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HPEAUCJIOBHUE

JlanHOoe yueOHOe MocoOue COACPKUT Marepuai Mo Kypcy HeTuHeH-
HBIX CUCTEM TEOPUU aBTOMATHYECKOTO YIPABJICHHUS, a TAKKE MPUIOKEHUS B
BUJIE MPAKTHUUECKUX PAOOT, MO3BOJISIOUIMX MPUOOPECTH HABBIKU PEIICHUS
3a/1ad MO0 OCHOBHBIM pa3jieliaM JUCIUIUIMHBL. Marepuan mocoOus MpUBO-
JUTCSL KPaTKO U MOXKET CIY>XUTh JOMOJHEHHUEM K Yy4eOHOMY MaTepualy,
U3JI0’)KEHHOMY B Y4eOHMKaX JJIsl BHICIIMX YUEOHBIX 3aBEJICHUM, a TaKKe UC-
MOJIb30BATHCS HA MPAKTUYECKUX U JIA0OPATOPHBIX 3aHSTHUSAX.

BBEJIEHUE

JIuneiinble aBTOMaTuyeckue cucrtemsl ynpasienus (ACY), u3Bect-
HBIE U3 KJIIACCUYECKOW TEOPHUM YIPABIECHHUS, IO CYIIECTBY, SIBISIOTCS HJI€a-
JU3UPOBAHHBIMU YIPOIIEHHBIMU BapUAHTAMU HEJIMHEHHBIX CUCTEM, MOJIY-
YEHHBIX IYTEM MPUHATUSA ONPEACICHHBIX TONYIIEHUNA WIM C MOMOUIBIO
3aMEHbl HEJTMHEWMHOCTEN MPUOIMAKEHHBIMU JIMHEMHBIMU (DYHKUIUSIMU, T.€.
JuHeapuzayuu. XapaKTEPUCTUKU MPAKTUUECKU BCEX PEAIbHBIX YCTPOUCTB
SIBJIIIOTCSI HEIMHEMHBIMH M HEKOTOPBIE U3 HUX HE MOTYT OBITh JIMHEAPU30-
BaHbI, TAK KaK UMEIOT Pa3phIBbI BTOPOro pojaa. B Takom ciiyyae roBopsT o
HaJIMYUU B CUCTEME HEIIMHENHOCTH.

HenuneltHOCTH MOTYT OBITh ecmecmeeHHbIMU I UCKYCCHIBEHHBIMU
(mpeaHaMEpPEHHO BBOJIMMBIC) U OKa3bIBaTh KaK BPEAHOE, TaK U IMOJIE3HOE
BIIMSIHUE HA JTUHAMUYECKUE CBOMCTBA CHCTEMBI. ECTECTBEHHBIE HEIMHEM-
HOCTHU MPUCYIIN CUCTEMaM B CUIIYy HEJTMHEWMHOTO MpPOSIBICHUS (PU3NUECKUX
IPOLIECCOB U CBOWCTB y OTAEIBHBIX YCTPOUCTB. Hanpumep, MexaHnueckas
XapaKkTEpUCTUKAa AaCHHXPOHHOIO JBUTaTellsl, KpHBas HaMarHWYWBaHUS
dbeppoMarHuTHOro mMarepuana, JIo(QThl B MIAPHUPAX, CMEIICHUS MO JIeH-
CTBHEM CHJI CyXOro TpeHUA U T.[. ICKyCCTBEHHBIE HEIMHEMHOCTHA BBOJIAT-
Csl B CUCTEMBI, UTOOBI 00eCIIeunTh TpeOyeMblil peskuM padoThl. Hanpumep,
ABTOMATUYECKHE CUCTEMBI C PEIICMHBIM YIIPABICHHUEM, PEICHUHBIN THAPO-
MPUBO/I, HEJIMHENHBIE PETYJISATOPHI, HATUYUE HEIMHENHBIX 3aKOHOB B I1O-
UCKOBBIX U OECIOUCKOBBIX AKCTPEMATbHBIX CHUCTEMaX, CUCTEMbI C Mepe-
MEHHOM CTPYKTYpPOU U T.A.

3aoauu Kypca nenuneinvix cucmem «Teopuu aemomamuueckozo
ynpaejenusa» COCTOAT B W3YUYEHUM OCHOBHBIX THIIOB HEIMHEWHOCTEH,
INPUCYTCTBYIOIIUX B CHCTEMAaxX YNPABJIECHUS, Pa3JIUYHBIX XapaKTEPUCTUK
HEJIMHEHHBIX CUCTEM, CIIOCOOOB JIMHEApU3allii U B OBJIQJIEHUU CTYACHTa-
MU METOJIaMU UCCIICIOBAHUS, aHAIM3a JUHAMHYECKUX CBOMCTB U KOPPEK-
LMY HEIIMHENHBIX CUCTEM.




1. HEJIMHEMHBIE ABTOMATUYECKUE CUCTEMBI
YIIPABJIEHUA

1.1. OcHOBHBIC CBe/ICHUSA 0 HEJIMHEHHBIX CHCTEMAaXxX

Henuneitnou cucmemoit Ha3bIBacTCs Takasi CUCTEMA, B COCTaB KOTOPOU
BXOJUT XOTsI Obl OAWH 3JIEMEHT, JIMHEeApU3alisi KOTOPOro HEBO3MOXKHA 0e€3
IIOTEPU CYILLIECTBEHHBIX CBOKWCTB CUCTEMBI YIIPABJICHUS B LIEJIOM.

CyleCTBEHHBIM TPU3HAKOM HEJIMHEMHBIX CUCTEM SIBJISICTCS HAJTUYUE
XapaKTEPUCTHUK, B KOTOPBIX KOOPAUHATHI WIIK UX IPOU3BOJHBIE IO BpEMeE-
HU BXOJAT B YPaBHEHUE B BUJIE NIPOU3BEACHUN WUIIA CTEIIEHU, OTIIMYHOMN OT
NepBOU, WU KOIPOUIIMEHTH YPABHEHHUS SIBJIAIOTCS (PYHKIIUSIMH HEKOTO-
PBIX KOOPAUHAT WJIM UX IPOU3BOJHBIX.

Ecnu npu cocTaBiieHMH MOJEINA CUCTEMBI HEJIMHEUHOCTh, C YYETOM
JTOIYIIEHUN, MOYKHO JIMHEAPU30BaTh, TO TaKasl HEIIMHEMHOCTh HA3bIBACTCS
Hecywiecmeennou. Tak, HallpuMep, MOKHO NPeHeOpeyYb 30HOM HEYYBCT-
BUTEJIbHOCTU KaKOro-JIM0O 3B€HA, €CJIM OHA MaJia M0 CPABHEHUIO C YCTaHO-
BUBIIMMHUCS OTKJIOHEHUSIMU B CHCTEMeE, OmpeieisieMbiMu Oe3 e€ yuera,
WM MOHO HE YYMTBIBATh IETII0 TMCTEPE3Mca MArHUTHOIO MaTepuala,
€CJIM OHA JIOCTATOYHO y3Ka. B MPOTHBHOM Cilydyae HEIMHEWMHOCTh Ha3bIBa-
ercsi cyutecmeennon. CylieCTBEHHBIMU HEIMHEHHOCTSIMU 00J1a1at0T BCA-
KOT'0 pojia pesieiiHblie aneMeHThl. Jlaxke B TexX cilyyasix, Korja Oblia mpoBe-
JICHA JJMHEeapu3alys HECYIIECTBEHHOW HEIMHEMHOCTH B CUCTEME, YacTO Ha
KOHEYHOM 3Tare UCCIEI0BaHUS MOXKET MOTPeOOBaTHCS PACCMOTPEHUE HC-
XOJTHOW HEJIMHEWHOU MOJIEIIN.

Pazmuuaror cmamuueckue v ounamuueckue nHeauneinocmu. llep-
BbIE€ OIMCHIBAIOTCS HEJIMHEHHBIMU aireOpauyecKuMu YpaBHEHUSIMH, a
BTOpBIE MPEACTABIAIOTCA B BUJIE HEMHEHUHBIX TU((DEpEeHITUaTbHBIX YpaB-
HEHUH, YTO CYLIECTBEHHO YCIIOKHSAET UX aHaJIU3.

['naBHBIE OCOOEHHOCTH CYIIIECTBEHHO HEJIMHEWHBIX CHUCTEM 3aKIIIO-
YAKOTCA B CICIYIOIIEM:

® OTCYTCTBHE NPUHIMIIA CYNEPHO3UINHN CUTHAJIOB, T.€. PE3YJIbTH-
PYIOIIUN BBIXOJHOW CHUTHAJ IPU HECKOJBKUX BXOJHBIX BO3JCHCTBUAX HA
CUCTEMY HE PABEH CYMME CUTHAJIOB IIPU UX OTAEIBHOM BO3JCHCTBUN;

e BCJIMYMHA BBIXOJAHOI'O CUT'HAJa HE MPONOPLMOHAIIBHA BEJIIMYUHE
BXOJIHOI'O BO3JECUCTBUSI,

e (opMa mepexoJHOro mpoliecca U MOKa3aTelid KauecTBa PEryJiv-
POBaHUS 3aBUCST OT BEJIMYUHBI U ()OPMBI BXOJHOTO BO3/ICHCTBUS;

® HAINYUE HECKOJIBKUX COCTOSIHUM YCTOMYMBOTO U HEYCTOMYMBOTO
paBHOBECHS.




B 0co0bIii KJlacC HETMHEMHBIX CUCTEM BBIJICTSIOT PEIICUHBIC HEJH-
HeiiHble ACY. ABTOMaTHYECKasi CUCTeMa HA3bIBACTCS pesleliHoll, €CIIA OHA
COJICPKUT XOTsI ObI OJIVH peieliHblil Inemenm. B peneiiHOM 3JIeMeHTe MpH
IJJABHOM HW3MEHEHUM BXOJHOIO CHUTHaJa BBIXOJHOW CHUTHAI WU3MEHSETCS
CKauKo0Opa3HO M MMEET JABa WK 0oJiee CTAllMOHAPHBIX COCTOSHUH, MPH
KOTOPBIX BBIXOJIHOM CUTHAJI IOCTOSIHEH B HEKOTOPOM JIHANA30HE BXOIHOTO
BO3JCHUCTBHS.

Peneiinast anmaparypa o0iagaeT psiioM NPEUMYIIECTB, Ojaroaaps
KOTOPBIM IIHPOKO HCHOJIB3YETCS B CUCTEMAX aBTOMATHYECKOTO YIMpaBlie-
HUS, HAIPUMEP, B COBPEMEHHBIX MPOTPAMMHUPYEMBIX JOTMYECKUX KOH-
TpOJUIEPaX UMEIOTCS PEJICHBIE JUCKPETHBIE KOMMYTAIMOHHBIE BBIXObI
Ha 0a3e JICEKTPOMEXAaHUUYECKUX WU JIEKTPOHHBIX perie:

® IIPOCTOTa YCTPOWCTBA U HAJIEKHOCTH B paboTE;

® BBICOKOE OBICTPOAECHCTBUE WJIU MPAKTUYECKOE OTCYTCTBUE HMHEP-
IUOHHOCTH,;

® CTa0WJIBHOCTHh BBIXOJHOTO TMapamMerpa MpH IIHUPOKOM JHaIia3oHe
M3MEHEHUS BXOJHOTO BO3/ICHCTBUS;

® BO3MOXXHOCTh pEAIM30BaTh CJIOXKHBIM JIOTUUYECKUN aJITOPUTM
paboTHI.

[To ocoOeHHOCTSIM pexkrma paboThI pelieiHbIe aBTOMATHYECKUE CHC-
TEMBbI MOXKHO Pa3JeInTh Ha ABE TPYIIIIbI:

® K IIEPBOM OTHOCATCSI CUCTEMBI, TJie pelie paboTaeT Mo aIrOpUTMy
«OTKPBITO-3aKpbITO». [IprU 3TOM perynupyronmid opraH MOXKET 3aHUMATh
KOHEUYHOE 4HhCIIO0 cocTosHUM. OOBIYHO aBa (B JBYXITO3UIIMOHHOM peJie)
Ui Tpu (B TPEXMO3UIIMOHHOM peie). OCOOEHHOCTh peXuma padoThl B
TOM, 4YTO TP OTCYTCTBUM BHEIIHETO MEPUOIUUECKOTO BO3JAECHUCTBUS UX pa-
0ouMit peKUM MOXKET ObITh KOJIeOaTEeIbHBIN.

® KO BTOPOM TPYIINE OTHOCSATCS CUCTEMBI, IJie pejie 00ecreunBaeT
MOCTOSIHHYIO CKOPOCTh UCIIOJIHUTEIBHOTO YCTPOMCTBA WM, TOYHEE TOBO-
pd, CO CKOPOCThIO, KOTOpas HE 3aBUCUT OT YIPABJISIONIErO CHUTHAJIA.
OOBIYHO ATO CHUCTEMBI C UCHOJHUTEIBHBIM JBUTATEIEM M THOKOU 00part-
HOU CBSI3BIO.

ITo xapakTepuCTUKE JIMHEWHOW YaCTH PEJICHHBbIE ABTOMATHYECKHE
CHUCTEMBI MOJIPA3ACAIOTCS HA CUCTEMBI C YCTOMYUBOM, HEUTPAIIBHON U HE-
YCTOMYMBOM JIMHEMHOM YacThiO. VICONB30BaHUE PEIIEMHBIX 3JIEMEHTOB B
[JIAaBHOM 1€MW TaKUX CHUCTEM WJIM B BHUJIE KOPPEKTUPYIOIIETO 3B€HA B 00-
paTHOM 1IETH MO3BOJISIET 00ECHEYUTh HE TOJIBKO YCTOMUYUBOCTh CUCTEMBI C
HEUTPaJIbHOW U HEYCTOWYHMBOW JIMHEWHOM YaCThIO, HO W 3aJIaHHBIC JWHA-
MHYECKUE CBOMCTBA CUCTEMBI.




Crnenndudeckre 0COOCHHOCTH PEJICHHBIX aBTOMATHYECKUX CHUCTEM B
TOM, 4TO (popMa BBIXOJHOW BEIMYUHBI HE 3aBUCUT OT (hOPMBI BXOJHOTO
CUTHaia. JTO MO3BOJIAET MPOBOJUTh MATEMATHUUYECKUN aHAIN3 PEJIECHHBIX
CUCTEM CpPaBHUTEIHLHO NPOCTBHIMU cpeacTBaMu. bojee Toro, sta ocobeH-
HOCTb JAET BO3MOKHOCTH MCIIOJIb30BATh METObI PAaCy€ra, KOTOPhIE B HE-
KOTOPOM CMBICJIE aHAJIOTUYHBI METOIaM Pacyéra JIMHEWHBIX CUCTEM. Takas
AQHAJIOTUS MO3BOJIAET COXPAHUTH NPUBBIYHBIE MOHATHS U TEPMHUHOJIOTUIO
JVHEMHOW TeopuM yrpasieHus. Hanpumep, noHsATHE mnNepeaaTovYHOU
(GyHKIIMY, YaCTOTHOM U BPEMEHHOMN XapaKTePUCTHK.

1.2. CTpykTypa HeJIMHEHO# cCHuCTEMBbI

[Ipu onucanumn HenuneHsix ACY cHauana cocTaBisaoT nuddepeH-
LAAJIbHBIE YPABHEHUS JUISI KAKJIOTO 3BEHA CUCTEMBI. [Ipy 3TOM Xapakrepu-
CTUKHU 3BEHBLEB, HE SIBIISIONIUXCS CYIIECTBEHHO HEIMHEWHBIMU, JIMHEAPU-
3ytorcs. B pesynbrare momyuarT cucremy aud@epeHianbHbIX ypaBHe-
HUM, B KOTOPOW OJHO WJIM HECKOJIBKO YPABHEHUM HEJIMHEHUHBIE. Y CTPOUCT-
Ba, JOMYCKAIOUINe IWHEApU3aluio, 00pa3yroT Juneiinyto wacmoy (/1Y)
ACY, a ycTpoiicTBa, KOTOpPbIE HE MOTYT OBITh JIMHEAPU30BAHBI, COCTABIIS-
10T Heauneunyro wacmo (HY).

B mpocrenmem ciydae CTpyKTypHasi CXemMa HEJIMHEWHOM aBTOMAaTH-
YECKOM CHCTEMBI NPEACTABISIET COOOM MOCIIEOBATEIbHOE COECIMHEHUE
O€3bIHEPIIMOHHOTO HEJIMHEHHOTO 3JIEMEHTa W JIMHEMHOW 4acTH, OXBadeH-
HOe 00paTHO# cBs3bi0 (puc. 1.1).
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Puc. 1.1. [Ipocteiimas cTpykTypHas cxema HeiauHeHoit ACY

B nanHOM ciydae ymaercs BBIACIWTH HEMMHEHHOCTh TaK, YTOOBI OHA
OMKCHIBAJIACH HETOCPEACTBEHHON 3aBHUCHUMOCTBIO MEXKIY BBIXOJHOU Z U
BXOJIHOM X BEIWYMHAMH HEITMHEHHOTO 3JIEMEHTa, KOTOpas MOXKET UMETh
T00YI0 HETUMHEWHYI0 (QYHKIHIO (pelelHOro, KyCOYHO-JIMHEHHOTO WU
KPUBOJIMHEWHOTO THIIA):

z=F(x). (1.1)




B Goutee cnoxHbIX cinydasx (puc. 1.2), korja HelTMHEHHAsT aBTOMATH-
YecKasl CHUCTeMa BKJIIOYAET JIF000€ YHCIIO HEJIMHEWHBIX 3BEHbEB, 00BEAU-
HSIOIIUX PAa3IMYHbIe TIEPEMEHHBIE, CBSI3aHHbIE MEXAY COOOW JMHEHHOM
nepeaaToyHoi (yHKIMeH (T.e. CBA3aHHbBIC JTUHEWHBIC YacCTH W HEJIMHEH-
HBIE 3B€HbS), MOKHO BBIJIETUTH (YHKI[MIO HEKOTOPOU YacCTU CUCTEMBI, Ha-
MpUMEP, BHEIIHEN YaCTH OTHOCUTEILHO 3BeHa JIY 1.

z=2- Y, = RN R - Ws(p), (1.2)

rae Fi(X) u Fy(X) — Henuneiasle dynkuun HY1 u HY2; W(p) — nunelinas
nepeaaToyHas GyHKIUS BTOPOH JTMHEHHOW YaCTH CUCTEMBI.
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Puc. 1.2. Cnoxnas cTpykTypHas cxema HenuHeiHo ACY

HpI/IMepOM CJIO’KHBIX HEJIIMHEHMHBIX CUCTEM SBIISIFOTCS CUCTEMBI C JIO-
THYCCKUMU YCTpOﬁCTBaMH.

1.3. Knaccudukanus XapakTepUCTUK HeJIUHEHHBIX 3JIEMEHTOB

HenuueiiHple XapaKTEPUCTUKHA MOXHO KiIacCH(UIIMPOBATH 1O OIpe-
JICICHHOCTH 3HAYCHHUH BBIXOJHOW BEJIMYUHBI Z B CTATUYCCKOM CTaIllMOHAP-
HOM PEKUME:

® (00HO3HAuHbIE;

® HeOOHO3HAUHble (MHO203HAYHDbIE).

Ecnu xaxmoMy 3HaYCHUIO BXOJTHOW BEJIMYUHBI X COOTBETCTBYET OJIHO
OIpeaeIEHHOE 3HAYCHUE BBIXOAHON BEJIMUYHUHBI Z, TO TaKyIO XapaKTEePHUCTH-
Ky Ha3bIBAIOT 0OHO3HauHOoU. ECIM OJHOMY 3HaYCHHIO X COOTBETCTBYET He-
CKOJIbKO 3HAYCHUH BBIXOJHOM BEJIMYUHBI Z, TO TAKyH) XapaKTEPUCTHKY Ha-
3bIBAIOT MHO203HAYHOU. [Ipr 3TOM YHCIIO BCEBO3MOXKHBIX 3HAUCHHWH BBI-
XOHOHN BEIMUYMHBI Z TIPU 3aJaHHOM 3HAYEHHH BXOIHOW BEJMYHMHBI X dallle
Bcero nBa. Hampumep, modT B Mexanudeckol nepenave (tadm. 1.1, m. 5)
WU TIeTJISl THCTEPE3Nca B AJICKTPOMArHuTHOM cucteme (cM. Taou. 1.1, m. 8).
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HenwuHeliHble XapaKTEPUCTUKH MOTYT HMMETh pPa3JIMYHbIC THITBI
CUMMETPHHU:

®  YCMHO-CUMMEMPUYUHAA XADAKMEPUCIMUKA;

®  HeuéMHO-CUMMEMPUYHAA XADAKMEPUCMUKA;

®  HecCUMMEmMPUYHASA XAPAKMEPUCMUKA.

Ecim  HenmuHelHass XapaKTEPUCTHUKA  YIOBJICTBOPSCT  YCIOBHIO
F(X) = F(-X), To Takyto XapaKTepUCTUKY Ha3bIBAIOT CHMMETPUYHOW OTHO-
CHTEJIBbHO OCH OPJMHAT WK Y€THO-cuMMeTpuaHOH (puc. 1.3, a).

Ecnu HenuHelHas XapaKTEPUCTHUKA YIOBJICTBOPSET YCIOBHUIO

F(x) = —F(-X), To Takyr XapakTepHUCTHKY Ha3bIBAIOT CHMMETPUIHOMU
OTHOCHUTEJIIPHO Haudajga KOOpJAWMHAT WM HEYETHO-CUMMETPUYHOU
(puc. 1.3, 0).

Ecnu HenuHeHas XapaKTEpUCTUKA HE YIOBIETBOPSAET HA OJJTHOMY U3
MPUBEAEHHBIX YCIIOBUM, TO TaKyl0 XapAKTEPUCTUKY HA3bIBAOT HECUMMET-
puunoi (puc. 1.3, 6). Hanpumep, BoJIbT-aMIlepHasl XapaKTEPUCTHKA BbI-
MPSAMUTEIBHOTO IHOA.

F(x)

FC)=0

Puc. 1.3. Henunelinpie CHMMETPUYHBIE U HECUMMETPUYHBIE XapaKTePUCTUKU

[To xapakTepy 3aBUCHMOCTH BBIXOJIHOM BEJIMYUHBI Z OT BXOJIHOW Be-
JMYUHBI X HETMHCHHBIC XapaKTEPUCTHKHU Pa3ICIIIIOTCS Ha:

o 2naokue;

® J0Manvie;

® KyCOUHO-TIUHEIIHblE.

Ecmu B 000# TOYKE XapaKTEPUCTUKH CYIIESCTBYET NPOW3BOIHAS
dz/dx, To Takas xapakTepuCTHKa cuyuTaetcs 2radkou (cm. tadm. 1.1,
n. 10 - 12).

Ecnu rnankas xapakTepuctuka Z = F(X) uMeeT M3I0MbI, B KOTOPBIX
npou3BoaHas dz/dX 0JHO3HAYHO HE OMPEACIACTCS, TO TaKas XapaKTepH-
CTHKA CYUTACTCS JIOMAHOM.

Ecmu nomaHast XapakTepHUCTHKAa MEXKIy TOYKAMH H3JI0Ma HMEET
NPSIMOJIMHEHHYIO 3aBHCUMOCTB, TO TaKas XapaKTEPUCTUKA CUUTACTCS KY-
COYHO-JIMHEUHOM.




B psne cnydaeB juisi ynpouieHusl pacu€ra riagkyr0 XapakKTepUCTUKY
NPUOIMKEHHO 3aMEHSIOT KYCOUHO-JTMHEWHOM, KOTOopas paslensercss Ha
HenpepvleHYI0 U PA3PbIGHYIO.

Ecau B Touke M30Ma XapakTEpUCTHKAa UMEET OJHO3HAYHOE 3Haye-
HHUE, TO Takas XapaKTEPHCTHKA CUMTAeTCs HempepbiBHOW (cMm. Taba. 1.1,
m 1-3).

Ecnu B Touke u3lioMa XapakTepUCTUKA UMEET HEOJHO3HAUYHOE 3Ha-
YeHHE, TO TaKas XapaKTePUCTHKA CUMTAeTCs pa3pbiBHOM (cM. Tada. 1.1,
m. 6—9).

TunuuHBIM TTPUMEPOM PA3PLIBHOM XAPAKTEPUCTUKU SIBIIIETCS Ppe-
JefHasl XapaKTepUCTHKA, B KOTOPOU MPU 3HAYCHUHM BXOJHOM BEJTUYHHBI,
COOTBETCTBYIOIIEH CpabaThIBAHUIO peJie, BBHIXOJHAS BEJIWYMHA UMEET JBa
3HAUCHUS: «pelie enié He cpaboTano» u «peie yxe cpadborano». [Ipu aTom
BBIXOJIHAs BEJIMYMHA, 00pa3sHO T'OBOPs, pa3phiBacTCs B TOYKE H3JIOMa Ha
JIBE YaCTH, pa3iei€HHbIC HA BEIMUUHY CpadaThIBaHUs pEJle.

1.4. TunoBbIe HeJIMHEHHBIE 3BEHbS

B Ta6n. 1.1 npeacraBieHbl CTATUYECKUE XapPAKTEPUCTUKU U ypaBHE-
HUS TUTMOBBIX HEIMHEMHOCTEN, alMpOKCUMUPOBAHHBIX KYCOUYHO-THHEIHHOM

niin I‘J'IaI[KOI\/}I 3dBUCHUMOCTBIO.
Taomuna 1.1

Crarnuyeckne XapaKTepUCTUKH TUIOBBIX HeJIMHEHOCTEM

Ne i/t | BHemawmii Buj XapaKTepUCTHKH HasBanue u ypaBHEeHHE 3BEHA
1 2 3

Kycouyno-nuHelinble 0HO3HAYHbIE HENPEPHIBHBIE HEIMHEWHOCTH

7 * 30Ha HEUYBCTBUTEIBLHOCTH

/<varctg(k) k(X —b) mpu X > b;
- Z =40 mpu |X|<b;

—b
/ of b X
k(X +Db) npu X <-b

Haceimenue (orpaHudeHue)

B nipu X > b;
Z =4kX npu |X|<b;
—B mpu X <-b




[Tponomxenue Tabdu. 1.1

3

30Ha HEUYBCTBUTEIBLHOCTH
C HaCBHIIIEHUEM

B T
B mpu X >b,;
—b, by / k(X —b,)) mpu b, < X <h,;
-/ 0 by by Z =40 mpu |X|<by;
/ . __|-B K(X +b) mpu —b, > X >-h,;
—B mpu X < -
—B npu X <-b,
HeonHo3HauHbIE IOMaHbIC HETMHEHHOCTH
Z A
Ynop
B 77 -
L I,’ I,’ 5 B mpu X > 0;
770 ,’/ ,’/ X> —B npu X <0
o y 7 _B
z JropT (MepTBBIit X01)

-b

. __/_<arctg(k)

/7

k(X —b) mpu X >0;
Z ={k(X +b) mpu X <0;
const ipu | X —Z|<b

KycouHo-JMHelHbIe 0/THO3HAYHBIC HEJIMHEHHOCTH (pelieiiHbIe)

ZA
Br— NneansHoe JBYXIIO3UIMOHHOE PEIle
- B npu X > 0;
0 ; ~|-B npu X <0
—1sB
Z A\
B b---- U eanbHoe TPEXTIO3UIIMOHHOE PEIE
B npu X > b;
D Z= OHpH|X|Sb;
0 b
—B npu X <-b
— | -B
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OkoHuauue Tao. 1.

1

1 2 3
KycouHo-uHeliHbIe HeOTHO3HAYHBIC HEIMHEHHOCTH (peeiHbIe)
Z A JIBYXTIO3UIIMOHHOE peJie
3 C TUCTEPE3UCOM
(B mpu X > b; :
opu X > 0;
8 —b . —B mpu X < -b;
b =
0 B mpu X > -b; :
npu X <0
-B —B mpu X <-b
Tpexno3uimonHoe perne
Z A C TUCTEPE3UCOM
B - B mpu X >b,;
. b, b, { 1 0mpu —b, < X <b,;tmpu X >0;
ol b: b, - 4 —B mpu X <-b;
1B B mpu X >b;;
Ompu —b, <X <b;tnpu X <0
—B mpu X <-h,
OnHO3HAYHBIC TJIaIKHE HETMHEWHOCTH
Z A
J Bsi3koe Tpenne
10 . Z = kX 2sign(X)
Z A
1 KBanparuunas QyHKIus
Z =kX?
0 X
Z A
WneanbHas XapaKTEpUCTHKA O
12 7 _ kX ? mpu X >0;
> 0mpu X <0
0 X
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1.5. CraTtuyeckue u nepexogHble XapaKTePUCTUKU HeJIMHEHHBIX CUCTEM

JInsi HENMMHEWHBIX CHCTEM CIPABEJIMBBI BCE IMOJIOKEHUS TOUHOCTH
muHerHbIX ACY B CTallMOHAPHBIX PEXKUMAX, B YACTHOCTH, MOJIOKEHUS O
BIUsHUM Ha ToyHOCTh ACY BennuuHbl KO3(dUIIMEeHTa nepeayu CUcTe-
MBI, TOPAJIKA acTaTU3Ma, KOMIICHCUPYIOUIUX BO3JIEUCTBUM IO BHEIIHUM
BO3MYILLIEHUAM. BmecTte ¢ TeM HallMuue HEJIMHEWHOCTEN B CUCTEME CO3/1aeT
orpe/ieJIeHHbIE 0COOEHHOCTH B CTAIIMOHAPHBIX PEKUMAX.

Cratnueckuit pexum ACY onpenensieTcs 3aBUCUMOCTBIO CTaTHYE-
CKOTO 3HAYEHUS BBIXOJHOM BETMYUHBI Y CUCTEMBI OT BXOJHON BEIMYMHBI X
WIM BHEIIHETO BO3MYIIAIONIETO BO3AeCTBUS F. B HemmHENHHBIX cuctemax
HAJIM4KME HEJIMHEHWHBIX CTaTUYECKUX XAPAKTEPUCTUK Y OT/ACIIbHBIX 3BEHHEB
NPUBOJIUT K TOMY, 4TO 3aBUCUMOCTh Y(X) MOTy4aeTcsl TakKe HEIIMHEHHOM,
T.€. CTAaTU3M CHUCTEMBI Oy TAK)KE SIBJISIETCS HEJTMHENHON (DyHKIIMEH.

JInst npuOIM>KEeHHOM OLICHKW HEJIMHEHHOW CHUCTEMBbI MOXKHO ONEpH-
pOBaTh MaKCHUMaJIbHBIM OTKJIIOHEHHUEM BBIXOJHON BEJIMYUHBI Ypma, COOT-
BETCTBYIOIIUM MAaKCHUMaJIbHO BO3MOXXHOMY U3MEHEHHUIO BXOJIHOTO BO3/EH-
CTBUSI Xmax, @ TAKXKE JUAMA30HOM U3MEHEHUSI KPYTU3HBI CTAaTUYECKOU Xa-
PAKTEPUCTUKU CUCTEMBI, T.€. U3MEHEHUEM BEJIMUMHBI CTaTU3Ma Oy.

Cratuyeckasi XapakTEpUCTUKA HEIMHEUHOM CHCTEMBI CTPOUTCS MO
CTaTUYECKUM XapAKTEPUCTHUKAM COCTABIISIIOIINX €€ 3BEHBEB, UCXOAS U3 UX
COEIMHEHUSI, ONIPEAEISIEMOr0 CTPYKTYPHOU cXxeMol. BHauane no xapakre-
PUCTHKAM OTEIbHBIX 3BEHbEB CTPOSIT XapaKTEPUCTUKU TPYII MOCIET0BA-
TEJIbHO U MapajlIeIbHO COEIMHEHHBIX 3BEHBEB, 4 TAK)KE 3BEHHEB, OXBAUYECH-
HBIX MECTHBIMU OOPaTHBIMU CBSI3SIMU.

JInst mocnenoBaTEeNbHOTO COEAMHEHMS] 3BEHBEB 3aJalOTCA  PSIOM
JTUCKPETHBIX 3HAUEHUHN BXOJHOM BeauuuHbl X. J[JIs KaKI0TO U3 3TUX 3HA-
YEHUU OMpeNeIsieTCsl COOTBETCTBYIONIEE 3HAYEHUE BBIXOJHOW BEIUYUHBI
KaXJIOTO 3BEHA, SIBJISFOLIErOCs BXOJHOW BEIUYMHOM JIJIS CIEIYIOIIETO 3BE-
HAa, ¥ TaK JO MOJYYEHHUs 3HAUCHUS BHIXOIHON BETUYUHBI BCEH 1IEMOUKH Y.

Hanpumep, npu mociienoBaTeIbHOM COECIUHEHUU THUIIOBOTO HEIIH-
HeitHoro anmeMenta (HD) «MpeanbHoe TPEXIMO3UIMOHHOE Pelie» U JIMHEH-
HOro 35ieMeHTa (J//3), OMUChIBAEMOTO alepUOJUYECKUM 3BEHOM TIEPBOTO
MOPSJIKA, HAXOXKJACHUE PE3YJbTUPYIOLIEH CTAaTUYECKON XapaKTEPUCTUKHU
Y(X) Beirsaut cienyromumM oopasom (puc. 1.4). Cratnueckas xapakTepH-
ctuka «MaeanpHoe TPEXIO3UIIMOHHOE pesiey» mpuBeaeHa B Tadu. 1.1, a cra-
TUYECKasl XapaKTepUCTHUKA alepuoJIMYeCKOro 3BEHA TMPEJCTaBIAECT COOOit
IPSIMYIO JIUHUIO, YTOJI HAKJIOHa KOTOPOM OTHOCUTENIHFHO OCH abCIIMCC 3aBU-
cuT oT ko3(pdunmenta nepenaun Kjs. 3Hast XxapakTep U3MEHEHHS BbIXO/a
HeNMHeHON YacTu cuctembl Z(X) v MOCTaBIsAs 3HaUeHUS Z B XapaKTepH-
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CTHKY JIMHEHHOrO 3JIEMEHTA, MOJYYUM PEe3yJbTHPYIOUIYI0 CTaTHUECKYIO
XapakTepucTuky coeaunenus Y (X).

—_— HD — JID s

ZA Y A
B---1 [r— Kﬂg'B"'__
-b
0 b 5 0 b

LB

oo KB

Puc. 1.4. TlocTpoeHune cTaTU4ECKOW XapaKTEPUCTUKH I1OCIIEI0BATEIBHOIO COEAMHEHUS
HEJIMHEWHOI0 U JIMHEWHOIO 3B€HbEB

PaccMoTpuM mpuMep MOCIEOBATENLHOIO COSIUHEHHUS JIBYX HEJH-
HEMHBIX 2JieMeHTOB «MeanbHoe ABYXMO3UIIMOHHOE peie» M «30Ha He-
YyBCTBUTEIBHOCTHY, CTATUYECKUE XapaKTEePUCTUKU KOTOPBIX MpeacTaBie-
Hbl B Ta0u. 1.1. B naHHOM ciiyuae pe3ysibTUpYIOIas cTaTUYecKasi Xapak-
TepucTHKa Z,(X) MOKET UMETh JBa BUJA B 3aBUCUIMOCTH OT TOTO, OyIeT JIH
BBIXOJIHOM CHUTHaJ MEpPBOT0 HETMHEHWHOIO 3JIEMEHTa — YPOBEHb CpadaThI-
BaHUs pere B Oouble mopora 30H6I HEUyBCTBUTENLHOCTH D (puc. 1.5).

