 4acTOTE;

0) yem Oonbmie mepuoi curHama 7, tem 'ryme" cnektp; mpu 1 — © TONYYarOT
HEMEePUOANYECKYIO (PYHKIIHIO;

B) C YMEHBIICHHEM JJIUTEIbHOCTH HUMIYJIbCOB MPU TMOCTOSIHHOM IEpPUOJIE AMILTUTYIbI
rapMOHHMK YMEHBIIAIOTCS, a CIEKTP CTaHOBUTCS '"Ty1e";

I) eclid C YMEHBbUICHHEM [UINTEIbHOCTU MPSAMOYTOJbHBIX HMMITYJIbCOB YBEJIUYUBATH
aMIUTUTYAbl 1o 3akoHy Ap = 1/t, TO HX TOCIEIOBaTENIbHOCTh CTPEMHTCA K
MOCIIEI0BATEIHHOCTH ACNbTa-PYHKINMA, a aMIUTUTYJHBIA CIEKTP — K MOCTOSSHHOMY ISl BCEX
yacToT 3Hauenuro 4, = 1/7.
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C

CriexTpa’abHON XapaKTepUCTUKON HEMePUOANYECKON (QYHKIIUN HA3bIBACTCS BEIUYMHA

[x] ,

rne A — 6ECKOHEYHO MaJble aMIUIUTY/Ibl IEPUOTUIECKON (PYHKITHH.

3 4

B

C

1 4

2 A

JenbTa-pyHKIpel Ha3bBaeTcs (DyHKIMS, YIOBICTBOPSIOIIAS YCIOBHAM:

[x]

CurHan B BHJE €IMHUYHOTO CKauyka Ha MCCIEAYyeMOM OOBEKTE IMOAAI0T IYyTEM pPE3KOTro
OTKPBITUS BEHTUJISL, YTOOBI pacxo]l MOJaBaeMOro BEIIECTBA U3MEHSJICS CKAUYKOM Ha €TUHMUILY.
["apMoOHMYECKUIi CUTHAT XapaKTepU3yeTCsl aMIUIUTYI0|, TEpHOoAOM | (Ha3oil.

Pa3zngen 3

VYpaBHEHMSMHM CTAaTUKM Ha3bIBAIOTCSl YPABHEHMsI, OIMCBHIBAIOIIME IIOBEACHUE CUCTEMBI
PErylIMpOBaHMS B YCTAHOBUBILIEMCS PEKUME IIPU MOCTOSIHHBIX BO3JEHCTBHUSIX.

CraTtudeckoll XapaKTePUCTHKON OO0BEKTa (CHUCTEMBbl) HAa3bIBACTCS 3aBHCHUMOCTH BBIXOIHOMN
BEJIMYMHBI OT BXOJTHOW B CTATHYECKOM PEXHME.

VYpaBHEHMSAMHM AMHAMMKM Ha3bIBAlOTCS YPABHEHMsI, OINKCHIBAIOLIME IIOBEIEHUE CUCTEMBI
pEerylIupoOBaHMs PHU HEYCTAHOBUBIIEMCS PEXXMME U POU3BOJIBHBIX BXOIHBIX BO3JEHCTBHUSX.
I'mppaBinueckuii pe3epByap, JIEKTPUYECKass €MKOCTb, HENPEPBIBHBIM XUMUYECKUN PEAKTOP
MOJIHOTO TIEpPEMEITNBAHUS ONMCHIBAIOTCA OOBIKHOBEHHBIM U (depeHIIaTbHbIM YpaBHEHUEM
C TIOCTOSIHHBIMU K03()(UIIMEHTaMH TIEPBOTO MOPSIKA.

Jns nokasarenbCcTBa JIMHEWHOCTH CUCTEMBI MPOBOJSAT SKCIIEPUMEHT, COCTOSIIMH U3 TpeX
OTIBITOB:

1 onvim: Ha BXOJl CHUCTEMbI MOJAETCS BXOJHOM CUTHAN X)(f) U OMNpENENsieTCs BbIXOJIHAS
KoopauHaTa y1(f) B ycTaHOBUBLIEMCSI PEXXHME;

2 onbim: Ha BXOJl CUCTEMBI TIOJIAE€TCS IPYrOW CUTHAN X,(f) ¥ ONpeaesieTcs: KoopauHara y,(?);
3 onwvlm: Ha BXOJ CUCTEMBI MMOJACTCSl CUTHAJ, PaBHBIM CyMMe BXOJHBIX CUTHANOB X3(f) = x1(¢)
+ xp(f), m ompenensieTcss BBIXOAHAS KoopauHaTa y3(f). [lamee mpoBepsieTcsl BBIMOJTHEHUE
COOTBETCTBUS v3(6) = y1(t) + y2(¢) nns moboro MmoMmeHTa BpeMeHU. Eciu oHO
BBITIOJTHSIETCS,, TO BBIMOJHAETCS MPHUHIMI CYNEPIO3ULIMUA, W CHUCTEMa, CIeA0BaTelbHO,
ABJISIETCS JINHEWUHOM.

OCHOBHBIMM ~ JUHAMHYECKMMM  XapaKTEpPUCTUKAMM,  HCIOJIB3YEeMBIMH B  TEOPUH
aBTOMATHYECKOT'O YIpaBIICHUS, SBIAIOTCA: IepenatouHas (yHkmus, auddepeHanisHoe
ypaBHEHUE, TepexoaHas (yHKIUs, BecoBas (YHKIUS, YaCTOTHBIMU XapaKTePUCTHKUMHU:
aMIUTUTYTHO-(ha30Basi, aMITUTYAHO-4aCTOTHAsA, ()a30-4aCTOTHAS, BEIIECTBEHHO-UYACTOTHASI.
Cxema pacuera JUHAMUKHU C MIOMOIIBIO BPEMEHHBIX XapaKTEPUCTUK COCTOUT U3 CIEAYIOLIUX
3TaIoB:

1) BeIOMpaeTcs craHAapTHBIN curHal Ha BXoze V(1) = (V(7), ..., v,(1));

2) BXOAHOW CHUTHAJI MPOU3BOIBHON (DOPMBI MIPEICTABISAETCS KaK CYIEepIO3UIIUs CTaHAAPTHBIX
curHayioB x(¢) = o v(t) + apva(t) + + o, vu(2);
3) ompenensieTcss peakys CUCTEMbl Ha CTaHAAPTHBIE CUTHAJIBI ;

4) BBIXOAHOW cuTHAN )(f) omMpenensieTcss Kak CYNepHo3WUlHs BBIXOAHBIX CUTHAIOB Vi(?):
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3 A llpeob6pa3oBanuem Jlammaca Ha3piBaeTcs mpeoOpa3oBaHue (GyHKIHMH X(f) TIEPEMEHHOW ¢ B

1

204

B

byHku0 x(s) Apyroi nepeMeHHOW [] mpH HOMOLIM OIeparopa

OcHOBHBIMU CBOMCTBaMH NpeoOpazoBaHus Jlarmiaca sBISFOTCS CISAYIONIUE:
a) TeopeMa JINHEHHOCTH ;

0) Teopema mo00us =] ;

B) TeOpeMa 3aTyXaHus

I') TeopeMa 3ana3/bIBaHus | u Jap.

xl

C Tlepenatounoil ¢pyHKIIMEH 00BEKTa HA3BIBACTCS OTHOIIECHUE MpeoOpazoBanHOro mo Jlammacy

>3]

BBIXOJIHOTO CHMTHana y(s) K mpeoOpazoBaHHOMY Mo Jlarutacy BXOJHOMY CHTHANLy X(s) MpH
HYJIEBBIX HAa4aJbHbIX YCIOBUSAX.