Z; A
k(B—-Db) f—
2ol o S| B |5 (B-b)
A A N 0 >
ZBj 2 npu [B| > |bl X
k(B —b)
b /<varctg(k)
— o |
0 X / 0b Z Z, 4
B ZZ =0
— O '
npu [B| < |b| X

Puc. 1.5. [TocTpoeHne cTaTHYECKON XapaKTEPUCTUKH MMOCTIEIOBATEILHOTO COSAMHEHUS
HEJUHENHBIX 3BEHLEB
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[Ipu mapamiensHOM COEAMHEHUN 3BEHBEB OpJIMHATA UCKOMOU 3aBH-
cuMOCTH Y OMpEAeNAIOTCS KaK CyMMa OPJAMHAT CTaTUYECKHX XapaKTepH-
CTUK OTAEJIbHBIX 3BEHBEB.

Hamnpumep, npu napajieibHOM COeIMHEHUH Toro ke HO «neanb-
HOE TPEXMO3UIMOHHOE pelie» u JIJ, 4yTo U B npuMepe Ha puc. 1.4, Haxox-
JICHHE PE3yJbTUPYIONICH CTaTHYeCKOH XapakTepucTukd Y(X) BBITIISIUT
ClIey oMM 00pa3oM. PesynpTupytromas opaunata Y(X) HaXOuTCs yTeM
CJI0KEHUSI OpIMHAT 3BEHBEB HD U JID mpu psiae AUCKPETHBIX 3HAYECHUM
BXOJHOM BemuuHbI X (puc. 1.6).

HD>
X
JID
Z
al
-b
0 b X> arctg(K»)
— |8
+ -
QA
arctg(Kpy) ~(Kab +B)
0 X

Puc. 1.6. [locTtpoenne cTaTHueCcKoi XapaKTePUCTUKN NapaIeIbHOTO COSIMHEHUS
HEJINHEIHOI 0 U JINHEITHOTO 3BEHbEB

PaccMoTpum nipumep mapaiienbHOro coenuHeHus AByx HO «Une-
aJIbHOE JBYXIIO3UIIMOHHOE pejie» M «30Ha HEYYBCTBUTEIBLHOCTH», CTATH-
YeCKHEe XapaKTEPUCTUKU 3BEHBEB T€ ke, UTO U B mpuMepe Ha puc. 1.5. B
JAaHHOM clTydae pe3yJIbTHPYIOIIas cTaThuueckas xapakrepuctuka Y(X) Ha-
XOIUTCS IMYTEM CJIOKEHHUSI OpJUHAT 3B€HbeB HII u HI2 tipu psane nuc-
KPETHBIX 3HAYCHHUI BXOAHOU BemuuuHbI X (puc. 1.7).
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o1 2

Z,A HD2

o
=<V
o
1
1
QD
=
(@]
~—
(e}
~
-1
N

-B

b /{arCtg(k) /_
'
/ 0| b X

Puc. 1.7. IlocTpoeHue cTaTHueCKON XapaKTEpUCTUKU AapaJlJIEIbHOIO COEAMHEHUS
HEJIMHEWHBIX 3BEHBEB

JIsi KOPPEKUUH CTaTUYECKUX XapaKTEPUCTUK HEIMHEWHBIX 3BEHBEB
MHOTJIa HEOOXOAMMO COCTAaBUTh COEJUHEHHE CO CIIOKHOM CMEIIaHHOU
CTPYKTYPOH, COIEpKAIIECU U IMOCIEA0BATEIIBHOE, U MAPAIEIbHOE COEIU-
HEHUSI 3BE€HBEB. PaccMOTpUM NpHUMEpP TAKOrO CIIOKHOTO MapaijieIbHOTO
coenuHenust HI1 «WneanbHoe NBYXMO3UIIMOHHOE pefie» U JID, 4To U B
paHee PacCMOTPEHHBIX IMPUMEPAX, U MOCIEAOBATEIBHO COCIUHEHHBIM C
HUM HO2 «30Ha HEUYBCTBUTEIHLHOCTUY». B maHHOM ciydae pe3yiabTUPYIO-
mas crarndeckas xapakrepucrtuka Y(X) MoKeT MMeTh TPU BHJIa B 3aBUCH-
MOCTH OT COOTHOIIEHHUS BBIXOJHOW BenUYuHbI HI] — ypoBHS cpabaThiBa-
HUs pene B u mopora 30HbI HeuyBcTBUTENbHOCTH HO2 — b (puc. 1.8). Ilpu
ycnoBud |B| = |b| pesynbrHpytomnas cratudeckas xapakrepuctuka Y(X) sB-
JSIE€TCS MPAMOM JIMHUEH, TPOXOISIIEH Yepe3 Hayajao0 KOOpAUHAT, T.e. HIO1
COBMECTHO C /IO KOMIIEHCUPOBAIU «30HY HEUYBCTBUTEIBHOCTH» HI2 n
MIPEBPATHIIN BCE CI0KHOE COETMHEHUE B JINHEMHBIN JJIEMEHT.

CocraBieHue CIOXKHBIX COCIMHEHUN JTMHEWHBIX U HEJIMHEUHBIX Xa-
PAKTEPUCTUK MOXET UCMOJIb30BATHCS HA dTAlle CUHTE3a HENMMHENHBIX ACY
JUIsL pa3pabOTKU MOJENHM HETMHEWHOIO PEryjsiTopa, YHPaBISIOMIEro TeX-
HOJIOTUYECKUM OOBEKTOM C HEJIMHEWHOW BHYTPEHHEN XapaKTEPUCTUKOM.
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X
ZA
B
—>
° X
-B
+
QA
arctg(Kp)
|
° X
A

I:l?/{?_r _Ctg(KJIQ) Y

HOI

J12

HO2

N

B

A

Y

A
arctg(kK z5)
(B-b) /{_ €

upu B[ > |b]

b Aal’ctg(k)
b x /ob ~ -
X npu |B| = |b]
/ -
pu |B| < |b]|

>
10 X
/ _(B - b)
"
arctg(kK )
—>
0 X

V4

~(b-B)

/0

©b-B) X

Puc. 1.8. IlocTpoenne ctaTHueCKOM XapaKTEPUCTUKH CIOKHOTO COSIMHEHUS
HEJIMHEHHBIX 3BCHBEB

/<y arctg(kK )

16




C moMomipr0 yKa3aHHBIX OCTPOCHUN MHOTOKOHTYpHast ACY Moxer
OBITH MPUBEACHA K OJITHOKOHTYPHOU CXEME, COCTOSIIEeH U3 00BhEeKTa yIpaB-
JICHUS ¥ YIIPABJISIOIIETO YCTPOHCTBA (aBTOMATHYECKOTO PETYJIATOPA).

[locTpoeHne cTraTM4ecKoM XapaKTePUCTHKH 3BEHA, OXBAau€HHOTO 00-
paTHOM CBS3bIO, MOKa3aHo Ha puc. 1.9. 3nech kpuBas 1 — ctaTnueckas xapak-
Tepuctuka HD B npsamoii BetBu coenuueHus Y(AX), a kpuBas 2 — craTtude-
CKas XapakTepuctuka JID B nenu obparHou cBsizu X,.(Y). Bce xapakrepu-
CTUKH CTPOSITCSA Ha OJTHOM KOOPJAWHATHOM MIIOCKOCTH.

N3 ypaBHeHuUs cratnueckor ommoOku AX mpu OTpHUIATENIbHONM 00part-
HOM CBSI3Y NOJTy4aeM BBIPAXKEHHE JUIsI BXOAHOTO CUTHAJIA:

X =AX + X, (1.3)

/i€ 3HAK «IUTIOC» COOTBETCTBYET OTPUIATEILHON 0OpaTHOM CBSI3U.
3aaBasich pAJIOM JTUCKPETHBIX 3HAYEHUI BBIXOJIHOM BEJIMUUHBI Y, Ha-
XOJIUM COOTBETCTBYIOIIIEE €l 3HAUEHWE BXOJHOW BETUYMHBI X KaK CyMMY
koopauHat AX u X,.. Takum oOpazoM, mojlydeHa 4acTh PE3yIbTUPYIOIIEH
crarndyeckor xapaktepucTuku Y(X) 3 B mepBoM KBaJpaHTE CUCTEMBI KOOP-
JIMHAT, OCTABIIIASICSl YaCTh B TPETbEM KBAJPAHTE CTPOUTCS aHAJTIOTUYHO.

Y A

d, /{a:ctg(k)

X + AX y / 0| b AX
—>®—> HD
JI3 arctg(K )
-
0 Y

Y A 2 /// 1
, 3
Yo A A
e s : .
arctg(k)‘\’/ b KXo Xoea | AXp AXs, X X AX
7 oct Xi=AXy X, X

.7 arctg(K)

4
'

Puc. 1.9. [TocTpoeHne cTaTHIECKON XapaKTEPUCTUKHA HETMHEWHOTO 3BEHA,
OXBAUYE€HHOTO OOPaTHOM CBA3BIO
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OnucaHHble METOAMKH MOCTPOEHHUSI CTATUYECKUX XapaKTEPUCTHUK
HennHeHHbIX ACY MO3BOJSIOT OLIEHUBATh BIMSHHE HEIMHEHHOCTH OT-
JIENbHBIX 3BEHbEB Ha XapaKTEPUCTUKY BCEU CHCTEMBI, a TAKXKE B3aUMHO
COTJIACOBBIBaTh XAaPAaKTEPUCTUKU 3BEHBEB C II€JIbI0 MOJIYUYCHHUS KEJTaeMOu
PE3YIABTUPYIONICH XapaKTEPUCTUKN CUCTEMBI.

B oTnuyue oT TUHEWHBIX CUCTEM TOYHOCTh HEJIMHEWHBIX CUCTEM 3a-
BUCUT OT BEJIMYMHBI BHEIIHUX BO3JeHcTBUM. Takas ke 3aBUCUMOCTH CY-
IIECTBYET U B OTHOILIEHWU YCTOMYMBOCTH M KadeCTBA MEPEXOJHBIX MPO-
I[IECCOB B HEIMHEWHBIX cucTemax. [[puumHON 3TOrO sABISIETCA NpU OO0Nb-
IIMX OTKJIOHEHMSIX OT YCTAaHOBMBIIETOCS pEXMMa Ocla0iieHue JeHCTBUS
KOPPEKTUPYIOIIETO 3B€HA C HACBIIIEHUEM WM MPU MaJbIX OTKIOHEHHSX
OTHOCUTEIBHO YCTaHOBUBIIETOCS PEXKHMa OTCYTCTBUE KOPPEKIHMH H3-3a
HaJIN4YMsI 30HbI HEUYBCTBUTEIBHOCTH.

Henunelinasg cucrtemMa B MEPEXOJHOM pPEXKUME MOXKET UMETh He-
CKOJIBKO COCTOSIHMM YyCTOWYMBOIO WM HEYCTOMYMBOIO PaBHOBECHS, T.C.
MOKET HaXOJIUThCSI HE TOJIBKO B PAaBHOBECHO-CXOJSIIEMCS MPOIECCE, HO U
B YCTOMYMBOM YCTAHOBHBIIEMCSI MEPUOJMUUYECKOM PEXKUME, TaK Ha3bIBae-
MOM A8MOK0J1e0AmebHOM pedcume.

YcroitunBbie cCOOCTBEHHBIE HE3aTyXarollue KojeOaHUsi B HEJIMHEH-
HOM CHUCTEME C ONPEICICHHOW aMIUTUTYA0U A' U 4acTOTON ®', onpeerse-
MBIMU HEJTMHEWHOCTHIO U BHYTPEHHUMHM NapamMeTpaMHu CHUCTEMBbI, Ha3bIBa-
101cs aemokoneoanuamu (puc. 1.10).

ABTOKOJIEOAHUS SIBISIIOTCSI YCTOMYMBBIM PEKUMOM, XapaKTEPHBIM
TOJIBKO JIJIs HETUHEHHBIX CUCTEM, IOTOMY YTO Majlble U3MEHEHUS MapameT-
POB CHUCTEMBI HE BBIBOJIAT €€ M3 3TOr0 peKMMa. AMIUIMTY/Ia aBTOKOJICOaHUM
A' He 3aBHCHUT OT HAaYaJIbHBIX YCJIIOBUM U YPOBHS BHEUIHUX BO3JECHCTBHI.
[Ipu 5TOM B MepexoHOM KOJeOATETFHOM MPOIIECCE MOXKET U3MEHSTHCS HE
TOJIbKO aMILJIUTYy/1a, HO U 4acToTa Kojiebanui. [IpuunHoil aBTOKONIECOaHUH,
IIOMUMO BHYTPEHHHMX MapaMeTpPOB CHCTEMBbI, SIBJISETCS HAJIMYUE 30HBI HeE-
YyBCTBUTEIBHOCTH, PEIICHHON (YHKIIMU MM THCTEpe3nca ¢ moporom b.

Ecnu npu u3MeHeHun HayaldbHBIX YCIOBUU CUCTEMa MOXKET IOMNACTh
B 00JIaCTh C KOJieOaTeNbHBIM MEPEXOHBIM MPOLECCOM, a A €€ padoThl
HEOOXOJ MM MOHOTOHHBIM MEPEXOTHON IPOIIECC, TO C MOMOIIBIO OTPHIlA-
TenpHOU Aud@epeHnupytoeid oOpaTHOM CBSI3U B HEJIMHEHHOM 3BEHE
MOXHO CO3/1aTh TaK Ha3bIBAEMBIN cKob3awuil pexcum padomot. 1lpu
ATOM peXUME pabOThl KOJIEOAHUSI PEryIUPYEMOro MnapaMmeTpa MepexosT,
00pa3HO TOBOPS, B MUKPOKOJIEOAHUSI OTHOCUTEIBHO SKCIOHEHTHI, YacTOTa
KOTOpPBIX B YCTAHOBUBIIEMCS PEKUME CTpEeMUTCs K OeckoHeuHocTu. Ta-
KUM 00pa3oM, U3 00JIaCTM aBTOKOJEOaHUU cCUCTeMa IMEepPEeBOJUTCS B 00-
JacTh MOHOTOHHOT'O TIEPEXOTHOTO TTpoliecca.
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Puc. 1.10. [lepexoanast XxapaKTepUCTHKa YCTOHYMBOTO aBTOKOJIEOATEIILHOTO TIpoIiecca

Ecnu Ha cucteMy nojaBaTh CUTHAJL, 4aCTOTa KOTOPOTO MOYKET COBMa-
JaTh C YaCTOTOM COOCTBEHHBIX KOJEOAHWI CHUCTEMBI, TO B CUCTEME MOTYT
BO3HUKATh PE30HAHCHBIC SIBJICHUS, MOYKET IMPOU30MTH CKAYOK AMIUIUTYBI.
B o0mieM cnydae npu npuiioxK€HUM BHEIIHUX MEPUOANUECKUX BO3/ICUCTBUI
BO3HHMKAET HAJIOXEHHWE COOCTBEHHBIX M BHENIHUX KoyieOanuil. [Tpu yBenu-
YEHUU AMIUIMTY/Ibl BHEIIHUX BO3JECWCTBUN MOXET MPOU30MTU CPBIB aBTO-
Koje0aHui COOCTBEHHOM YacTOThl, M CHCTEMa MEPEXOAUT Ha YacTOTy
BHEIIHUX KoJjieOaHui. Takoi pexkuMm pabOThl HETMHEHHON CUCTEMBl Ha3bl-
BACTCSI CUHXPOHHbBLI. BaxkHa TakKe CKOPOCTh MPUJIOKEHUS BHEIIHETO BO3-
nevctBus. [Ipu ckaukooOpa3HOM BO3JEHCTBUM MOXKET OBITh TaKOE Mepepe-
TYJIMPOBAHUE, YTO BBIBOJUT CUCTEMY B COBEPIIEHHO JPYTYIO 001acTh MPHU-
TSKEHUS U C IPYTUM PEKUMOM, 10 CPABHEHHIO C TEM CIIy4aeM, KOT/ia TaKoe
JKe 10 BEJIMYUHE BO3A€iCTBUE OBLIO OBl IOIaHO ILIABHO.

1.6. IlpumMepbl HeJIMHENHBIX ABTOMATHYECKHX CUCTEM

PaccmoTpum B kKayecTBe npUMepa HEIMHEWHON CUCTEMBbl aBTOMaTHYe-
CKYI0 CHCTEMY CTaOMIM3alMM HAIPSDKEHUS C HETMHEWHBIM YIPaBIISIOIIUM
ycrporictBoM (puc. 1.11). Perynupyemoii BEeTHUNHON SIBIIACTCS CTaOMIIN3U-
poBanHoe HamnpsbkeHue Uy Ha compotuBieHnn Ry. s criaxuBaHus myiib-
carmii HanpspxeHus: Up, co3/1aBaeMbIX peryIMpYIONIM TPaH3UCTOPOM T, pa-
OOTaIOIIMM B KJIIFOYEBOM PEXUME, MEXTY TPAaH3UCTOPOM | U Harpy3koil Ry
BKIItOUeH LC-bunbTp ¢ HyneBbM auoaom D.
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Puc. 1.11. Peneiinas aBromatuyeckas cucreMa cTa0MIM3aly HapsKEHUs

VYnpapmnstomuM yerpoiicTBoM sBiisiercst Tpurrep LlImurra, peanusye-
MBI Ha OMEPAIMOHHOM YCHJIMTENE, CTaTUYeCKas XapakTepUCTUKa KOTOPOTo
umeet GopMy nerim rucrepesrca (puc. 1.12, a). Ha Bxox tpurrepa IlImurra
MOCTYMAeT Pa3HOCTh 3ajaroliero HanpsbkeHus: Uz u peryiaupyemMoi Bennyu-
HbI Uy. [Ipu qocTrkeHnn pa3HOCTH ATHX HAMPSHKEHUHN MOPOTOBBIX 3HAYCHUIMA
nepexiroueHus Tpurrepa U, u U; mocieqamii m3MEHSIeT COCTOSIHHE Ha CBOEM
BBIXOJIC, TIEPEKITIOYACT PETYIMPYIOMNN TPAH3UCTOP MOOYEPETHO B PEKUMBI
OTCEYKH W HachImeHus1. @opMa BBIXOJHOTO HAMPSHKEHUSI CUCTEMbI CTaOMITH-
3aluy TokaszaHa Ha puc. 1.12, 6. Pazmax mynbcammii AU BbIXOHOTO HAIpsi-
KEHUSI OTPEJIENIAETCS IMPUHON 30HBI TMCTEPE3UCa PEJICHHOro JIeMeHTa —
tpurrepa Imurra.
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Puc. 1.12. XapaKkTepuCTHKH CUCTEMbI CTAOMIM3AIMH HATIPSKEHUS

Eme ogauM nnpumMepoM HETMHEMHOW aBTOMATHUYECKOW CUCTEMBI SIBJIS-
€TCsl CJENSIIUNA TUAPONPUBOJ] — 3TO PETYJIUPYEMBIN TUIPONPUBO/I, B KOTO-
POM 3aKOH JBHMKEHHSI BBIXOJHOTO 3BE€HA (Bajia THAPOMOTOpPA WM IITOKA
TUAPOLIWIIMHAPA) U3MEHSIETCS B 3aBUCUMOCTH OT YIPaBJISIONIETO BO3AEHCT-
Bus. Ha puc. 1.13 mpezacramieHa ympollleHHas NPUHIMIIMAIbLHAS CXeMa
CIEAAIIEIO THAPONPUBOAA OJHOKOBIIIOBOTO IKCKaBAaTOPa, MPEACTaBIISIOIIE-
ro co00M aBTOMaTUYECKYIO CUCTEMY, PAOOTAIONIYIO MO OTKJIOHEHUIO.
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Puc. 1.13. [IpuHnunuanpHasi cxema CJIESIIET0 THIPOIPUBOAA

JI7Ist 1OCTHMKEHMS 3aJaHHOTO IIOJIOKEHMS IITOKA HCIOJHUTEIBHOIO
TUApOIMIMHApPA 4, TIepeMelarIero pykosTh CTpeibl dKCKaBaTopa, BBO-
JUTCSI OTpUIlaTeIbHas oOpaTHasl CBA3b C JIATYMKOM MOJOXKeHud. Tekyiee
MOJIOKEHHUE ITOKA THAPOUMIMHAPA Sy U3MEPSAETCS MOTEHIIMOMETpUYe-
CKMM JaTyukoM TmojoxkeHus 1. CurHan U, MPONOPIHUOHAIBHBIA H3Me-
PEHHOMY 3HAQYEHUIO MEPEMENICHUS, TIePEIACTCAd Ha DJICKTPOHHBIN YCHIIM-
Teab DV 2, rae cpaBHUBACTCS C 3aJaHHBIM 3HAYeHHUEM U,,,. Jlamee ommoOka
perynupoBaHus AU YCHUIMBAETCS, M YIPABJISIONIMA TOK I, TOJAETCI Ha
oOMOTKyY a3nekTporuapopacnpenenurens I/ P 3. [locpenctBom 3iekTpo-
MAarHuTa 30JI0THUK PACIPEACIUTEN NIEPEMENIACTCS B HYKHOE MOJIOKEHUE,
HaIpaBJIsisl IOTOK paboue )KUIKOCTH B HY>KHYIO TTOJIOCTh THAPOIUINHIPA
4. CKOpOCTh MEpeMEeIIeHUs] ITOKAa HCIOJHUTEIBHOTO THIPOIMINHIPA
MIPONOPIIMOHAIbHA HOMUHAIBHON Mojiaue padoyei XKUAKOCTH Qy OT Tui-
poHacoca 5, MPUBOJAMMOTO BajioM OTOOpa MOIIHOCTH 6 OT ABUTATENsS
BHYTPEHHETO CTOpPaHMs SKCKaBaropa. B kauecTBe 3a1aTdynka 3 MOXKET UC-
MOJIb30BAaThCA JIKOUCTUK, TPEOOPA3YIONMIUN MEpEeMENIEHNE YITPABIISIIOLIETO
pblyara B curHai U,,y, TPONOPIHOHAIBHBIN TpeOyeMOMy MepeMENIEHUI0
IITOKA THAPOIMIAHIPA.

HennHerHOoCTh B CUCTEME BO3HMKAET M3-3a 3JIEKTPOTUIpOpacipeie-
JIUTEJISI, 30JIOTHUK KOTOPOTO UMEET TPH MOJIOKEHUS: +X;,; — )KUIKOCTH MO-
CTyIaeT B IITOKOBYIO MOJIOCTh THIAPOUMIMHAPA, —Xs0;, — KUJKOCTh MOCTY-

21




MaeT B MOPIIHEBYIO MOJIOCTh TUAPOIMINHAPA U 0 — CEUeHUs] pacpeaeIin-
TeNsl 3aKPBITHl — MITOK HemoaBwmxkeH (puc. 1.14). M3-3a paznmnuus miomnia-
Jiell BHYTPEHHHUX TOJIOCTEH TUIPOIMWIMHAPA Sy U S CKOPOCTh Tepeme-
HICHUS] ITOKA TUAPOUMIMHIPA V yr TpU BTATUBAHUW/BBIIBUKEHUU OyIeT
pPa3IMYHON B 3aBHCUMOCTH OT HallpaBlieHHUs padodeil XKUIKOCTH, ITOU
KOHCTPYKTHBHOM OCOOEHHOCTHIO O0YCIIaBIMBAETCSl ApYyras HEIMHEUHOCTD
CJIEJIAILEr0 TUAPONPUBO/IA — IEPEMEHHAS CTPYKTYpa.

Q |
e —
X0,
O]  +Xuu X0
-------- - Qu

Puc. 1.14. Peneiinas XapakTepUCTHKA PACTIPEIAECITUTENSA

OcHOBBIBasACh Ha MPUHIUIIUAIBHON CXeMe M MPHUBEIECHHOM OIHCa-
HUU TUJPOTPUBOJIA, MOXKHO MPEJACTABUTH CTPYKTYPHYIO CXEMY CIIESILIETO

rugponpuBoaa (puc. 1.15).

CxopocTh

BBIIBIDKEHUS =™

X301 4 Q — \ Vll[ T SZU T
OIP = 5o

CkopocTh

BTSATHUBaHUS [=fe

IITOKA -
JlaTauk <

ITOJIOKCHUA

Puc. 1.15. CtpykTypHas cxema aBTOMaTU3UPOBAHHOI'O CJIESAIIETO THAPOIPUBOAA

SIpkuM TIpUMEPOM CYIIECTBEHHO HEIMHEHWHBIX CHCTEM MOTYT OBITh
ABTOMATUYECKUE CHUCTEMBI C PEJICHHBIM HUCIOIHUTEIbHBIM MEXaHU3MOM,
CUCTEMBbI, B KOTOPBIX YUHUTBHIBAIOTCS 3a30PbI, JTIOQTHl U KOHCTPYKTHUBHBIC
OTPaHUYCHUS BEJIUYUH.
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KoHTpoJibHbIe BONPOCHI U 3aJaHUS

1. Kakas cucrema Ha3bpIBaeTCs HEJIMHEHHOMN ?
2. UTo HaA3BIBAIOT €CTECTBEHHBIMU U MCKYCCTBEHHBIMU HEIMHEHHO-
CTAMU?
3. IlpuBenurte mpuMepsl HEIMHEWHOCTEW B PEATbHBIX TEXHHUYECKUX
YCTPOMUCTBAX.
4. Kakas HENMMHEWHOCTh Ha3bIBAETCS CYUIECTBEHHOM?
5. KakoBbl 0COOEHHOCTH CYIIECTBEHHO HETMHEHHBIX CUCTEM?
6. Uto mpencTaBistoT cOOOM peNeHHBIN 2JIEMEHT U pelieiiHas aBTO-
MaTHU4eCcKas cucTemMa’?
/. IlpuBenuTe NpeuMyInecTBa pejaeiHOMN anmaparyphbl.
8. IlpuBeauTte MpOCTEHIIYIO CTPYKTYPHYIO CX€MYy HETUHEIHOU aB-
TOMAaTHYECKON CUCTEMBI.
9. IlpuBenure KiaccU(PpUKAMMIO HETMHEHHBIX XapaKTEPUCTHUK.
10. Kakue TUNBI CUMMETPUM MOTYT UMETh HEIMHEHHBIE XapaKTepH-
CTUKH?
11. Kakyto HeTUHEHHYIO XapaKTepUCTUKY Ha3bIBAIOT OJHO3HAYHOM, a
KAaKy¥0 MHOTO3HAa4YHOM?
12. Tlo ykazaHuio mpenojaBaTeisi HAPUCYHUTE CTAaTHUECKYIO XapaKTe-
PUCTUKY U IPUBEAUTE YPABHEHHUE TUIIOBOTO HEJTMHEMHOTO 3BEHA.
13. TlosicHuTe METOIMKY TOCTPOCHHUSI PE3YJIbTHPYIOIIEH CTaThuye-
CKOM XapaKTEPUCTUKU HEJIMHEMHOU CUCTEMBI.
14. Yto Ha3bIBAIOT aBTOKOJIEOAHUSAMU B HEJIMHEITHOM cucTeme?
15. B kakoMm ciiy4ae BO3MOHO BO3HHUKHOBEHHE aBTOKOJICOAHUM B
HEJTMHEHHOU cucTeme?
16. IIpuBeauTe METOUKY ONpEIEIICHHUS aMILUTUTY bl A', nepuona T u
YaCTOTHI ®' aBTOKOJICOAHUI.
17. TlpuBenute nmpuMepbl aBTOKOJIEOATENBHBIX PEKUMOB B PEaIbHBIX
HEJIMHEUHBIX CUCTEMAX.
18. IlosicHuTe mpuHIUI PabOThl pejeHHONW aBTOMATUYECKON CHCTE-
MBI CTa0MIM3aluy HanpsbkeHus Ha puc. 1.11.
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2. AHAJIN3 HEJIUHEMHBIX CUCTEM YIIPABJIEHUSI
2.1. OCHOBBI aHAJIN3A HEJIMHEHHBIX CHCTEM

Jlims peniennst 3amay aHaan3a HEJIMHEMHOW CUCTEMBI IIPEXKJIE BCETO
HEOOXOJIMMO MOCTPOUTHh €€ MAaTEMAaTHUYECKYI0 MOJIENIb, KOTOpasi XapakTe-
PHU3YET CBA3b BBIXOJIHBIX CUT'HAJIOB CUCTEMBI C CUTHAJIAMU, OTPAKAIOIIUMHU
PWIOKEHHBIE K CUCTEME BO3JIEUCTBUS. B pesyibTaTe MOXKET ObITh MOJTY-
YEHO OJIHO WJIM HECKOJbKO HETUMHEHHBIX NU(depeHIInanbHbIX YPaBHEHUIM
BBICOKOI'O TOPSJIKA, UHOTAA C PAIOM JOTUYECKUX COOTHOLIEHUU, YTO Je-
JIAaeT AHAIU3 MATEMATUYECKOM MOJENM YpPE3BbIYAUHO TPyHOEMKUM. Ilo-
ATOMY JJISI PELICHUS 33/1a4 aHAIN3a HEIIMHEWHOW CHCTEMbI HYKHBI TAKUE
METOJIbl PAaCcy€Ta, KOTOPHIEC MO3BOJSIOT B JOCTATOYHO MPOCTOM BHUJIE OIpE-
JENATh MAaTEeMAaTHYECKUE CBSI3M MapaMEeTPOB HEIMHEMHOW CHCTEMBI C J-
HaMUYECKMMHU ITOKA3aTeIsMU IIpoLiecca yIIPaBICHUS.

Bce nHxeHepHbIE METOABI UCCIIEIOBAHUS HEJIMHEWHBIX CUCTEM pa3-
NEJSIOTCS HA IBE OCHOBHBIE TPYNIIBL: MOYHble U npudauicennsvie. K Tou-
HBIM MeToAaM oTHocutcst Mmetoa A.M. JlsmyHoBa, MeTo1 (pa3zoBoil MmiIocKo-
CTH, METOJI MPUMNACOBBIBAHUS M TOYEUHBIX MPEOOpPa30BaHUN, YACTOTHBIM
Metoa B.M. IlonoBa. IIpubnmxeHHble METOALI OCHOBAHBI Ha JIMHEApH3a-
WY HEJIMHEHMHBIX YPABHEHHM CHUCTEMBI C IPUMEHEHHEM TapMOHUYECKOU
WM CTAaTUCTUYECKOW JMHEeapu3alu: METOJi TapMOHHUYECKOro OanaHca
JI.C. T'onpadap0ba, meroq rapmonuueckoit nuneapuzanuu H.M. KpbuioBa
u H.H. boromto6oBa, meton JI.A. bamkuposa u T.1.

OCHOBHBIMU TTapaMeTpaMu, XapaKTEPU3YIOIUMU TUHAMUKY paOOThI
CYILLIECTBEHHO HEMIMHENHBIX ACY, SBIAIOTCA:

1) manmuume WM OTCYTCTBHE aBTOKoNeOaHuid. Ecmu aBTOKOIEOaHUS
UMEIOTCS, TO HEOOXOIMMO ONPENIEUTh UX aMIUITUTYly U YacTOTY,

2) BpeMs BBIXOJa PEryJUPYEeMOTo MapaMmeTpa B PEKUM CTaOWIIH3a-
uu (OBICTPO/ICICTBUE);

3) HaJMuYue WU OTCYTCTBUE CKOJIB3SIIETO PEKIMA;

4) ompeneneHne 0COObIX TOUEK U OCOOBIX TPACKTOPUI JIBHIKCHHUS.

BaxxHoli 0COOEHHOCTBIO AMHAMUKH CYIIECTBEHHO HEJMHEUHBIX CHUC-
TEM SIBIIIETCSA 3aBUCUMOCTB YCJIIOBUH YCTOWYMBOCTHU OT BEJIMYMHBI BHEIII-
HETO BO3JCUCTBUS. B CBA3U C 3TUM JJI1 HEIMHEUHBIX CUCTEM IMPUMEHSIOT
HNOHATHS <PCHOUYUBOCHIL 6 MANOM», KYCHIOUYUEOCHIL 6 00J1bUIOM,
KPCMOUYUUBOCHD 6 UETIOM.

Cucrema ycToMuYMBa «B MAJIOM», €CIIM OHa YCTOMYMBA TOJIBKO IPH
MaJbIX Ha4albHBIX OTKJIOHEHHUAX. CHucTeMa ycToWYuBa «B OOJIBIIIOM», €C-
JM OHa yCTOWYMBA MpU OONBIIMX HAYaJIbHBIX OTKJIOHEeHMsX. CucteMa yc-
TONYMBA «B IIEJIOM», €CJIM OHA YCTOWUYMBA MPHU JFOOBIX OTKIOHEHUSX.
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2.2. ®a30B0€e MPOCTPAHCTBO

Merton uccienoBanusg AUHAMHUKU HeauHEWHBIX ACY ¢ mOMOIIBIO
($a30BOro MpoCTpaHCTBA OTHOCUTCS K HamOoJiee paHHUM TOYHBIM aHAJIH-
THUYECKUM METOJIaM TE€OPHUU HEJIMHENHBIX CUCTEM.

®Da3zo60e npocmpancmeo — N-MEPHOE NPOCTPAHCTBO, OOPA30BaAaHHOE
CUCTEMOU KOOPJHMHAT, COCTOSIIIEN W3 PETYJIMPYEMOU BEIMYUHBI X; U €€
pOU3BOHBIX (puc. 2.1, a).

CocrosiHME CHUCTEMBI B TaKOM (pa30BOM MPOCTPAHCTBE IPEACTABIISA-
eTca uzoopaxcaroweir mouxoi M. Ilpouecc U3MEHEHUsI COCTOSIHUS CHC-
TeMbI MPEACTaBISAECT COOOM HEKOTOpPOE JABMKEHHE M300pa’karoliel TOUYKH
M B (a30BOM mpocCTpaHCTBE [X1, X2, X3], KOTOpPBIN ONKCHIBaeTCS hazoeoil
mpaexkmopueii TBUKCHUS CUCTEMBL.

=)

a X3 Xo A

Mo(X10, X20)
® >
Xo X1

Puc. 2.1. ®azoBoe mpoCTPaHCTBO U TPAEKTOPHH

dazoBas TpaeKTOpHs B (pa30BOM MPOCTPAHCTBE JAET T€OMETPUUECKOE
MpEACTaBICHUE O JUHAMHUKE HCCIIeayeMoro mnpouecca. Ho npu 3tom koop-
JTUHATa BPEMEHU OTCYTCTBYeT. Bpemsi oToOpakaeTcsi B HEIBHOM BHJIE, TIO-
aTOMY (ha3oBasi TpaeKTOpHs HE JAET BPEMEHHYIO JUHAMUYECKYIO XapaKTepH-
CTUKY CUCTEMBI, HO MOJHOCTBIO PAaCKPBHIBAET TUHAMUYECKHE CBOWMCTBA CHC-
TEMBbI, MIOKa3bIBasi HE TOJBKO 3HAYEHHUS MPOU3BOJHBIX (X2, X3) B KOXKIBIA MO-
MEHT BPEMEHH, HO M 3aKOH MU3MEHEHUS KaKIOW MPOU3BOJHOM, UYTO MO BpE-
MEHHOM JIUHAMHYECKOW XapaKTEPUCTUKE HE BCETJa MOXHO OMNPEACIIHTD.
KpomMme 31oro, BpeMEHHYIO MEPEXOIHYIO XAPAKTEPUCTUKY MOMKHO MOCTPOUTH
1o (pa3z0BOM TPACKTOPUU PA3IMUHBIMU CIIOCOOAMHU.

dazoBasi TPACKTOPHS TOKA3bIBAET JUHAMUKY JBUKEHUS CHUCTEMBI
IIPU HEHYJIEBBIX HAYAJIBHBIX YCIOBUSIX. JTU HadalbHBIC YCIOBUS H300pa-
KaAIOTCS HauaibHou moukou GpazoBoii Tpackropuu My. I1pu paBHOBecuu B
CUCTEME, KOTJla U3MEHEHUS PETYJIMPYEMON BEIWYMHBI HET U BCE MPOU3-
BOJIHBIC T10 PETYJIUPYEMOUN BEJIMYMHE PABHBI HYJIIO, TO 3TO COCTOSHUE CHUC-
TeMbI U300pakaeTcsi KOHEUHOM TOUKOM (ha30BOM TpaeKTOpPUHU, KOTOpas Ha-
3BIBAETCS 0CO00U MOUKOU.
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[Ipy 3MeHEeHWU HaYyaldbHBIX YCJIOBUW WIJIM HAYaJIbHOT'O COCTOSHUS
CUCTEMbl COOTBETCTBEHHO H3MeHUTCA (a3zoBas TpaekTopusi. CoOBOKyM-
HOCTh (Da30BBIX TPACKTOPUN MJIs ONPEACICHHBIX HayalbHBIX YCIOBUU U
COCTOSIHMM Ha3bIBACTCA (haA306blM NOPMPENOM CUCTEMBI.

['padpuueckn n3o00pazuth (Ha3zoBbiii MOPTPET B N-MEPHOM MPOCTPaH-
CTBE HEBO3MOXHO, TOATOMY MPH aHAJIU3€ HEJIMHEHHBIX CUCTEM OTpaHUYH-
BAIOTCA JIBYMEPHOU (Pa30BOM IMIIOCKOCTHIO, KOTOpasi MPAKTUYECKHU IMO3BO-
JISI€T U3YUYUTh BCE OCOOEHHOCTH MOBEACHUS HEIIMHEHHON CUCTEMBI.

@Dazoean naockocmep — 3TO IByMEpHas KOOPAHHATHAS IUIOCKOCTh, B
KOTOPOH MO OCSIM KOOPJIMHAT OTKJIA/IbIBAIOTCS JIBE MepeMeHHbIe ((ha3oBbie
KOOPJIMHATHI): peryjupyeMas BeJIMYMHA X; U €€ IepBas Mpou3BOAHAS Xp

(puc. 2.1, 6).

2.3. ®a3oBble TPACKTOPUM CHCTEM

PaccmoTpuM mMaTeMaTH4YeCKOe MpECTaBICHUE (PAa30BBIX TPACKTOPHUIA
JMHEMHOW JUHAMUYECKON CUCTEMBI, MEPEXOIHBIN MPOLECC KOTOPOU OIH-
ceiBaeTcs g GepeHmanbHbIM YPaBHEHUEM 2-TO MOPSJIKA!

ay+ay+ay=0, (2.1)

r7ie Y — BBIXOJHOM CUTHal, @ — HOCTOSHHbIE KOA(DPUIIMEHTHI MOIETH.

3anumeM ypaBHeHue (2.1) B Buae cuctembl auddepeHIInaIbHbIX
ypaBHeHu# 1-To mopsiaka (cuctembl B HopMmanibHOW (opme Komum). Otu
YpaBHEHUS MTOJTYYAOTCS MyTEM BBEJICHHS B HCXOJIHOEC YPABHEHUE CUCTEMBI
HOBBIX MepeMeHHbIX cocTosHus Xi(t) BMecTo (i — 1) MPOU3BOIHBIX BBIXO/I-
HOW BemmuuHbI Y(1):

X0 =y ). (2.2)
HpI/IMCHI/ITCHBHO K paCCManHBaCMOﬁ CUCTCMC
Xizy;xzzy;xzzy- (2-3)

Tornma monens cuctemsl B hopme Kot Oyier umeTs BUA

X =X,; (2.4
X, =—(a,% +a,X, )/ a,

VYpaBuenust (2.4) aenawmca napamempuyecKumMu ypasHeHUAMU
¢hazoeo0ii mpaekmopuu cUCTEMBbI, MAPAMETPOM KOTOPBIX SIBISIETCS BpeMs.
WckirounM U3 ypaBHEHUSI BpeMsl, pa3J/ielIuB BTOPOE YPaBHEHHE HA MEPBOE:
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X __aXtaX,  N(X%) 25)
X %, D(x;%;)

OTO ypaBHEHUE Ha3bIBaeTcs (HEmapaMmeTpudecKum) oughghepenyu-
Q/IbHBIM YPAGHEHUEM (PA308bIX MPACKMOPUIL.

Pemenune ypaBHenus (2.5) X, = f(X;) m3o0Opaxkaercs Ha ¢a3oBoit
IUTOCKOCTH [X1; Xo]. [To ocn abcnmce OTKIIaabIBacTCsS caMa KOOpAMHATA Xi, a
0 OCH OpAMHAT OTKJAIbIBacTCs €€ mepBas Mpou3BOJHAs Xp. Kaxmoii
COBOKYIHOCTH HayaJbHbBIX YCIOBUHU (X109, X20) COOTBETCTBYIOT CBOE pellie-
HUe U cBos (hazoBast TpaekTopus. CeMelcTBO Pa30BbIX TPACKTOPUM Xapak-
TEepU3yeT BCE BO3MOXKHBIC MEPEXOIHBIE TPOIIECCH B JAHHOW CHUCTEME TPH
JTI00BIX HAYaIbHBIX YCIOBUSIX U 00pa3zyeT e€ (a30BbIil MOPTPET.

OcHoBHbIE CBOMCTBA (PA30BBIX TPACKTOPHUI:

1) ecmm X, = f(X;) onpenencHa u HeMpepbIBHA B HEKOTOPOU 001acTH
U UMEET HEMPEPhIBHBIE YaCTHBIC TPOU3BOAHBIC 110 CBOMM apryMEHTaM, TO
yepe3 KKyl TOUKY (pa30BOM MIIOCKOCTH, 3a MCKIIIOUEHHEM OCOOBIX TO-
YeK, MPOXOJUT €IUHCTBEHHAs (pa3oBasi TPACKTOpHUs. DTO O3HAYAET, UTO
(dazoBble TPAGKTOPUU TMPHU PA3IUYHBIX HAYAIBHBIX YCIOBHSIX HE Mepece-
KaIOTCSl MEXAy CO0Oi;

2) mpu X, > 0 xoopauHaTa X; JOJDKHA BO3PACTaTh, IIOATOMY B BEpPX-
Hel (ha30BOMl MOMYIUIOCKOCTH M300pakarolasi TOUKa JIBHXKETCS clieBa Ha-
IPaBoO, a B HIDKHEW MOJTYTUIOCKOCTH JBMKEHHUE MPOUCXOUT CIIpaBa Haje-
BO. HampamiieHue ABMXEHUS HAa TPACKTOPHUSIX TTOKA3BIBAIOT CTPEIIKAMU;

3) cormacHo (2.5), eciu X, = 0 1 N(Xg; X2) # 0, To dX,/dx; = o0, 310
3HAYUT, 9TO (Pa30BbIE TPACKTOPUH MEPECEKAIOT OCh a0CIHCC O] MPSIMBIM
YIJI0OM, 3a UCKIIOYCHHEM 0c0o00i ToukH, rae dX,/dx; = 0/0. Ock opauHar
(dazoBbie TPACKTOPUHU MOTYT NIEPECEKATH MO/T JIFOOBIM YIJIOM;

4) 3aryxaromeMy (YCTOMUYHNBOMY) MEPEXOTHOMY MPOIIECCY COOTBET-
CTBYeT (ha3oBasi TPACKTOPHs, CXOAAIIAsACA K Hadyally KOOPJAWHAT WU OT-
PE3Ky MOKOSI;

5) HEyCTOMYMBOMY TMPOIECCY COOTBETCTBYET (ha3oBasi TPACKTOPHS,
yAaNdmonascs oT Havyajla KOOpAUHAT.

2.4. MeToa U30KJINH

B GonbmriHCTBE CBOEM pelieHue ypaBHeHUd (2.5) MoxeT ObITh MO-
JYy4Y€HO MPOCTHIM UHTETPUPOBAHKEM, HO €CJIM MEPEMEHHBIE X3 U X, HE pa3-
JENSIoTCA, TO (a30Bble TPACKTOPUM MOKHO TMOCTPOUTH MPUOIMKEHHBIM
rpagOoaHAIUTUYECKUM METOI0M, HAIIpUMED, MEMOO00M U3OKIUH.
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H30Kknunou Ha3pIBACTCA Takas JIMHUA, BO BCEX TOYKAX IMEPECCUECHUS
KOTOPO# ¢ (Da30BBIMU TPACKTOPUSIMHU KacaTeIbHbIE K HUM HAKJIOHEHBI T10]]
OJIHUM M TEM XK€ YIJIOM 0j K ocu abciuce, T.e. npu auddepeHmaibHOM
ypaBHeHHH (Da30BBIX TpaeKTopHii (2.5)

%_c- tg(a., ) = const (2.6)
)-(1 1 1 !

rae C; — ompejesieHHas MOCTOSHHAS BEJIMYMHA, MPEACTABIISIONIas co00i
TAHT€HC yTJia HAKJIOHA KacaTebHOU K (Pa30BOM TPaeKTOPUHU B TOUKE Iepe-

CeueHUs e€ C M30KIMHOM, U MOXKET IPUHUMATh 3HAUEHUS OT —00 JIO +00.
[ToncraBuB u3 ypaBHeHus (2.6) B (2.5), momyunm

C = NOG %) 2.7)
D(x,,%,)
W13 (2.7) MOXKHO BLIPA3UTh YPAGHEHUE UOKIUHDbL
Xo = (p(Xl, C.) (28)

3amaBas pa3nmuuHble 3HadYeHUS Cj, CTPOSAT CEMEUCTBO M3OKJIUH, KOTO-
pbl€ MCHOJIB3YIOTCSA JIJIsi TOCTpoeHUsI (a30BBIX TpaeKkTopuil. B kadecTBe
IpyuMepa Ha puc. 2.2 Ha U30KJIMHAX CTPEIOYKaMHU OTMEUEHBI HAKJIOHBI (ha-
30BBIX TPACKTOPHUI K OCH abCIMCC U TTOCTpOoeHa (ha3oBasi TPACKTOPHUS, UCXO-
nsiast u3 Touku My. B Hauane noctpoeHust u3 Touku My POBOJATCS JBa
Jy4da JI0 TIEPECEUCHUS CO CIEAYIONEH N30KIMHOW. OINH JIyd UMEET HAKIIOH,
COOTBETCTBYIOIINMN JTAHHON U30KJIMHE (l, & APYTOU — CIEAYIOIIEN U30KIUHE
a;. Touka M; maHHOM (ha30BOM TPACKTOPUM Ha CIEAYIOIICH WM30KJIMHE OTl-
penenuTcs MOCPEAUHE OTPE3KA MEKTy TOUKAMU MEPECCUEHHUS JTyUeU ¢ 3TOU
M30KJIMHOU. Takke HaxXoAuTCs cienyromas Touka M, u T. 1.

VpaBaenue (2.8) ompenenser B KaXJA0M TOYKE IJIOCKOCTH €IUHCT-
BEHHYIO KacaTeJIbHYI0 K COOTBETCTBYIOIIEW HMHTETPAIbHOM KPUBOM 3a HC-
KarodeHneM ToukH, rae dxp/dx; = 0/0 mwmm N(Xi; X2) = 0, D(Xy; X2) = 0, B K0-
TOPOM HAIpaBJICHUE KAacaTEIbHOM CTAHOBUTCS HEONMPEICICHHBIM, TaK Kak
IIPY ’TOM CTAHOBUTCS HEOIPEICTICHHBIM 3HAY€HUE TTPOU3BOHOM.

DTa TOYKa SBJISETCA TOYKOW IMEPEeceUeHUs] BCEX H3O0KIMH — OCOO0OM
TOYKON. B Hell 0JHOBpeMEHHO O0OpaIaroTcs B HyJb MPOU3BOJHBIE MO BpE-
MEHHU TIepeMEHHBIX X; U Xp. CiemoBarenbHO, ocobast Touka nuddepeHiu-
QTbHBIX  ypaBHEHMN  (pa3oBBIX TpaekTopuii (2.5) COOTBETCTBYET
CMAUUOHAPHOMY COCHOAHUIO CUCTEMBbI, & €€ KOOPAUHATHI — CTAI[MOHAP-
HbIC 3HAYCHUS IEPEMEHHBIX X1 U Xo.
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Puc. 2.2. Tloctpoenue $hazoBoii TPa€KTOPUU METOIOM M30KIMH

Ocob6as Touka quddepeHInATbHBIX YPAaBHEHUN MPEACTaBIsECT COO0M
nepeceueHnue 21a6HbIX U30KIUH (A30BBIX TPACKTOPUI CHCTEMBI:

N (X, X,) =0 mpu C, =0;

(2.9)
D(x,,X,) =0 npu C, = oo.

Jlunamuueckasi cucrema O0yzieT o0aaJaTh CTOJBKUMH CTallMOHAPHBI-
MU COCTOSIHMSIMU, CKOJIBKO TOUEK IEepeceyYeHUs TJIaBHBIX WM3O0KJIUH OyaeT
UMEThCS Ha (Pa30BOM MIIOCKOCTH.

2.5. Oco0Oble TOUKH (pPa30BbIX TPAEKTOPHA TUHEHHBIX M HEJTMHEHBIX
CUCTEM

da30BbIe MOPTPETHl HEIMHEWHBIX CHCTEM XapaKTEPU3YIOTCS OO0Jb-
MM pa3zHooOpasuem, yem (a30BbIe MOPTPETHI IMHEUHBIX cucTeM. OIHAKO
THUIIBI OCOOBIX TOYEK JIMHEHMHBIX M HETMHEUHBIX CUCTEM COBIIAJIAl0T. 3/1€Ch
UMEIOTCS B BUAY T€ O0COOBIE TOYKH, B OKPECTHOCTSIX KOTOPBIX YpPaBHEHUS
HEJTMHEHHBIX CUCTEM JIOMyCKAIOT JIMHEAPU3AITHIO.

JIst TMHEHHBIX CUCTEeM BHJ MEPEXOIHON U (Da30BOM XapaKTEPUCTHUK
3aBUCUT OT CBOOOJHOW COCTaBISIONIEH ypaBHeHUsI cucTembl. CoriacHo
TEOPHUH JIMHEHHBIX CHCTEM, KOPHH XapaKTePUCTHYECKOTO ypaBHEHUS 3a-
JAI0T TUHAMUKY MPOTEKaHUs IIPOILIECCOB B CUCTEME.

B Tabn. 2.1 mpexacraBieHbl OCHOBHBIE THUIBI MEPEXOIHBIX XapaKTe-
PHUCTHUK, (Da30BBIX TPACKTOPUN U OCOOBIX TOYEK JIMHEWHBIX CHCTEM B 3aBU-
CUMOCTH OT THNAa KOpPHEH Pj XapaKTEPUCTHYECKOTO YPABHEHUS CHCTEMBI
(2.1). JlanHble TaOIUIIBI TOKA3BIBAIOT, YTO IO XapakTepy (ha30BBIX TpacK-
TOPUM MOKHO HEMOCPEJICTBEHHO CYIUTh O MEPEXOJAHOU XapaKTEPUCTUKE
CUCTEMBI U 00 €€ YCTOMYUBOCTH.

Mexnay coboil (a3oBble TPACKTOPUH TEPECEKAIOTCS TOJBKO B OCO-
OBIX TOYKaX, COOTBETCTBYIOIIUX COCTOSIHUIO paBHOBecHs. OcoOble TOUYKU
OBIBAIOT YETHIPEX BUJIOB: YeHmp, (hoKyc, y3en u ceono.

29




L{enmp — 310 0c0O0ast ToUKa B Havaje KoopAuHat (cM. Tadu. 2.1, m. 1).
®Dokyc MOKET ObITh YCTOWYMBBIM (cM. Ta0i. 2.1, M. 2) WM HEyCTONYHUBBIM
(cm. Tabum. 2.1, m. 3), TpackTopusA ¢ (HOKYCOM COOTBETCTBYET CXOJISAIICMYCS
WIM pacxojsuieMycst kojiebarenpsHomy mpoieccy. Ecnu (pa3zoBbie TpaekTo-
pur OyayT BXOAWTH B HaYajo KOOPJWHAT, YTO COOTBETCTBYET YCTOMYMBOM
CHCTEME, HayaJo KOOPAMHAT OYAET Ha3bIBAThCS ycmouuusvim y3aom (CM.
tabn. 2.1, n. 4). Eciiu a3oBbie TpaekTopuu BOJIU3M y3j1a aCUMITOTHYECKU
CTSITUBAIOTCSl K HEMY, TO JUJISl IMHEWMHOW WJIM HEJIMHEWHON CUCTEMBI UCTIOb-
3YIOT IOHSTHE ACUMIITOTUYECKOU YCTOMYHUBOCTH.

Ceono — 310 0cobasi Touka B BUje Hadajga koopauHat (cm. Tadmd. 2.1,
. 6). Cenyo Bcerja HEYCTOMYMBO, T. €. COOTBETCTBYET HEYCTOMUYHUBOMY CO-
CTOSIHUIO PABHOBECHSI.

Oco0Oble TOYKH, MPSAMBIE JTUHUU U KPUBBIE, K KOTOPHIM MHPUTSATUBA-
10TCs (ha30BbIE TPACKTOPUHM, HA3BIBAIOTCS AMMPAKMOPAMU.

OcoObIMHU TPaEKTOPUSIMH HA3bIBAIOT Takue (a30BbIE€ TPACKTOPUH, KO-
TOpBIE Pa3JIESAIOT TIOCKOCTh HAa Pa3JIMYHbIE KaueCTBEHHBIE MPOIECCHl WU
TpaekTopuu. K HUM oTHOCSATCS:

1) cenapampucwot (C) — TpacKTOpHUHU, CTPEMSIITUECS K CEIJIOBOMY CO-
CTOSIHUIO PAaBHOBECHS,

2) npeoenvrsle yukavt (1) — N30MPOBAHHBIC 3aMKHYTHIC TPACKTOPHH.

Oco0060i1 TOUKOH TIPEAETBHOTO UKJIIA ABISIETCS yermp. Ecinu u3HyTpu
U CcHapyXu (ha30Bble TPACKTOPUU CXOASATCA K MPENCIbHOMY MKy
(puc. 2.8), TO TakoW TPEACTBHBIA IMKJI HA3bIBACTCS YCHIOUYUGHIM
npeoenvHbviM yukaom. Ecim cucteMa nomnaia Ha yCTOMYUBBIA TTPEACIbHBIN
IIUKJI, TO OHa 00J1aaeT YCTOMYMBBIMU aBTOKOJICOaHUSIMHU.

HecMoTpst Ha cxoxecTh (a30BBIX XApAKTEPUCTHUK JIMHEHHBIX U He-
JUHEUHBIX CHUCTEM, HEJIMHEWHBIC AJIEMEHThI CYIIECTBEHHO HCKaXaloT Xa-
pakTep (a3oBbIX TPACKTOPUH, HO B MPUHIIUIIE OHU UMEIOT TaKOM K€ BUJ,
Ha3BaHWE W 3aBUCUMOCTh OT KOPHEW XapaKTepUCTUYECKOIO YpaBHEHHS
JIMHENHOW YaCTU CUCTEMBL.

[Ipu Hanmu4Yuu B cCUCTEME HEJIMHEWHOIO 3JIEMEHTa, 00Jadaroero Ky-
COUYHO-JIMHEHHOW XapaKTepucTUKOM, (pa3zoBas MIOCKOCTh pa3dMBaeTcs Ha
psn obnacteit aunueil nepeknrouenus (puc. 2.6), rue pabora HETMHEHHOM
CUCTEMBI OMHUCHIBAETCS OOBIKHOBEHHBIMHU JIMHEMHBIMH YpaBHEHUSMH, Ha
OCHOBAaHHUM KOTOPBIX CTPOSITCA (Pa30BbI€ TPACKTOPUHU.

OcoOble TOYKY U JIMHUU TIEPEKITIOYEHUS, pasenstonme (pa3zoBoe npo-
CTPAHCTBO Ha OOJIACTH C KAYECTBEHHO Pa3IM4HbIMU (ha30BBIMU TPACKTOPUSI-
MU, Ha3bIBAIOTCS Ougyprkauuonnvimu (cM. Hxke). HenpepbhIBHOCTH JBUKE-
HUSL U300pakaroliel TOYku Ha (a30BOM MPOCTPAHCTBE (TEPEXO U3 OJIHOM
o0acTu B JIpyryr0) o0ecreunBaeTcs MPUIAaCOBBIBAHUEM WM «CIIMBAHUEMY
10 JIMHUSIM TIEPEKIIIOUEHUST B COOTBETCTBUHU C BUJIOM HETUHEHHOCTH.

30




Tabmuna 2.1

Tuns! pazoBbIX TPaeKTOPHIi U 0COOBIX TOYEK JMHEHHBIX CHCTEM

Ne Braemmmii Bua Buenmmii Bua Hassanue
n /_n Tun xopHei MepeXoIHOM (hazoBoit oco0oit
XapaKTEPUCTUKH TPaeKTOPUHU TOYKH
X X2
1 M
YuCcTO MHUMBIC [\ I
CONPSIKEHHEBIE
1 p Ken - - Llentp
S N RVRV -
Komrutekcubie ¢ | A X1 M X2
OTPHUATENHOI i YceTonunBbIT
2 | IefiCTBUTEIBHON f\ = doxyc
YaCTbBIO \/ N\ t X Y
_ . 1
P12 =—a; £ P
Komrutekcubie ¢ | A X1 X2
MOJIOKUTETHHOM /\ HeveTolamBLLi
3 | IeUCTBUTEILHON /\ Y doyc
YaCTbBIO U Y
P12 =+ & JB;
X1
N 1
JleicTBUTEIIbHBIC Ve TolHBLI
4 | oTpulaTeabHbIe y3en
P12 = -0,
2
Ax,
o 1 2
JleicTBUTEIIbHBIE 1 HeveTol B
5 | HOIOKUTEIBLHEIE | y
. t Mo y3en
P12 = *Q 9
X1
A
Xl\y Mo AX
JlelicTBUTEIIbHBIE !
6 | pa3HBIX 3HAKOB > 2 > Cemio
=+ t X1
P12 = Qi
Mo
2 C
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bugyprayua — npuodbpereHne HOBOrO KadyecTBa B JIBUKEHUAX JU-
HAMHWYECKOM CUCTEMBI MPU MAJIOM U3MEHEHUHU €€ mapaMmeTpoB. MHaue ro-
BOps, 3TO M3MeHeHHe (ha30BOrO MOPTpPeTa JUHAMHYECKOW CHUCTEMBI MPH
M3MEHEHUH BXOJSIIETO B YpaBHEHUE MTapaMeTpa.

ITpoBOoAUTH aHANM3 BIUSHUS MOCTOSHHBIX MApaMETPOB MOJIEIU CHUC-
TeMbl Ha BUJ (Ha30BOM TPAECKTOPUM MOXKHO TIO0 OuUu@ypKauuoHHOU
ouazpamme. PaccMoTpuM €€ MOCTpOECHUE Ha npumepe auddhepeHimaibHo-
ro ypaBHeHHs 2-TO mopsaka (2.1), ommchIBaromero cBOOOIHYIO COCTaB-
JISIFOIIYHO CUCTEMBL.

KopHu nanHoro ypaBHeHHUs P U P2 ONPEICIISIOTCS Yepe3 JUCKPUMMU-
HaHT O BBIPAKECHUIO

:_a1i\/a12_4aoa2 _ % a _& (2.10)
EN

— +
Prz 2a, 2a, \/4a’

Brenem crenyromue 0003HAYCHUS:

. By (2.11)
a Ch)

Torna Beipaxkenue (2.10) Oyner uMeTh BUL

B —o++o’—4A

P2 = 5

Cyns mo BelpakeHHIO (2.12), TN KOpHEH XapaKTepUCTUUICCKOTO
YpaBHEHUSI CUCTEMbI OY/IET 3aBUCETh OT 3HaKa KO3 PUIMEeHTa G U TOJIKO-
peHHOro BhIpaxeHus (6 — 4A). PaccMOTPHM ILIOCKOCTB C MPSMOYTOJb-
HBIMH KOOpJIMHATaMu [G ; A] © oTMeTHM Ha HEel 00JIaCTH, COOTBETCTBYIO-
IIME TOMY WJIH HHOMY COCTOSIHUIO CHCTEMBI, KOTOPOE OMpPENESAETCS TH-
IIOM KOPHEW XapaKTepUCTUUECKOr0 ypaBHEHUS (puc. 2.3).

YcnoBueM yCTOMYMBOCTH COCTOSIHUSI paBHOBeCHUs] OyAE€T HaJIM4YMe
OTPULATEIILHON JEUCTBUTEILHON YaCTU y KOPHEU Py U Py, T.€. o < 0. He-
00X0MMOE U JOCTATOYHOE YCIOBHUE ITOTO — BBINOJHEHHE HEPABEHCTB
c >0 u A > 0. Ha guarpamme 3TOMy yCJIOBHUIO COOTBETCTBYIOT TOUKH, pac-
TIOJIO)KEHHBIE B IIEPBOI YETBEPTH TUIOCKOCTH apameTpoB (oomactu | u 11).

Ocobas Touka Oyaer ¢hokycom, eciid P; U Pz KOMIUIEKCHBI. DTOMY
YCIIOBUIO COOTBETCTBYIOT T€ TOUKHU IIIOCKOCTH, JIsI KOTOPBIX (02 —4A) <0,
T.€. TOYKM MEXK]y JIByMsl BETBSIMU MapaOOoJibl 6° = 4A (o6mactu Il u I11).
Touku nonyocu ¢ = 0, A > 0 COOTBETCTBYIOT COCTOSTHUSIM PaBHOBECHUS TH-
na yewmp Ha ocu abciucc. Ecnu p; U P, — IEHCTBUTENBHBI, HO Pa3HbBIX

(2.12)
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3HakoB nipu A < 0 (oOmacte V), To ocobas Touka Oyner cedrom u T.1. B
UTOT'€ MBI IIOJIYYHM JHAarpaMMy pa3OueHHs INIOCKOCTH IMapaMeTpoB o, A Ha
00J1aCTH, COOTBETCTBYIOIINE PAa3IUIHBIM THIIAM COCTOSIHUSI PABHOBECHSI.

A

Puc. 2.3. budypkanronnas auarpamma

Ecnu koapduiiventsr ay, a;, 8, 3aBUCAT OT HEKOTOPOro mapamerpa
CUCTEMBI, TO TIPU U3MEHEHUHU ITOrO TMapamerpa OyayT MEHSTHCS U BEJIH-
ynHbl o, A. [Ipu nepexojie yepes rpaHuiibl Xxapaktep (Gpa3zoBoro moprpera
KaueCTBEHHO MeHseTcs. Ha muarpamme BHUIIHO, KaK MOTYT TPOXOAWTH Ta-
Kre u3MeHeHus1. Eciy uCKITIounTh 0COOBIe CiTydan — Hadalo KOOpAWHAT, —
TO JIETKO BHUJIETh, YTO Ce00 MOXKET MEePEXOIUTh B y3ei, YCTOWIUBBIN WIIH
HEYCTOWYMBBIA NIPU MEPECEUECHUN OCU OPJIUHAT. YCcmouuusslil y3ean MOXKET
nepeniTu Jmbo B cedino, MO0 B ycmotuuugwvlii ¢poxkyc u T.J1. OTMETUM, UYTO
NIEPEXO0/Ibl YCMOUYUBDLU V3€e/l — YCMOUUUBHIL POKYC U HeYCMOUYUBHIU Y3ell
— Heycmouuusslll oxyc He SABISIIOTCS OM(YpPKAIMOHHBIMU, TaK KaK TOIO-
jorus (pa3oBOTO MPOCTPAHCTBA MPU ITOM HE MEHSETCH.

[Ipu OudypKaMOHHBIX MEPEX0Iax MEHSIETCS XapaKTep YCTOWYUBO-
cti oco0oil Touku. Hampumep, ycmouuuewiii ¢ooxyc depe3 IEHTP MOKET
NEePEXOAUTh B Heycmouuuswill gokyc. Ita Oudypkanus Ha3blBaeTcs Ou-
dbypxanueir AuapoHoBa-Xornda, 1o UMEHaM HUCCIEAO0BAaBIINX €€ YUYEHBIX.
[Ipu 3101 OudypKaluu B HEMMHEUHBIX CUCTEMAX MPOUCXOIUT POKICHHE
IPEAeNIbHOTO IMKJIa U CUCTEMa CTAHOBUTCS aBTOKOJIEOATENbHOM.
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2.6. IlocTpoeHne nmepexoHON XapaKTePUCTUKHU MO (Pa30BoOM
TPAeKTOPUH CUCTEMBI

B ir060i#i Touke Ga3zoBOro mpocTpaHCcTBa KOOPAUHATHI (ha30BOU Tpa-
CKTOPHUH OJIHO3HAYHO CBS3aHBI CO BpeMeHeM, T.e. X; = f(t) u x, = f(t). ITo-
CKOJIbKY (ha30Basi TPACKTOPHUS CHCTEMBI sBIIsieTCs rpadukom X, = f(X1), TO
3a7a4y TOCTPOCHHUS MEPEXOAHON XapaKTEPUCTUKU MO (Pa30BOH TPaeKTo-
PHH CHCTEMBI MOYKHO PEIIUTH TPapUUECKH.

PaccMoTpuM HavallbHBIH ydacToK (a30BO¥M Tpaektopuu (puc. 2.4).
JIomyCTHM, 4TO B OKPECTHOCTSAX KaXKI0W m3o0paxaromiend Touku Mi(xyi; x2)
¢da3zoBas TpaeKTOpHWs JIMHEHHA W WMMEET TOCTOSIHHBIN HAaKJIOH dX,/dX;.
Torma Bpemsi KI3MEHEHHUST BBIXOJHON BETUYHMHBI Al B OKPECTHOCTSIX TOUYKH
M MOXHO ONpeaeTuTh aHATUTHUSCKH KaK OTHOIICHUS WHTEpBaia MpUpa-
IIEHUsT BEJIMYMHBI K CKOPOCTH €€ M3MEHEHHUsS WM B rpauueckoil uHTep-
IpeTanuy Kak KoTaHTeHe yria o (puc. 2.4):

| X, + AX

2AL = _—'| =2ctga . (2.13)
Xy,

Mi1(6113 X21) M (101 x00)

M3(x13; Xx23)

Ma(x14; X24)

X10 = Yo

Puc. 2.4. TlocTpoeHue nepexoaHON XapaKTepUCTUKU M0 (a30BOM TpaeKTOpUU
CHUCTEMBI
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JI1st TOCTPOCHUS TIEPEXOHOM XapaKTEPUCTUKU CTPOMTCS CIICIIHATb-
Has nuarpamma Ha (a3oBoit TpaekTopun. CyTh METOJIUKH TTOCTPOCHHUSI CO-
CTOUT B TpauUUECKOM HAXOXKICHUHM IMPUPAIICHUS BBIXOJHOW BEITMYHHBI
cucTteMbl Ha (Ha30BOM TPACKTOPHHU 3a OJMHAKOBBIC MPOMEXKYTKH BpPEMEHU
At. Tlepen moctpoeHreM HEOOXOAUMO 3a7aTh JKEJIAEMBIH IIar TUCKpeTH3a-
M1 BpeMeHU Al U BBIUMCIMTH COOTBETCTBYIOIIMK €My YroJl o Ha Jua-
rpamme. Iloctpoenne HaunHaeTcs u3 ToUkH Mo(xio; X20). I3 TOUkM X109 Ha
ocH a0CICC TMPOBOAMTCS JIyd IO YIJIOM o J0 TiepecedeHus: ¢ (Gpa3oBou
TpaeKTopueH, monydeHHas Touka Oyaer Mi(xi1; xp1). Janee ¢ He€ omycka-
€TCs CHMMETPUYHBIN Jyd Ha ochb abcrucc. OCHOBaHUE MOJYYEHHOTO pPaB-
HOOEAPEHHOTO TpeyroJibHUKa 2Ax; paBHO MPUPAIICHUIO BBIXOJIHOW BEJH-
YUHBI CUCTEeMBI Y 3a Bpems 2At, a koopauHaTa X3 — MPHUPAIIECHUIO Y 3a
Bpems At. Tenepb MOXKHO MOCTPOUTH JIBE€ TOUKH MEPEXOJHOU XapaKTepH-
CTUKH Yo U Y1 B MOMEHT BpeMeHU 0 u At COOTBETCTBEHHO. 3aTeM U3 MOJTy-
quBIIeHcs TOYKM 1 Ha ocu abCIMCC MPOBOIUTCS JIyd MO YTIIOM O IO Tie-
pecedenus ¢ ¢a3oBoit TpackTopuel B Touke My(x12; X22), ¢ He€ omyckaeTcs
CUMMETPHUYHBIN JTy4d Ha och abcuucc. [lonydaem cnenytoiiee nmpupamieHue
BBIXOTHOUM BEJIUYUHBI CUCTEMBI Y 3a BpeMs At, CTpOUM TOYKY Y, U T.J1.

2.7. MeTtoa (¢a30Boii MI10CKOCTH

MeTton aHanM3a U CUHTE3a CUCTEMBI YIIPaBJIEHUS, OCHOBAaHHBIN HA I10-
CTpOEHUH (Pa30BOro MOPTPETA, HAZBIBAIOT MEMOOOM (PaA30601l NAOCKOCHU.
Meton $a3oBoil MIOCKOCTH UCHOIB3YETCS JJIsi UCCIEAOBAHUSI HEJIWHEH-
HBIX CUCTEM, JIJMHEHHAs 4aCTh KOTOPBIX OMUCHIBAETCS AU((PepeHInATbHBIM
YPaBHEHUEM HE BBIIIE BTOPOTO MOPSIKA, & HEJTUHEUHBIA AJIEMEHT MOXKET
ObITh JTH00BIM. MeTo1 aHanu3a 1o (a3oBOM MIOCKOCTH JHOCTATOYHO MPOCT
U OTJIMYaeTcss OOJBIION HArfsaaHOCThI0. OIleHKa YCTOMYMBOCTH B METOJIE
(ha30BOM TNIOCKOCTH ONMPAETCA Ha OAHY U3 (POPMYIHUPOBOK YCTOMYMBOCTH
A.M. JIamyHoBa.