Paznen 4

OCHOBHBIMHU CBOMCTBAaMH KOH(OPMHOI'O OTOOPaXKEHHUS SBISIFOTCS:

a) JIMHUS OJHOW KOMIUIEKCHOHN TIJIOCKOCTH OTOOpa)kaeTcs B JIMHUIO APYrol KOMILIEKCHOM
IJIOCKOCTH;

0) OeckOHEYHO Mallblii yroa OToOpa)kaeTcs B TaKOW ke OECKOHEYHO Malblid YroJl, YIJIbl
COXPAHSIOTCS;

B) TPEYTOJIbHUK OJHOM KOMIUIEKCHOW IIOCKOCTH OTOOpa)kaeTcsi B TaKOH K€ MIIM MOJA00HBIH
TPEYroJbHUK JAPYroil KOMIUIEKCHOM MJIOCKOCTH, HallpaBlieHHEe 00X01a COXpaHseTCs;

I') BHYTPEHHsA 00JacTb OJHOTO TPEYroJIbHUKA Ipeodpa3yeTcsi BO BHYTPEHHIOI 00JacTb
IPYyroro TpeyrojabHUKa.

Re(w) = M(w) cos p(m);

Im(®) = M(®) sin ¢(w).

xl

OkcnepuMenTanbHo noaydailor AUX m dUX. AUX mpencrasisier co0OW OTHOLICHHE
aMIUTUTY/Ibl BBIXOJHOI'O CHUTHajJa K aMIUIMTyJe BXoaHoro curHama. @YX — pasHocTh (a3
BBIXOJHOI'O U BXOJJHOT'O CUTHAJIA.

(=] e

]

BecoBast ¢ynkmus mpexacraBisier coboit oOpatHoe mpeoOpasoBaHue dDypre or ADX

Ecmm h(t) — nepexonnas pyukmus, To W(io) = (io) h(io).

xl
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Pa3nen 5

OOBIKHOBEHHBIMU U PEpEeHIINATLHBIMU  YPABHEHUSIMH  OITUCHIBAIOTCS  allepHOAMYECKOE
3BEHO MEPBOT0 TOPSIIKA, AIIEPHOIMYECKOE 3BE€HO BTOPOTO MOPsAKA, KoleOaTeIbHOe 3BEHO.

V peanbhbix 3BeHbeB AUX M(w) — 0 npu @ — . Y uaeanbHO-1upHepeHIUpyONnero 38eHa
M(®) — o0 Ipu ® —> 00, €T0 HEOCYIIECTBUMOCTD TaK)Ke BUHA U3 BPEMEHHBIX XapaKTEPHUCTHUK,
Tak Kak h(t) = 8(t), a w(t) = 8'(¢).

TurmoBsie 3BeHbs MOAPA3ICIAIOTCS Ha:

a) CTaTUYECKHE, Y KOTOPBIX CTaTHYECKas XapaKTePUCTUKA OTIMYHA OT HYJIS;

0) muddepeHmupyronme, y KOTOpbIX CTaTHYeCKas XapaKTEPUCTHKA pPaBHA HYJIIO,

B) acTaTMYECKHE, y KOTOPBIX CTATUYECKasl XapaKTePUCTUKA HE CYIIECTBYET.

JIIs  OMHOKOHTYPHOM CHCTEMBI aBTOMATHYECKOTO PETyJUPOBaHUS MOXKHO 3aIllHCaTh
MepelaTouHble (PYHKIMK 10 KaHATy PEryJUpOBaHUs, IO KaHAJTy BO3MYILICHHUS, IO KaHATY
OIIINOKH.

[Ipu mocneoBaTeILHOM COCTMHCHUH

5

xl

[Ipu mapannenbHOM COETUHEHUH:

5

xl

be3 nomonHuTENBHBIX MpeoOpa3oBaHUil MPOU3BOIUTCS MEPEHOC y3J1a Yepe3 y3el U MEepPeHoC
cyMMaTopa uepe3 CyMmmarop.

®u3nYecKu He peanusyeM [[-3aKoH peryanpoBaHus.

BBenenue B 3akoH peryaupoBaHus au(PEpEHIIMATBHOM COCTaBIAIONICH YBETUYHUBACT
OBICTpOJICICTBHE PErysTOpA.

3nak "-" y mepenaTouHbIX (YHKIMA peryisropa y4UTBIBaeT TOT (DaKkT, YTO PEryJsITop
BKJIIOYAETCS B CUCTEMY I10 MPUHIUITY OTPUIIATEIbHON 00paTHOI CBS3U.

Pa3zgen 6

Cucrema, KoTOpas Iocijie CHATUS BO3MYILEHHUS NPUHUMACT HOBOE COCTOSHUE PABHOBECHS,
OTJINYHOE OT IIEPBOHAYAIBHOIO, HAa3bIBACTCS HEUTPAIILHOM.

Cucrema aBTOMAaTHYECKOI'O YIpaBJIEHHUS HE YCTOWYMBA, TaK KaK OJUH M3 KOpHEH Sy
IIOJIOKUTEIIbHBIN.

C Cucrema aBTOMAaTUYECKOTO PETYJIMPOBAHUS, y KOTOPOM KOPHU XapaKTEPUCTUUECKOTO

YPaBHEHMS PACIIOIOKEHBI CIEBAa OT MHUMOW OCH, YCTOMYMBA.
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HeobxonuMoe  ycinoBHe  yCTOWYMBOCTH — SIBJISETCS. M JIOCTaTOYHBIM  JUISL  CHCTEM,
OIMCBIBAIOLINXCS OOBIKHOBEHHBIMU U (PEepeHINaTbHBIMU YPAaBHEHUSAMU [IEPBOTO U BTOPOTO
MOpsAJIKA.

B coorBercTtBunm ¢ kpurepuem ['ypBuma cucrema ycroWumBa: A;=4>0; Ay=5>0;
A3 =5>0.

Jlnst vccaenoBaHusl YCTOMYMBOCTH C MOMOIIBIO KpuTepus Payca HeoOXoaumo pacronaratb
YPaBHEHHUEM, KOTOPOE ONHUCHIBAET CUCTEMY aBTOMATHYECKOTO YIIPABICHUS.

Ecnu pasoMmkHyTas cucreMa He ycTOiuMBa, TO AJS TOro, 4TOObI 3aMKHYTas cucTeMa Obuia
YCTOWYMBOM, HEOOXOJIMMO M JOCTATOYHO, YTOOBI ADX pa3oMKHYTONW CHCTEMBI OXBaThIBAJIO
touky (-1, i0) m/2 pa3, rae m — YUCIIO MpPaBBIX KOPHEH XapaKTePHUCTUUYECKOTO YpaBHEHHS
Pa30MKHYTOW CHUCTEMBI.

B coorBercTBUM ¢ KpuTepueM MuxailjioBa cHUCTEMa aBTOMATHYECKOIO YIPABJICHUS HE
yCTONYMBa, TaK KaK KOPHU HE SIBJISIIOTCS I€UCTBUTEIbHBIMU YEPEAYIOIIMMHUCS MEXKIY COOOH.
B cootBercTBUM ¢ KpuTepueM HalikBucra cucreMa ycroituna, Tak kak ADPX pa3oMKHyTOH
CUCTEMBI HE OXBaThIBaeT TOUKy (—1, i0).

Paznen 7

CuHTe3 YyCTONUMBBIX cHCTeM 0a3upyercss Ha KpUTepuH ycroitunBocty HalikBucra.

I'pannna ycTOMYMBOCTH Il CHUCTEM aBTOMAaTHMYECKOIO DPETYJIMPOBaHUS, C PEryJIATOPaMU,
MMEIOIUMU [1Ba HACTPOEHHBIX I1apaMeTpa, CTPOUTCS B IUNIOCKOCTH IIapaMETPOB HACTPOUKH 1
— 5o (ITN-pe-rynsarop) unu s, — s1 (I1J1-perynarop) no ypaBHEHHUIO |

W | | COOTBETCTBEHHO.

3agaya cuHTe3a cuctem perynupoBaHus ¢ II- mnm U-perynstopom pemraeTcss 0gHO3HAYHO,
TaK KaK UMEIOTCA 1Ba YPaBHEHUS U JBa HEM3BECTHBIX Op U S1 (MIIH So).

A K KOpHEBBIM METOJaM OLIEHKH 3amaca yCTOMYMBOCTU OTHOCSITCSI CTENEHb YCTOMYMBOCTH M

CTEIeHb KOJeOaTeIbHOCTH.

IToka3zatens konaebaTenbHOCTH — 3TO MaKCUMyM AUX 3aMKHYTO#H CHCTEMBI.