Dopmynuposka ycmouuugocmu cucmemvl no JIanynogy: HEBO3MY-
[IEHHOE JBUKEHNE HA3bIBAETCSI YCTOMYMBBIM 10 JIAIMyHOBY, €ciu s JIo-
O0ro CKOJIb YIOJHO MaJIOTO MOJIOKUTEIBHOIO YKCIIa € HAlAETCsl TaKoe To-
JIOKUTENbHOE YUCIJIO 0, UTO B JIIOOOM MOMEHT BpeMeHu t > ty paccTosiHue
0T 300pakaroiiei Touku (Hpa3zoBoil TpaeKTOPUH JO Havasla KoopauHaT da-
30BOM TuIOCKOCTH X(t) MEHbIIE €, MPU KOHEYHOM HAYaIbHOM OTKJIOHCHUH,
T.¢. ipH |xo(to)| < 9.

lx(t)| < € mpum t > to, ecom |xo(to)| < 0. (2.14)
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HeBo3MyllleHHOE JBUKEHHE CUCTEMbI HA3bIBACTCS ACUMRMOmMUYe-
cKu ycmoutuugvim no Jlanynogy, eciv Npu KOHEYHOM HAa4aJIbHOM OTKJIO-
HeHuH |xo(fo)| < O da3oBas TpackTOpHUs CTPEMHUTCS K Hadally KOOpJIUHAT
IIPU CTPEMJICHUU BPEMEHH K OECKOHEYHOCTH.

x(t) = 0 mpu t — oo, eciu |xo(to)| < 0. (2.15)

[IpuBeieHHBIM ONPENEICHUSIM YCTOMYMBOCTH MOYKHO JaTh CIIEIYFO-
IIyI0 TeOMeTpHUYeCKyr0 HHTepnperarnuio. Ilycte Ha (a30BOM IMIIOCKOCTH
[X1; X2] Mo(X10; X20) — OTKIIOHEHHE CUCTEMBI OT 33JJaHHOTO YCTAHOBHMBILIETOCS
sHavenus npu t = 0 (puc. 2.5).

DTO OTKJIOHEHHME HAXOJUTCS B Ipenesiax MpsSMOYTrojibHHKAa CO CTOPO-
Hamu 20; u 20,. Ha mutockocTu mnokaszaHsl 0071acTH, B KOTOPBIX MOXKET HaXo-
JUTBCSL CUCTEMA, B BHJIE TPEX OKpYykHOCTEeH. OKpyXHOCTh paguyca I — 0
COOTBETCTBYET 00JIACTH aCUMITTOTHYECKON yCTOMYMBOCTH, TJI€ OTKJIOHCHHE
nkeHus x(t) — 0. Okpy»KHOCTh pajlyca & COOTBETCTBYET 001aCTH YCTOM-
YHBOCTH C JIOITyCTUMBIM OTKJIOHeHHEM |x(t)| < &. OkpyXHOCTH paanyca p co-
OTBETCTBYET HEJIOMYCTUMOMY YBEIMUEHUIO OTKJIOHCHHUS IBIKEHUS, TIPH KO-
TOPOM CHCTEMa CTAaHOBUTCS HEYCTOWYMBOW. Tpu (ha30BBIX TPAECKTOPHUU Je-
MOHCTPUPYIOT TPU PEKUMa padOThl CUCTEM IPHU OMNPEICIICHHOM Hadalb-
HOM oTkjioHeHuHu |xo(to)|. IlepBas TpackTopust 1 COOTBETCTBYET aCHMIITO-
TUYECKH YCTOMYMBOW CHUCTEME, TPACKTOpHUS 2 — YCTOMYHMBOM C JIOMYCTHU-
MBIM OTKJIOHEHHEM U TPACKTOPHS 3 — HEYCTOMYHNBOUM CUCTEME.

X, A

!
\J

1
1
\
\

@
!
|
[
|
|
[
[
[
@
MO(xlO;:)CZO)

. ~ -

L . 1

Puc. 2.5. ®a3oBbie Tpa€KTOPUHM YCTOMYMBBIX U HEYCTOWUYUBBIX CHCTEM
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B xauectBe npumepa paccMoTpum MeTo 1 (ha30BOM TUIOCKOCTH JIsl He-
JMHEWHOH crcTteMbl (cM. puc. 2.6) ¢ peneliHoit xapakTepucTukoit F(X) oOre-
ro Buja «Tpexmo3uIMOHHOE pelie ¢ TueTepe3ncom» (cm. Tadi. 1.1, m. 9).

u X HD z v el oy et

J9

Puc. 2.6. CtpykrypHas cxema HenuHetHOU ACY

YpaBHeHue AuHaMUKH 00BbeKTa yrpaBieHuss OV coBMECTHO € yCT-
poiicTBOM ymnparieHus YV B onepaTopHoil opmMe UMEET BUT

Kz
(T1p+l)y:?, (2.16)

a ypPaBHEHHE PEJECHHOTO PEryisiTopa — HEJIMHEWMHOTOo 3jeMeHTa HO npu
BX0JTHOM Bo3zaewcTBruM U(t) = O onmchIBaeTCs HEMMHEWHOHN (yHKITHEH

z=F(x)=-F(y), (2.17)

rae X = =y u F(-y) = =F(y), T.x. HeuHelHas pesieiHas XapaKTepuCTUKa
HEUYETHO-CUMMETpUYHas (CM. puc. 2.6).

YpaBHEHUE NUHAMUKUA PEIIEMHOIO PETYIATOPA C XaAPAKTEPUCTUKON
«Tpexmno3unuoHHoe pese ¢ THCTEPE3UCOM» MpUBeAeHo B Tadm. 1.1, m. 9.

OO6mee HenuHeltHOE TU(depeHITnaTbHOE YPaBHEHUE IUHAMUKU CHC-
TeMbI HalijieM, nmojactaBuB (2.17) B (2.16). B pe3ynbraTe moaydnm

2
Tld—zy ﬂz—K-F(y). (2.18)
dt® dt

3armumem ypaBHeHue (2.18) B Buae cuctemsl auddepeHnnaIbHbIX

ypaBHEHHH 1-T0 MOpsaKa, BBEAS HOBBIC IepeMeHHbIE cocTosTHUS Xi(t):

X\ =Y, %=Y,%=V. (2.19)
Torna monens cuctemsl B hopme Korm Oyier umeTs BUA
Xl = Xz;

x. K (2.20)
X, =——2——-F(x).
T T ()
Otcroaa nonyunm auddepeHmanbHoe ypaBHEHHE (Pa30BbIX Tpack-
TOpUM
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1 K FX) (2.21)

[Tpounrterpupyem ypaBuenue (2.21) u moayuuM ypaBHeHHE (Ha30BOM
TPACKTOPUU CHUCTEMBI

X, = KF (x,)T, In[x, + KF (x,)]-T,x, + C. (2.22)

B cBs3u ¢ peneitnoit QyHKIMEH perynstopa Ha (a3oBOM MIIOCKOCTH
[X1; X2] mMoxHO BBImEnmuTH Tpu obmactu: (1) F(x1) = -B; (2) F(x)) = 0;
(3) F(xy) = +B. Otu Tpu obmactu pasieicHbl U IOKa3aHbl ITPUXOBBIMU
JVHUSMY TIEPEKIIIOUeHUs Ha puc. 2.7.

B o6mactu (1) F(x;) = —B ypaBHenue (2.21) npuHUMaeT BU/

»_ 1, K8 (2.23)
Xl Tl Tl X2

[TpouHTErpHUpPOBAB €r0, MOTYYUM ypaBHEHHE (a30BbIX TPACKTOPHM B
obnactm (1)

X, =—KBT, In[x, —KB]-T,x, +C,, (2.24)
rine C; — koappuImeHT, 3aBUCSINUI OT HAaYaJIbHBIX YCIOBUH Xi9 U Xo.
C, = KBT, In|x,, — KB|+ T,x, + X (2.25)
B o6mactu (2) F(X;) = 0 ypaBHenue (2.21) npuHUMaeT BU/T
X 1 (2.26)
X T
[TpouHTErpUpPOBARB €T0, MOJIYYHUM YpaBHEHHE (a30BBIX TPACKTOPUN B
obnactu (2)

X, =—TX,+C,, (2.27)
rae C, — koapuimeHT, 3aBUCAIINI OT HaYaJIbHBIX YCIOBUH X109 U Xo0.
G, =X + 11Xy (2.28)

B o6mactu (3) F(x,) = +B ypaBHenue (2.21) npuHuMaeT BU/

b 1 KB (2.29)
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[TpouHTErpHUpPOBAB €r0, MOTYYUM ypaBHCHHE (a30BbIX TPACKTOPHM B
obaactu (3)

x, = KBT, In[x, + KB]-T;x, +C;, (2.30)

rae Cz — koadpuimenT, 3aBUCAIIUN OT HAYaIbHBIX YCIOBHH X190 U X20.

C, = —KBT, In|x,, + KB|+ T,x + Xy5. (2.31)

®da3oBbie TpaekTopuu B obnactu (1) umeror acumnroty X, = KB, k
KOTOPOW OHU CTPEMSITCS MpHU yBeluyeHuu X;. B obnactu (3) dazossie Tpa-
EeKTOPUU HUMEIOT acUMNTOTy X, = —KB, K KOTOpOil OHU CTpeMmsTCs Npu
yMeHbllleHuu X;. Bennunna KB omnpenenser MakcMMaabHYIO CKOPOCTh U3-
MEHEHUS BBIXOHOMN BETUYUHBI X; IPU CBOOOTHOM JIBUKEHUH CUCTEMBI.

Puc. 2.7. ®a3oBsiit mopTpeT HenmuHeHOM ACY

B nenom (azoBbie TpaekToOpuK NPUHUMAIOT CIIUPATIEBUIHYIO PopMy.
DTO COOTBETCTBYET 3aTyXaloIIMM KojiebaTenbHbIM Mporeccam. OaHako
KoJIeOaTeNbHbI MPOLECC 3aTyXaeT HE 10 HyJs, a 10 HEKOTOPOIo MpOou3-
BOJIBHOT'O 3HAUCHUs B MHTEpBajie —b; < X; < Dy, X, = 0, T.e. BHYTPH 30HBI
HEYYBCTBUTEIBHOCTU pese. TakuMm o0pa3oMm, BMECTO 0COOOW TOYKH 31€ECh
NOJTy4aeTCsl OCOOBIN ompe30K paeHOBECHBIX COCMOAHUN (OMPE30K NOK0),
MOKa3aHHBIM YTOJIIIEHHON JUHUEH Ha puc. 2.7.

B cnyuae peneriHoM xapakrtepuctuku «MpeanmbHOoe TpPEXMO3WIIUOH-
Hoe pene» (cm. tadum. 1.1, . 7) kapTuHA (pa30BbIX TPACKTOPHUIl OyIeT aHa-
JorHYHa U300pakeHHOM Ha puc. 2.7, HO Tenepb by = b, = b, T.e. MMHUY TIe-
peKIItoYeHUst OyTyT COBMEIIIEHBI 110 OCH X;.
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B cimydae peneiriHON XapaKTEPUCTUKHU «/[ByXIO3MLMOHHOE peje C
ructepesrcom» (cM. tadu. 1.1, m. 8) Oymer orcyrcTBOBaTh 00jacTh (2).
Takum o0Opazom, ocTaeTcs MO OJAHOM JMHUM MEPEKIIOYEHUS] B BEpXHEU U
HIDKHEH MOTYIUIOCKOCTAX (ha30BOM MIOCKOCTH (pHc. 2.8).

X, =y A
(1) b
Xo = KB ccoccoo Y cTOMYMBEIN NIPEIEIbHBIN
2 p
LIUKIT
Moz
| o >
M02 : Xp =Y
| 3
|
T = - - - - X, = — KB
I !
-b 4—’4»

Puc. 2.8. ®a3oBsrif moptpet HenuueHo ACY ¢ peAebHBIM [IUKIOM

CrneBa oT HUX cTpouM (ha30BbIC TPACKTOPUH MO ypaBHEHHUIO (2.24), a
crpaBa — 1o ypaBaeHuto (2.30). 13 ¢a3oBoro moprpera BUIHO, YTO CHAPY-
KU (pa3oBbie TpAaeKTOPUH O0pa3yIOT CXOMASIIMECS CHHUpPAIU, a U3HYTPU —
PacXOSAIINECs, W TIAS-TO CPEIU HUX JOJKEH OBITh MIPENeTbHBIN UK, K KO-
TOPOMY OHH BCE CXOJATCA. ITO YCTOMUYMBBIN MpPENebHBINA IIUKI, OTBEYAIO-
M aBTOKOJICOaHUAM. AMILIUTY/1a aBTOKOJeOaHuii A' onpenensieTcs ToY-
KO mepecedeHus MpeIeIbHOro UKIIA € OChblo X;. Du3ndecku aBTOKOJIEOa-
HUsL 00YCIIOBJICHBI HETMHEWHON XapaKTEPUCTUKON «J[ByXMO3UIIMOHHOE pe-
Je», He UMEIOIIEH PaBHOBECHOTO COCTOSIHMSI. ABTOKOJEOAHUS MPOUCXOIAT
OKOJIO TIETJIN peJie C aMIUIATYIOM, MPEBBIIIAONICH TOJOBUHY IIIUPUHBI NET-
mu b. B aBTOKOJICOAaTENEHOM peXHMe pabOTarOT, HAIPUMEDP, HUMITYJIbCHBIC
PETYISATOPBI HAMIPSIKEHUS CETH MOCTOSTHHOTO TOKA.

2.8. MeTo1 TOYeUYHBIX TPeoOpa3oBaHMii

Meton TodedHBIX TpeoOpazoBaHUi, pa3pabortaHHbId A.A. AHApO-
HOBBIM, TTO3BOJISIET OMPEACIIUTh CYIIECTBOBAHWE AaBTOKOJICOAHWN B HEJH-
HEHHOH crcTeMe, YCTOMYMBOCTD MIIM HEYCTOMYUBOCTD MPEISIHHOTO ITUKIIA
0e3 mocTpoeHus (a30BBIX TpaeKTOpuUil. B OCHOBe MeToda JEKUT HE IIO-
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ctpoeHue (Ha3oBOM TPAEKTOPUM, a PACCMOTPEHHE H3MEHEHUs (Pa30BoOi
TPAEKTOPUU TOrO y4acTKa, OMKUCAHHE KOTOPOTO MOKHO CleNaTh MO MpH-
OJIM>KEHHOMY JIMHEHHOMY AU PepeHInaIbHOMY YpaBHEHUIO 0€3 0COObIX
3arpyaHeHuil. [lo naHHOMY OTAENbHOMY Y4YacTKy MOKHO CYJIHUTh O BO3-
MOHOCTH WJIM HEBO3MO>KHOCTH BO3ZHHUKHOBEHUSI aBTOKOJICOaHUM.

[TycTh HauanbHOE MOJIOKEHNE U300PAXKAOIIEH TOUKU cucTeMbl M, Ha
TIOJIOXKHTEIBHOM TOJYOCH +X; COOTBETCTBYET KOOpAMHATE X9 (puc. 2.9, a).
N3o0paxkaroiiias TOYKa JBMXKETCS MO COOTBETCTBYIOIIMM TPACKTOPHUSIM M
CHOBa MPUXOJUT HA OChb +X; B TOUKy M, rae x13 < x19. Eciu npu mo0bix
3HAQUEHUSIX X109 OKA3bIBAETCA, YTO X1j BCEI/Ia MEHBIIIE X19, TO CUCTEMA UMEET
3aTyXarlMi U MO3TOMY YCTOWYMBBIM TEPEXOAHBIM TIpouecc. Ho ecim
X11 > X10, TO 3TO CBHJIETENBCTBYET O PACXOIALIEMCS U TIO3TOMY HEYCTONYH-
BOM Tporecce. Kornma moiyyaemM paBeHCTBO Xj13 = Xjp, TO CUCTEMa CHOBa
BEPHYJIACh B MCXOJHOE COCTOSIHME. DTO 3HAYUT, YTO CHCTEMa UMEET Mpe-
NeNbHBIN MK (aBTOKOJIeOaHus1). Torga 3HaUYE€HUE X1; MOXKET ObITh BBIpa-
KEHO Kak (PYHKIHS X1 4epe3 ypaBHEHUE (Pa30BbIX TpaeKTopui. DyHKIMS
X11 = f(X10) HAMISATHO WILTFOCTPUPYETCS OUAZPAMMOL HOUEUHBIX RPeodpa-
306anuit (puc. 2.9, 0).

B pesynbraTe 00x0/1a M300paxkaroiieid TOYKO Hauajia KOOpIMHAT TOY-
ka My nipeoOpasyercsi B Touky M;. @yukuyus npeoopazosanus X1 = f(X10)
OIpENENsIeT TOYEUHOE MPE0Opa30BaHUE BCEX TOUEK IOJIOKUTENBHOM MOITY-
OCH +X; B COOTBETCTBYIOILIME JIPYTHe TOUKH ITOU ke MOJIYOCH, T. €. OIMUCHI-
BaeT TOUYECYHOE MPeoOpa30BaHNE MOJIOKUTEIBHON MOJIyocH +X; B caMy ce0s,
MPOUCXOIIEE PU 00X0€ N300pakaroliel TOUKOM Hayalia KOOpAUHAT.

[Ipoeaem Ha puc. 2.9, 6 OGucceKTpUCY KOOPAMHATHOTO yTJia, KOTO-
pasi COOTBETCTBYET YPABHEHHIO X171 = Xjg. Toraa 3HayeHUs Xip, COOTBETCT-
BYIOILME 3aTyXaloLUM IIpoLieccaM, ONPEAENATCS y4aCTKaMH 3aBUCUMOCTH
f(X10), eKAMMH HIXKE OMCCEKTPHUCHI, @ PACXOISAIIUMCS TIpolieccam OyayT
COOTBETCTBOBATh Y4acTKH 3aBHCHUMOCTH f(Xy0) BbIe OuccekTpuchl. Touka
nepecedeHus 3aBucuMoctu f(Xi0) ¢ OMCcceKTpUCOl OnpeneNsieT aMILTUTY Ty
A' BO3MOXHBIX aBTOKoJIeOaHui B cucteme. [Ipu stom, ecimu kpusas f(Xqo)
nepeceKaeT OUCCEKTPHUCY CBEPXY BHH3 (TOUKA 2), TO KOJICOAHUS YCTOWYH-
BBI, & €CJIM CHHM3Y BBepX (Touka 1) — HeycToiumBbl. OTCIO/Ia YCIOBHS yC-
TOMYMBOCTH MPEIEIIBHOTO IIMKJIa B aHAIUTUYECKON (hopMme:

% <1 pH X11 = Xqp. (232)

dx,g
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a Xll‘ 6 X11 = X10

X 2 _
2 # X11 = f(X10)
f X Y cTounBEIN
10 1 §00509)
X11 X1 _HeycroitunBpiit

LUK

0]_4; >~

X10

A
——— <= P

Puc. 2.9. Metoa ToueqHbIX TpeoOpa3oBaHUI

OCHOBHBIM B METOJIC SIBJISIETCS HaXOXAeHHE QYHKIIMU mpeodpazoBa-
HUs X11 = f(X10) HA OCHOBE peleHUS ypaBHCHUH JMHAMHUKN CUCTEMBbI. Haii-
TH 3Ty PyHKIHIO B IBHOU (hopMe He Bcerja Jerko. B 0oJbIIMHCTBE cllyya-
eB ObIBaeT Jierde MPECTaBUTh YYHKUUIO npeodpazoeanus ¢ napamempu-
YecKoll popme, TPEICTABUB KOOPIUHATHI ABMKCHUS U300paXaromield To4-
KU X109 ¥ X11 U€pe3 apaMmeTp BpemeHH .

X0 = T (t);
X, =f (t)

X0 TOYEYHOTO MpeoOpa3oBaHUs HA TaKOW MapaMeTpUyecKon aua-
rpaMMe TIpOCIeXKUBaeTCs cieayromuM obpazoM. Crposrcs Tpapuku
byaknmit X9 = f(t) u X1 = f(t) (puc. 2.10). bepercs HekoTOpas UCXOHAS
TOYKa Ha KpUBOU Xio = f(t) mpu t = to. [lepemenmaemcss o BEpTUKAIU 0
kpuBoi X;; = f(t), HaXoas TeM caMbIM MOCICAYIONIYI0 TOUKY mpu t = ty.
3aTeM HaWJICHHYIO MOCJIEAYIONIYI0 TOYKY MPHHHUMAeM 3a HOBYIO HCXOJI-
HYIO, JUIS YeTO 0 TOPH30HTAIM IEPEHOCUM e Ha KpuBYIo Xio = f(t) yxe
npu HoBoM 3HaueHuu t = t;. [locie 3TOTO MEpexoMM CHOBa Ha KPUBYIO
X11 = f(t) u T.1.

Touka nepecedeHus UX JAaeT KOOPJIUHATY X113 = X190 3aMKHYTOM (hazo-
BOH TpaekTopuu (MPEACIbHOTO IUKJIA), MPUYeM a0CcIucca dTOM TOYKH OTl-
penensier nepuo I’ COOTBETCTBYIOIIUX KOJIEOAHUN CUCTEMBI. Y CIIOBUE YC-
TOMYHBOCTH IIPEIASILHOIO IIUKIa coXpaHsercs B Buae (2.32), Ho ¢ audde-
PEHIIUPOBAHUEM X1 U X11 TI0 Bpemenu t. M300pakennsii Ha puc. 2.10 ciy-
Yail COOTBETCTBYET YCTOMYMBOMY MPEACITHLHOMY ITUKITY.

Toueunoe mpeoOpa3zoBaHUE MOKHO OCYIIECTBIISITH HEOOS3aTEIBHO
Il IEUCTBUTENBHON noayocu + X;. MlHOraa mporie CcTpouTh auarpaMmmy

(2.33)
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TOYEYHOTO MpeoOpa3oBaHus sl MOTyocH +X;. B Tex ciydasx, koraa ¢a-
30BBI MOPTPET CUMMETPHYEH OTHOCUTEIBHO OJHOM W3 KOOPAWHATHBIX
OCeil, I0OCTaTOYHO HAXOJUTh TOYEUHOE MpeoOpa3oBaHUE ISl MOJIOBUHBI
o0opoTa n3obpaxarolield TOYKM BOKPYT Hauajga KOOPAUHAT, T. €. TOYEUHOE
npeoOpa3oBaHUE MOJIOKUTEIBHOW MOJYyOCH B OTpHUlAaTelbHYyr0. Eciu Ha
($ha30BOM MOPTPETE €CTh JIMHUU MEPEKITIOUEHHUS], TO OOBIYHO BMECTO KOOP-
JMHATHBIX MOJyocel yqoOHee HaXOIUTh TOYEUHOE MpeoOpa3oBaHUE AJIs
ATUX JIMHUM.

X A X10 = f(t)

X112 = f(t)

L -
t, t T t

Puc. 2.10. JInarpamMmma TouedHBIX TTpeoOpa3oBaHuii B mapaMeTpuyeckoi popme

B kauectBe mpumepa MeToJa TOYEUHBIX MPeoOpa3oBaHUN paccMOT-
pUM Ty K€ CUCTEMY, YTO U NpHU pazdbope meToaa ¢a3oBoi miockoctu. Cuc-
TeMa OMHUChIBaeTCs BhIpakeHusIMH (2.16) — (2.31). Tak ke, Kak ¥ B IIPe/Ibl-
IyIIeM TpUMepe, peNeHHBbIN pPEerylsTop OMHUCHIBAETCS XapaKTEPUCTUKOM
«Tpexmo3unuonHoe peie ¢ rucrepesucom» (cm. Tadn. 1.1, m. 9). dazosas
TPaeKTOPHS ITOU CUCTEMBI MTOKa3aHa Ha puc. 2.7.

YtoO0bI HCCEN0BaTh IMHAMUKY CUCTEMBI 10 3TOMY METOAY, HE00XO-
JIUMO BBISICHUTH, KaK B 3aBUCUMOCTH OT HadaJIbHBIX YCJIIOBHH Iepemeria-
eTcs Touka My o ocu abcuucc. s aToro Best hazoBasi TpaeKTOPHUS CHC-
TEMBI pa3esieTCcsl Ha OT/IebHbIE YUYACTKU:

I yuacrok, coorBercTBytommii oonactu (1). Ot 3HaYeHHS X; < —D,, KO-
IJla pelie BKIIOYECHO B TMOJIOKeHUe —B, 10 oTkiIroueHHs pene mpu X; = —b;
(cM. puc. 2.7);

II yuyacrTok, cooTBercTByromuii obOnactu (2). Pene OTKIIOUYEHO;
JBIDKEHUE CHCTEMBI 32 CUET WHEPIIMOHHOCTH CUCTEMBI IpH X; < 0]
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11 yuacTok, coorBercTBytonmii oonactu (3). OT 3HaueHHs X; > by,
KOT'JIa pesie BKIIOUEHO B MOJIOKeHue +B, 10 oTKirodeHus pene npu X; = by
(cm. puc. 2.7);

IV yuacrtok, coorBerctByromuii obnactu (2). Pene oTkirodeHo;
JIBUKEHUE CUCTEMBI 3a CUET HHEPIIMOHHOCTH CUCTEMBI TIpH X, > 0.

3mech Ha (a3oBoi mIockocTH (puc. 2.11) yactu ha3oBoii TpacKTOPUH
MiM;, u M3M,; OynyT npsAMOIUHEWHBIMU U OIHUCHIBATHCS YPaBHEHUSIMU
(2.27), (2.28), Ha yuactke ¢azoBoit Tpackropuu MoM; u M4Ms oGitactu (3)
umeeMm ypaBaenus (2.30), (2.31), Ha yuyacTtke (azoBoii Tpackropun M,M;
obnactu (1) umeem ypaBHuenus (2.24), (2.25).

I
<.
-

Xy
- )

| My(X14; Xo4)
Mo(X10; X
\& .O( 10 »20)

Ms(X15; X25) X1=Y

91
M3(X13; X23) :
|

b,
i
|
|

(1)
A

)

M1 (X115 X21)

Puc. 2.11. ®azoBas TpaekTopus HenmuHEeHON ACY

Ha yugactke MoMy, e F(x;) = +B obnactu (3), u3 ypaBuennii (2.30),
(2.31) monyyaem ypaBHEHHUE C HAUaIbHBIMH YCIOBUSIMH (X10; X20):

X, + KB

—T, (X, = X0 )+ X, - 2.34
B T @39

x1=KBT1In{

B touke M; mpoucxoaut mepekirodeHue peiae B o0aacte (2), cooT-
BETCTBEHHO ypaBHEHUE TpaekTopun yyactka M;M, umeer Bun

X :_Tl(XZ _X21)+X11v (2-35)
IJIe HadaJbHBIE YCIOBUS X11 M Xp1 OMPEACIISTFOTCS MTOJI0KEHUEM ToUkH M.
X11 = bl, (236)

a Xp1 ompeneisercs mo tpaekropuu (2.34) coBmecTHO ¢ yciaoBueM (2.36) u
HAYaJIbHBIM YCJIOBHEM Xy = O:
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X,, + KB
bl = KBTl In |:21T:| —T1X21 + X10 . (237)

Jlanmee Ha yuactke M,Ms, roe F(x;) = —B o6mnactu (1), u3 ypaBHeHui
(2.24), (2.25) mosrydyaeM ypaBHEHHE

X, — KB

XZZ_KB}—Tl(xz — Xy )+ Xz - (2.38)

X, :—KBTlln{

IJIe HAaYaJIbHBIE YCIIOBUS X12 U Xpp OMPENEIIAIOTCS MOJIOKEHUEM TOUKH M.
X12 = =Dy, (2.39)

a Xpp ompenenseTcs mo Tpackropuu (2.35) coBmectHO ¢ yciaoBueM (2.36) u
BhIpakeHueM (2.39):

—b, =T, (X, — %,y ) +b. (2.40)

Ecmu nipu X1, = —b, koopauHara X,; momydaercs > 0, To da3zoBas Tpa-
exkropusi ydactka M;M, nmpunuia Ha och abcumcc (pa3oBOM IIIOCKOCTH
(TpuxoBas JIUHUA Ha puc. 2.11), ¥ He0OOXOAUMO BBIYUCIIUTH KOOPAUHATY
X1, TOukH My, mexarei Ha ocH X; 1o Tpaekropuu (2.35) mpu Xz, = 0. JlaH-
HbIE KOOPJIMHATHI OYJIyT UCXOJHbIMU sl ydyactka M,Ms obnactu (1). B
Cllydae TOIaIaHnsl TPAeKTOPHUU Ha OTPE30K PaBHOBECHBIX COCTOSIHHUH, T.€.
pu —b; < X3i < D3 1 Xpj = 0 IBHKEHHE CUCTEMbI OTpaHUYMBACTCS 30HOM He-
YYBCTBUTEIBLHOCTH PeJie, COOTBETCTBEHHO MOYXHO TOBOPUTH O 3aBEPILICHUU
MEPEXOTHOTO MpOIEcca. DTH Ke 3aKITIOUEHHUs KACAIOTCS U KOHEYHBIX KO-
opauHat yyactka MzMs.

B Touke M3 cHOBa IPOMCXOAMT MEPEKIIIOUEHUE pesie B 001acTh (2) u
ypaBHEHHE TpaekTopun yyactka M;M, umeer Bun

X =-T, (x2 — x23)+ X5, (2.41)
r7Ie Ha4aJIbHbIE YCIOBUS X13 U Xp3 OIIPEACIISIIOTCS TOJIOKEHHEM TOUKHA M3.
X13 = —b]_, (242)

a Xp3 ompeneiseTcs mo tpaekropuu (2.38) coBmectHO ¢ yciaoBueM (2.42) u
BhIpakeHueM (2.39):

X,; — KB

- KB}_Tl(XZ?’ — Xy, )—h,. (2.43)

b, =—KBT1In{

[Tocneauuit yuactoxk MyMs, omsiTh nomagarontuii B oosacts (3), nme-
eT ypaBHCHHE
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X, + KB

= KBT, In
& " %y, + KB

— T, (X, = Xo0 )+ X4 (2.44)

rAC HA4YaJIbHBIC YCIIOBUA X14 U1 Xog OoNPCACIIAIOTCA MMOJIOKCHUCM TOYKHU M4.
X114 = bz, (245)

a Xp4 ompenensercs mo tpaekropuu (2.41) coBMecTHO ¢ yciaoBueM (2.42) u
BhIpakeHueM (2.45):

b, =T, (X, — Xy ) — by (2.46)

Hckomas Touka nociaegoBaTenbHOCTH Ms onpeaensercs Mo TpaekTo-
pun (2.44) nmpu iepecedeHn 0cH a0CITUCC, T.€. PH X = Xp5 = 0.

KB
X5 = KBTl In )(m.|.—|(B —T1X24 + b2 . (247)
Takum oOpa3om, cuctema ypaBuenuit (2.37), (2.40), (2.43), (2.46) u

(2.47) maet uckoMyro QYHKITHIO IpeoOpa3oBanms Xi5 = f(Xq).
2.9. N'apmMoHuYecKast THHeapu3anusi HeJIMHEIHHOCTei

["apMoHMyYecKas TrHeapru3auusa HEJIMHEWHOCTEH OCHOBAHA HAa METOMAE
rapmonuyeckoro 6amanca H.M. KpsutoBa u H.H. boromnto6osa. I"'apmMonu-
YyecKkasl JIMHeapu3alus SIBISETCS MPUOIUKEHHBIM METOJOM HCCIIEI0OBAHUS
HEJIMHEWHBIX CUCTEM W TMPUMEHSETCS TOJBKO B Cllydae, Korja JMHEWHas
4acTb CUCTEMBI SIBJISIETCS (PUIBTPOM HU3KUX YacCTOT. YTPaBisieMbIE CUCTE-
MBI, KaK MpaBujio, 00Jaaat0T CBOMCTBOM (DUIBTpA HU3KUX YACTOT, T.€. MPU
BO3HMKHOBEHHH MEPUOJAMYECKUX HECHUHYCOUIAIbHBIX PEKHMOB OHU HE
IPOITYCKAOT WM MPOIYCKAIOT ¢ OOJIBIIUM OCiabJIeHHEeM BTOpBIE U Ooiee
BBICOKME TrapMOHMKHU. [Ipu 3TOM nHHEHash 4acTh MOXET ObITh OmucaHa
mudepeHInanbHbIM ypaBHEHUEM JIFOOOTO MOPSAKA, a HEIIMHEUHBIA 3Iie-
MEHT MOKET ObITh KaK OJHO3HAUYHbBIM, TAK 1 MHOTO3HAYHBIM.

CyTbh rapMOHUYECKOHN JTUHEAPU3ALMKN COCTOUT B OMMCAHUU HEJIMHEH-
HOTO 3BE€HA JIMHEWMHBIM YpaBHEHHEM, KOTOPOE MOJydaeTcsl Mpu npeHeope-
*KeHun (0TOpachIBaHWM) BBICIIMMU TapMOHUKAMHU B Pa3NIOKEHUU HEIH-
HelHOU (pyHKuMH B pan Dypbe. Jpyrumu cioBaMu HETMHEUHBIN 3JIEMEHT
3aMEHSIETCSl TMHEUHBIM 3BE€HOM, MapaMETPhl KOTOPOTO OMPEACISIOTCS IPU
rapMOHUYECKOM BXOJHOM BO3JICHCTBUU W3 YCJIOBUS PABEHCTBA aMILIUTY/]
MEPBBIX TAPMOHUK Ha BBIXOJI€ HEJIMHEWHOTO 3JIEMEHTA U 3KBUBAJIEHTHOTO
eMy JIMHEWHOT0 3BEHA.
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CorilacHO gaHHOMY crnocoOy BBIOMpaeTcs HEKOTOpas pacyeTHas
CTPYKTYpHasi CXeMa, B KOTOPOW HEIWHEUHBIN 3JIEMEHT /10 BBIJICIICH B Ka-
YecTBE BXOJIHOTO 3BEHA, a BCS OCTalIbHAs JIMHEWHas 4yacTh JIY cucTembl
oObeMHEHA B OJHY OOIIYIO MEepeNaTOYHYI0 (PYHKIIUIO, KOTOpas pacrosia-
raercs mociie HeJIMHEHHOro seMenTa (puc. 2.12).

[IpoxoxaeHne CUHYCOMAAIBHOTO CUTHAJa Yepe3 HEIMHEHHYI0 CHC-

TeMy mpu BXxogHoMm BozxaekictBum U() = 0 moka3zaHo Ha pacyeTHO-
CTPYKTypHOH cxeMme (cM. puc. 2.12).