KopHeBble OLeHKH 3amaca yCTOMYMBOCTH BBOZSATCS B PAaCCMOTPEHHME 4Yepe3 pacIlHpEHHBIE
aMIUTUTYIHO-(Da30BbIe XapaKTEPUCTUKH.

Ecnu 3amac ycTOWYMBOCTH OIICHMBAETCS MOKa3aTelleM KoieOaTeNbHOCTH M, TO 3aMKHYTas
cucteMa o0amaeT 3aJaHHBIM 3amacoM yCTOWYMBOCTH, eciu ADX pa3oMKHYTOW CHCTEMBI
KACAeTCs OKPYKHOCTH pammyca r = M/(M* — 1) ¢ rieatpom B Touke [ = M*/(M* —1).

3agava onpenenenus Hactpoek peryisaropoB [IW u 1]l Ha 3amaHHBIN 3amac yCTOMYMBOCTH
pelraeTcss HEOJHO3HAYHO. 3a/1a4a UMEeeT OECKOHEUHOE MHOXKECTBO PEIIICHHA.
CTpyKTypHO-HEYCTOMYHMBBIMHA HA3bIBAIOTCSI CUCTEMBI, KOTOPBIE HE MOTYT CTaTh YCTOMYMBBIMHU
HU TIPHU KaKUX KOMOWHAIUSAX 3HAYCHUN UX TapaMeTPOB.

Pa3zgen 8



[IpsmMpiMH ~ TOKa3aTeNsIMU  KadecTBa  SBISAIOTCS — IMOKa3aTelld, KOTOpPbIE IO3BOJISIOT
HENOCPEACTBEHHO 10 KPUBOM MEPEXOJHOr0 MPOIECCa OLEHUBATh KAYECTBO PETYINPOBAHHUS.
K HumM oTHOcATCs cTaTuyeckas OIIMOKa peryJupoBaHMs, JWHaAMUYecKkas oOInOKa
peryiupoBaHUsl, BpEMsI pEeryIUpOBaHUS, IEPEPEryTUPOBAHNE, CTEIICHD 3aTyXaHUs.

JUis  OLeHKM KadecTBa pETyJIMpPOBaHUS  KoJeOaTelNbHBIX MEPEXOJIHBIX IPOILECCOB
UCIIOJB3YyEeTCs CTENEeHb KOJIeOATEIbHOCTH.

[TonoxutenbHpIM (PaKTOPOM HCMOIB30BAaHUS MHTETPAIbHBIX KPUTEPUEB KauecTBa SBIIAETCS
MoJiyueHue oOIel OLIEHKH OBICTPOJEHCTBUS M OTKJIOHEHUS DPETYIUPYEeMON BEIWYHHBI OT
YCTaHOBUBIIETOCS 3HAUYEHUS.

Ecnun BUX npencraBumMa CyMMOM M KaKJIOM COCTaBIISIFOIEH COOTBETCTBYET MEPEXOIHBIN
IIPOLIECC, TO U NMEPEXOAHBIN IPOLECC MPEACTABIIAETCS CYMMON COCTABIISAIOLINUX.

Ecim BYUX Ha ocu OpAMHAT YBEIMYUBACTCA B O pa3, TO U IEPEXOJHBIA IPOLECC
YBEIIMYUBAETCS B OL Pas.

KoHeuHoe 3HaueHME NIEpEXOHOr0 MpoLecca paBHO HadyalbHOMY 3HadeHHn0 BUX; HaganbHOE
3HAYEHHUE MEPEXOIHOI0 Mpoliecca paBHO KOHEUHOMY 3HaueHu0 BUX.

Pa3znen 9

CuHTe3 (QYHKUMOHAIBHON CTPYKTYphI 3aK/IIOYaeTcsd B BbIOOPE KOHKPETHBIX 3JIEMEHTOB U
COTJIACOBAaHUU MX XapaKTEPUCTHK.

K TouHBIM MeTOJaM pacueTra napamMeTpoB HACTPOEK PETYISTOPOB OTHOCATCS MeTon PADX n
rpadoaHaTUTUYECKUI METO/I.

Pacuer napameTpoB HaCTPOEK PETYIATOPOB HA3BIBAETCS NIaPAMETPUUECKUM CUHTE30M.

OnTuMalbHBIMU TIapaMETPaMU HACTPOEK PETYIATOpOB coryacHo merony PADX ssisrorcs
HacTpOWKM, 0O0ecHeunBaronve 3aJaHHYl0 CTENEeHb KoJeOaTeNbHOCTH U MUHHMYM
KBaJPaTHOI'0 UHTETPAIILHOTO KPUTEPHUSL.

KauectBo perymupoBanuss B Metojne PA®DX oneHuBaeTcsl KBaJpaTUYHBIM HHTErPaIbHBIM
KPUTEPHEM.

Jlnst  perynsaTtopoB ¢ ABYMs HACTPOCYHBIMH IapaMeTpamMH ONTHMAJIBHBIM HACTPOMKaM
COOTBETCTBYET TOYKa, JIeXKallas Ha KpPUBOM 3aJaHHONW CTENEHU KoyeOaTelnbHOCTH B
IJIOCKOCTH HACTPOEYHBIX IIapaMEeTPOB, B KOTOPOM KBAaJPATUYHBIM WHTETPAIBHBIM KPUTEPUU
MUHHMMAJIEH.

B rpadoanamuruueckoM MeToA€ 3amac  YCTOWYMBOCTH  OIIGHMBAETCS  TMOKa3arejieM
K0JIeOaTEeIIbHOCTH.

KauectBOo perynupoBanusi B rpadoaHATUTHYECKOM METOJIE OILIEHUBACTCS C TOMOIIBIO
KpUTEpHUs ONTUMAIBHON (UIIBTPAINH, 3aKIIOYAIOIIETOCS B HAWIydIIeM npuommkernn AUX
peanbHOM cucteMbl K AUX uaeanbHOM CUCTEMbl HA HM3KMX YacTOTax W, B YaCTHOCTH, MPHU
® = 0. YcioBus oNTUMAIBHOCTH 3aMTUCHIBAIOTCS B BUIE:
— OTHOCUTENIbHO BO3MYIIAIOIIETO BO3/IEUCTBUS |

M

M

— OTHOCHUTEJIBHO YIIPABIISIOLIETO BO3ACUCTBUSA |

Touka, COOTBETCTBYIOIAA ONTUMaJIbHBIM HacTpoiikam I[IH-pery-nstopa, HaXOAUTCSA B TOUKE
KacaHHUsl KacaTelbHOM, MPOBEJCHHOW M3 Hayalla KOOpPAMHAT K KPUBOW 3aJaHHOrO 3araca
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YCTOMYMBOCTHU B TUIOCKOCTH MapaMeTpoB HacTpoek Ty — Ky (Bpems nzonpoma — kodpuuent
nepeaayn).
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	Òàáëèöà ïðåîáðàçîâàíèÿ Ëàïëàñà
	3.10   ÒÐÅÍÈÐÎÂÎ×ÍÛÅ ÇÀÄÀÍÈß
	3.11   ÒÅÑÒ
	Ðèñ. 4.1   Èçîáðàæåíèå êîìïëåêñíîãî ÷èñëà
	Ðèñ. 4.3   Ê îïðåäåëåíèþ ôóíêöèè êîìïëåêñíîé ïåðåìåííîé

	Âçàèìíûå ñîîòâåòñòâèÿ äèíàìè÷åñêèõ õàðàêòåðèñòèê
	5   ÑÒÐÓÊÒÓÐÍÛÉ ÀÍÀËÈÇ ËÈÍÅÉÍÛÕ ÑÈÑÒÅÌ


	Ðèñ. 5.14   ×àñòîòíûå õàðàêòåðèñòèêè àïåðèîäè÷åñêîãî çâåíà
	Ðèñ. 5.25   ×àñòîòíûå õàðàêòåðèñòèêè êîíñåðâàòèâíîãî çâåíà:

	Ðèñ. 5.46   Âûíåñåíèå ýëåìåíòà èç îáðàòíîé ñâÿçè:
	Ðèñ. 5.49   Ñòðóêòóðíàÿ ñõåìà íåêîòîðîãî îáúåêòà ñ ïåðåêðåñòíûìè ñâÿçÿìè:

	Äèíàìè÷åñêèå õàðàêòåðèñòèêè ÏÄ-ðåãóëÿòîðà:
	ÀÔÕ           (5.115)

	Ðèñ. 5.59  ×àñòîòíûå õàðàêòåðèñòèêè ÏÄ-ðåãóëÿòîðà:
	à ( À×Õ; á ( Ô×Õ; â ( ÀÔÕ
	Ïåðåõîäíàÿ ôóíêöèÿ, ãðàôèê êîòîðîé èçîáðàæåí íà ðèñ. 5.60:
	Ñ òî÷êè çðåíèÿ êà÷åñòâà ïðîöåññà ðåãóëèðîâàíèÿ â çàìêíóòîé  ÀÑÐ ïðîïîðöèîíàëüíî-äèôôåðåíöèàëüíûé ðåãóëÿòîð îáëàäàåò îñîáåííîñòÿìè îáîèõ çàêîíîâ ðåãóëèðîâàíèÿ (ðèñ. 5.61). Íàëè÷èå âîçäåéñòâèÿ ïî  ïðîèçâîäíîé îò (y(t) óâåëè÷èâàåò áûñòðîäåéñòâèå ðåãóëÿòîðà, áëàãîäàðÿ ÷åìó óìåíüøàåòñÿ äèíàìè÷åñêàÿ îøèáêà ïî ñðàâíåíèþ ñ ïðîïîðöèîíàëüíûì ðåãóëÿòîðîì.
	Â óñòàíîâèâøèõñÿ ðåæèìàõ, êîãäà  (y' = 0, ðåãóëÿòîð âåäåò ñåáÿ êàê îáû÷íûé Ï-ðåãóëÿòîð. Âåëè÷èíà ñòàòè÷åñêîé îøèáêè îñòàåòñÿ òàêîé æå, êàê è â  ñëó÷àå  ïðèìåíåíèÿ Ï-ðåãóëÿòîðà, äåéñòâèòåëüíî:

	Ðèñ. 6.1   Èëëþñòðàöèÿ ïîíÿòèÿ óñòîé÷èâîñòè:
	à – óñòîé÷èâàÿ ñèñòåìà;  á – íåóñòîé÷èâàÿ ñèñòåìà; â – íåéòðàëüíàÿ ñèñòåìà
	Ïîëîæåíèå ðàâíîâåñèÿ øàðà õàðàêòåðèçóåòñÿ òî÷êîé A0. Ïðè îòêëîíåíèè â ïîëîæåíèå A1 â ïåðâîì ñëó÷àå øàð ñòðåìèòñÿ ê ïîëîæåíèþ A0, âî âòîðîì íå ñòðåìèòñÿ ê ýòîìó ïîëîæåíèþ, â òðåòüåì ( ñîñòîÿíèå øàðà áåçðàçëè÷íî.
	Ðàññìàòðèâàÿ íåëèíåéíûå ñèñòåìû, ââîäÿò ïîíÿòèÿ óñòîé÷èâîñòè "â ìàëîì", "â áîëüøîì" è "â öåëîì":

	6.2   ÓÑÒÎÉ×ÈÂÎÑÒÜ ËÈÍÅÉÍÎÃÎ ÄÈÔÔÅÐÅÍÖÈÀËÜÍÎÃÎ
	ÓÐÀÂÍÅÍÈß Ñ ÏÎÑÒÎßÍÍÛÌÈ ÊÎÝÔÔÈÖÈÅÍÒÀÌÈ
	Äåéñòâèòåëüíî, ïðè  s1 < 0 èìååò ìåñòî óñëîâèå
	Ôàçîâûå òðàåêòîðèè äëÿ ñèñòåì  âòîðîãî ïîðÿäêà îáëàäàþò ñëåäóþùèìè ñâîéñòâàìè.
	Óðàâíåíèå ñèñòåìû:  a2y1"(t) + a0y1(t) = 0,  åãî ðåøåíèå èìååò âèä

	Ñëó÷àé 2   Êîðíè ( êîìïëåêñíûå è èìåþò îòðèöàòåëüíûå âåùåñòâåííûå ÷àñòè ïðè a12  < 4à0a2;  a1 > 0, à2 > 0, a0 > 0:
	Ñëó÷àé 3   Êîðíè ( êîìïëåêñíûå è èìåþò ïîëîæèòåëüíûå âåùåñòâåííûå ÷àñòè ïðè a21  < 4à0a1;  a0 > 0, à1 < 0, a2 > 0: s1,2 = ? + ³?.
	Ðèñ. 6.9   Ôàçîâûé ïîðòðåò òèïà íåóñòîé÷èâûé ôîêóñ:
	à ( ðàñïîëîæåíèå êîðíåé õàðàêòåðèñòè÷åñêîãî óðàâíåíèÿ;
	á (  ïåðåõîäíûé ïðîöåññ; â ( ôàçîâûé ïîðòðåò
	Ðèñ. 6.11   Ôàçîâûé ïîðòðåò òèïà íåóñòîé÷èâûé óçåë:
	à ( ðàñïîëîæåíèå êîðíåé õàðàêòåðèñòè÷åñêîãî óðàâíåíèÿ;
	Ñëó÷àé 6   Êîðíè ( âåùåñòâåííûå è èìåþò ðàçëè÷íûå çíàêè ïðè   a1 > 0, a2 > 0, a0 < 0: s1 = ((1, s2 = (. Â ýòîì ñëó÷àå áóäåò íåóñòîé÷èâàÿ ñèñòåìà (ïðè a0 = 0 ( ãðàíèöà óñòîé÷èâîñòè).
	×àñòíûì ÿâëÿåòñÿ ñëó÷àé, êîãäà a1 = 0, è, ó÷èòûâàÿ, ÷òî a0 < 0, óðàâíåíèå (6.9) çàïèøåòñÿ â âèäå

	6.4   ÏÎÍßÒÈÅ ÓÑÒÎÉ×ÈÂÎÑÒÈ ÄÂÈÆÅÍÈß
	Âîçìóùåíèå íàçûâàåòñÿ èìïóëüñíûì, åñëè îíî äåéñòâóåò â òå÷åíèå êîðîòêîãî ïðîìåæóòêà âðåìåíè ((t) (ðèñ. 6.13, à). Èìïóëüñ ñ÷èòàþò ìãíîâåííûì, åñëè çà âðåìÿ (t êîîðäèíàòà íå óñïåâàåò çàìåòíî èçìåíèòüñÿ. Â ýòîì ñëó÷àå åãî âëèÿíèå  çàêëþ÷àåòñÿ â ìãíîâåííîì ñäâèãå èçîáðàæàþùåé òî÷êè M0 ñèñòåìû èç íà÷àëüíîãî ïîëîæåíèÿ M0 â íåêîòîðîå äðóãîå ïîëîæåíèå M0'. Òðàåêòîðèÿ íåâîçìóùåííîãî äâèæåíèÿ èñõîäèò èç òî÷êè M, à âîçìóùåííîãî – èç M0' è îòëè÷àåòñÿ îò ïåðâîé (ðèñ. 6.13, á). Âëèÿíèå èìïóëüñà ñêàçûâàåòñÿ íà âñåì äâèæåíèè ñèñòåìû, õîòÿ îí äåéñòâîâàë òîëüêî ïðè âðåìåíè (t.
	6.5.1   Îðáèòàëüíàÿ óñòîé÷èâîñòü
	Òàáëèöà 6.1
	i

	Òàáëèöà Ðàóñà ê ïðèìåðó 6.1
	Ðèñ. 7.5   Êîðíåâûå ïîêàçàòåëè îöåíêè çàïàñà óñòîé÷èâîñòè:
	Åñëè çàïàñ óñòîé÷èâîñòè áóäåò çàäàí ÷åðåç ïîêàçàòåëü (çàä, òî ñèñòåìà äîëæíà èìåòü ñòåïåíü óñòîé÷èâîñòè áîëüøå èëè ðàâíóþ çàäàííîé ( ( (çàä, è îáëàñòü ðàñïîëîæåíèÿ êîðíåé áóäåò íàõîäèòüñÿ ñëåâà îò ïðÿìîé ( = (çàä (ðèñ. 7.5, à).
	.
	Àíàëèç ÀÔÕ ðàçîìêíóòîé ñèñòåìû ïîêàçûâàåò, ÷òî, êàê âèäíî èç ðèñ. 7.8, åå ìîäóëü ðàâåí äëèíå îòðåçêà ÎÂ, ò.å. (Wp.c(i()( = OÂ.