X Z y

>H3—>JY‘1—I—>

X(t) 2(t) 4 y(®)

ANVANEEN
VAV

Puc. 2.12. [IpoxoxaeHue CHHYCOUIAILHOTO CUTHAJIA YePe3 HETMHEHHYI0 CUCTEMY

Y

[TycTh HeIMHEHHBIN 3JIEMEHT UMeeT HelMnHelHyIo ¢yHkuuio Z = F(X).
[TomaauM Ha BXOJ 5TOTO 3JEMEHTa rapMOHHYECKuil curHai X = Asinot. Ha
BbIXozie mosryurM Z = F(Asinwt). DToT neproaudecKuii BBIXOTHOW CUTHAIT
HEJIMHEWHOT0O 3B€HA MOYKHO Pa3yIoKUTh B psia Dypee:

z= F(Asinmt):%+Z(An cosnot + B, sinnwt), (2.48)
rac rneppad v nmoCJICAYrOIUEC rapMOHUKU HMCHOT BBIPAKCHHC
21l
A== [ F(Asinot)d; (2.49)
n 0
® 21t/ ®
A =— | F(Asinot)cosnotdt; (2.50)
n 0
o 21l
B, =— j F (Asin ot)sin notdt. (2.51)
T

0

CrnenoBaTenbHO, Ha JIMHEWMHYIO YacTh CHUCTEMBI JCHCTBYET CUTHA,
COJIEpIKAIlUM BECh CHEKTP 4acTOT (MOCHE passioxKeHHsl ux B psia Dypswe),
KOTOpbI€ BO3HUKIIM B HEIMHEWMHOM 3jieMeHTe. B cuiy npuHiuna cymnepmo-
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3ULAY B JUHEWMHON YaCTU CUCTEMbI KaXKJas TAPMOHHUKA ICUCTBYET HE3ABU-
CUMO OT OCTJIbHBIX. AMIUIUTYJA Ka)KJI0W TapMOHHUKH Ha BBIXOJE JIMHEH-
HOM yacTH cucteMbl Y(t) OyaeT 3aBUCETh OT JUHAMUYECKHUX CBOWMCTB ATOU
JuHeHOoN yacTu. [IpeanonoxkumM, 4To Halla cuctemMa o01agaeT TeM CBOM-
CTBOM, YTO BEJIMYMHA aMIUIMTYJHON XapaKTEPUCTUKU HA YacCTOTaX BBIC-
IMX TAPMOHMK 3HAYUTEIILHO MEHBIIIE, YEM TIEPBOM:

|Vvﬂq(ja)n)|<< |\Nﬂq(1a))| (2.52)

DTO CBOWCTBO HA3bIBAECTCS CEOUCHMEOM (PuIbmpa HUZKUX YACHOM
JUHEWHOW yacTu cuctembl. [Ipu Hanmmuum cBoiicTBa (QuUIIbTpa JUHEWHAs
4acTh CUCTEMBI OyJI€T XOpPOIIO MPOIYyCKaTh NEPBYI0 TAPMOHUKY HEJIMHEN-
HBIX KojeOanuit Y(t) m ociabiaTe Bce BhICIIME rapMOHHKHU. [ToaTomy Ha
BBIXOJIE CHUCTEMblI paccMaTpPUBAETCSl TOJBKO mepBas rapMonuka. Ha puc.
2.12 »ta mepBas rapMoHuka Ha rpaduke Y(f) mokazaHa KUPHOW JTMHHEH.
JlaHHBI CUTHaAJI MO OOpaTHOW CBSI3M NPHUXOJUT HA BXOJ HEJIUHEHMHOTO
AJIEMEHTA, MOATOMY MEepEMEHHAsI X Ha BXO/I€ HEIMHEHHOTO 3B€HA OKAXKETCS
OnM3KoM K cuHycome X = Asinot.

CornacHo dhopmyiie (2.48) 3anuiiieM ypaBHEHHE MTEPBOM TApMOHUKH

z:%+A1cosoat+Blsinoat. (2.53)

[Ipy CHUMMETPHUYHBIX TAaPMOHUYECKHX KOJIEOAHUSIX OTHOCHUTEIHHO
ocu abciuce cocrapismonias ypasaenus (2.53) 4o = 0. Toraa ypaBHeHue
(2.50) MOHO 3amKcaTh B BUJIE

z=q(A)Asinot+q'(A)Acosot, (2.54)
rie K03 PUIUEeHTHI
B
A)=—L: 2.55
q(A) A (2.55)
A
'(4) ==L, 2.56
q'(4) y (2.56)

[ToncraBuB X = Asinmt u X' = AwCoswt B ypaBHeHnue (2.54), moayuum
BBIpQKEHHUE B OTIEPAaTOPHOU (hopMme

7 = q(A)X+ q'(A)%. (2.57)

JlaHHOe ypaBHEHHE HA3bIBAIOT YPAGHEHUEM 2APMOHUUECKOIL JIUHEa-
pusauuu, a xodpdunrentol q(A) u q'(A) — Kkoappuuyuenmamu zapmonu-
YecKoil TuHeapu3ayuu, ONpeIesIeMbIMUA BbIPOKCHHUSIMH:
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2

b |

F(Asing)singpde; (2.58)

2n

1
nd
1 : _
— | F(Asing)cosedo; (2.59)
nd
¢ =ot. (2.60)
[TpaBas yacth BeIpaxenus (2.57) nMuHEHHA IPU TOCTOSHHOW aMILTH-
Tyjae curtHaia A = CONst, T.e. crpaBelyiuBa TOJBKO JJisi KOHKPETHOIO Tie-
PUOIAYECKOTO penieHnss. Ho B 1eoM OHA COXpaHSAET HEJIIMHEWMHBIE CBOM-
CTBa, TaK Kak KOd()(PHUIMEHTHI JaHHOTO Teproaudeckoro perieHus ((A) u
q'(A) oT BenMUMHBI aMILIUTYbI KojeOanuii x(t). ITa 0COOEHHOCTH rapMo-
HUYECKOMN JIMHEapHU3alMu TO3BOJUT HMCCIEA0BAaTh OCHOBHBIE CBOMCTBA W
OCOOEHHOCTH MPOIIECCOB B HEJIMHEHHBIX aBTOMATUYECKUX CUCTEMAX.
I'apmonuueckoit nepeoamounou gynkyuen (I'l®) HenuueitHOTO
AJIEMEHTA HA3bIBAETCS OTHOLIEHHWE AMIUIMTYAbl MEPBOM TapMOHUKH BbI-
XOJTHOTO CHUTHajla K aMIUIMTyle BXOMHOro curHaima. ['TI® HenmHenHoro
3BE€HA UMeEeT OOIIUN BUJL
z(p)

' P
Wi, (p) = 2P = g(A) + q(A) 2. (2.61)
x(p) ®
YacrotHas ['TI® (komnnexcusiit korygppuyuenm nepedoauu) nuxea-
PHU30BaHHOT'O HEJIMHEHHOI'O 3BEHA MPH MOJCTAHOBKE P = j® UMEET BH]I

W5 (JA) = a(A) + Ja'(A). (2.62)

CrnenoBaresibHO, aMIUTUTYAHO-(a30Bas 4aCTOTHAs XapaKTEPUCTHKA
HEJIMHEWHOCTH F(X) 3aBHCHT TOJBKO OT aMIUTHTYABI A ¥ HE 3aBHUCUT OT
YacTOThI CUTHAIA M, B OTJIWYHE OT XapaKTEPUCTHUK JTUHEHHBIX 3BEHBEB.

[MapMoHUYECKYIO JIMHEAPU3AIUIO €I1I€ HAa3bIBAIOT aMILIUTYIHON HH-
TEPIOJISAIUEH, TaK KaK OHA XapaKTEePU3YyeT 3aBUCUMOCTh aMIUIUTY/bl BbI-
XOJHOTO CHUTHAJIa OT aMIUIMTY/Ibl BXOJIHOTO CUTHAJa U HE 3aBUCUT OT W3-
MEHEHUSI YaCTOThl BXOJHOTO curHaja. [[as OOJbIIMHCTBA HMH)KEHEPHBIX
pacyeToB Ccroco0 JaeT JOCTATOYHO aJIeKBaTHBIN Pe3yibTar.

CrnenyeTr UMeTh B BUY, UTO TapMOHUYECKAS JTMHEAPU3ALIUS SIBIISETCS
MPUOIMKEHHBIM OIMMCAaHUEM HEJMHEHHON XapaKTePUCTUKH, IMOJTYyYECHHOMN
10 U3MEHEHUIO NIepBOi rapMoHuKu psiyia Dypee. [Ipu 3TOM KOIMYECTBEHHO
HE OIICHUBAIOTCS MOTPEIIHOCTU B pe3yJibTaTe OTOPACHIBAHUS BBICIIUX rap-
MOHUK. HO MOXHO yTBep>KJaTh, UeM BBIIIE MOPSAIOK JTMHEHHON YacTh CHUC-
TEMBbI, TeM 00JIE€ CTPOTO BBITIOIHIETCS TUTIOTE3a (GUIBTPA HU3KUX YACTOT U
TEM OOJIBIIIYIO aJIEKBATHOCTh UMEIOT METOJIbl MCCIEAOBAHUS, UCIOJIb3YIO-
1€ TAPMOHUYECKYIO JIMHEAPU3AITHIO.

49




Buvruucnenue xoapgpuyuenmos eapmonuyeckou auneapuzayuu. Ecom
XapaKTEePUCTUKA HEIIMHEWHOTO 3JIEMEHTA SIBJISICTCS OJHO3HAYHOM W CHM-
METPHYHON OTHOCHTEIbHO Hadasia KoopauHat, To pyukmus F(Asinot) Oy-
neT Hed€THou. B atom ciyuae, cornmacHo dopmysie (2.59), MEMMBIH K03()-
¢burmenT rapmMonndeckoit auHeapusanuu ('(A) = 0, T.e. NP OTCYTCTBHU
TUCTEpe3Uca B XapaKTePUCTUKE HEJTMHEHHOTO 3JIeMeHTa (0/IHO3HAuYHasl Xa-
PaKTEpPUCTHKA), OHA 3aMeHsIeTCd KO3((UIIMEHTOM Mepe/iaun, 3aBUCSIINUM
OT aMIUIMTYbI BXOJHOTO curHaja ((A).

I'ucrepesucHas e meTyist BBOJAUT, COTNIacHO (2.54), mpou3BOJHYIO
BXOJTHOUM BEJIMYHMHBI HEIMHEHHOTO 351eMenTa. Tak kak '(A) < 0, TO SKBH-
BaJICHTHOE JIMHEITHOE 3BEHO, MOJyYEHHOE TO0CIIe JTMHEeApU3alul TUCTEepe-
3UCHOM peNleHON XapaKTepHUCTUKH, JTaeT OTCTaBaHWE CUTHaja 1o Qase.
OaHaKO MOXHO CIPOEKTUPOBAThH CIEHUAIBHOE HEJIMHEIHOE 3BEHO C Olle-
pexaromiei netien, 4To OyJeT SKBUBAJICHTHO JIMHEWHOMY OINEPEKEHUIO
¢da3wl Ipu BBEJACHUU MPOU3BOJAHON, HO C TEM OTJIIMYHMEM, UYTO BEITUYHMHA
omnepexxeHus paspl OyAeT 3aBUCETHh OT aMIIUTYAbI KOJIeOaHU, Yero HET B
JIMHEUHBIX CUCTEMAX.

B cnydasx, korja HelmMHEWHOE 3B€HO OMUCHIBAETCS CIIOKHBIM ypaB-
HEHUEM, BKIIIOYAIOUIUM CYMMY Pa3JIMYHbIX JUHEHHBIX U HEJIMHEHHBIX BbI-
paXeHuM, KaXIbl U3 HEIMHEWHBIX YJICHOB MOJIBEPraeTCsi rapMOHUYECKON
JMHeapu3aluu 1o otaenbHocTH. [Ipon3Benenue ke HelMMHEHHOCTEe pac-
CMaTpUBAETCA 00s3aTeTLHO B IIEJIOM, KaK OJIHA CJIOKHAsI HEIMHEWHOCTB.
[Tpu 3TOM MOTYT BCTPETUTHCS MHOTO XapaKTepa HeTWHEHHbIE ()yHKITHH.

B kadecTBe mpummepa paccMOTpUM JHHEAPHU3AIUI0 HETUHEHHOTO
JJIEMEHTa C XapakTepucTukon «laeambHOE TPEXIOZUIITMOHHOE pEIe»
(cm. Tabun. 1.1, m. 7). [lycTth Ha BXoJa HeJIMHEHHOTO 3BeHa (puc. 2.13, a)
MoJlaH CUHyCcOMAaIbHbIN curHan (puc. 2.13, 6). Ha BeIxoae pesneiHoro
3JIEMEHTa BO3HHUKAET MOCJIEA0BATEILHOCTh MPSAMOYTOIbHBIX UMITYIHCOB
(puc. 2.13, 6). BricoTa UMITyIbCOB COOTBETCTBYET BBIXOJAHOW BEITUIUHE
pene. YacTtora cieoBaHUS UMITYJIbCOB MOJHOCTHIO COBIAIAET C YacTO-
TOW BXOJHOTO CHHYyCOMAAIbHOTO curHama. lllupuHa uMimynbca 3aBUCHT
OT aMIUTATYIbl BXOgHOro curHama A. C yBelIW4YeHWEM aMIUTATYAbl A
IIMPUHA UMITYJIbCOB YBEIUUYUBAETCSI.

YyuThiBasi, YTO METIN TUCTEPE3UCA B XapaKTEPUCTUKE HET, TO KO-
¢burment rapMmonuveckoi nmuHeapusanuu ('(A) = 0. Torma ypaBHeHue
TapMOHUYECKOW JTMHEAPU3ALIMY UMEET BU/T

2n
z=q(A)X = xé [F(Asing)sinde. (2.63)
0
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Puc. 2.13. Onpenenenne k03 HUIIMEHTOB rapMOHUYECKOH JTMHEAPU3aAIIUH

Ha puc. 2.13, 6 BuaHO, 4TO pese cpabaThiBaeT MPU BXOJHOM CUTHAJIE
OoJtbllie 30HBI HEUYBCTBUTEIbHOCTH ASinmt; > b. Ha yuacTtke ot 0 10 ot
BBIXOJTHOTO curHaja HeT. CienoBaTelbHO, HHTETPUPOBAHUE HAJO0 OCYIIe-
CTBJIATH C MOMeHTa ®t;. [I0CKOIBKY BBIXOAHOW CHUTHAJ C PEle CUMMETPH-
9eH, TO MOXXHO W3MEHUTH MPE/IeTIbl MHTETPUPOBAHUS TSI yIPOIIEHUS B3sI-
THS UHTETpaIa.

WuTerpupoBanue OyaeT BBITIOJHATHCS B Tpeenax oT oty 1o n/2. Ora
4acCTh BXOJHOTO M BBIXOJHOTO CUTHAJIOB Ha puc. 2.13, 6 u ¢ 3amTpuxoBa-
Ha. 3aTeM pe3yJbTaT HaJ0 YMHOXHUTh Ha YEThIPE, YTOOBI TIOJYyUNUTh 3HAYE-
HUE UMITYJIbCOB OT Bcelt cuHycouasl oT ot = 0 1o ot = 2n. Onpexnensem
koapdunment q(A):

2n /2

1 ) i 4 )
A)=— | F(Asinp)sinpdo=— | Bsinotdmt; 2.64
q()nAl( 9)sinodp=— [ Bsinotde (2.64)

oty

4B w2 4B
A)=——|—-coSmt|  =—coswt,. 2.65
G(A) = -—[~cosot |}, =——cosot; (2.65)

B nosiydyeHHOM ypaBHEHUU BbIpa3zuM cosmt; yepes sinot;:
q(A)=%J1—sin2mtl. (2.66)
T
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3HaueHue Sinwt; CBA3aHO C aMIUIUTYI0N BXOJHOTO CHTHaia A U 30-
HOW HEYYBCTBUTEIILHOCTH peie b ciiemyonuM COOTHOIEHUEM:

sin ot =%. (2.67)

Takum o6pazoM, ¢ yuetoM (2.67) k03P PUITUEHT TApMOHUIESCKOM JIN-
HeapHu3alHu

4B bY 4B
A)=— [1-| = | =—+/A>-Db?, 2.68
) A (Aj A (2.68)
I'TI® nHenunenHOTrOo 3BeHA «lMI€anbHOE TPEXIO3ZUIMOHHOE PEJE»

npeacTaBJIsACT coOoi NACAIIBHOC YCHIIMTCIIBHOC 3BCHO, KOC—)(b(I)I/ILII/ICHT KO-
TOPOTO 3aBUCHUT OT aMIIJINTY IbI KoJIcOaHMI:

_z(p) 4B
H3( ) X( ) A2

(2.69)

PaccMoTpuM mosyueHrHe rapMOHHYECKON MepeaaToyHoll (yHKIHUH
HEJIMHEHHOTO 3JeMEHTa C XapakTepucTukon «MneanbHoe ABYXIO3UIIMOH-
Hoe pene» (cMm. Tabm. 1.1, m. 6). BeixogHol curnan Oyaer uMeTh BUJ, IO-
kKazaHHbIM Ha puc. 2.13, . Tlocme anmpokcumalyi BBIXOJAHOTO CHUTHAIA
NepBBIM djieHOM psifa Oypre B BUE aMIUUTYIbI BBIXOIHOTO CUTHAJIA TIO0-
JTydaeM Mpeebl U3MEPEHUS YeTBEPTH BBIXOJHOW CHHYCOU I OT ot = 0 10
ot = /2. J1a yacTh cUHYCOU bl 3alITpUxoBaHa. Toraa ko PuuueHT rap-
MOHMYECKOM rHeapu3aruu ((A) onpenensercs Kak

1 2n - - 4 /2 -
q(A) :—I F(Asing)sinpde=— I Bsinotdmt ; (2.70)
A TA ¢

0

4B 2 4B
A) = ———[—-cosmt 2.71
9(A) = —— A[ l, = — (2.71)
I'TI®D «MneanbHOTO ABYXIIO3UIIUOHHOIO PEJIE» UMEET BU
Z 4B
W, (p) =2 28 2.72)
X( p) nA

B kadectBe mnpuMmepa pacCMOTPUM JIMHEAPU3ALUIO HEITUHEWHOTO
AJIEMEHTA C PEIICMHOW XapaKTEPUCTUKON «/[ByXMO3HUIIMOHHOE pelie C TUC-
tepe3sucom» (cm. tadm. 1.1, m. 8) (puc. 2.14). Ilpu rucrepe3rcHON Xapak-
TepUCTUKE peneirHoro sneMenTta ['TID 3aBUCUT OT U3MEHEHUSI BBIXOJHOTO
CUTHAJIA 110 BO3PACTAONIEH U MO CIAIA0IIEH BETBU XaPAKTEPUCTHUKHU.
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[lepexitouenne pesie TPOUCXOANT MPU PABEHCTBE BXOIHOW BEITUYH-
HBI peJie Mopory ero cpadarbiBanus X = 0. [ToaToMy B MOMEHT mepeKITto-
YEHUs BEeJIMUYMHA SiNQ; onpenensercs BeipakenueM Asing; = b. OueBuHo,
4TO JJIs1 cpadaThIiBaHUsA peiie Heo0X0aumMo, uToObI ASing; > b.

Z A A F(Asino)
B +B
. 1 > : >
TO b X 0 01 T 2t @
—-B -B

Puc. 2.14. Onpenenenre ko3P PUIHEHTa TAPMOHUIESCKON JIMHEAPH3AIHH

Kosddumment q(A) onpeaensercs mo dopmyie (2.58), kak u (2.64),
TOJILKO MHTETPUPOBAHHUE OYIET BBITONHATHCS B mpeaenax ot 0 jo m ¢ ya-
BOCHHEM pe3yJjIbTaTa;

0 ot

2n oty
q(A) = ijl F(Asing)sinpde = E{J‘ —sinotdot + j sinotdot |;  (2.73)
A A
aw =22

B nonyuyeHHOM ypaBHEHUU BhIpa3uM cosmt; yepes sinwt; u ¢ yuetom
sinot; = b/A, kak u B popmyiax (2.66) — (2.68), 3anumiem

q(A) =%\/A2 —b*. (2.75)
T

Koadpdunment q'(A) onpenensiercs mo dpopmysie (2.59):

. 4B
mJ —ECOS(DH- (2.74)

2n ot

qA) =L [ F(asin (p)cosq)d(p:@ j _cosotdot + j cosotdot |; (2.76)
TEA 0 TE oty
2B . 4B .
(A)=—| - =——sinot,. 2.77
qm=—] W= psinet,@77)
[TorydyeHHOE ypaBHEHHUE ¢ yueToM Sinmt; = b/A 3anuinem kak
4Bb
(A)=—5. 2.78
(A= 279
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YactoTHas mnepenatouHas (yHKIUS «/[BYyXMO3UIIMOHHOTO peye C
TUCTEPE3UCOM» UMEET BUJ

) 4B
WH9 ( JA) =

2
T

. 4B
A’ —b® — ? : (2.79)
Monayins I'TID «/IByXMO3UIIUOHHOE PEJIE C TUCTEPEIUCOM» COBIAJIA-

€T C COOTBETCTBYIOIIUM BBIPAXEHUEM IS UACAIBHOTO pelle:
_ 4B

Wi, (i4)|= \/[q(A)T +[q'(4)] — (2.80)

@da30BbIM CABUT JJISl NIETJIIEBOM PEINEUHON XAPAKTEPUCTUKHU ONpEJie-
JSIeTCS KaKk
!
q(A)

b
©p(4)=arctg——~ = —arctg————.
q(A) VA2 —p?
B Ta6n. 2.2 npencraBiaeHbl ko3¢GGUITMEHTH TapMOHUYECKOHN JIMHEa-
pU3aMH A1 TUTIOBBIX HETMHEWHOCTEM.

(2.81)

Tabmuna 2.2

Koy puuueHThl rapMOHUYECKOM JJUHEAPU3ALMH THIIOBBIX HeJIMHEHOCTel

Ne /i | BueurHuii Bua XapakTepuCTHKU Ha3zBanue u ko3¢ duiimeHTs! 38eHa
1 2 3
zA 30Ha HEUYBCTBUTEILHOCTH
1 b /<varctg(k) q(A)ng—arcsinR—l2 A’ —bz}
> T2 A A
/ 0| b X q(A)=0 mpuA>b

HaceieHnue (orpanuueHue)

2B . b b 5 2]

A)=—arcsin—+—+A“—-b° |,

q() nb{ A A
q(A)=0mpu A>b

30Ha HEYYBCTBUTEIIbHOCTU
C HACBIIICHUEM

B T
e q(A)zi{arcsinb—z—arcsin5+
3 b, -b; L/ n(b, -b) A A

; i 0 b]_ bz X +% AZ_b22 _% [AZ_b12:|;
—/ i |B q’(A):O npu A > b,
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OkoHuanue Ta0. 2.2

2 3
7 JIrodT (MepTBBIit X011)
. q(A):£{£+arcsin(l—2—bj+
o /- _/<arctg(k) m|2 A
> 2
T /b X +2(1—@J 3—(3j ;
o AJVA (A
4kb b
"(A)=—""—|1-— | npu A=Db
a ( ) A ( AJ
ZA
B N eanbHoe ABYXIO3UIMOHHOE PENe
4B .
i q(A)=—"
0 X q(A)=0
—B
Z A
B M eanbHOe TPEXIO3UIMOHHOE PEIE
b q(A)=22 Jap2;
-
0 b X q(A)=0mpu A>b
----1-B
Z A
B JIBYXIIO3ULMOHHOE peJle C THCTEPE3UCOM
q(A)=22 Jap2;
b ~
o |b X 'A:_4Bb npu A>Db
T q ( ) TCAZ
-B
Z A
-- Tpexno3ULHOHHOE PEIIE C TUCTEPESUCOM
{ } q(A)ZZB[\/AZ—b2+\/A2—bf];
—b, -b; - A2 ?
0 bl b2 X q/(A):_ZB(bZ_bl) HpI/IAsz
A2
| -B
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2.10. Aaredopaunydeckuii MeTo/1 onpeaeieHusi aBTOKOJIe0aHUii
B HeJIMHEHHBIX CHCTeMAax

Janubid MeTon npeninoxui coBerckuit yueneid E.IIL. Ilomos. Pac-
CMOTPUM ONPEACICHUE CUMMETPUUHBIX aBTOKOJICOAHUN anreOpanyecKkum
METOJIOM Ha OCHOBE FrapMOHHUYECKOM JTMHEapr3alui HENMMHEHHOCTH. [TycTh
aBTOMaTH4Yeckas cuctema (cMm. puc. 2.6) ¢ 0oJHOH HeIMHEHHOCThIO F(X)
UMEET NepeAaTOuHy0 (DYHKIIUIO JUHEWHON 4acTu, 00JIalatonly0 CBOMCT-
BOM (pUIIBTpa HU3KHUX YACTOT:

Wﬂq(p)=m. (2.82)

YpaBHEHUSI JTMHEWHOM YAaCTU CUCTEMBI M HEJIMHEWHOTO 3BEHA MpHU
BX0THOM Bo3zekcTBum U(t) = O B omeparopHo#t popme:

Q(p)y=R(p)z;
2=F () =-F(y)

Torna ypaBHeHHE 3aMKHYTOM CHCTEMBbI B OIEpaTOpHOM ¢opme
IPUMET BU]T

(2.83)

Q(p)y=-R(p)F(y). (2.84)

Bo3MoOkHEBIE aBTOKOJIE0OaHUS BBIXOJIHOW BEIWMYHMHBLI C YACTOTOU ®' U
aMILTUTYZI0M A' 3amuiieM Kak

y=A'sino't. (2.85)

[Tocne rapmMoHWYECKOW JIMHEAPU3ALUU HEJIIMHEWHOTO SJIEMEHTA €r0
ypaBHEHHUE B ONepaTOpHOM (hopMe UMEET BUJT

2 —(q(A) . q'(A)gj y, (2.86)

rae koddduireHTs rapMmoHrueckon auHeapusanuu q(A) u q'(A) ompene-
JS0TCS coryiacHo opmyiam (2.75) u (2.78).

Torna ypaBHeHue 3aMKHYTOU cucTembl (2.84) ¢ yueToM ypaBHEHHUS
(2.86) B oneparopHoii (hopMe MPUMET BUJ

{Q(p)+ R(p)(q(A)+q’(A)£ﬂy =0. (2.87)
()}

[TockoybKy B MCKOMOM perneHun ypaBHenus (2.85) 4' = const u
®' = CONnst, To rapMOHMYECKHU JIMHEAPU30BAaHHOE ypaBHEHUE 3aMKHYTOU
cucrembl (2.87) MOXHO paccMaTpuBaTh Kak OOBIKHOBEHHOE JIMHEHHOE
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ypaBHEHHUE C MOCTOSTHHBbIMH KOd(Puinenramu. Crnenuduka ero coCTOUT
JUIIb B TOM, YTO UMEIOTCSI HEU3BECTHBIE TOCTOSTHHBIE KOA(PUIIUEHTHI, 3a-
BUCSIIIUE OT UICKOMOTO PEILIEHHUs, YTO U MO3BOJIMUT HaM MOJYUYUTh PEIICHUE
CO crenu(pUIECKUMH CBOMCTBAMU, TPUCYIIIUMH HEJIMHEUHOM CHCTEME.

3anuiieM XapakTepUCTUYECKOE YPaBHEHUE TAPMOHUYECKU JTUHEAPH-
30BAHHOU CHCTEMBbI

Q(p)+R(p)[q(A)+q'(A)£j:o. (2.89)
()]

[Teproguueckoe pemenue (2.85) ypaBHenus (2.87) cooTBeTCTBYET
nape YUCTO MHUMBIX KOPHEH P1, = £ j® XapaKTepUCTHUIECKOTO YpaBHEHUS
(2.88). ITosTOMYy 151 OTBICKAHHS 3TOTO PEIICHUS MEPEHIEM B YaCTOTHYIO
0011acTh, 3aMEeHHB ortepaTop P = jo. [Tomyunm

Q(jo)+R(jo)Xa(A) + ja'(A))=0. (2.89)

BBII[CJ'II/IM B 3TOM BLIPpA)KCHHUMU BCHICCTBCHHYIO U MHHMYIO Y4dCTH B
BHIEC

U(A )+ jV(Aw®)=0. (2.90)

B pesynbTaTe monyuum ABa anreOpanvyecKuxX ypaBHEHUSs, U3 KOTO-

PBIX U ONPEICIIAIOTCA MCKOMbIE aMILTUTyaa A' ¥ 4acTora ' Mmepuoude-
ckoro pemieHus (2.85).

(2.91)

U(A ®)=0;
{v (A,w)=0.

3aMeTuM, 4TO pelIeHUe 3a/1a4Ml YIPOINASTCS B CIIydae OJHO3HAYHOU
nemmueHocTu F(X) (q' (A) = 0), BMecTo ypaBHenus (2.88) 31ech nmeeM

Q(p)+R(p)a(A)=0. (2.92)

[Tpu mojcTaHOBKE P = j® BBIACIMM BEIICCTBCHHBIC 1 MHUMbBIC YaCTH
muorouwieHoB Q(p) u R(p) B Buze

Q(jw)=Uq(0)+ Vo (o)
2.93
(R (o N
Torma Bmecrto (2.91) nonyunm
Ug(@)+Ug(@)a(A)=0;
2.94
{VQ (0)+Ve ()a(A) =O. (2:99)

OTH IBa ypaBHEHUS MOKHO IPeoOpa3oBaTh K BULY
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B UQ(@).
=0 ) (2.95)

Ur(0Ng(@)-Uq (Ve (0)=0.

CHauvasia U3 BTOPOTO YpaBHEHUS OMPEACISIETCA 4acToTa ' MNEPUOIU-
YECKOI'0 PEICHHUs], a 3aT€M W3 MEPBOTO YPABHEHUS OMPEACIACTCS AMILIU-
Tyaa A'. BUHO, 4TO 4acToTa 3aBUCHUT OT MMapaMeTPOB JMHEHHON YacTu U
HE 3aBHCHUT OT (OpMBI OJHO3HAYHON HeluHeWHocTu. B cimydae rucrepe-
3UCHOW HEJIMHEWMHOCTH 3TO CBOMCTBO HAapylIaeTcs, U OyAeT UMETh MECTO
oOmuit cinyyaii ypaBaenuii (2.91).

Onpenenenre yCTOMYMBOCTH WM HEYCTOMYMBOCTH HAWJAEHHOTO TIE-
PHUOAMYECKOTO perieHust OyneT paccMaTpuBaThes B myHKTe 2.11 manHOTO
paznena. Ecnu meproanvecKkoe pelieHrne yCTOMYMBO, TO B HEIMHEWHOU
ACY umeetcs yCTOWYUBBIA aBTOKOJI€0aTEILHBIN MTPOIIECC.

B kadectBe mpumepa paccMOTpuUM anreOpanyecKuii MeToJ AJis He-
JMHEHHON cHCcTeMbI (CM. puc. 2.6) ¢ THIIOBOI HETUHEHHOM XapaKTepUCTH-
kot «Hacwimenne» (cm. tadi. 1.1, . 2) u «/I[ByXImo3uIMOHHOE peJie ¢ THC-
tepesncom» (cM. Tabm. 1.1, m. 8).

IlycTh ypaBHEHME TMHAMUKYN yCTPOMCTBA yIIpaBieHus YV

(T.p+1)o=K,z, (2.96)

a ypaBHEHHE IMHAMUKU 00beKTa ynpasienus OV Oynaer

(T,p+1)y = Koo (2.97)
p

YpaBHeHHe HenmuHEWHOTo 3eMenTa HO npu U(t) = 0 ommceBaeTcs
HeMMHeWHOH ¢yHkiueln «Haceimenne» (cm. taou. 1.1, m. 2).

YpaBHEHHE 3aMKHYTOW CUCTEMBI B omiepaTopHoii popme mpu u(t) =0
¢ yueroM popmyisl (2.17) OyaeT UMeTh BUJ

(T1p+1)(T2p+1) pyz_KleF(Y)- (2-98)

[locne rapMOHWYECKOW JMHEApPU3alMK HEJIMHEHMHOTO 3JIEMEHTa
«HacslIieHue» ero ypaBHEHUE B ONEpaTOpHOU Popme UMEeeT BUJ

z=-q(A)y, (2.99)

rae KodhGHUIMEeHT rapMOHUYecKoi nuHeapusanuu ((A) onpeaensercs co-
riaacHo Taou. 2.1, a koaddurment g' (A) = 0.

3amnuIeM XapakTepUCTUUIECKOE YPaBHEHNE TapMOHUYECKH JTMHEAPH-
30BAHHOW CHUCTEMBI
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TT,p°+(T,+T,)p* + p+K,K,q(A)=0. (2.100)

[Tpu moycTaHoOBKE P = jo BBIIEIUM coryiacHO BbipaxeHuto (2.90) Be-
IIIECTBEHHBIC ¥ MHUMBIC YaCTH XapaKTEPUCTUYECKOTO ypaBHEHUS TapMOHH-
YeCKH JINHEAPU30BAHHOM CUCTEMBI U IOTydnM 110 popmyiam (2.91) u (2.94)

{U (A ®)=K,K,q(A) = (T, + T, Jo? =0;

(2.101)
V(A 0)=o-T,T,0° =0.

W3 Broporo ypasuenus (2.101) onpezenseM 4acTOTy IEPHOIUIECKO-
T'O peleHus

o= (2.102)

1
VTlTZ
MIOJICTABJIsIEM TIOJIYYCHHOE BBIpaKCHHE B TepBoe ypaBHeHue (2.101) wu
NOJIy4aeM

T,+T,

A)y=—1""2_
q( ) I<1I<2T1T2

(2.103)
AMIMTya aBTOKoJe0aHul A’ onpeaensieTcs pacueTHbIM MYTEM 10

dbopmyne ko3pduieHTa TapMOHUYECKON JMHEApU3alud HEJIMHEHHOTO

aneMenTa «Hacprmenue» (cM. tadu. 2.1) wim rpadpuuecku (puc. 2.15).

q(A) A
k

L

A’ A
Puc. 2.15. Onpenenenue aMIuMTybl aBTOKOIe0anuii 4’

Ecim yuectb, uto kod3pduruent ycunenus «Hacomenus» K > q(A)
(cMm. puc. 2.15), u3 ypaBaenus (2.103) BBITEKAIOT YCIOBHS CYIIECTBOBAHUS
aBTOKOJICOaHUI B cUCTEME:

KKK, > 12 (2.104)
T1T2
K, =kK.K,: (2.105)
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k=—, (2.106)

rae Kpyz3 — 00mmit kodphUIMEHT yCuaeHUus pa3oMKHYTOM IeNH JTaHHOMN
CHCTEMBI B JIMTHEWHOM IUTaHE.

Jlerko Buaeth, uro popmyna (2.104) npeacrapiser coOoil yciioBue
HEYCTOMYMBOCTH 3TOM CUCTEMBI KaK JIMHEWHOM COTJacHO Kputepuro ['yp-
BUIIA, T/I€ TPAHUIA YCTOWYNBOCTH

T,+T7, 1 1
PA3 =Tt
L, T T

(2.107)

SIBJISIETCSI B TO JK€ BPEMS IpaHuUIle 00J1acTh aBTOKOJICOAHUM.

OTa TpaHWIla HaHECEHA IITPUXIYHKTUPHOW JMHUEH HA TUIOCKOCTH
napameTpoB [Kpy3;T1] mpu T, = const (puc. 2.16). Huxe 3TOM rpaHHUIbI
UMeeT MeCTO 00JIaCTh YCTOMYMBOCTH PABHOBECHOTO COCTOSIHHSI CHCTEMBI, a
BbIIlIE — 00JIaCTh aBTOKOJICOAHUM, Iie coriacHo BeIpakeHusMm (2.102) u
(2.103) umeeTcst OECKOHEUHOE MHOYKECTBO 3HAUCHHI A' 1 ',

KPAS’

O6nacTh
YCTOWYHUBOCTH

Puc. 2.16. O6nacTb yCTOWYMBOCTH M aBTOKOJIEOaHHUN

Jlist TOM ke HeIMHEHHOM cucTeMbl (M. puc. 2.6) mocie rapMoOHUYe-
CKOW JIMHEapU3allih HEJIMHEMHOTO 3JIEMEHTAa «/[BYyXITO3MIMOHHOE PENE C
THUCTEPE3UCOM» €T0 YPABHEHHE B ONEPATOPHOUN (popMe UMEET BUJ

7= —(q(A) +q’(A)£jy, (2.108)

rae kodhduimenTel rapmonndeckoii auaeapusanuu ((A) u q'(A) omnpene-
JsI0TCSA coracHo Gopmyiam (2.75) u (2.78).
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3anuiiem XApaAKTCPUCTHUICCKOC YPABHCHUC TAPMOHHUYCCKHN JIMHCAPU-
30BAHHOM CHUCTEMBI C «I[BYXHOE;I/II_[I/IOHHBIM peiic C THCTCPEC3UCOM»

TT,p* + (T, +T,)p% + p+ KK, (q(A) + q’(A)Bj ~0. (2.109)
Q)

[Tpu mocTaHOBKE P = j® BBIACIUM COTIacHO BhIpaxkeHuto (2.90) Be-
IICCTBCHHBIC ¥ MHHUMBIC YACTH XapaKTEPUCTHUECKOTO YpaBHEHUS T'apMo-

HUYECKH JINHEAPU30BAaHHOW CHCTEMBI M IOTy4YuM 10 hopmyie (2.91)
U(A o)=K,K,q(A)=(T, +T, o> =0;
( 03) 1K,0(A) ( 1 2) (2.110)

V(A o)=KK,q'(A)+o-T,T,o° =0.

[TogenuB mepBoe ypaBHEHUE CHCTEMBI Ha BTOPOE C YIETOM BBIpaKe-
auii (2.75) u (2.78), moay4yum CBS3b aMILIUTYIbI A’ M 4aCTOTHI IIEPUOIAYC-
CKOTO PeUIeHUS '

a(A) - (M+T,)e”

= : 2.111

q'(A) o' - Tsz(’)'3 ( )
r2_ 2 T T '

VAT D _(+T,)0 (2.112)

b  1-TT,0?

HaHHOG YPaBHCHUC HAKJIAJAbIBACT OI'PaHUUYCHHC HA 4YaCTOTY IICPHUO-
JAUYCCKOTIO pCIICHUS.

o < L (2.113)

\Y T1T2 |

Bripazum ammntyny A’ uepes 4acTotry o'

2
az || Tt T)ol e (2.114)
(1-TT,0%?)

M3 BTOpOro ypaBHEHHS CHCTEMBI ¢ yueToMm (opmyisl (2.78) momy-
9UM CBsI3b KOX(PUIIMEHTa yCUJIEHUs JuHEeWHoW yactu cuctembl KiK; c
aAMIUTATYI0H A’ ¥ 9acTOTON MEPUOTUIECKOTO PEIICHHS '
TEA'Z ' 13
K1K2:4—Bb( ~T,T,0°). (2.115)
PemuB ypaBuenune (2.115) ¢ yuerom dopmyaa (2.114) u (2.113) npu
T, =T, =01; B=25; b =05 nocrpoum 3aBucumocts K;K,(4'; »"),
M300paXeHHYIO Ha puc. 2.17.
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Puc. 2.17. 3aBucumocts K1K5(4"; ')

JlaHHasi 3aBUCHUMOCTb XapaKTEPU3yET MHOXECTBO aBTOKOJIEOATENb-
HBIX peKUMOB (4'; '), Bo3Hukamux B ACY ¢ HETUHEHHBIM 3JIEMCHTOM
«JIByXTIO3UILIMOHHOE peJie C TUCTEPEIUCOM» TIPU PA3TUUHBIX KOdPDUIIMEeH-
Tax yCUJIeHUs TuHEeWHOU yacTu cuctembl KKy,

2.11. MeToa rapMOHHYECKOTr0 DajiaHca

Oco0eHHOCTH peNIeHBIX CUCTEM B TOM, YTO OHM HanOoJiee CKIOHHBI
K BO3HUKHOBEHHIO YCTOMYMBOIO aBTOKOJIEOATEIBHOTO peXuMa padOTHI.
[TosToMy OJTHA U3 3aJa4 aHAIN3A PEJIEMHBIX CUCTEM COCTOUT B OIpEIeIie-
HUU BO3MOKHOCTH BO3HMKHOBEHUSI aBTOKOJIEOATEIIBHOTO peKUMa pabOTHI.
Ecnu Takoil pexxum pabOThl CUCTEMBI MOKET BO3HUKHYTbh, TO ONPEACIUTh
aMIUTUTY]Ty ¥ 4aCTOTY 3TUX KOJieOaHUH.

Jlisi pelieHrs TMOCTaBJICHHBIX 3aJlad HUCIOJB3YIOT METOoJ (ha30Boid
IJIOCKOCTH M TIO MOJYYEHHOW TPAEKTOPUH JBWKEHHS CYyAST O JTHUHAMUYE-
CKHX CBOMCTBax cHCTEMbI. HO 3TOT METOI MPUTOJIEH TONBKO IS CUCTEMBI
BTOpPOTO mnopsjaka. J[is cucrembl 0oJiee BBHICOKOTO MOPSAKA MCIOIb3YIOT
memoo capmonuueckozo oanraunca JI.C. I'onvogpapoa. I1o rpadoananu-
TUYECKUN CMOCOO OMNpeeNeHUs] aMIUIUTYbl U YacTOThl aBTOKOJICOaHUH,
OCHOBAHHbBIM Ha KpuTepuu ycronunBoctu I'. HaikBucra.

Jis peanuzanuu metoaa ['onpadapda CTpYKTYypHYIO CXEMy HeEH-
HEWHOW CUCTEMBI MPEJICTABISAIOT B BUAE MOCIEAOBATEIBHOTO COEAUHEHUS
HeJNMHEWHON vactu HY u nuHelHo#N dactu cuctembl JIY (cm. puc. 1.1).
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JIuHeiiHast yacTh BKJIIOYAET B c€0sl BCE AJIIEMEHTHI CUCTEMBI, 3a UCKIIIOYE-
HUEM HEJIMHEHHOI0 3JIEMEHTA, U OMHUCHIBACTCS MEPEAaTOYHON (PyHKIMEH
Wy(p). HenuneitHass yacTh MMEET HEIMHEWHBIN ayieMeHT [, KOTOpHIi
nocie JuHeapusanuu onuceiBaercs I'TID Wy(p).

Torpa oOmias yacTtoTHas mnepegaToyHas (QYHKUIUS CUCTEMBI B pa-
30MKHYTOM COCTOSIHUUA UMEET BU/L

W, 5 (J0; J4) =W, (jA)WJZ’{ (](’3) - (2.116)

[Ipeamnonoxum, 9T0 3aMKHYTash HeJTMHEWHAs] CUCTeMa HaXOIUTCS Ha
IpaHulle YCTOWYMBOCTU U B HEMl BO3HUKIIM HE3aTyXarolue KojiebaHus (aB-
TokoneOanus). Torma, corjmacHo kputeputo HalikBucra, amIUIMTYIHO-
da3zoBass xapakTepucTHKa pa3oMkHyTol cucteMbl Wpr3(jo; JA) momkHa
IPOXOAMTH Yepe3 TOUKy ¢ koopauHatamu (—1; jO). Orcroaa ycinoBue cyie-
CTBOBaHUs aBTOKOJIEOaHU B 3aMKHYTOM CUCTEME

W, (J4A)W,y (jo)=-1. (2.117)

Henocpeacreenno noctpoutsh 31y ADUX Ha KOMIJIEKCHON TJIOCKO-
CTU TPYAHO. B 3TOM ypaBHEHWH JBE MEPEMEHHBIE BEJIMUYMHBI: YACTOTA ),
KOTOPYIO U3MeHsAeM OT () 10 00, U aMIUIMTY/1a CUTHAJIa HA BXOJ€E HEJIMHEN-
HOTO 35eMeHTa 4. [loaToMy ypaBHEHUE NPEACTABISIETCS B BUJIE

W, (jo)= —; :
W, (j4)

Cornacno JI.C. T'onpadap0Oy, aBToKoI€0aHUS B CUCTEME BO3MOXKHBI,
€CJIM BBITIOJTHSIOTCS JIBA YCIOBUS TAPMOHUYECKOTO OaaHca.

Ilepsoe ycnosue. OTnenbHO TOCTPOCHHAS JIEBas 4acTh ypaBHEHUS
IIPY U3MEHEHUH YaCTOTHI U OTACIIBHO IMOCTPOSHHAs MpaBasi YacTh ypaBHE-
HUS IPYU U3MEHEHUHW aMIUTUTYIbI UIMEIOT OOIIyI0 TOUKY IepeceueHus B (B
HEKOTOPBIX CITyJasiX HECKOJIbKO TOUYEK MePEeCceUeHus).

Bmopoe ycnosue. Touxu niepecedeHusi COOTBETCTBYIOT CYMMapHOMY
¢$ha30BOMY CABUTY Pa30MKHYTOM CHCTEMBI Ha yroJ —1 paauaH wim —180°.

(2.118)

. 1|
War (J00)] = W, (j4)| (2.119)

Py ((’0) T Opy (A) =—T.

VYpasuenue (2.118) pemaercs rpadpuuecku cieayronmmM oopazom. Ha
KOMITJICKCHOH TI0cKOCTH [+1; J] BIUuepumBaeTcss aMIumuTy 1HO-(ha3oBast Jac-
TOTHas XapakTepucTuka JuHerHor yacth Wiyy(jo), a Taxke oOpaTHas aM-
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IUTMTYIHO-(a30Bass XapaKTEPUCTHKA HEIUHEHHOCTH C OOpaTHBIM 3HAKOM
—1/Wy5(j4). Touka nepeceucHnss AOUX nuHEHHON YacTH CHCTEMBI U rap-
MOHHMYECKH JIMHEAPU30BAHHOM NepeIaToOYHON (QYHKIIMU ONpeaesseT aMILId-
Tyay A ¥ 9acTOTy aBTOKOJI€OaHH ®, TpUIeM 3HaUeHHE A OTCUUTHIBACTCS T10
kpuBoii —1/Wp5(j4), a 3HaueHne o — no kpuBoit W4(jo) (puc. 2.18).

A V(o)

Henunetinas yactb —1/Wp5(jA) 0

4 >
B, B ‘/A //OJ U(w)

Puc. 2.18. I'ogorpadsr AOYX nuHEHHON YacTH U HETMHEHHOTO dJIeMEHTa

Jluneiinas gacts W 4(jo)

HckoMble aMmumuTyqy A' M 9acToTy ' TEPUOAMYECKOrO pPEIICHUS
MOJKHO TaK>Ke€ MOJYYUTh IIPHU TIOMOIIM CUCTEMbl YPaBHEHHH, BBITCKAIOIIINX
U3 yCIIOBUI TapMOHHYECKOro OajaHca U CUCTEMbI ypaBHeHum# (2.119):

‘Wﬂq(jw)‘ = 21 =
JLa(aT Lo (a)] 2120
\(pﬂq (0)=-n—arctg %

OO0 ycTOMYMBOCTH WJIM HEYCTOWYMBOCTHU ABTOKOJIEOATEIBHOTO IPO-
necca cyadar cienyrmum oopaszoM. [lycts Touke B cooTBeTCTBYET HacToTa
®'s 1 ammumatyaa A'g (cm. puc. 2.18). Torma npu HEKOTOPOM MPHUPAIICHUN
amrmutyael A4 (Touka B;) cucrema Oyner BO3BpaliathCs K MEPUOAUYE-
cKkoMy pemienuto, ecnu npu A4 > 0 xoneOanust OyayT CTAHOBUTHCA 3aTy-
xarorumu, a npu A4 < 0 — pacxoasmumucs. Eciu npu (4's + AA4) amruiu-
TyJla HaJyajla Bo3pactath, a NnpHu (A's — A4) oHa crana yObIBaTh, TO BO3-
HUKIIAW TPEAETbHBIN [IUKI HEYCTOUYHBBIN.

BrilieckazanHO€ aHATUTUYECKUA MOKHO MPEJICTAaBUTh B BUJIE

W, (Aj + AW, (jo)| <1;

, . (2.121)
W, (A = AW, (joo)|>1
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uiu rpaduyecKku: aBTOKOJIEOAaTENbHBIN MpollecCc OyAeT YCTOMYHUB, KOTJa
Touka Ha rogorpade —1/Wy5(j4), cooTBeTcTBYtOmas amrumutye (Ag + AA)
npu (AA > 0), Haxoautcs cieBa oT ADUX NMuHEHHON YacTH CHCTEMBI IPH
JNBWKEHUU TI0 HEH B CTOPOHY BO3pacTaHusi 4acToTel. Wnmu mo-gpyromy:
TIOJIOXKUTEIILHBIA OTCUET aMIUTHTYABI A B10Jb KpuBoi —1/Wpy5(j4) momken
OBITh HAIIPaBJICH U3HYTPHU Hapyxky uepe3 kpuByro W y(jo), kak moka3aHo
Ha puc. 2.18 crpenkoil. B mpoTUBHOM ciy4ae MEpUOANYECKOE PEUICHUE
HEYCTONYUBO.

Ypapaenusmu (2.120) ynoOHee MOJIb30BaThCsl B JIOTApU(DMHUIECKOM
Maciitabe, uzo0Opaxas Jorapu(pMUYECKHe YacCTOTHBIE XapaKTEPUCTUKU
nvHerHor yacTu. Torma Bmecto BbipakeHus (2.120) OymeM umMeTh ciie-
JYIOIIYI0 CUCTEMY YpaBHEHUM:

( 2 ! 2 .
L (0)==201g\[a(A) ] +[a'(A)]:
¢ ((0) =—m—arctg 7(A) 12
a4 - AN
\ q(A)

Ha puc. 2.19 cneBa uzoOpaxeHsl IrpaduKy JEBBIX YacTe CHCTEMBI
ypaBHeHul (2.122), a cripaBa — NpaBbIX yacTel 3TUX ypaBHEeHH. [Ipu sToM
1o ocH abCIKCC ClieBa YacTOTa ( OTKJIAAbIBAETCA, KaK 0OBIYHO, B JJorapud-
MHUYECKOM Maciltade, a clipaBa — aMIUTUTYy/la B HAaTypajJbHOM MaciiTaoe.
Pemenuem >Tux ypaBHeHu# OyyT Takue 3Ha4eHUs A' U ', YTOOBI U HUX
OJTHOBPEMEHHO COOII0aIiCh 00a paBeHcTBa (2.122). Takoe permreHue 1o-
Ka3aHO Ha puc. 2.19 TOHKMMH JIMHUSIMHA B BUJI€ PSIMOYTOJIbHHKA.

Ly, 1B A 4 20190 +q°

Oy, paz[A

Puc. 2.19. Metoa rapMoHHUYecKoro 0ananca B JiorapuMuieckoM maciitade
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O4eBUAHO, UTO Cpa3y yrajaaTh 3TO pelieHue rpaduyecKku He yIacTCsl.
[ToaTOMyY AemaroTCsi MOMBITKH, TTOKA3aHHBIC MTPUXOBBIMU JHHUSMU. [lo-
CJIETHAE TOYKH 3THX MPOOHBIX MPSMOYTOJIbHUKOB M; U M, He momnajgaroT
Ha (a30BYI0 XapaKTEPUCTUKY HeJMHEeHoCcTH. HO ecniu oHM pacmioioKeHbl
10 00€ CTOPOHBI XapaKTEPUCTUKH, KaK Ha puc. 2.19, To pelieHne HaxoauT-
Cs MHTEPIOJISALIMEN — ITyTEM IIPOBEACHUA IpsAMon M1 M,.

HaxoxaeHne nepruoguvyeckoro pemeHus yrnpouaeTcss B ciiydae Oj-
Ho3HauHOW HenmuerHocTH F(X). Torma '(4) = 0 m ypaBHenus (2.122)
MPUHUMAIOT BU]I

L., (0)=-20lgq(A);
Py (0)=-m.

I'padmueckoe perienue ypaBuenus (2.123) nokazano Ha puc. 2.20.

(2.123)

Ly, 15 A A—20lgq

lgo

Q

e

Y SR
>y

Oy, paz[‘

—_—tr————

Puc. 2.20. Metoxa rapmoHrueckoro 0angaHca B JIorapu(p)MUIeCKOM MaciTade B cirydae
OJIHO3HAYHOU HETNHENHOCTH

B kauecTtBe mpumepa pacCMOTPUM METO]I TapMOHUYECKOTO OajiaHca
IJII CUCTEMBI C Pa3IWYHBIMU HEJTMHEHHOCTSIMU. CTpYyKTypHas cxema He-
JUHENHON CUCTEeMBI TIpeicTaBiieHa Ha puc. 1.1. JIuHeiiHas yacTh ONMUChIBA-
ercst nmepenaTouHoit ¢pynkmuein Wy(p), HelnHelHAs 4acTh UMEET HEJH-
HeiHbIi aneMent ¢ ['TID Wy5(p).

[lepenarounast pyHKIMS TUHEWHON YaCTH CUCTEMBbI

2
W = .
74 (P) p(0,05p+1)(0,02p+1)

(2.124)
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Henuuelineiii 3ieMeHT OyZeT UMETh TPH Pa3IMUHBIX XapaKTEPUCTUKH:
«UneanbHoE ABYXMO3UIIMOHHOE penie» (cM. Tabn. 1.1, m. 6), «MneansHoe
TPEXIO3UIIMOHHOE pene» (cM. Taou. 1.1, . 7) u «JIByXITO3UIIMOHHOE pelie ¢
rucrepesnucom» (cM. Tadm. 1.1, . 8). Beixoanas Benmuuuna pene B = 110, mo-
por cpabaTbIBaHMs y ABYX mocieanux peie b = 0,25.

OnpenenuM aMIUTUTYAHO-4YaCTOTHYIO M (Da30BO-4aCTOTHYIO Xapak-
TEPUCTUKU JIMHEWHOW YAaCTH CHUCTEMBI IO €€ YaCTOTHOW IepeaaTOYHOMN

GyHKIMM:

| 2

W, (jo) = ; 2.125

0 = 0 0510 41)(0,02j0 +1) (2.129)

Ay (©) = _Z . (2.126)
0y/(0,050) +1,(0,020)’ +1

@y (@) =-90°—arctg(0,05w) —arctg (0,020). (2.127)

CornmacHo ypaBHeHHIO (2.72) yactorHas [TI® xapakTepuCTHKH
«neanbHOE ABYXIIO3ULIMOHHOE PEIIE»

: 4.110
Wy (JA) = ——; (2.128)
A

_\rl _TA (2.129)

W, (JA) 440

CornmacHo ypaBHeHHIO (2.69) wactorHas ITI® xapakTepUCTHKH
«MneanpbHOE TPEXITO3UIIMOHHOE PEIIC)

W,,.,(j4) = 4'1; A*—0,25%; (2.130)
Tt

1 A

- . (2.131)
W5, (J4) 440 4% —0,25°

Cornacuo ypaBHeHuro (2.79) wyacrotHas ['TI® xapakTepucTUKH
«JIByXTIO3UILIMOHHOE peJie C TUCTEPEIUCOM

. 4.110 .4.110-0,25

W,..(j4) = — A? —0,25% — j O (2.132)

1 __m/AZ—o,zs2 _jn0,25 (2.133)
W,..(j4) 440 440 '
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3a/1aBasch 3HAYEHUEM YacTOThI ® OT () JIO oo, ompeeNieM aMIUIUTY-
oy u ($azy XapakTepUCTHKHU JuHEHHOW dyactu u ctpouM ADUX W y(jo).
3amaBasich 3HaueHUEM 4 OT 0 70 00, CTPOMM Ha KOMIUIEKCHOM IIJIOCKOCTH
XapaKTepucTuKy HenmmuernocTet —1/\WpH:1(jA4) (puc. 2.21).

Togorpadser Wyy(jo) m1 —1/Wps1(j4) mepecekaroTcss B OJHON TOYKE
Bj. 3Hauut, aBTOKOJIEOATENBHBIN PEKUM B UCXOJTHOW CUCTEME C HEJIMHEH-
HOU XapakTepuctukon «MueanbHoe NBYXIO3UIIMOHHOE PENE» BO3MOXKEH C
gacToTon ®' = 32 pan/c u ammutynou A' = 3,92.

~1MWy51(j4)  Jlumeitnas yacts Wyy(jo) 4 jV(w)

By
-
7 ©=132 0 U()
of

Puc. 2.21. T'oporpader ADYX nuHEHHON YacTH 1 HETUHEHHOTO SJIEMEHTA

Y CTOHYNBOCTG TOTYYEHHOTO MEPUOIUUECKOTO PEHICHHUS MPOBEPUM
1o ycnosuio (2.121):

W, (3,92 +0,1W . (32) =[34,75-0,028| < 1;

2.134
W, (3,92 - 01\, (j32) = [36,66-0,028| > 1. (2134

Takum oOpazom, nepexoaHas xapakrepuctuka h(t) nenmuueiinoit ACY
MOJKET MMETh YCTOWYMBBIA aBTOKOJICOATEIBHBIN PEKUM, IIEPEMEHHAS CO-
CTaBJISIONIAs] KOTOPOTO ONKChIBaeTcs BhipaxkenueM h(t) = 3,92sin32t.

3anaBasch 3HaueHueMm 4 ot 0,25 10 oo (Mo yCIOBUIO TAPMOHUYECKOU
nuHeapu3ayu 4 > b), cTpouM Ha KOMIUIEKCHOHM IUIOCKOCTH XapaKTepH-
ctuku HenmHeHoCTer —1/Wpyy(J4) u —1/\Wps(j4) (puc. 2.22).

I'ogorpadsr Wyy(jo) 1 —1/\Wps(J4) nepecekaiorcs B Touke B,. 3Ha-
YUT, aBTOKOJICOATEIbHBIM PEKUM B MCXOJIHOM CHUCTEME C HEJIMHEHHON Xa-
pPaKTEepUCTHKON «lmeambHoe TPEXIMO3UITMOHHOE pejiey BO3MOXKEH C 4acTo-
Tot ®' = 32 pan/c u ammumatyaout A;' = 0,2505 wm 4,' = 3,85, Tak kak 3Ha-
yeHue QyHKIUU —1/Wpy55(j4) = 0,028 MoxeT ObITh TIOTYYCHO MPH IBYX Be-
mmanHax A' = 0,2505 u 3,85. Ilpuyem mpu MONOKHTEIHFHOM OTCUETE aM-

IUTHTYABI B TIPOMEXYTKe D < 4 < bv2 rogorpad —1/Wy5,(j4) mpoxoaut
CHapyx# BOBHYTpb KpuBoit W y(jo), a B mpomexyTke A4 > bv2 - U3HYTPH
Hapyxy depe3 kpuByro W y(jo).

YCTOMYUBOCTD TMOJYYEHHBIX MEPUOJUUYECKUX PELIEHUN IPOBEPUM
aHAJIMTUYECKH 110 ycnoBuio (2.121):
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0,2505 +0,0003W ., (j32) = |44,567 -0,028| > 1;
Ay = 0,2505: Wiro ’ )N”"(J_ )=| > 135)
W, (0,2505 — 0,0003)W,, (j32) =[22,377-0,028 < 1.
3.85+0,LW,, (j32) =[35,386-0,028] < L
4y =g |0 8880y (152) =] < (2.136)
W, (38501, (j32) =[37,264 0,028/ > 1.

Takum oOpa3om, mepexomHas xapaktepuctuka h(t) HenmmHeWHOMN
ACY MoXeT uMeTh JBa aBTOKOJEOATENbHBIX PEXKHUMA — YCTOWNYMBBIN

h(t) = 3,85sin32t u Heycroruusskiit 0,2505siN32t.

4 V(o)
-1/Wp(j4)
b<d<bJ2 p 0
- @ >
A>b\/§ o' =32 A:b\/E U(w)

B3

1 [0'=23
) ~1/Wp53(j4)
JIuneiinas yactb W y(jo) ®

Puc. 2.22. T'onorpadsr AOYX nrHEHHON YacTH U HETMHEHHOTO dJIeMEHTa

T'onorpadsr Wy(jo) u —1/Wy3(j4) nepecekatores B Touke Bz. 3Ha-
YUT, aBTOKOJIEOATEILHBIN PEXXUM B MCXOJHOW CHCTEME C HEJIMHEHHOM Xa-
PAKTEPUCTUKON «/IBYXITO3ULIMOHHOE PEJIE C TUCTEPE3UCOM» BO3MOXKEH C
gacToToM ' = 23 paj/c u ammutyaoun 4" = 7,25.

I'ucrepe3ucHas pelieitHas XapaKTEPUCTHKA BHOCHUT OTCTAaBaHUE IO
BBIXOJTHOMY CHUTHaJIy M3 pejie, MOATOMY IPOBEPUM BBINOJHEHUE BTOPOTO
YCJIOBHUSI TAPMOHHUYECKOTO OajaHca B JaHHOM CUCTEMeE

Py ((D) T 0wy (A) =

q'(7,25)
=-90°—arctg(0,05-23)—arctg(0,02-23)—arct =
20,05 23)-arew (0,02-29) g(q(7,25)]

=—-90°—-48,99°-24,7°-16,2° ~ -180°. (2.137)

Takum oOpa3om, mnepexoaHas xapakrtepuctuka Nh(t) HenuHerHO#
ACY MOXeT UMETh YCTONYUBBIA aBTOKOJIEOATEIBHBIA PEXKUM C MEPEMEH-
HO# cocraBisromieit h(t) = 7,25sin23t.
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2.12. 3ana3abIBaHue THCTEPE3NCHOTO peJie

B npeapinynieM MyHKTE paccMaTpuUBAiCsS MNPUOIUKEHHBIM METOJ
aHanu3a HenmuHeMHOW ACY ¢ HEIMHEMHBIM JJIEMEHTOM «/IBYXITO3MIINOH-
HOE pene ¢ rucrepesrucom» (cm. Taou. 1.1, m. 8). Takke rucrepesrcom obia-
naeT u «Tpexmo3uIroHHoe pere ¢ rucrepe3ucom» (cM. tadm. 1.1, m. 9). Eciu
XapaKkTEepPUCTUKA pejie CUMMETPUYHA OTHOCUTEIHLHO Hayaia KOOPAMHAT, TO C
HEKOTOPOM CTEMEHbIO MPUOIMKEHHUS MOKHO 3aMEHHUTh XapaKTEPUCTUKY TUC-
TEPE3UCHOTO pEeJie Ha JIBa 3JIEMEHTA: HJICATbHOE pelieé U 3BEHO YHUCTOro 3a-
na3apBaHus (puc. 2.23).

Z A Z A
B f B —
-b - - . :> N + e_tp
X 0 X
T B —1B
Z A Z A

--1 -B —_}] _|-B

Puc. 2.23. [IpeoOpa3oBaHue rHCTEPE3UCHOTO peie

3BeHO 3alla3aAblBaHUA OITUCBIBACTCS OIICPATOPHBIM YPABHCHUCM
y=x-e %, (2.138)

TJIe T — BpeMs 3ara3/IbIBaHMUs.

3BCHO 3ama3blBaHUsS MOXKHO paccMaTpHBaTh KaK COCTAaBJISIONLYIO
nuHeHoU yactu cucteMbl Wy(jo), Torna coBMecTHast YaCTOTHAs Tepesa-
touHas GyHkus (ADYX cuctemsl) OyIeT UMETh BHUT

W, (jo) =W, (jo)e ™. (2.139)

B ciyyae npeoOpa3zoBaHus TPEXMO3ULUMOHHOTO peJie C TUCTEPE3UCOM
B «MneanpHOE Tpexno3unmoHHoe pene» B ACY ¢ KEeCTKOM OTPULIATEIIbHOU
oOpatHo¥ cBsi3bt0 (puc. 1.1), cormacHo meroay ['onbadap0Oa, morydnm rojo-
rpadst W zg(jo) m —1/Wp5(j4) (puc. 2.24).
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Puc. 2.24. T'onorpadst AOYX nuHEHHON YacTH U HETMHEHHOTO 3JIEMEHTA

[Ipy gocTaTodHO MabIX 3ama3[blBaHUSX YyKa3aHHBIE KpPUBBIE
W y(jo) 1 —1MWps(j4) MOTyT He mepeceKkaThbes, T.e. aBTOKONCOAHMI B
cucreme He OyzaeT. 31ech, Kak M B JTUHEHHBIX CUCTEMaX, MOXKHO OIpeJe-
JINTh KPUTUYECKOE BPEMs 3ala3/bIBaHUs Ty, 4O KOTOPOTO aBTOKOJIEOaHUs
OTCYTCTBYIOT, 0e3 moctpoenust kpuBoii W ;y(jo), TONBKO 1O KPHBBIM
Wj]q(j(,l)) " —l/WHg(JA)

B KPHUTHYECKOM CiTydae HeKoTopas Touka kpuBoil W y(jo) momager
B KpaitHioto Touky rogorpadpa —1/Wy5(j4) B (4 = bv2 ). Kak BumHO W3
puc. 2.24, sto coorBeTcTBYyeT Takoi Touke K kpuBoii W 4(jo), B KOoTOpOi
BBITIOJHSIOTCS CIEAYIONINE YCIOBHS rapMOHMUecKoro oananca (2.119):

A :n—b;
(w’“’) 2B (2.140)

(p(O)Kp ) 1,0, =—TIOpH — T < (p(ookp) <0.

W3 nepBoro ycioBus OIpeeNsieTcsl BEIUYUHA (O, a U3 BTOPOro —
KPUTUYECKOE BpEMs 3ala3fblBaHUS T,,, IPY KOTOPOM BO3HUKHYT aBTOKO-
jie0anus.

(p((okp ) + 7T

1, =————— 1pu - < ¢p(o,,) <0. (2.141)

Kp
(V) K

Ecnmu ke pene He MMeeT 30HBI HeuyBCTBUTENbHOCTH («MneanbpHoe
JBYXITO3MIIMOHHOE pesie»), T. €. b = 0, To Touka B momaneT B HaYaJI0 KOOp-
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JUHAT U aBTOKOJieOaHUsl OyAyT IpH J000OM 3HAYEHUHM BPEMEHU 3ama3/ibl-
BaHUsA B cpabareiBaHuU pene (T, = 0). [loaTomy BbIrogHO, 4TOOBI BpeMeH-
HOE 3ama3[bIBaHuE B pelie, paccMaTpUBaeMoOE 3/1€Ch, ObLIO Obl CpaBHU-
TEJIHHO MaJbIM, @ 30Ha HEUYBCTBUTEIBHOCTH MMeNa Obl OOMBIIYIO BETUYH-
HYy (HO HE MpeBbINIaja JOMYCTUMbBIX 3HAYEHHM, MOJyYEHHBIX U3 CTaTUYe-
CKOT'0 pacyeTa TOYHOCTH PETyJIUPOBAHUS).

AMIUIMTY/1a ¥ 4acTOTa aBTOKOJEOAHUM MPU HAIMYUM 3ama3bIBaHUS
ONIPEACIIAIOTCS  clieaylonmmM ooOpa3oM. Touka mepecedueHuss B; (cM.
puc. 2.24) maer nBa MEPUOIUYECKUX PEIICHHS, TaK KaK B HEH Ha MPSMOU
—1/Wy5(j4) nmerotcs nBa 3Hauenus A. 13 hopmyssl (2.69) umeem

1 A
W, (JA)  4BJA —p*

JlanHasi 3aBUCUMOCTb TIpeAcTaBieHa rpadgukom Ha puc. 2.25.

(2.142)

A | |
1/Wy5(j4) i
P ,
L A i
2B IR
0 b A" b2 4 A>

Puc. 2.25. T'oporpader ADYX nuHEHHON 9acTH 1 HETUHEHHOTO SJIEMEHTa

Touke nepeceuenus: By Ha puc. 2.24 cOOTBETCTBYIOT JBE TOUYKH I'pa-
duka 1 u 2 Ha puc. 2.25, KOTOphIE MAIOT JBAa 3HAYEHUS aMIUIUTYAbl aBTO-
KosieOanuii: A;' u 4,'. Yactora @' 000uX MEPUOANYECKUX PEIICHUN OIMHA-
KOBA U OMpeesieTcs: Toukoil By Ha kpuBoit W y(jm).

[Ipu 3TOM NEepuOANYECKOE PEIICHUE C MEHBIIEH aMITUTYyA0u A;' Oy-
JI€T HEyCTOMYUBBIM, a C OOJBIIEH aMIUIUTYION A,' — YCTOMYUBBIM, TaK KaKk
B MEPBOM CJIy4yae TOYKa C MOJIOKHUTEIbHBIM IpHUpaiieHueM AA Ha JTUHUU
—1/W,;5(j4) oxBatsiBaercst kpuBoit W ;4(jo), a BO BTOpOM cliydae — He OX-
BarbiBaeTcs. CrneqoBaTenbHO, MOTYT UMETh MECTO YCTOMYMBOCTH CUCTEMBI
B MajoM (0 aMruiuty A;') U aBTOKOJI€OATENbHBIN Mpolecc ¢ OOIbIION
aMIUTUTYION A;', K KOTOPOMY CTPEMHTCS CHCTeMa TP HAYaIbHBIX aMILIH-
TyJlax MEePEX0IHOTO MPOIIeCcca, MPEBBIMIAININX 3HAaUCHHE A; .
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3aMeTHM, 4TO TOuKy mepecedenust By kpuBoit W 4(jo) ¢ muHueit
—1/W,;5(j4) MoskHO Haifti 6e3 moctpoerust kpuBoit W y(jo) Hemocpexnct-
BEHHO 110 aMIUTUTYTHO-(a3oBol xapakrtepuctuke W y(jo) muHEHO#M yac-
TA CHUCTEMBI 0€3 3JIeMEeHTa 3ama3/ibiBaHusi. JJisi 3TOro Hy>KHO Ha KPHUBOU
Wy(jo) HaliTH TaKyr TOYKY C 4acTOTOU (Mg, KOTOpast Obl MPU TIOBOPOTE
BekTopa A(wp1) HA YTON Mp Tz Nomana Ha JuHUI0 —1/Wy5(j4), 9To u mact
HaM TOYKY B; (BeIWYMHA 3alla3IbIBaHUsS Tz, 3a]aHa, Mp; HEU3BECTHA). Y C-
JIOBHE JIJISl OTIPENICIICHHS M1 OYICT

Ty, 0g, +‘(p(0381)‘ =+m, (2.143)

MOCJIE Yero HaxXOAWTCS TI0 aMIUTUTYyAHO-(pa30BOM  XapaKTEepUCTHKE
Wy(jop1) KoopauHaTa ToukH Bi, a 3aTeM 1o rpaduky Ha puc. 2.25 u am-
IJIUTYia aBTOKOJIe0aHuil A,'.

2.13. YacTorHbiit meToa [TomoBa

JIaHHBIA TOYHBIM METOM, MPEIIOKEHHBIA PYMBIHCKUM YUYE€HBIM
B.M. IlonoBeiM, KaKk ¥ METOJI TAPMOHUYECKOTO OajlaHCca, OCHOBaH Ha 4dac-
TOTHOM Kputepun HalkBHUCTa, TOJBKO NMpUMEHsETCS 0e3 JIMHeapu3aluu
HenuHeHHocTH. [Ipu ucnosib30BaHUM METOJa OmpeneNsieTcss a0CoNMOTHAs
YCTOWYHMBOCTh CUCTEMBI C OJHOW OJHO3HAYHOM HEUYETHO-CUMMETPUYHOU
HEJIMHENHOCTBIO.