	Åñëè èçìåíÿòü ÷àñòîòó îò 0 äî (, òî  îòíîøåíèå âíà÷àëå âîçðàñòàåò, à çàòåì íà÷èíàåò óìåíüøàòüñÿ, ñëåäîâàòåëüíî, è À×Õ çàìêíóòîé ñèñòåìû âíà÷àëå áóäåò âîçðàñòàòü, à çàòåì óìåíüøàòüñÿ, ò.å. áóäåò èìåòü ìàêñèìóì. Äëÿ òîãî, ÷òîáû ýòîò ìàêñèìóì èìåë çàäàííóþ âåëè÷èíó, à, ñëåäîâàòåëüíî, áûë çàäàí ïîêàçàòåëü êîëåáàòåëüíîñòè, íåîáõîäèìî, ÷òîáû ãåîìåòðè÷åñêè íà ïëîñêîñòè ÀÔÕ ðàçîìêíóòîé  ñèñòåìû îòíîøåíèå  îòðåçêîâ ÎÂ è ÀÂ èìåëî ïîñòîÿííóþ âåëè÷èíó (ðèñ. 7.8):
	7.4   ÀÍÀËÈÇ ÑÈÑÒÅÌ ÍÀ ÇÀÏÀÑ ÓÑÒÎÉ×ÈÂÎÑÒÈ
	7.4.1   Ðàñøèðåííûå ÷àñòîòíûå õàðàêòåðèñòèêè


	Ðèñ. 7.10   Ðàñøèðåííàÿ ÷àñòîòíàÿ õàðàêòåðèñòèêà
	ïî ñòåïåíè óñòîé÷èâîñòè:
	à ( ïëîñêîñòü êîðíåé õàðàêòåðèñòè÷åñêîãî óðàâíåíèÿ;
	Ñðàâíåíèå ÀÔÕ è ÐÀÔÕ ïîêàçûâàåò, ÷òî äëÿ ëþáîé ÷àñòîòû çíà÷åíèÿ  M(m, (), ((m, () áîëüøå  ïî àáñîëþòíîé âåëè÷èíå, ÷åì M((), (((), ïîýòîìó ãîäîãðàô W((m( + i() øèðå, ÷åì W(i().
	7.4.2   Àíàëèç ñèñòåì íà çàïàñ óñòîé÷èâîñòè

	Ñîãëàñíî êðèòåðèþ Íàéêâèñòà  çàìêíóòàÿ ñèñòåìà  íàõîäèòñÿ íà ãðàíèöå óñòîé÷èâîñòè, åñëè ÀÔÕ ðàçîìêíóòîé ñèñòåìû ïðîõîäèò ÷åðåç òî÷êó (-1, i0). Ïðèìåíÿÿ ýòîò êðèòåðèé äëÿ èññëåäîâàíèÿ ñèñòåìû íà çàïàñ  óñòîé÷èâîñòè, ñëåäóåò, ÷òî åñëè ðàçîìêíóòàÿ ñèñòåìà îáëàäàåò çàïàñîì óñòîé÷èâîñòè è ðàñøèðåííàÿ àìïëèòóäíî-ôàçîâàÿ õàðàêòåðèñòèêà íå îõâàòûâàåò òî÷êó (-1, i0), òî çàìêíóòàÿ  ñèñòåìà èìååò çàïàñ óñòîé÷èâîñòè íå ìåíüøå, ÷åì çàäàííûé.
	Ïðè àíàëèçå ñèñòåìû íà çàïàñ óñòîé÷èâîñòè ïî ìîäóëþ è ïî ôàçå íåîáõîäèìî ïîñòðîèòü ÀÔÕ çàìêíóòîé ñèñòåìû è îïðåäåëèòü èññëåäóåìûå çàïàñû óñòîé÷èâîñòè ãðàôè÷åñêè, ñîãëàñíî èõ îïðåäåëåíèþ.
	7.5    ÑÈÍÒÅÇ ÑÈÑÒÅÌ, ÎÁËÀÄÀÞÙÈÕ ÇÀÄÀÍÍÛÌ
	ÇÀÏÀÑÎÌ ÓÑÒÎÉ×ÈÂÎÑÒÈ
	7.5.1   Ñèñòåìà ñ Ï-ðåãóëÿòîðîì
	Ñèñòåìà ñ È-ðåãóëÿòîðîì
	7.6   ÎÁÅÑÏÅ×ÅÍÈÅ ÓÑÒÎÉ×ÈÂÎÑÒÈ È ÏÎÂÛØÅÍÈÅ
	ÇÀÏÀÑÀ ÓÑÒÎÉ×ÈÂÎÑÒÈ Ñ ÏÎÌÎÙÜÞ
	ËÎÃÀÐÈÔÌÈ×ÅÑÊÈÕ ×ÀÑÒÎÒÍÛÕ ÕÀÐÀÊÒÅÐÈÑÒÈÊ


	Ðèñ. 7.18    Îöåíêà âëèÿíèÿ ïîñòîÿííîé âðåìåíè íà
	óñòîé÷èâîñòü ñèñòåìû:
	à ( À×Õ; á ( Ô×Õ
	Íà ðèñ. 7.18 èçîáðàæåíû ëîãàðèôìè÷åñêèå ÷àñòîòíûå õàðàêòåðèñòèêè äëÿ ðàçîìêíóòîé ñèñòåìû ñ ïåðåäàòî÷íîé ôóíêöèåé
	7.9   ÊÎÐÐÅÊÒÈÐÓÞÙÈÅ ÓÑÒÐÎÉÑÒÂÀ
	7.9.1   Ïîñëåäîâàòåëüíàÿ êîððåêöèÿ
	7.9.2   Ïàðàëëåëüíàÿ êîððåêöèÿ


	Â çàâèñèìîñòè îò òèïà êîððåêòèðóþùåãî óñòðîéñòâà ðàçëè÷àþò ñëåäóþùèå òèïû îáðàòíûõ ñâÿçåé:
	Ðèñ. 7.22    Ñòðóêòóðíàÿ ñõåìà ïàðàëëåëüíîé êîððåêöèè:
	à ( ïðÿìàÿ ñâÿçü;  á ( îáðàòíàÿ ñâÿçü
	7.10   ÒÐÅÍÈÐÎÂÎ×ÍÛÅ ÇÀÄÀÍÈß
	7.11   ÒÅÑÒ
	ÈÑÑËÅÄÎÂÀÍÈÅ ÊÀ×ÅÑÒÂÀ ÏÐÎÖÅÑÑÎÂ
	ÐÅÃÓËÈÐÎÂÀÍÈß

	Êà÷åñòâî ðåãóëèðîâàíèÿ ñ÷èòàåòñÿ óäîâëåòâîðèòåëüíûì, åñëè ïåðåðåãóëèðîâàíèå íå ïðåâûøàåò 30 ( 40 %.
	Èíîãäà òðåáîâàíèÿ ïî êà÷åñòâó ðåãóëèðîâàíèÿ ìîãóò áûòü áîëåå  æåñòêèå, íàïðèìåð, ïåðåõîäíûé ïðîöåññ äîëæåí áûòü ìîíîòîííûì èëè ìîíîòîííûì è áåç ïåðåãèáîâ.