Abcontomunaa ycmouuugocms — 3TO yCTOMYMBOCTh B LEIOM (IIpHU
JTIOOBIX HAYaJdbHBIX YCIIOBUSIX) HEJIMHEWHOW CHUCTEMBI MPU HEIUHEHHOUN
XapaKTEePUCTUKE, TPUHAISKALIEN K ONIPEACIICHHOMY KJIACCy.

Ecim B cuctemMe aBTOMaTu4ecKoro yrpasieHus (puc. 2.26) nmeercs
JIMIIb OJTHA OJTHO3HAYHAA HEYETHO-CUMMETPUYHASI HEJTMHENHOCTb, TO

z=F(%). (2.144)

FO) ] War(p) 4=

Puc. 2.26. CtpykTypHas cxema CUCTEMbI C HEJTMHEHHBIM 3JIEMEHTOM

[Tpu 5TOM KOHKpeTHas (hopMa OTHO3ZHAYHON HEUETHO-CUMMETPUIHOM
XapaKTEPUCTUKHA HEITMHEHHOTO JIEMEHTa MOXKET OBITh JIF00ast, B TOM YHCIIC
HeCcTaOWJIbHAS C M3MCHSIONIMMHUCS TTapaMeTpaMu, HO 3aJlaHHasi B TIpesiesiax
yria ot 0 10 o (puc. 2.27). B merone [lomoBa ucnonb3yercs napamerp ki —
TaHTEHC yTJIa HAKJIOHA JIMHUH, OTPAHUIHUBAIOIICH yTOJ O, K OCH a0CIIHCC.
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JluHeliHas 4acTh CHCTEMBI OMHUCHIBAETCS YACTOTHOM TEpenaToOdHOM
bynakiueri  Wyy(jo), KOTOpyH0o MOXKHO IPEICTaBUTh B  JPOOHO-
PaIMOHAIILHOM BHUJI€ C KOMIUJICKCHOM IMTEPEMEHHOM

B(p) byp"+bp™t+b,p"*+..+b,
A(p) ap"+ap"+a,p " +..+a,

riae B(p) — monuuom unciautens; A(P) — mMOJIMHOM 3HAMEHATEe s Ipu M < N,

W, (p) = . (2.145)

7 A
L Henuueiinas
XapaKTEePUCTUKA
S ar = arctg(ky)

Puc. 2.27. Ogno3Ha4ynas xapakKTepUCTHKA HETMHEIHHOTO 3JIeMEHTa

[Ipu 3TOM XapakTEpUCTUYECKOE YPAaBHEHUE JIMHEWHOW YaCTH CUCTE-
MbI A(P) = 0 UMeeT Bce KOPHHM C OTPHIIATCILHBIMH BEIIECTBEHHBIMHU Yac-
TAMH WJIM K€ KpOME HUX UMEETCs ellle He Oojee JBYX HYJIEBBIX KOpHEH,
YTO SABJISIETCS YCIIOBUEM IPUMEHUMOCTHU KpuTepus llomnosa.

Dopmynuposka meopemst [lonosa:. njsi yCTaHOBICHUS aOCOTIOTHOM
YCTOMYHUBOCTH HEJIMHEHHON CHCTEMBbl JOCTATOYHO MOA00paTh Takoe KO-
HEYHOE JICWCTBUTEIIBHOE YHCIIO0 N, pH KOTOPOM MPHU BCEX 3HAYCHUSAX Yac-
TOTBI BXOJHOIO CUTHAJIa ® > 0 OyzeT crpaBeljiuBO HEPABEHCTBO

[ Re(1+ joh)W,, ( jm)]+ki>o (2.146)

mpu 0 < F(X)<kfx. (2.147)

[Ipu Hanuuuu oaHoro HyneBoro kopHs Pi = 0 unu a, = 0 Tpedyercs
€II€ BHIMTOJTHEHUE YCIOBUS

IMW ,, (joo) = —o0 ipur @ — 0, (2.148)
a pH IBYX HYJEBBIX KOPHIX Pj = Pixy = O mmm @, = an1 = 0
ReW jo) > —0
" (J_ ) mpu © — 0. (2.149)
ImW ,, (jo)<0

[TpeoGpa3oBas JieByI0 YyacTh HepaBeHCTBa (2.146), moayuum
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[ Re(1+ jmh)wm(jw)}ki:um(m)—mhvﬂq(@)+ki, (2.150)

f f
riae Uyg(o) u Vyy(®) — nefictButenbias u MEnMas yacti W 4(jo).

[IpupaBHsaB mpaByro 4YacTh BbIpakeHus (2.150) x Hymro, momydum
ypaBHEHHE TpIMOH, npoxoasiei uepe3 Touky (—1/ks; jO) ¢ Hakiaonom 1/h,
Ha3biBaemou siunuen Ilonosa:

1
Uy (0)—ohV,, (a))+k—=0. (2.151)
f
W3 Beipaxkerus (2.151) MOXHO BBIIECTUTH MOAUGDHUIIMPOBAHHYIO Yac-
TOTHYIO XapaKTEPHUCTUKY JUHEHHONU yacTu cucteMbl W* y(jo) myrem ym-
HOXEHUSI MHUMOUM YacTW MCXOJIHOW YacCTOTHOM MepelaToyHON (PyHKIIMU
Wy(jo) Ha yacToTy w:

W, (jo)=U 4 (0)+ joV, (o). (2.152)

MoaudunrpoBaHHas 4acTOTHAs XapaKTEpUCTHUKA JIMHEWHOW 4YacTH
cucreMmbl W* ;y(jo) oOstagaeT creayrommuMu CBOMCTBAMMU:

1. Ecnm B McxomHOHM YacTOTHOW mepenaTtouHod ¢yHkimu W y(jm)
MOPSIIOK TOJIMHOMA YMCIUTENST HE BBINIE TMOpsJIKa MOJMHOMA 3HaMeHaTe-
131, T0 W* 74(joo) Oyzer Bcerna jiexaTh B KOHEYHOM 9acTH IIOCKOCTH. JTO
o3HadaeT, 4yTo npu ® — © Uyy(w) 1 oVy(®) crpeMsarcs mmbo k HYJTIO,
a100 K KOHEYHOMY MpeJIeIy.

2. Muumas 9actb MOAU(PUIIUPOBAHHON YaCTOTHOW XapaKTEPUCTHKU
oVyy(®) B oTavune OT UCXOMHOU Vy(®) sBisieTcs 4€THOW (yHKIIHMEH,
ClIeIOBAaTE€NbHO,  MOAM(UIIMpOBaHHAs  YacTOTHAs  XapaKTEePUCTHKA

* 1y(Jo) HEe OyIeT CHMMETPUYHOM OTHOCHUTEIHHO BEIIECTBEHHOM OCH.

I'paduueckas unrepnperanmus teopembl IlomoBa: s abcomtot-
HOM yCTOMYMBOCTU HEJIMHEWMHOM CUCTEMBI JOCTATOYHO MOA00paTh HA KOM-
IUIEKCHOH TutockocTH [+1; j] Takyro mpsMyro, IPOXOISAINYIO Yepe3 TOUKY
(=1/ks; JO), rae ki — yrimoBo# kod3(pPHUITMEHT HETMHEHHONW XapaKTePUCTUKH,
4yTOOBI BCSI KpUBask MOAUMDUIIMPOBAHHOW YACTOTHOW XapaKTEPUCTUKH JIW-
HeitHoM yacT cucteMbl W* 74(jo) exkaia crpaBa OT 3TO# MPsAMOIA.

Ha puc. 2.28, a nokazansl MoguduupoBaHubiii rojgorpad Haiikpu-
cta u JuHus [lomoBa abCOMIOTHO YCTOMYMBON CUCTEMBI. TaM ke MyHKTH]-
HOM JIMHWEN mokazaH HemoauduimpoBaHHblid Tojorpad HalikBucra. It
rogorpadbl UMEIOT OJUHAKOBBIE JIEUCTBUTEIbHBIC YACTH U, CJIEI0BATEIb-
HO, TIEPECEKAIOT JEHCTBUTEIBbHYIO OCh B OJIHUX M TE€X )K€ Toukax. MHumas
4yacTh 3TUX rogorpadoB pazHasi, 1 MOANGUIIMPOBAHHBIN rogorpad nepece-
KaeT MHUMYIO OCh MpH OOJbIIEM 3HAYEHUH YaCTOTHI, IO3TOMY MPU MEHb-
11eM abCOJIFOTHOM 3HAUEHUH.
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Ha puc. 2.28, 6 nokazan ciydaii, Kkorja yciaoBus aOCOJIOTHON yc-
toiunBocty B.M. IloroBa He BeimoHseTcs. Yepes Touky (—1/ks; jO) Hemb-
3s1 ipoBecTH JuHUIO [lomoBa Tak, 9TOOB OHa HE Tepecekaia Moau(uIH-
poBaHHbIN Togorpad Harikeucra. OmgHako yepe3 Touky (—1/ke*; jO) MmoxHO
IPOBECTU HYKHYIO psimyto [lomoBa (myHkTupHas nuHus). Cucrema ¢ Ta-
KOM HEJIMHEWHOMN XapaKTepUCTUKOM, OrpaHnYeHHOM yrioM of* = arctg(kq*),
OyJleT yCTONYUBOM.

A a

L JIunusa [lommoBa

W*JPI(j ®)

Wry(jo)
Puc. 2.28. I'paduueckas uatepriperaius Teopemsl [lomosa

CpaBuuM ycioBue abcoiroTHOM ycrounBoctu B.M. Tlomosa ¢ yc-
JIOBUEM yCTOMYMBOCTHU JUHEUHOM cHUCTEMBI IO Kputeputo HalikBucra. Ec-
M IS HelmmHenHocTH, Jexamieil B cektope (0; of) mpousBenem JIMHeapu-
3anuio B BHjE Y = hX, To BBES TaKOE 3BEHO B YaCTOTHYIO XapaKTEPUCTHKY
[TomoBa, mojiyyuM TOYHBIM aHanor kpurepus HaiikBucra. TOMBKO KpUTH-
YECKOW TOYKOM, KOTOPYIO HE JIOJKHA OXBAaThIBaTh YACTOTHAs XapaKTEpH-
cruka [lomoBa, OyaeT Touka ¢ koopauaaramu (—1/ks; JO).

YcaoBust abCOIIOTHON YCTOMYMBOCTH HEJIMHEHHON CUCTEMBI C MO-
TU(UIIMPOBAHHBIM BBITYKJIBIM TOJI0TpagOM U YCIIOBUSI JTUHEHHON CHCTe-
MBI 110 KpuTeputo HaiikBucra coBnazgarot. Ilepeceuenne ocu adcuucc npo-
UCXOJUT B OJTHUX M TeX ke Toukax. Yepe3 Touky nepeceuenus (—1/ks; jO)
BCErja MOXXHO mpoBecTH mpsmyro [lomoBa Tak, uTtoObl romorpad ObLI
crpaBa oT Heé (puc. 2.28, a). YcinoBus aOCONOTHOW YCTONYMBOCTH HEJH-
HEHHON CUCTEMBI C MOJU(PUIIMPOBAHHBIM BOTHYTHIM rogorpadom u ycio-
BUSl YCTOMYHUBOCTH JIMHEMHOM CUCTEMBI IO KpuTepuro HalikBucTa HE COB-
nagaroT. Touka (—1/ks; JO) MOXkeT HAXOIUTHCS BHYTPH BOTHYTOCTH U TOJIO-
rpad HaiikBucra e€ He oxBaThiBaeT. JIMHeHas 3aMKHYyTas CHCTEMa YCTOM-
yuBa (puc. 2.28, 6), HO depe3 He€ Helb3s MpoBecTH mnpsMmyto [TonoBa Tak,
yTOOBI OHA HE Tepecekia rogorpad, BCIeACTBUE YEro HEIMHEHHAs] CUCTe-
Ma MOKET ObITh HEYCTOWYHBA.
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Heno B TOM, 4TO KpuTepur yctonunBocTu llonoBa saeaaemca doc-
mamoyuHnbviM, HO OH He A61AemcA He0OXO00UMbIM YCIOBHEM yCTOWYUBO-
cru. [Ipu ero HeBbImoMHEeHUH (Koraa nuHUs [lomoBa HE MPOBOAUTCS) eI
HEJIb3s OKOHYATEJIbHO YTBEP)KIaTh, YTO HEJIWHEHHAs cucTeMa JIeWCTBH-
TeJIBHO HEeyCTOWYMBa. JIJIsl TAKOTO yTBEPIKACHUS HYKHBI JOTIOJHUTEIbHBIC
uccienoBanusa. Ho oueBuano, uto eciu touka (—1/ks; J0) HaxoguTcst BHYT-
pu MoauduimpoBanHoro rogorpada W*;4(jo), To 3aMKHyTas cuUcTeMa
MPU YCTOMYUBOW PA30MKHYTOW CUCTEME OJHO3HAYHO HEYCTOMYMBA.

PaccmoTtpuM citydaii, Korjja HETMHEWHOCTh PACIIONIOKEeHA B CEKTOPE,
OIPaHUYCHHOM YTJIAMH O U 0O, KOTOPBIM COOTBETCTBYIOT TAHTEHCHI Ko 1 Ky
(puc. 2.29).

7 A Henunelinas

k ~ o = arctg(k) XapaKTepUCTUKA

' V\'/oco = arctg(ko)

¢ O X

Puc. 2.29. OnHo3HauHas XapaKTEepUCTUKA HETMHEMHOTO AJIEMEHTA B CEKTOPE

JIaHHBIN Cllydyall TakXe NPUMEHSIETCS IJI1 CUCTEM C HEYCTOWYMBOU
(HeliTpanbHON) MUHEHHOW YacThio W y(j®), KOoTOpas pu 0XBaTe KECTKOU
OTpUIIATEILHON OOpaTHOW CBSI3bI0 CTAHOBHUTCS YCTOWMYMBOMW. JInHelHas
4acTh CUCTEMbI Ha3bIBAE€TCA HEUTPAIBHOM, €CJIU XOTs Obl OJJUH KOPEHb Xa-
PAKTEPUCTUUYECKOTO YPABHEHUS SIBJISIETCSL HYJIEBBIM, & BCE OCTAIbHBIE KOP-
HU — JieBbIMU. CrcTeMa OyJieT HeYCTOMYMBOM, €l XOTs Obl OJJUH KOPEHb
MIPABBIN.

Ecnu nuHeliHasi 4acTh CHCTEMBbI HEyCTOW4YMBA (HEWTpasabHA), HEU-
HelHas xapakTepuctuka F(X) He MoxkeT yxke npuHaaiexarb cekropy (0; Ke),
Tak Kak npu K¢ = 0 crcTtemMa pa3MbIKaeTcs, CIIeI0BaTeIIbHO, OyIeT HeYCTOM-
yrBa 3aBeoMo. O4eBHUIHO, OHA OyeT HeycToWdrBa U nipu MaibiX K. [Ipe-
o0pa3yeM HCXOJIHYI0 CHUCTEMY, OXBAaTHUB HEJIMHEWHBINA 3JIEMEHT MPSAMOH, a
JMHENHYIO 4acTh OOpaTHON OTPUIIATENIbHBIMU CBA3SMU C KO3(DPuImeHTom
Ko (puc. 2.30). OueBuaHO, YTO MpeoOpa3oBaHHAsA cxema OyIeT SKBUBAJICHT-
Ha UCXOJIHOM CXEeME, TaK KaK BBEJICHHBIC CBSI3U B3aMMHO KOMIIEHCUPYIOTCSI.

Torma HepaBenctsa (2.146) mo Teopeme Ilomosa OyeT UMETh BT

Re(L+ joh) W (J0) |, 1 4 (2.153)
T+kW,,, (jo) | K, —K,
mpu kyx < F(x) <k, x. (2.154)
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Puc. 2.30. [IpeoOpazoBanue CTPYKTYpPHOH CXEMBI CHCTEMBI C HETMHEHHBIM 3JIEMEHTOM

[Ipeobpa3oBaB neByro 9acTh HepaBeHCTBA (2.153), momyunm

U ((9)]2 + (i + i]U g (@)=

Ko Ky

S (thﬂq(@)"‘[\/ﬂq(@)]z"‘ : > 0. (2.155)
ko K¢ Kok ¢

JleBast yacth BbIpaxkeHus (2.155), mpupaBHEHHAs K HYJIIO, SIBJISCTCS
ypaBHEHHEM T1apadoJibl, poxo e uepe3 Touku (—1/Ko; j0) u (—1/ks; jO) ¢
HAKJIOHOM KacaTeJIbHBIX B NJaHHbIX Toukax —1/h u +1/h coorBeTcTBEHHO.

U 1y (@)]2 + (i + LJU (@) -

Ko K

1 1 2 1 _
—(R—E] hvﬂ9(®)+|:\/ﬂq(®)] +k0kf =0. (2.156)

I'paduueckas unrepnperanus teopembl IlomoBa: s abcomtot-
HOW YCTOMYMBOCTH HEIWHEWMHOW CHUCTEMBI C OJHO3HAYHOW HEJIMHEHMHO-
CThbIO, OTPAaHUYCHHOU CEKTOPOM (0o H 0f), JOCTATOYHO MOJ00pATh HA KOM-
IUIEKCHOM TutockocTH [+1; j] Takyro mapaboiy ¢ BEpTUKaIBLHOM OChIO, TIPO-
xosmyro epe3 Touku (—1/Ko; jO) u (=1/ks; jO), uToOBI BCsi KpuBas MOIH-
(GUUIHUPOBAaHHON YAaCTOTHOM XapaKTEPUCTUKH JIMHEHHON YacTH CHCTEMBI
W* 14(Joo) nexaina BHe 3ToM mapadossl (puc. 2.31).
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V(o) 4

| JIunug [Tomosa

_1/k0 —1/kf /_\ o=0

o
U(w)

W*JILI(j ®)

Puc. 2.31. I'paduueckas uatepriperanus Teopemsl [lomosa

B kauectBe mpumepa paccmoTpuM Meton llomoBa g HEMMHENHOU
ACY ¢ HenMHEMHOW XapaKTepUCTHUKOW «MaeanbHOE TPEeXITO3UIIMOHHOE
pene» (cm. tabm. 1.1, m. 7). Beixognas Bemuunna pene B = 0,33; mopor
cpabateiBarmst b = 1. CTpykTypHas cxema HEJIMHEWHON CHUCTEMBI IMPE-
crtaBjieHa Ha puc. 1.l1. JluHelHass 4YacTh ONKCHIBAECTCS IE€PEAATOYHOMN

bynkiuein W4(p).

6 1
W . —— L 2.157
OrnpenenuM 4aCTOTHYIO XapaKTEPUCTUKY JIMHEHHON YaCTH CUCTEMBI
. 6 1 oe
W W) = e e, 2.158

Onpenenum aerictButenbuyio Uyy(o) u Muumyio V(o) dactu wmc-
XOJHOW YaCTOTHOM XapaKTePUCTHKH JUHEHHOHN yacT cucteMbl W y(jo).

6 1 -05jo 6(015.]0)_1) _j -05jo

W I = = =
i (JO) (0,5jw+1) jcoe ((O,Sj(o)z—lz) ® °
6(0,5jo—1) j s —30—06] .
— = e URle — cos(0,5m)— jsin(0,5mw)) =
(0,250)2 +1) o (0,25002 +1)co( (0.5) jsin( 0)))

~ —3wcos(0,5m) - j6cos(0,50)+ j3wsin(0,50)—6sin(0,5m)

) (0,250° +1)o

_ 3wcos(0,50) +6sin(0,50) ‘] 30sin(0,50)—6¢0s(0,5m)
(0,250° +1)w (0,250° +1)w |
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Tak kak xapakTepUCTUYECKOE ypaBHEHUE JIMHEHHON YacCTU CUCTEMBbI
UMEET OJIUH HYJICBOUM KOpEHb, TO TpeOyeTCs BhITOIHEHHE ycinoBus (2.148):

3-0-sin(0,5-0)-6c0s(0,5-0) -
ImWﬂq(O): ( )2 ( ): 6—)—00.
(0,25-0 +1)o 0
MoauduimpoBaHHas 4acTOTHas XapaKTEPUCTHKA JTUHEHMHOW YacTH
CUCTCMBI

W2, (jo) = _ 3wc0s(0,50) +6sin(0,50) ‘] 30sin(0,5m)—6c0s(0,5wm) |
(0,250)2 +1)0) (0’25(02 +1)

Omnpenenum napameTp Ki — TaHTGHC yrila HaKJIOHA JIMHUH, OTPaHUYIH-
Balollell HeMMHEHHYI0 XapakTepuctuky, ki = 0,33/1 = 0,33 (puc. 2.32).

Z A
1 0,33 +;? o= arctgl)
_ - — >
L7 1 X
—/‘;’-'-f ------- -0,33

Puc. 2.32. Onpenenenue yrinoBoro kodhhuilmeHTa HETMHEHHON XapaKTePUCTUKH

4 V(o)

JIuaung [loonosa

A ."I‘\ Wry(jo)
w0
"*oo

Puc. 2.33. I'padudeckoe permenne metoaa [lomora

[Tocne ompeneneHns BceX HEOOXOIUMBIX MAPaAMETPOB M XapaKTEPH-
CTHK MOXHO TIOCTPOUTh Ha KOMIUIEKCHOH TUIOCKoCTH [+1; J] HcXomHyo u
MOJTU(PHUIIMPOBAHHYIO YaCTOTHBIC XapaKTCPUCTUKH JIMHEHHOW YacTH CHC-
teMbl Wy(jo) 1 W*4(joo), a Taxke auauMio [Tomoa, mpoxoasiyro depes
touky (-3; JO) (puc. 2.33), yTo ompenenser aOCOMIOTHYIO yCTOWYHUBOCTD
HEJIMHEMHOW CUCTEMBI.
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2.14. IIpsimoit MmeToa JIsimyHOBAa

Hanueiii meton A.M. JldmyHoBa, SIBIISIIOIIUICS TakKe€ BTOPbIM METO-
JIOM, OCHOBAH Ha TIOCTPOCHHH CIIeIIMAIIbHBIX (PyHKIUH (GyHKIMH JIsmyHOBa)
[0 MCXOJHBIM HEJIMHEHHBIM au(GdepeHInaTbHbIM YPaBHEHUSM, OIUCHI-
BAaIOIIIMM TOBEJIEHHE CUCTEeMbI. J[aHHBIE CKaApHbIE (PYHKIIUH, XapaKTEpH-
3YIOT JUHAMHUYECKUE CBOWCTBA HEJIMHEMHOW CHCTEMBI U TO3BOJISIOT CJIE-
JaTh BBIBOJI O €€ YCTOMYMBOCTH.

B o0miem ciyyae cBOOOJIHOE ABUKEHHE HETMHEMHON TUHAMUYECKOU
CUCTEMBI OIMUCHIBACTCS CUCTEMON An((epeHIalIbHBIX ypaBHEHUN CO-
crostHust 1-ro mopsinka B gpopme Komm. Hamomuum, 4To naHHbBIE ypaBHE-
HUS MOJIyYarOTCs ITyTEM BBEJICHUS B UICXOIHOE YPABHEHUE CUCTEMBI HOBBIX
nepeMeHHbIX cocTostHusA Xi(t) BMecTo (I — 1) MPOM3BOIHBIX BBIXOJAHOH Be-
mauHb Y(t):

% = B (X5 Xp50%, )3

J X, = £, (X5 %5.X, ); (2.159)

X, = (X0 %50X, ),

S

riae fi — HenuHelHbIE QYHKIIUU KOOPJIWHAT COCTOSHUS, COBOKYITHOCTh KO-
TOPBIX OTpEJENsIeT HallpaBJICHUE IBIDKEHUS M300paxaromieil Touku M B
(da3oBOM MPOCTpaHCTBE, T.¢. BekTOp (hazoBoii ckopoctu f{x} = {f;; f,;...f.}.

[Tpu stoMm f; onpenencHsl u HenpepsiBHBI B oOmactu [Xi(t)] < H, raoe
H — HexoTopast oJIOKUTENbHAS IOCTOSIHHAS, ¥ 00paIaloTcs B Ha49alle KO-
OpIWHAT B HYJIb:

f,(0;0;..0)=0. (2.160)

@ynkyuen Jlanynosa Ha3bIBaCTCSA HEKOTOpPAsl CKaspHas (DyHKIIHS
KoopauHAT cocTosTHUS V(X1; Xo;...Xn), KOTOpasl MPUHUMAET BEIICCTBCHHBIC
3HAYEHUS U YJOBJICTBOPSET CISAYIOIIUM CBOHCTBAM:

1) pyHKIMSA OTHO3HAYHAS

2) V{0} = 0;

3) HenpepbIBHAS BMECTE CO CBOMMH YACTHBIMH TIPOU3BOIHBIMU B 00-
nactu |X(t)| < H, rne H —HekoTopas moyioxKuTeIbHasT TOCTOSTHHAS.

®ynkuus Jlsnynosa V{x} Ha3biBaeTCs 3Hakoonpeoenennou (ornpe-
JICJICHHO-TIOJIOKUTEIHPHON WJTH OTPEIeSIEHHO-OTPHUIIATEeILHOM), €CJIH B 00-
nactu |Xi(t)| < H oHa mpuHHMaeT 3HaYCHHE TOJBKO OJHOTO 3HaKa U oOpa-
1aeTcs B HYJIb TOJIBKO B Hauase koopauHat. Hanpumep,
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*  ONpeJENeHHO-TIONOKUTENbHAS QyHKIHSA V = X, + X5 + X ;
®  ONpEJIENEHHO-OTPHIATENbHAs QyHKIHs V = —(Xl2 + X2 + x§)

JlarHbIe GYHKIIMN PABHBI HYJIFO TOJBKO TPH X1 = Xz = X3= 0.

Oyukrus JlsmyHoBa V{X} Ha3bIBacTCsS 3HaKOnOCMOAHHOU (TIOJOKH-
TENBHOW WJIM OTPULIATENbHOMN), eciu B oosacty [Xi(t)| < H ona mpuHuMaet
3HAYCHUS TOJbKO OJHOrO 3HaKa M OOpaIacTcs B HyJIb B KOHEYHOM YHCIIE
TOYEK 3aJaHHOM 00acTH (pazoBoro nmpocrpancTsa. Hanpumep:

e V =(X1—X2)2, V{x} = 0 pu X; = Xo, B TOM UKCIIE ¥ TIPH X1 = X,= 0;

o V :(xi—xz)2 +x2. V{X} = 0 put X; = X 1 1IpHt Xs= 0.

Oynxnus JIsmynosa V{X} Ha3piBaeTCs 3Hakonepemennoil, eciv B 00-
nacta [Xi(t)| < H ona nmpuHMMaeT 3Ha4YeHUS pa3HOrO 3HAaKa M OOparaercs B
HYJIb B KOHEYHOM YHCJI€ TOYEK 3aJIaHHOM 001acTu (ha3o0BOro MpoCTPaHCTBA.
Hampumep:

o V=X +X+X.V{X}=0npuX; =X, u npu Xz= 0.

Takas Qynkums ans onpeneneHus] yCTOMYMBOCTH CUCTEMBI MO Tpsi-
MOMY MeTony JIAIyHOBa HE UCIIOIB3YETCH.

Haubonbiiee pacrpocTpaneHue A aHajdu3a MUPOKOro Kiacca Jiu-
HEWHBIX W HEJTWHEWHBIX CHCTeM Mojyudnia ¢yHKnus JlsmyHoBa B BHIE
KBaJApaTU4HOM (HopMbI (KBaApaTUUHAST PYHKIIKA)

V{x}:ii PXX; (2.161)

rae Pjj — mocTossHHBIE KOO OUIUECHTEIL.
Taxxke kBagpaTuuHyro (QyHKIUIO JIAMyHOBa MOXHO MPEICTaBUTH B
BEKTOPHO-MaTPUYHOM BU/IE

V{x} =x"Px; (2.162)
R R, . Ry

P= P P (2.163)
P, P P

nl n2 nn

Hcnonb3yemas 1pu 3anucy KBaapaTUIHON (HOpPMBI MaTpHIla SBIISCT-
CA CUMMEMPUYHOU, B HEU BJIEMEHThl CHMMETPUYHBI OTHOCHUTEIIBHO TJIaB-
HOM JuaroHaiu, T.€.

P =P, (2.164)
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Ksanpatuunas ¢opma ¢yskmuu Jlsmynosa (2.162) mo xkpumepuro
Cunveecmpa OyneT ONpPENEICHHO-TIONIOXUTEIBHON, €CITU KaXIbIH U3 ee
TJIaBHBIX IMArOHAIBHBIX MUHOPOB OYJIET IMOJIOKHUTEIBHBIM:

P, Ry

A =P,>0; A, = >0 ur.m. (2.165)

21 22

B ¢a3oBoM mnpocTpaHCTBE MOCTOSSHHOMY 3HAYEHHUIO MPOCTEUIIEH
kBagpaTuaHoi (yuknuu Jlsmynosa (V{x} = const) coorBercTBYeT TIO-
BEPXHOCTH IpH N = 3 WU IJIOCKOCTH npu N = 2 (puc. 2.34).

X3 X2 A

' .\X]_2 + X22 + X32 =C ) )
/ XU+ Xx =G
i -
} )(2> \J X1

e X° + %o = G

=)

a

X1

Puc. 2.33. I'paduueckoe npencrasienue ¢pynkuun JlsmyHosa:
@ — TIOBEPXHOCTh B TPEXMEPHOM IPOCTPAHCTBE; O — INIOCKOCTH B IBYXMEPHOM
IPOCTPAHCTBE

JUis cucteM, HMMEIONIMX OJHO3HAYHYIO, HENPEPBIBHYIO, HEYETHO-
cUMMeTprUYHYI0 HenmHerHocTh F(X), A.W. JIypse u B.M. I10CTHHKOBBIM ObI-
Ja npemyiokeHa pynkuus JlsmyHoBa kak kBajaparthyHas ¢opMa OT KOOPIAU-
HAT COCTOSIHUS JINHEMHOM YaCTH CUCTEMBI ILTFOC HHTETPall OT HEJTMHEUHOCTH:

V{x}szPx+TF(x)dx. (2.166)

JIJisl aHATUTUYECKOTO PEIICHUS 3a/1a4l YCTAaHOBJICHUS! YCTOMUYMBOCTH
COCTAaBUM HPOU3800HyI0 hynkyuu Jlanynoea no BpeMeHU

dv. oV dxl+av dx2+ +8_den
dt ox dt ox, dt T ox, dt
Hcnonb3ys paBeHcTBa (2.159), MOXHO 3amucaTth HOJIHYI0 RPOU3600-

Hylo yukyuu Jlanynoea no epemenu, SBISIONIYIOCS OOIIeH (yHKITHCH
i cucteMbl B yHkun JIsmyHoBa V{X}:

LAY WA SCLA SN (2.168)
dt 0%, oX, OX

(2.167)

n
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Od4eBUIHO, YTO COBOKYIMTHOCTh YaCTHBIX MPOU3BOIHBIX GyHKIMH JIs-
IIYHOBa COCTaBJIsIeT 2paduenm gyukuyuu V{X}, T.c. BEeKTOp, omnpenuesec-
MBI IpoeKIusaMu 0V/OX; Ha 0cH KOOpAMHAT (Pa30BOro MPOCTPAHCTBA

VV = 8V;8V;."8V : (2.169)
0%, OX, OX

n

Toraa B pesynbTare mpousBeAeHUs rpaaueHta (yHkiuuu JlsmyHoBa
VV{x} u eexmopa ¢pazosoir ckopocmu t{x} = {f1; f,...f,} monygaercs Toxe
HEKOTOpas CKaasipHas PYHKIIUS KOOPIMHAT COCTOSHHS CHCTEMBI

LW {x} =V {x- £ {x], (2.170)

TJIe X — BEKTOp KOOPJUHAT COCTOSIHHS CHCTEMBI X = (X1; X2...Xn).

Bektop VV{X} nepnennukyiasapeH k moBepxHocTH V = CONSt B Kax-
nou e€ Touke X = (Xi; X2...Xn) ¥ HAIIpaBJICH B CTOPOHY BO3pacTaHUs 3Haue-
Hus ¢pyakiuun Jlsmynosa V{X} (puc. 2.34).

A

Xs v V{x}

X2+ X2+ X2 = C
M Mo

1 >

X1
Puc. 2.34. I'paduueckoe npeactapiaeHue rpaauenTa GyHkimn JlsmyHosa

Ecnmu monmuas npowsBoanas ¢ynkuuu Jlsmynosa W{x} > 0, To, co-
rimacHo Gopmye (2.170), Bekrop azooit ckopoctu f{x} cocraBnser c Bek-
topoM V V{X} ocTpsrii yroiu, pa3oBas TpaekTopus mepecekaeT MOBEPXHOCTh
V{x} = const B ctopony yBeanuenus 3nauenuii V{Xx}. Ecau sxe W{x} <0, To
yron mexnay f{x} uVV{x} Tynoit u ¢dazoBas TpacKTOpHs UIET B CTOPOHY
yMmeHbieHus 3HaueHui V{X}. YMeHbilenne 3HaucHui GyHkiuu JIsmyHoBa
V{x} mpu nepeceuennn e€ ($Ha3oBoil TpacKTOpUeH 03HAYACT MPHOIIKECHUE
NOCJIeTHEeW K HaYally KOOPJAWHAT, B ciIydae 3Hakoomnpeaenennon V{X}, nmm
K HEKOEMY CTAallMOHAPHOMY COCTOSTHHIO, B cllydae 3HakomnoctossHHou V{x},
T.€. CTPEMJICHHUE YCTOMUMBOM CUCTEMBI K COCTOSTHUIO PAaBHOBECHSI.

Ha ocHOBaHWM BBHITIENPUBEICHHBIX AHATUTUYCCKUX U TPadUIECKUX
3akoueHu A.M. JISIyHOBBIM OBLIH COPMYITUPOBAHBI CIEAYIOIINE TEO-
peMBbI 00 YCTOMYMBOCTH M HEYCTOMYMBOCTH HEJIMHENHBIX CUCTEM.
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Teopema Jlanynosea 00 ycmouiuueocmu. €CiIu JJis1 CUCTEMBbI, CBO-
00JHOE TBIIKEHUE KOTOPOH omuchiBaeTcs ypaBHeHUsMHU (2.159), cymiect-
ByeT 3HaKoormpeneiacHHas GyHkuus V{X}, mojgHas Mpou3BOHAS KOTOPOM
W{Xx} sBnsieTcsl 3HaKOMOCTOSHHOW (YHKIIMEH MPOTHBOIIOJIOKHOTO 3HAKa,
TO CHUCTEMa yCTOWYHBA.

Teopema Jlanynosa 06 acumnmomuuecKkoil ycmou4ueocmu:. eciu
JUTSI CHCTEMBI, CBOOOTHOE NBMKEHUE KOTOPOU OIMUCHIBACTCS yPaBHEHUSIMHU
(2.159), cymectByet 3HakoomnpeaeneHHas Gynkmus V{Xx}, momnas npouns-
BogHass koTopor W{X} sBiseTcs ToXe 3HAKOOMpEICICHHOH (yHKIHMEH
POTUBOIOJIOKHOTO 3HAKA, TO CUCTEMA YCTOMYMBA ACUMIITOTHYECKH.