	Ðèñ. 8.6   Îïðåäåëåíèå êà÷åñòâà êîëåáàòåëüíûõ ïåðåõîäíûõ
	ïðîöåññîâ ïî ñòåïåíè óñòîé÷èâîñòè:
	Êàê âèäíî èç ðèñ. 8.6, äâà êîëåáàòåëüíûõ ïåðåõîäíûõ ïðîöåññà  ðàçíîé ÷àñòîòû èìåþò îäèíàêîâûå îãèáàþùèå, ò.å. yîãèá = e((t. Íî ïðè îäèíàêîâîé ñòåïåíè óñòîé÷èâîñòè êà÷åñòâî ýòèõ ïåðåõîäíûõ ïðîöåññîâ  ñóùåñòâåííî îòëè÷àåòñÿ  äðóã îò äðóãà. Ñëåäîâàòåëüíî, çíàíèÿ ñòåïåíè óñòîé÷èâîñòè äëÿ îöåíêè êà÷åñòâà êîëåáàòåëüíûõ ïåðåõîäíûõ ïðîöåññîâ íåäîñòàòî÷íî.
	Ñòåïåíü çàòóõàíèÿ èçìåíÿåòñÿ îò 0 äî 1, à ñòåïåíü êîëåáàòåëüíîñòè ( îò 0 äî (. Íàèáîëåå ÷àñòî  èñïîëüçóþòñÿ ñëåäóþùèå èõ çíà÷åíèÿ: m = 0,141 (? = 0,61); m = 0,221 (? = 0,75); m = 0,366 (? = 0,9); m = 0,478          (? = 0,95).
	Èç ïîñëåäíåãî ñîîòíîøåíèÿ âèäíî, ÷òî â ñèñòåìàõ ñ Ï-ðåãóëÿòîðîì ñòàòè÷åñêàÿ îøèáêà óìåíüøàåòñÿ ñ óâåëè÷åíèåì çíà÷åíèÿ ïàðàìåòðà íàñòðîéêè ðåãóëÿòîðà. Â ðåàëüíûõ ñèñòåìàõ áåðåòñÿ ìàêñèìàëüíî âîçìîæíîå çíà÷åíèå S1, èñõîäÿ èç îáåñïå÷åíèÿ çàïàñà óñòîé÷èâîñòè.
	Êâàäðàòè÷íûé êðèòåðèé, êàê è ëèíåéíûé, ìîæíî âû÷èñëèòü áåç ïîñòðîåíèÿ  ïåðåõîäíîãî ïðîöåññà ïî ÷àñòîòíîé  õàðàêòåðèñòèêå çàìêíóòîé  ñèñòåìû è ïðåîáðàçîâàíèþ ïî Ôóðüå îò âõîäíîãî ñèãíàëà.
	8.2   ×ÀÑÒÎÒÍÛÅ ÌÅÒÎÄÛ ÀÍÀËÈÇÀ ÊÀ×ÅÑÒÂÀ
	ÐÅÃÓËÈÐÎÂÀÍÈß
	8.2.1   Çàâèñèìîñòü ìåæäó ïåðåõîäíîé è
	÷àñòîòíûìè õàðàêòåðèñòèêàìè



	.
	Ïðåäñòàâëÿÿ ÀÔÕ ÷åðåç äåéñòâèòåëüíóþ è ìíèìóþ ÷àñòü         W(i() = Re(() + iIm(() è ðàçëàãàÿ ei(t ïî ôîðìóëå Ýéëåðà, âûðàæåíèå äëÿ ïåðåõîäíîé  ôóíêöèè ïðåîáðàçóåòñÿ ê áîëåå óäîáíîìó âèäó ñ èñïîëüçîâàíèåì Â×Õ ( Re(():
	8.2.2   Ñâîéñòâà âåùåñòâåííî-÷àñòîòíûõ õàðàêòåðèñòèê è
	ñîîòâåòñòâóþùèõ èì ïåðåõîäíûõ ïðîöåññîâ
	à ( Â×Õ; á ( ïåðåõîäíûå ïðîöåññû
	2   Ñîîòâåòñòâèå  ìàñøòàáîâ ïî îñè îðäèíàò äëÿ Rå(() è ó(t).
	Åñëè óìíîæèòü Rå(() íà ïîñòîÿííûé ìíîæèòåëü (, òî ñîîòâåòñòâóþùåå çíà÷åíèå ó(t) òîæå óìíîæàåòñÿ íà ýòîò ìíîæèòåëü ( (ðèñ. 8.8).
	3   Ñîîòâåòñòâèå  ìàñøòàáîâ ïî îñè  àáñöèññ äëÿ Rå(() è ó(t).

	Åñëè àðãóìåíò ( â ñîîòâåòñòâóþùåì âûðàæåíèè ÷àñòîòíîé õàðàêòåðèñòèêè óìíîæèòü íà ïîñòîÿííîå ÷èñëî, òî àðãóìåíò â ñîîòâåòñòâóþùåì âûðàæåíèè ïåðåõîäíîãî ïðîöåññà áóäåò äåëèòüñÿ íà ýòî ÷èñëî (ðèñ. 8.9), ò.å.
	4   Íà÷àëüíîå  çíà÷åíèå Â×Õ ðàâíî êîíå÷íîìó çíà÷åíèþ ïåðåõîäíîé õàðàêòåðèñòèêè (ðèñ. 8.9)
	5   Êîíå÷íîå  çíà÷åíèå Â×Õ ðàâíî íà÷àëüíîìó çíà÷åíèþ ïåðåõîäíîé õàðàêòåðèñòèêè

	Ðèñ.  8.10   Ðàçëè÷íûå âèäû Â×Õ:
	à ( ñ ðàçðûâàìè; á ( ñ âûñîêèì îñòðûì óãëîì
	6   ×òîáû  ïåðåõîäíàÿ  õàðàêòåðèñòèêà  èìåëà ïåðåðåãóëèðîâàíèå ( ( 18 %, Â×Õ äîëæíà áûòü ïîëîæèòåëüíîé íåâîçðàñòàþùåé ôóíêöèåé ÷àñòîòû, ò.å. Rå(() > 0, .
	7   Óñëîâèÿ  ìîíîòîííîãî  ïðîòåêàíèÿ  ïåðåõîäíîãî ïðîöåññà.
	×òîáû  ïåðåõîäíîé ïðîöåññ èìåë  ìîíîòîííûé õàðàêòåð, äîñòàòî÷íî, ÷òîáû  ñîîòâåòñòâóþùàÿ åìó Â×Õ Rå(() ÿâëÿëàñü  ïîëîæèòåëü-
	à ( Â×Õ; á (  ïåðåõîäíîé ïðîöåññ
	íîé, íåïðåðûâíîé  ôóíêöèåé ÷àñòîòû ñ îòðèöàòåëüíîé, óáûâàþùåé, ïî àáñîëþòíîé âåëè÷èíå ïðîèçâîäíîé (ðèñ. 8.12) Rå(() > 0,  < 0.
	8   Îïðåäåëåíèå  íàèáîëüøåãî  çíà÷åíèÿ  ïåðåðåãóëèðîâàíèÿ (max ïåðåõîäíîãî ïðîöåññà ïî ìàêñèìóìó Â×Õ (ðèñ. 8.13)


	Ðèñ. 8.14   Àïïðîêñèìàöèÿ Â×Õ òðàïåöèåé
	Ïðè àíàëèçå óñòîé÷èâîñòè è êà÷åñòâà àâòîìàòè÷åñêèõ ñèñòåì ïðåäïîëàãàëîñü, ÷òî çíà÷åíèÿ ïàðàìåòðîâ îáúåêòà è óïðàâëÿþùåãî óñòðîéñòâà  îñòàþòñÿ â ïðîöåññå ýêñïëóàòàöèè ñèñòåìû ïîñòîÿííûìè. Â äåéñòâèòåëüíîñòè æå ïàðàìåòðû ñèñòåìû ïîñòîÿííî èçìåíÿþòñÿ ïî ðàçíûì ïðè÷èíàì, ýòî òàê íàçûâàåìîå, ýêñïëóàòàöèîííîå èçìåíåíèå. Êðîìå òîãî, çíà÷åíèÿ  ïàðàìåòðîâ ìîãóò èìåòü ðàçáðîñ âñëåäñòâèå äîïóñêîâ íà èçãîòîâëåíèå è òåêóùèå çíà÷åíèÿ ïåðåìåííûõ îòëè÷àþòñÿ îò ðàñ÷åòíûõ. Â ñâÿçè ñ ýòèì âîçíèêàåò çàäà÷à  îïðåäåëåíèÿ  âëèÿíèÿ ðàçáðîñà è èçìåíåíèÿ  ïàðàìåòðîâ ñèñòåìû íà ñòàòè÷åñêèå è äèíàìè÷åñêèå ñâîéñòâà ïðîöåññà óïðàâëåíèÿ.
	Âëèÿíèÿ âàðèàöèé ïàðàìåòðîâ ñèñòåìû íà åå ñòàòè÷åñêèå è äèíàìè÷åñêèå ñâîéñòâà íàçûâàþòñÿ ïàðàìåòðè÷åñêèìè âîçìóùåíèÿìè, à âîçíèêàþùèå ïðè ýòîì îòêëîíåíèÿ õàðàêòåðèñòèê  ñèñòåìû îò ðàñ÷åòíûõ çíà÷åíèé ( ïàðàìåòðè÷åñêèìè ïîãðåøíîñòÿìè (îøèáêàìè).
	Äëÿ îöåíêè ñòåïåíè âëèÿíèÿ ðàçáðîñà è èçìåíåíèÿ ïàðàìåòðîâ ñèñòåìû èñïîëüçóþò ïîíÿòèå ( ÷óâñòâèòåëüíîñòü ñèñòåìû. ×óâñòâèòåëüíîñòü ( ýòî ñâîéñòâî ñèñòåìû èçìåíÿòü ñâîè âûõîäíûå ïåðåìåííûå è ïîêàçàòåëè êà÷åñòâà ïðè îòêëîíåíèè òîãî èëè èíîãî åå ïàðàìåòðà îò èñõîäíîãî èëè ðàñ÷åòíîãî çíà÷åíèÿ. Äëÿ îáîçíà÷åíèÿ ïðîòèâîïîëîæíîãî ñâîéñòâà èñïîëüçóåòñÿ ïîíÿòèå "ãðóáîñòü" è ñèñòåìû, ñîõðàíÿþùèå ñâîè ñâîéñòâà ïðè ëþáûõ ïàðàìåòðè÷åñêèõ âîçìóùåíèÿõ, íàçûâàþòñÿ ãðóáûìè èëè ðîáàñòíûìè.
	Ôóíêöèåé ÷óâñòâèòåëüíîñòè íàçûâàåòñÿ ÷àñòíàÿ ïðîèçâîäíàÿ êàêîé-ëèáî äèíàìè÷åñêîé  õàðàêòåðèñòèêè èëè êàêîãî-ëèáî  ïîêàçàòåëÿ ïî èçìåíÿþùåìóñÿ (âàðüèðóåìîìó) ïàðàìåòðó ki. Íàïðèìåð, äëÿ ïåðåäàòî÷íîé ôóíêöèè W(s, ki), çàâèñÿùåé îò ïàðàìåòðà ki, ôóíêöèÿ ÷óâñòâèòåëüíîñòè îïðåäåëÿåòñÿ êàê
	                            (8.26)
	Ïðè ïðîåêòèðîâàíèè ñèñòåì óïðàâëåíèÿ íåîáõîäèìî ïðåäâàðèòåëüíî îöåíèâàòü òàêèå ñòðóêòóðíûå ñâîéñòâà îáúåêòîâ êàê óïðàâëÿåìîñòü è íàáëþäàåìîñòü.
	Îáúåêò íàçûâàåòñÿ ïîëíîñòüþ óïðàâëÿåìûì, åñëè åãî ñ ïîìîùüþ íåêîòîðîãî îãðàíè÷åííîãî óïðàâëÿþùåãî âîçäåéñòâèÿ ìîæíî ïåðåâåñòè â òå÷åíèå êîíå÷íîãî èíòåðâàëà âðåìåíè èç ëþáîãî íà÷àëüíîãî ñîñòîÿíèÿ â çàäàííîå êîíå÷íîå ñîñòîÿíèå. Äëÿ îñóùåñòâëåíèÿ òàêîãî ïåðåâîäà îáúåêòà íåîáõîäèìî, íî íå äîñòàòî÷íî, ÷òîáû  êàæäàÿ èç êîîðäèíàò ñîñòîÿíèÿ çàâèñåëà õîòÿ áû îò îäíîé èç ñîñòàâëÿþùèõ óïðàâëÿþùåãî âîçäåéñòâèÿ.
	Ëèíåéíûé ñòàöèîíàðíûé îáúåêò íàçûâàåòñÿ ïîëíîñòüþ íàáëþäàåìûì, åñëè ïî ðåçóëüòàòàì íàáëþäåíèÿ (èçìåðåíèÿ èëè èçìåðåíèÿ è âû÷èñëåíèÿ) âûõîäíûõ êîîðäèíàò ìîæíî îïðåäåëèòü (âîññòàíîâèòü) ïðåäûäóùèå çíà÷åíèÿ  êîîðäèíàò ñîñòîÿíèÿ. Äëÿ ïîëíîé  íàáëþäàåìîñòè èëè  âîññòàíàâëèâàåìîñòè  îáúåêòà  íåîáõîäèìî (íî íå äîñòàòî÷íî), ÷òîáû êàæäàÿ êîîðäèíàòà ñîñòîÿíèÿ áûëà ñâÿçàíà ïî ìåíüøåé ìåðå  ñ îäíèì èç íàáëþäàåìûõ ñèãíàëîâ.
	9.1   ÇÀÄÀ×È ÑÈÍÒÅÇÀ

	Ðàññìîòðåííûå  âûøå çàäà÷è  îòíîñÿòñÿ ê çàäà÷àì àíàëèçà àâòîìàòè÷åñêèõ ñèñòåì. Çàäà÷è ñèíòåçà ìîæíî ðàññìàòðèâàòü êàê îáðàòíûå çàäà÷àì àíàëèçà. Îíè ïîäðàçäåëÿþòñÿ íà äâà âèäà: âî-ïåðâûõ, òðåáóåòñÿ îïðåäåëèòü ñòðóêòóðó, âî-âòîðûõ, ïàðàìåòðû ñèñòåìû ïî çàäàííûì  ïîêàçàòåëÿì êà÷åñòâà.
	9.2   ÂÛÁÎÐ ÎÏÒÈÌÀËÜÍÛÕ ÍÀÑÒÐÎÅÊ ÐÅÃÓËßÒÎÐÎÂ
	ÌÅÒÎÄÎÌ ÍÅÇÀÒÓÕÀÞÙÈÕ ÊÎËÅÁÀÍÈÉ

	Ðàñ÷åò ðåãóëÿòîðîâ ñ äâóìÿ è áîëåå ïàðàìåòðàìè íàñòðîéêè ïðîèçâîäèòñÿ â äâà ýòàïà: íà ïåðâîì ( îïðåäåëÿåòñÿ êðèòè÷åñêîå çíà÷åíèå ïðîïîðöèîíàëüíîé ñîñòàâëÿþùåé; íà âòîðîì ( îáåñïå÷èâàåòñÿ ñòåïåíü çàòóõàíèÿ ( = 0,8 … 0,9.
	Îïòèìàëüíûå íàñòðîéêè ðåãóëÿòîðîâ íàõîäÿò ïî ñëåäóþùèì ôîðìóëàì:
	        S0îïò  = 0,192S1êð(êð;                                   (9.5)
	9.3   ÀËÃÎÐÈÒÌ ÐÀÑ×ÅÒÀ ÎÁËÀÑÒÈ ÍÀÑÒÐÎÅÊ
	ÒÈÏÎÂÛÕ ÐÅÃÓËßÒÎÐÎÂ ÌÅÒÎÄÎÌ ÐÀÔÕ

	Ìåòîä ðàñøèðåííûõ ÷àñòîòíûõ õàðàêòåðèñòèê îïèñàí â ðàçäåëå 7 è èñïîëüçîâàí ïðè ñèíòåçå ñèñòåì ñ çàäàííûì çàïàñîì óñòîé÷èâîñòè.

	Ðèñ.  9.1   Âûáîð îïòèìàëüíûõ íàñòðîåê ÏÈ-ðåãóëÿòîðà:
	a ( êðèâàÿ ðàâíîé ñòåïåíè êîëåáàòåëüíîñòè; á ( ãðàôèêè ïåðåõîäíûõ
	ïðîöåññîâ ðåãóëèðîâàíèÿ äëÿ ðàçëè÷íûõ íàñòðîåê ÏÈ ðåãóëÿòîðà
	Â òî÷êå 1 îòñóòñòâóåò ïðîïîðöèîíàëüíàÿ ñîñòàâëÿþùàÿ, ðåãóëÿòîð ðàáîòàåò êàê èíòåãðàëüíûé, îñîáåííîñòüþ êîòîðîãî ÿâëÿåòñÿ íàèáîëüøàÿ äèíàìè÷åñêàÿ îøèáêà. Â òî÷êàõ 2 è 3 ðåãóëÿòîð ðàáîòàåò êàê         ÏÈ-ðåãóëÿòîð, ïðè÷åì èç ñðàâíåíèÿ ýòèõ äâóõ  ïðîöåññîâ âèäíî, ÷òî ñ òî÷êè çðåíèÿ çàäàííîãî êà÷åñòâà  ðåãóëèðîâàíèÿ ïåðåõîäíûé ïðîöåññ â òî÷êå 3 ëó÷øå, ÷åì â òî÷êå 2. Òàê êàê ïðè äâèæåíèè âäîëü êðèâîé ðàâíîé ñòåïåíè êîëåáàòåëüíîñòè  ïðîïîðöèîíàëüíàÿ ñîñòàâëÿþùàÿ âîçðàñòàåò, âîçðàñòàåò ðàáî÷àÿ ÷àñòîòà, ñëåäîâàòåëüíî, óìåíüøàåòñÿ äèíàìè÷åñêàÿ îøèáêà ðåãóëèðîâàíèÿ, íî ñ íåêîòîðîãî ìîìåíòà (òî÷êà 2) íà÷èíàåò óìåíüøàòüñÿ è âåëè÷èíà íàñòðîéêè èíòåãðàëüíîé ñîñòàâëÿþùåé S0, êîòîðàÿ îïðåäåëÿåò ñêîðîñòü óñòðàíåíèÿ  ñòàòè÷åñêîé îøèáêè. ×åì ìåíüøå âåëè÷èíà S0 , òåì ìåäëåííåå âûáèðàåòñÿ ñòàòè÷åñêàÿ  îøèáêà, ò.å. íàáëþäàåòñÿ  çàòÿãèâàíèå  "õâîñòà" ïåðåõîäíîãî ïðîöåññà (òî÷êà 4). Â òî÷êå 5 îòñóòñòâóåò èíòåãðàëüíàÿ  ñîñòàâëÿþùàÿ, ðåãóëÿòîð  ðàáîòàåò êàê  ïðîïîðöèîíàëüíûé, åãî îñîáåííîñòüþ ÿâëÿåòñÿ íàëè÷èå ñòàòè÷åñêîé îøèáêè ðåãóëèðîâàíèÿ.
	9.4   ÃÐÀÔÎÀÍÀËÈÒÈ×ÅÑÊÈÉ ÌÅÒÎÄ ÑÈÍÒÅÇÀ ÑÈÑÒÅÌ

	Óðàâíåíèÿ (9.6), (9.7) ñëóæàò äëÿ îïðåäåëåíèÿ îïòèìàëüíûõ ïàðàìåòðîâ íàñòðîåê ñèñòåìû. Ðàñ÷åò ïðîâîäèòñÿ â ñëåäóþùåì ïîðÿäêå.
	1	Â ïðîñòðàíñòâå ïàðàìåòðîâ íàñòðîåê ðåãóëÿòîðà îïðåäåëÿåòñÿ ãðàíèöà îáëàñòè, â êîòîðîé ñèñòåìà îáëàäàåò äîñòàòî÷íûì çàïàñîì óñòîé÷èâîñòè.
	2	Â ýòîé îáëàñòè îïðåäåëÿåòñÿ òî÷êà, óäîâëåòâîðÿþùàÿ ìèíèìóìó îòêëîíåíèÿ ÷àñòîòíûõ õàðàêòåðèñòèê ðåàëüíîé ñèñòåìû îò õàðàêòåðèñòèê èäåàëüíîé.
	Èñõîäíûìè  äàííûìè ÿâëÿþòñÿ  ÷àñòîòíûå õàðàêòåðèñòèêè îáúåêòà, â ÷àñòíîñòè, àìïëèòóäíî-ôàçîâàÿ.
	Äëÿ ïîñòðîåíèÿ ãðàíèöû çàäàííîãî çàïàñà óñòîé÷èâîñòè èñïîëüçóåòñÿ ñëåäóþùèé ïîäõîä. Êàê èçâåñòíî, çàïàñ óñòîé÷èâîñòè ìîæåò îïðåäåëÿòüñÿ äâóìÿ ÷èñëîâûìè âåëè÷èíàìè: çàïàñîì óñòîé÷èâîñòè ïî ìîäóëþ è çàïàñîì óñòîé÷èâîñòè ïî ôàçå, õàðàêòåðèçóþùèìè ñòåïåíü óäàëåíèÿ ÀÔÕ ðàçîìêíóòîé ñèñòåìû îò "îïàñíîé" òî÷êè (-1, i0). Íî îêàçûâàåòñÿ, ÷òî ñòåïåíü óäàëåíèÿ ÀÔÕ  ðàçîìêíóòîé ñèñòåìû îò òî÷êè  (-1, i0) ìîæåò áûòü îïðåäåëåíà ïî âåëè÷èíå ìàêñèìóìà àìïëèòóäíî-÷àñòîòíîé õàðàêòåðèñòèêè çàìêíóòîé ñèñòåìû (ñì. 7.3.2).

	Òàêèì îáðàçîì, òðåáîâàíèå, ÷òîáû ìàêñèìóì À×Õ çàìêíóòîé ñèñòåìû íå ïðåâûøàë íåêîòîðîé çàðàíåå çàäàííîé âåëè÷èíû, ñâîäèòñÿ ê òðåáîâàíèþ, ÷òîáû ÀÔÕ ðàçîìêíóòîé ñèñòåìû íå çàõîäèëà âíóòðü îáëàñòè, îãðàíè÷åííîé ðàäèóñîì r è ñ öåíòðîì íà ðàññòîÿíèè R îò íà÷àëà êîîðäèíàò, ðàñïîëîæåííîé íà îòðèöàòåëüíîé âåùåñòâåííîé ïîëóîñè.
	Ïîñëå îïðåäåëåíèÿ îáëàñòè çàäàííîãî çàïàñà óñòîé÷èâîñòè ïðîèçâîäèòñÿ îïðåäåëåíèå òî÷êè â ýòîé îáëàñòè, ñîîòâåòñòâóþùåé îïòèìàëüíûì íàñòðîéêàì ðåãóëÿòîðà.
	9.4.1   Ï-ðåãóëÿòîð

	Íàéäåííîå çíà÷åíèå êîýôôèöèåíòà ïåðåäà÷è ÿâëÿåòñÿ îïòèìàëüíûì çíà÷åíèåì.
	9.4.2   È–ðåãóëÿòîð
	ÏÈ–ðåãóëÿòîð


	Àìïëèòóäíî-ôàçîâàÿ õàðàêòåðèñòèêà ðàçîìêíóòîé ñèñòåìû:
	ÏÈ-ðåãóëÿòîðà äëÿ ðàçëè÷íûõ Òèl
	Äëÿ îïðåäåëåíèÿ ãðàíèöû îáëàñòè óñòîé÷èâîñòè ÏÈ-ðåãóëÿòîðà ïåðâîíà÷àëüíî âû÷åð÷èâàåòñÿ ÀÔÕ îáúåêòà W(i(), êîòîðóþ äîñòàòî÷íî  èìåòü â ïðåäåëàõ III êâàäðàíòà êîìïëåêñíîé ïëîñêîñòè W (ðèñ. 9.5).
	2   Ïðîâîäèòñÿ ëèíèÿ ïîä óãëîì ( ê âåùåñòâåííîé îòðèöàòåëüíîé ïîëóîñè è ñòðîÿòñÿ îêðóæíîñòè ñ öåíòðîì íà ýòîé îñè, êàñàþùèåñÿ ÀÔÕ ðàçîìêíóòîé ñèñòåìû äëÿ ðàçëè÷íûõ Òèl è ýòîé ïðÿìîé. Äëÿ êàæäîãî çíà÷åíèÿ Òèl îïðåäåëÿåòñÿ ïðåäåëüíîå çíà÷åíèå êîýôôèöèåíòà ïåðåäà÷è
	åñëè .
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