Teopema Jlanynoea o neycmouyugocmu. eCiy JJjisi CUCTEMBI, CBO-
00JHOE IBIIKEHHUE KOTOPOM omuchiBaeTcs ypaBHeHusMu (2.159), cyiect-
ByeT Kakas-HuOyap dynkuus V{X}, monnas npousBoaHas koropoir W{x}
SIBJISIETCSI TOKE 3HAKOOMPEACICHHON (DYHKIMEW U B JII0OOW CKOJIb YTOJIHO
Majoi 00J1acTh BOKPYT Hadajia KOOPJWHAT UMEET 3HAK, COBMAJAIOIIUIN CO
3HakoM V{x}, To cucremMa HeyCTOWYHNBA.

PaccmotpuMm mpumep uccnenoBanus GyHKun JIsIITyHOBa Ha 3HAKO-
omnpeneneHHocTh. [lycTh nana kBagparudHas popma

V =X +5%; +3%5 +4%X, —2X,%;,{Xx} eR. (2.171)

Ecnu 3anucarh 1aHHyI0 KBaJpaTU4Hyro (opMy B MaTpuuHOi popme,
TO AJIEMEHTAMHU COOTBETCTBYIOIIEH MaTpullbl OyayT: Py = 1; P, = Py = 2
P13 = P31 =0; Py =5; Py3 = P3; =—1; P33 = 3.

Torma rmaBHBIC qUAaroHaaIbHBIC MHHOPHI MAaTpHIIBI P:

A1 =P =1,
a P B2,
P, P, |2 5
P, B, Ry 1 2 O
A, =P, P, Psl=12 5 -1=2.
P, P, Psl [0 -1 3

Tak Kak BC€ MOJOKUTEIbHBI, TO TTO KpuTeputo CuiibBeCTpa JaHHAA
KBaJ[paTuyHas Gopma sIBISETCS ONPEACICHHO-TIOJIOKUTEIbHOU PyHKIIUEH.

PaccMoTpum mpumep omnpenesnieHuss yCTOMYMBOCTH HEJIMHEHWHOU
ACY, cBO0OOHOE ABMIKEHHE KOTOPOU 3a7aHO cUcTeMou TuddepeHIuaib-
HBIX YpaBHEHUN cocTossHUS 1-r0 mopsaka B hopme Komn:
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% =—(% —Bx, )(1-axt —bx} );

(2.172)
X, == (X%, —ox )(1-ax; —bx}),

rae o, B, a, b — MoNoXUTENbHBIC MMOCTOSHHBIC YUCIIA; X1, X2 — (a30BbIC KO-
OpJIMHATBI COCTOSIHUSI CUCTEMBI.

JIns aHanm3a YCTOMYMBOCTHM CHUCTEMBI BBIOMPAEM IMOJIO0XKUTEIBHO-
omnpenenaeHHyo GyHKIiuio JIsmyHoBa B BUI€ KBaAPATUIHOU (HOPMBI

V{x}=ax; +PpX;. (2.173)
Haxoaum npou3Bo/HYIo oT GyHKIuH JISmyHOBa 110 BpEMEHH:
‘2—\: 20X dx +2BX, dxz . (2.174)

Hcmons3yst paBeHCTBA (2.172), MO>KHO 3aIiCaTh MOJTHYIO MPOU3BO/I-
Hyt0 (QyHKIIMHU JIAITyHOBA 110 BpEMEHH:

W{X}ZC;—\:=—20LX1(X1_BX2)(1_aX12 _bxg)_
—2BX, (X, —ocxl)(l—axl2 —bx22)=
:—2(1—ax12 —bXZZ)(OLXf +BX§). (2.175)

Torna monHas npousBoHas ¢pyHkuuu Jlsmynosa W{x} < 0, cooTser-
CTBEHHO YCTOMYHMBOCTh CUCTEMbI UMEETCA B CIIy4ae, KOoraa

(1-ax -bx})>0 (2.176)

HJIN XKEC
ax’ +bx’ <1. (2.177)

I'paHuiie yCTOMYUBOCTH JAHHOM CUCTEMBI HA IUIOCKOCTH €€ KOOp-
JIUHAT sABJIsgeTcs dutuinc (puc. 2.35).

aX]_2 + bX22 =1

1/fxl

Puc. 2.35. I'pannia ycTONYUBOCTH CUCTEMBI

Ob6nactp yCToﬁqHBocm
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I mpumepa aHalm3a yCTOMYMBOCTH METOAOM JIsAyHOBa HEJIMHEH-
HOM CHCTEMBI, UMEIOLIEH OJHO3HAYHYIK) HEYETHO-CUMMETPUYHYIO HEJH-
HeitHocTh F(X3), HampuMep, HeMMHEWHAs XapaKTepPUCTHKA «30Ha HEUYBCT-
BUTEIbHOCTH» (CM. TaOu. 1.1, m. 1), paccMoTpuM CBOOOAHOE JIBHIKEHUE HE-
muneriHot ACY, 3amanHoe cuctemMoit quddepeHnaibHbIX YpaBHEHHUM CO-
ctosinus 1-ro nopsiiaka B popme Komu:

% =—% +F(X);
X, =—F(X,); (2.178)
X = (7 =1) X + %, —rF(X,),

r1e X1, X2, X3 — (ha30BbIe KOOPJAWHATHI COCTOSIHUSI CUCTEMBI; Y U I' — TIOJIO-
KHUTEIbHBIC MTOCTOSTHHBIC KO3 dutinenTsl; F(X3) — HeMMHEHHAs XapaKTepu-
CTHKa «30Ha HEUYBCTBUTEIHLHOCTH.

I[To pexomenpamusim A.U. Jlyppe m B.M. IlocTHukOBa BO3bMEM
¢dyskiuio JIsmyHoBa Kak KBaapaTHIHYIO (GOpMYy OT KOOPIMHAT COCTOSHUS
JMHEHWHOW YaCTH CUCTEMBI ITIOC MHTETPAI OT HEJIMHEHHOCTH

X2 X2 X3
— 1 2
V{x}—(y—1)7+y7+JF(x3)dx3. (2.179)
0

Hannas pyakius V{X} sBisieTcst onpeaeneHHO-T0I0XUTEIIBHOH, TaK
kak npu yciouu (Y — 1 > 0) oHa monoxuTeabHa C JIF0OOBIMH 3HAYCHHUSIMHU
X1, X2, X3 ¥ OOpariaercst B HyJ1b TOJIBKO B Hauajae KOOPAMHAT.

Haxoaum nponsBoiHyto oT (pyHKIuU JIsSTyHOBa 110 BpeMEHHU:

dv , dx, , dX dx
— 2 3

— =(y-1)x =2+ =2+ F(x)=2.

dt dt dt dt

Hcnonb3ys paBeHcTBa (2.178), MOXKHO 3amucaTh MOJTHYIO MTPOU3BOJI-
HYI0 QyHKIUH JISImyHOBA 110 BpEeMEHHU:

(2.180)

W{x}:E:(g/—l)xf(—x1+F(x3))+
+7%5 (=F (%)) + F (%) (7 —1) % + 7%, —F (x,)) =
=—(7-1)(F(x)-x) ~(r+1-7)(F (%)) - (2.181)
Torna nonnas npoussonnas Gpyuknuu Jlamynosa W{x} < 0 B ciryuae
r>y—-1>0. (2.182)

Tak xak momnHas npowmsBomHas W{X} sBisercs 3HAKOIOCTOSHHOW
¢dyHKIHel npoTuBononoxHoro V{x} 3Haka, To cuctemMa yCTOWYHBA.
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B cayuae y — 1 < 0 ¢pynkuuto JlssmyHoBa Gepem B BUj€e

2 2 X3
V{X}:(l—y)%+yx72+IF(X3)dX3. (2.183)
0
HaXOI[I/IM HpOI/I3BOI[HYIO oT (bYHKHI/H/I .HHHYHOBa 10 BpCMCHI/I:
dv , dX , dX dx
—=(1- —Lryxs —2+F(x,)—. 2.184
dt ( y))(1dt ot (3)dt ( )

Hcnonb3ys paBeHcTBa (2.178), MOXKHO 3amucaTh MOJHYIO IPOU3BOI-
Hy10 (GyHKIIHN JISITyHOBA 110 BPEMEHH

W =S (1) (0 +F (%)) +

%2 (—F (%)) + F (%) (v =1) %, +7%, —1F (%,)) =
=—(1-y)x —r(F (%)) (2.185)

Otcroia ycloBrUe YCTOMYMBOCTH CHCTEMBI, KaK YCJIOBHE OTpHIla-
TEJILHOTO 3HaKomocTossHCTBA pyHKImu W{X}, mpuHIMaeT BUI

r>0 (2.186)

0<y<l.

Takum 06pa3om, MPOBEICHHBIN aHATIU3 CUCTEMbI METOAOM JIdmyHoBa
MO3BOJISIET OLICHUBATH BIUSIHUE KO3(P(DUIIMEHTOB CUCTEMBI Ha €€ yCTONYH-
BOCTh WM BBISIBIIATH JOMYCTUMBIE JMANA30HbI 3HAYEHUU KOA(DPUIUEHTOB
JUTs1 o0ecrieyeHrs yCTOMYMBOCTH Ha 3Tare CUHTE3a CUCTEMBI.

2.15. Onpeaesenue rpaHuil a0COJTIOTHON YCTOHYUBOCTH HeJIMHEHOM
CUCTEMBI

B Henuneitnoit ACY MOXeT cyIiecTBOBaTh Takas 00JacTh MapaMeT-
POB JIMHEWHOW YacTH, KOTOpasi 00ecriedynBaeT adCOMOTHYI0 YCTOMUYUBOCTD
B HE3aBUCUMOCTH OT KOHKPETHOU (POPMBI HETMHEHHOMN XapaKTEPUCTUKH.

Jl1sT  HEJIWHEHMHBIX CHCTEM C OJHOM OJHO3HAYHOM HEYETHO-
CUMMETPUYHON HETMHEUHOCTHIO, Y KOTOPBIX MepenarouHasi (GyHKIUs JIK-
HEWHOW YacTu 00J1aJlaeT CBOMCTBOM (DHIIBTpA HU3KUX YACTOT, MOXKHO OII-
peIensaTh YyCTOMYMBOCTh KAaK CBOMCTBO 3aTyXaHHs IEPEXOIHBIX IMPOLEC-
coB. I'paHuIla yCTOMYMBOCTA MOXET OBITH ONpE/esieHa KaK I'paHulia 00-
JacTH CYUIECTBOBAHMSI NMEPUOANUYECKUX COOCTBEHHBIX KOJIEOAaHUN B CUCTE-
M€, T.€. KaK IpaHula MOSABJIEHUS Mapbl YACTO MHUMBIX KOPHEW B XapakTe-
PUCTUYECKOM YPABHEHUH TAPMOHUYECKH JIMHEAPU30BAHHOU CUCTEMBI.
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[Tycth aBTOMaTHUECKasi cuctema (CM. puc. 2.6) ¢ 0OJHOW OJHO3HAY-
HOW HEYETHO-CUMMETPUYHON HEIMHEWHOCTHIO F(X) MMeeT mepenaTrovHyro
GYHKIUIO JIMHEHHOW YacTu

Wy (p)=—+=. (2.187)

3aMeTHM, YTO XapaKTEPUCTHUECKOE ypaBHEHHWE CHCTEMBI MPH rap-
MOHHUYECKOH JIMHEeapH3alui HEITUHEHHOW 3aBHCHMOCTH, B Clydae OIHO-
snauHoi HeauHeiHocTH F(X) (9" (A) = 0), umeeT Bua

Q(p)+R(p)a(A)=0. (2.188)

Hanmynune mapel 4MCTO MHHMBIX KOPHEH B XapaKTEPUCTUYECKOM
YPaBHEHUM TapMOHWYECKH JIMHEAPU30BAHHOW CHUCTEMBI MOYKHO OIIpEJIe-
JUTH 110 Kputeputo 1'ypsuna. Ilpu ux HaIM4uuy MOCHEIHUN ONPEACTUTEND
['ypuna A,-; = 0, a oCTalnbHBIE ONPEAECIUTENN MOJIOKUTEIBHBIE MPH JIFO-
OBIX BO3MOXHBIX 3HaUeHUAX ((A) (s cCHCTEM TPEThEero W YeTBEPTOTO I0-
pSAIKa 3TO 03HAYAET MPOCTO MOJOKUTEILHOCTh KOA(DPUIIMEHTOB XapaKTe-
PUCTHYECKOTO YPABHEHUSA).

Takum 00pa3om, yciaoBUEe aOCOTIOTHOW YCTOMYMBOCTH CUCTEMBI:

A .(q)>0 (2.189)
npu 0<q(A)< oo, (2.190)

rie (A) — ko3 durmeHT rapMOHHYECKON JTMHEeAPHU3aIUN HEJIMHEHHOTO dJle-
MCHTA.

['panHuIia 3TOM 00JACTH YCTOWYMBOCTH ONPEACTACTCS KaK COBOKYII-
HOCTh MapaMeTPOB JIMHEHHON YacTH CHUCTEMBI, IIPH KOTOPOW B HYJb 00pa-
maeTcst 3HaueHue onpenenutens An-((), a ero HauMeHbIIee 3HaYCHUE UMe-
eT XapakTep MUHUMyMa QyHKIIMU. B pe3ynbraTe monxyvyaeM JBa ypaBHCHUS:

An—l(q) =0;
oA, (Q) o (2.191)
a9 '

VckimiouuB U3 3TUX IBYX ypaBHeHUH BenwuuHy ((A), MOXHO HaHTH
rpaHuily o0JacTh aOCOJIIOTHOM YCTOMYMBOCTH, KOTOpask OyAE€T 3aBHUCETh
TOJBKO OT MapaMEeTPOB JIMHEHHOMN YacTU CUCTEMBI.

PaccMmoTpumM MeTo1 oripesiesieHus: a0COMIOTHOW YCTOMYMBOCTH Ha KOH-
KpeTHOM Tipumepe. JlaHa cTpyKTypHas cxema cuctemsl (puc. 2.36). Onpene-
JUM B3aMMOCBSI3b MAapaMeTpPOB JIMHEMHON YacTH CHUCTEMbI, OOecreyrBaro-
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IIyI0 a0COTIOTHYIO YCTOMYMBOCTh CHCTEMBI C HETMHEHHBIM d1eMeHTOM F(X),
00J1aIat0IINM OJTHO3HAYHON HEYETHO-CUMMETPUYHOMN HEJIMHENHOCTBIO.

t
u(® Y1 s e L

ocC

Puc. 2.36. CtpykrypHas cxema HenuHeiHO ACY

Cucrema 3a7jaHa nepeaaTOYHbIMU (DYHKIHUSIMU:

K
W, =—=—: 2.192
S (2.192)
K
W, =—2 2.193
O TIT (2.193)
Woc(p) = KOC' (2-194)

OnpenenuM mneperaToyHyr0 (PYHKIHIO YaCTH CUCTEMBI, 3aMKHYTOM
MECTHOM OTpHUIIATENIbHON 00paTHOM CBs3BIO ¢ KOAhPuiinenTom Koc:

KZ

i F(x)
(T,p+Dp K,F (x)
W — = . (2.195
woc (P) 1+ Ko £y PP+ KKocF () (2.199)
(T,p+1)p
OrnpenenuM nepeaTounyro GyHKIIMIO BCEH 3aMKHYTOM CUCTEMBI:
Kl
Wooc (P)
T,p+1) M
W3AM(p)= (l Kl) —
1+ 1 W
" (T,p+1) woc (P)
_ KiKF (%) . (2.196)

(Tp+1)(T,p* + p+ KK F (X)) + K K,F ()

3amnuieM XapakTepUCTUIECKOE YPaBHEHNE TrapMOHUYECKH JTMHEAPH-
30BaHHOM cucTeMsl, T.e. ipu F(X) = q(A)x

T, %+ (T +T,)p? +(1+a(A)TK,Kye ) p+ Kpq(A4) (Koo + K,)=0. (2.197)
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Ha rpanune ycroitunBoctu coriacHo hopmyie (2.191), umeem
An—l(q) =T, +T,+ Q(A)Tle (TlKOC -1, Kl) =0;

OA 2.198
”a;l(q):Tle (TlKOC—TZKl):O. ( )
q
[Tapamerp, XapakTepU3yIONIMK HETUHEHHYIO 3aBUCUMOCTH ((A), He
BOWIEN B MOCEHEE ypaBHeHUE. [ panuily aOCOMOTHON YCTOMYMBOCTH OII-
peaesieM 10 mapaMeTpaM JUHEHHON YacTh cucTeMsl (puc. 2.37)

TK,e =T,K,. (2.199)

JIOMOJIHUTENBPHO HEOOXOAUMO TMPOBEPUTH MOJOKUTEILHOCTh OC-
TaJdbHBIX ompenenuteneil ['ypBuna. s cucteMbl TpeTbero mopsjaka Imo-
JIOKUTENBHOCTh OCTAJIbHBIX ompenenuteneid (A; u A;) CBOAUTCSA K TOJIO-
KUTETHHOCTH KO3(P(UIIMEHTOB XapaKTEePUCTUUECKOTO YPABHEHHUS.

T,+T,>0;

_ (2.200)
Koe > —K,.

Taxkum oOpaszom, HenuHeHas ACY ¢ oqHON OJTHO3HAYHOM HEUETHO-
CUMMETPUYHOM HeIuHeHHOCThI0 F(X) OyaeT adCoNMOTHO yCTOMYNBOM IpH
CJEAYIOIIEM COOTHOIICHUY MAPAMETPOB JINHEWHON YaCTU CUCTEMBI !

KOC > T2 Kl :
T, (2.201)
Koe > —K,.
b Ko
O06nacTh Nz
YCTOHYMBOCTH \W
T,K
K - _K K —__21
oc 1 é oc T,
>
0 Ky

Puc. 2.37. I'panuia u o6macts aOCOOTHON YCTOWIHMBOCTH

PaccMoTpuM ciydaid, Korja Bo3MOXKHBIC 3HaueHHs F(X) mpu Hedér-
HO-CHMMETPUYHON HEIIMHEWHON XapaKTePUCTHUKE MOTYT COJEP)KAThCS B
WHTEpBAJIC yIiia, OTPaHUICHHOTO MPSAMBIME KoX 1 K¢ X (cM. puc. 2.29).
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[Tpu rapmoHMYecKol MHeapu3auy uHTepBai 3HadeHui 0 < ((A) < oo
B JICMCTBUTEIBHOCTA UMEET MECTO TOJIBKO JUIA MIealbHOro pene. st He-
JMHEWHOW XapaKTEPUCTUKH, JISKAIICH B MHTEpBaJie yria, 3HaucHue ((A)
3aKJII0OYEHO B MpEeIax

B TakoMm ciydae JOMOTHUTENBHYIO 00JIACTh YCTOWYMBOCTH OTpee-
JISTIOT B 3aBHCHUMOCTH OT MaKCHMaJIbHOTO ¥ MUHUMAJIHHOTO 3HAYCHHUH KO-
s durmenTa rapMOHNYECKON THHEAPU3AIMH ISl KQKIO0T0 BHUJ1a HEITMHEH-
HOU XapaKTepUCTHUKHU.

Buauane rpanuity o6sact a0COMIOTHON YCTOMYMBOCTH OMPEETSIOT
pu 0 < ((A) <o cormacuo (2.191). Do pelieHre 1aeT JOCTATOUYHBIE YCII0-
BUsI YCTOMYMBOCTU TPH JH000H GopmMe OJHO3HAUYHOUW HEIMHEWHOU Xapak-
TEPUCTHUKHU U TMPHU JIFOOOM UHTEPBAJIE U3MEHEHUs KOA(PPuUIIMeHTa rapMOHU-
YEeCKOM JIMHeapu3aluu. 3aTeM MOJYydYaroT JTOTOJHUTENbHYI0 00JacTh yc-
TOMYMBOCTH 3a CYET OTPAHWYCHHsI WHTEpBaJa (PaKTHUECKU BO3MOKHOTO
U3MEHEHHUs K03 (HUIIMEeHTa TapMOHUYCCKON IrHeapu3anuu (y4eT TpaHHIl
HeJMHEeWHOCTH). [l aToro B ypaBHenus (2.191) namgo nmoacTaBuTh 3HAUE-
HUA §(A)min 1 J(A)max- UeM O0JIce y3KHii CEKTOP, TJIe pa3MeCTHIach BCS He-
JVMHENHAs XapaKTEePUCTUKA, TeM OoJibile OyaeT 00JacTh AOMOIHUTEIHHOM
IpaHUllbl a0COIOTHON ycToMYnBOCTU. Takoe penieHue 1aeT HeoOX0AUMbIe
U JIOCTaTOYHBIE YCIOBUS YCTOMYMBOCTHU MPHU 3aJ]aHHON (hopMe OJIHO3HAY-
HOW HEeITMHEHHOM XapakTepucTuku. Kpome atoro, o ycnosuto (2.189) npu
Pa3IMYHBIX BapbUPYEMBIX TMapamMeTpax JTUHEWHOW YacTH MOKHO Ofpee-
JMTh 00JIACTh YCTOMYMBOTO aBTOKOJIeOaTeIbHOTO pexkuma (cM. puc. 2.16).

2.16. AHa/IM3 0IHOYACTOTHBIX BBIHYKACHHBIX KOJIe0aHUI

HccnenoBanue BBIHYKICHHBIX KOJEOAaHUN HEIMHEHHBIX CHCTEM
IPEACTABISIET CO0O0M B OOIIEM CJIOKHYIO 3a/1adyy B CBSI3M C OTCYTCTBHEM
CYIIEpPIIO3HUIINHN OTIEIbHBIX PEIICHUH, a TAKXKE CYIECTBEHHbIM U3MEHEHHU-
€M IOBEJICHUSI CUCTEMBI B 3aBUCMMOCTH OT pa3Mepa aMIUIMTY]bl KojeOa-
HUW, C HAJUYUEM HE E€IMHCTBEHHOTO YCTAHOBUBILIETOCS PEXKHMa H BO3-
MO>KHOCTBIO TIEPECKOKOB C OJJTHOTO PEeXUMa Ha JAPYTrod, ¢ 0COOEHHOCTSAMU
BBICIIMX TAPMOHUK, CYOTapMOHUK, KOMOMHAIIMOHHBIX YACTOT U C MHOTUMH
IpyruMu (hakTopamu.

PaccmoTpuM ciydail OJTHOYACTOTHBIX BBIHYKJIEHHBIX KOJIEOAHMI,
T.€. KOJICOAaHUI HETMHEWHON CUCTEMBI C YaCTOTOW BHEIIIHETO MEePHUOINYe-
CKOT'O BO3/ICHCTBUS, U HAJEM YCIIOBUS UX CYIIECTBOBAHUS.
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®dopwma KoJieOaHMil, KaK U Pex/ie, HA OCHOBAaHUU CBOMCTBA (PUIIbTpA
JMHEWHOW YacCTU CUCTEMbI OYJIET CUMTATHCS OJIM3KON K CUHYCOUJAIbHOMN
JUIS IEPEMEHHOM X, CTOSIIEH I0J] 3HAKOM HeJTuHeWHou ¢yHkmuu. [Ipu
PAaCCMOTPEHUH BBIHYKJICHHBIX KOJIEOAHWM BO MHOTHX CITy4dasiX BO3SHUKAIOT
OTPAHUYEHHMS, HAKJIAJbIBAEMbIC HA AMIUIATYy WU 4YacCTOTYy BHEUIHETO Ie-
PUOJIMYECKOTO BO3ACHCTBUS (3aBUCAIIME TAKXKE U OT MapaMETPOB CHUCTE-
MbI) U OOYCIOBIMBAIOIIME CYIIECTBOBAHHE OJIHOYACTOTHBIX BBIHYXKICH-
HBIX KOJIeOaHM B HEJIMHEWHOW cucteMe. bylneM MX KpaTKo Ha3bIBaTh
ycnosuamu 3axeamovléanusn (B yKa3aHHOM IIMPOKOM cMbiciie). Ocoboe
3HAUYCHUE 3TH YCJIOBUA NPUOOPETAIOT IS aBTOKOJIEOATEIHHBIX CHUCTEM
IIPU 9acTOTaX, OJU3KUX K YaCTOTE aBTOKOJICOAHUI U BHIIIIE.

[Tycte Hemuueiinas ACY (cm. puc. 1.1) ¢ oaHO#M HEIMHEHHOCTHIO
F(X) uMeeT mepeaaTouHyr0 (YHKIMIO JIMHEHHON YacTH, 00JIagarollyro
CBOMCTBOM (hMJIbTPaA HU3KUX YaCTOT.

PaccmoTpuM BIMSHUE HAa CUCTEMY BHEIIHErO BO3MYIIAOIIETO rap-
MOHHMYECKOTro Bo3nericTBus f ¢ m3BecTHOM amrumntyno B' n wacroToit o'

f(t)=B'sinw't. (2.203)

YpaBHEHHSI TUHEHHON YaCTU CHUCTEMbI M HEJIMHEWHOTO 3JIEMEHTA B
orniepaTopHoi popme:

Q(p)y=R(p)z+S(p)f;
z=F(x)==F(y).

YpaBHeHHE TUHAMHUKHA 3aMKHYTOW CHUCTEMBI B ONIEPATOPHOU (opme
npu U(t) = 0 umeer Bua

Q(p)y=—-R(p)F(y)+S(p)f. (2.205)

Bo3MoxHBIE BBRIHY X ICHHBIE KOJICOAHHS BBIXOTHOW BEITMYHUHBI C Yac-
TOTOM ', aMIIUTYy A0 A" 1 Bazoit ¢' 3anuieM Kak

y=A'sin(o0't+¢'). (2.206)

(2.204)

[Tocnie rapmMoHMYECKOW JIMHEAPU3ALUU HEIMHEWHOTO SJIEMEHTA €r0
ypaBHEHHE B ONEepaTopHOi (hopMe UMEET BU/T

7= —(q(A) +q'(A)£jy, (2.207)

rae koddduirenTs rapmoHrueckoi auHeapusanyu q(A) u q'(A) omnpene-
JSIOTCS coryiacHo opmyiiam (2.75) u (2.78).
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Torma ypaBHenue 3amkHyTOW cucteMbl (2.205) ¢ yderom dopmyn
(2.203), (2.206) u (2.207) npumeT BUA;

{Q( p)+R( p)(q(A) + q'(A)ﬁlﬂA’sin (0't+0¢")=S(p)B'sinw't. (2.208)
6

JI1s1 OThICKaHUSI EPUOIUYECKOTO PEIIeHUs] BBIHYKIESHHBIX KOjeOa-
HUW BBIXOAHOW BEJIMYMHBI MCHOJIb3YEM CUMBOJIUYECKHAN METOJ OIpeesie-
HUS, TIEpeuas B qaCTOTHy}o 00J1aCcTh M 3aMEHMB P = j®', a BMeCTO Sinm't
MOJICTAaBUB BBIPAKECHUE e Torma MOJYy4YUM

[Q(jo')+R(jo)(a(A) + jo'(A)) ]4'e") = §(jo')B'e™™;  (2.209)
€

[QUi@)+R(io)(aA) +JaA)] |, ., e

S ( jCO’) ej(m’t+(p') ]

[Q(Jjo')+R(jo')(a(A) + Ja'(A)) ]
s{io’

JleBast yacth (2.211) oGo3navaercs Z(A) u mpeacTaBiseT coOOi
KOMILUIEKCHBIN roiorpad 3aMKHYTOH CHCTEMBI ¢ IEPEMEHHBIM ITapaMeTPOM
AMILTUTYIbI A, ONpenesieMblii MPH MOCTOSHHOM YacTOTE BHEIIHErO rap-
MOHHUYECKOT'O BO3ICHUCTBUS '

Beipakenue (2.211) ocraercs crpaBeJIMBBIM M IS HEJTUHCHHBIX
CHCTEM C BPEMEHHBIM 3aIa3AbIBAHUEM T U IPUHUMACT BU]I

[Q(j)+e ™ R(jo')(a(A)+ jq'(A) ]
S(jo)

VYpaBHenue (2.211) ¢ 1ByMst HEU3BECTHBIMH A’ U @' MOYKHO PEIIUTH
rpadguyecku, Kak nmokasano Ha puc. 2.38. [IpaBas gactb (2.211) uzobpaxa-
eTcs Ha KOMIUIEKCHOH miockocTH [+1; j] B Buae okpyKHOCTH paauyca B, a
neBast yacth Z(A) CTpOUTCS Kak KpUBas MO TOYKaM MpPU MOCTOSITHHOHM dac-
TOTE€ ®' W Pa3IMYHBIX 3HAYCHUSX aMIUTUTYIbl 4. TOUKH mepecevyeHus OK-
PYXKHOCTH ¢ KpuBOW Z(A) marT NMEepHOAMUYECKOE PEIICHUE, IPUYEM BEIIU-
YUHA aMIUTATYBI BBIHYKICHHBIX KOJICOAHW OTIPEeNsieTCs B TOUKE Iepe-
ceueHus 1o kpuBoi Z(A), a haza — mo BenmuuHe yriia ¢ (cm. puc. 2.38).

Ha puc. 2.38 okpyxHOCTh mepecekaeT KpuByr Z(A) TOJIBKO IIpH pa-
auyce, OOJbIIEM HEKOTOPOro MOpOroBoro 3HaueHus B > B,,. Cuenosa-
TEIIEHO, B ATOM CJIy4ae OJHOYACTOTHBIE BEIHYKIeHHBIC Konebanus (2.206)
BO3MOXKHBI TOJILKO TIPH JTOCTATOYHO OOJBINON aMIUIUTYyAE B, a IPU MEHb-

e aMIUIUTYy/i€ B BHENIHETO BO3JIEHUCTBUS OYyJET UMETh MECTO CIIOXKHOE
JBH>KEHUE, BKITIOYAIOIIEe B ¢€0sl 1 COOCTBEHHYIO YaCTOTY CUCTEMBI.

(2.210)

A'=Bl'e ™, (2.211)

A'=Be. (2212
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Z(A)

Puc. 2.38. I'padmyeckoe onpeneneHne napaMeTpoB BEIHYKICHHBIX KOJIeOaHHA

[ToctpouB ceputo kpuBbix Z(A) o popmyse (2.211) s pa3HbIX 3Ha-
YCHHUI YaCTOTHI BHEIIIHETO0 TApMOHUYECKOro Bo3aericTBus @' (puc. 2.39, a),
MOYKHO OIPEIEIUTh 3aBUCUMOCTb IIOPOrOBOrO 3HaueHusd B,, oT o' (puc.
2.39, 0), rae m, — YacToTa aBTOKOJcOAaHMU JTaHHOW CHCTeMBI. Torjaa Mbl
MOJTy4YUM 00J1aCTh 3HaUYCHUN B U ®', B KOTOPOM CYIIECTBYIOT OJTHOYACTOT-
HbIE BBIHYKJIECHHBIC KOJICOAHUS, T.C. 001aCmb 3aX6AMbIGAHUA.

V() } 6

—
-

O06nacTb
3aXBaTHIBAHUS

3

-
e
Y

,Bos_ -
7

Puc. 2.39. Onpenenenune o0aacTu 3aXBaThIBaHUS

SIBneHMe 3aXBaTBIBAHUSA COCTOUT B TOM, YTO IpU B > B,, cOOCTBEH-
HbIE KoJieOaHus (aBTOKOJIEOaHHUs) CPBIBAIOTCS U CHCTEMA MEPEXOIUT 1eTH-
KOM Ha OJIHOYACTOTHBIEC BBIHYXKJICHHBIE KOJEOAHUS C YaCTOTOW BHEUIHETO
BO3/ICICTBUS ®'. /[[aHHBIE 0OJTHOYACTOTHBIC BHIHYX/ICHHBIE KOJIEOAHUS B CO-
OTBETCTBHHU CO CBOMCTBOM (DUJIbTpA HU3KHMX YACTOT JIMHEHMHON YaCTHU CHC-
TEMBI JJIsl TEPEMEHHOM X OYIyT TOJIBKO OJIU3KU K CUHYCOUJATbHBIM.
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PaccMoTprM aHanmu3 OAHOYACTOTHBIX BBIHYXKJICHHBIX KOJICOaHWI Ha
npumepe HemmHerHoH ACY (cm. puc. 1.1) ¢ HenmmHE#HHON 4YacThio, 00Jia-
JAfoIel TUIOBOW HeMuHEHHOW XapakTepucThkoi F(X) «/IByXImo3uinoH-
Hoe perne ¢ rucrepesucom» (cM. Tabm. 1.1, m. 8) c mapamerpamu B, u b,

YpaBHEHHST TUHEMHOM YaCTU CHUCTEMBI U HEJIMHEWHOTO 3JIEMEHTA B
orepaTopHoit popme:

{(Tlerl)(Tz p+1)py=Kz+(T,p+1)(T,p+1) pf;
z=F(x)=-F(y).

VpaBHeHHE TUHAMUKHA 3aMKHYTOW CHCTEMbI B OIepaTopHOU (opme
npu U(t) = 0 umeer Bua

(T,p+1)(T,p+1)py =—KF(y)+(T,p+1)(T,p+1) pf . (2.214)

[TycTs BHemIHEe BO3MYyIIAMOIIEE TapMOHHWYECKoe BozfeiicTBue f Ha
CUCTEMY SIBJISIETCS TAPMOHUYECKUM C aMILIUTyn0u B' 1 yacToToi o'

(2.213)

f(t)=B'sinw't. (2.215)
Torma, cornacao dhopmyae (2.211), momyunm
K(g(A)+ jg'(A o
1_ (q( ) Jq ( )) A! :B!e—j(p . (2216)

(T,+T,)0 - jo'(1-T,T,0”?)

Jlnst 3amanHoi yactotel ©' = 10 paja/c U 3aaHHBIX TapaMETPOB JIu-
HeitHoit wactu cucrems! K = 10; T, = 0,01; T, = 0,02 u pene B, = 10; b, = 4
kpuBas Z(A4) uzo0paxena Ha puc. 2.40, a. [IpoBeast OKpy»KHOCTH pa3HbIX
pamnycoB B, 1o ToukaM mepeceueHus: omnpenenuM 3aBucumoctu A'(B') u
¢'(B") (puc. 2.40, 6) my1st BBIHYKICHHBIX KOJCOAHMI ITPH YaCTOTE M'.

V(o) ‘ . 5 25 150°
. . A’ ¢
/710 V15 25 35
— T T 15 90°
\ Y X vy U((D)
AN -t 10 60°
A
) 30°
Ay [
- .- | 1 1 1 1 1
_____ 0B,5 10 15 20 25 B'

Puc. 2.40. Onpenenenue o01acT 3aXBaThIBAHUS
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KoHTpoJibHbIE BONIPOCHI U 3aJaHUS

1. Tlepeuncnure OCHOBHBIE MapamMeTphl, XapaKTEPU3YIOIIUE JTUHA-
MUKY paOOThI CyIIIECTBEHHO HEJIMHEHHBIX CUCTEM.
2. UYrto Takoe (hazoBOe MPOCTPAHCTBO, U300paXKaroIas TOUKa, Gazo-
Basi TpPACKTOPHUA U (Pa3oBhIi OpTpeT?
3. Kakue cymiectBytoT TUIOBBIE (ha30BBIE TPACKTOPUH M KaKHE OCO-
Oble TOUKH UM COOTBETCTBYIOT?
4. Kak cBsI3aHbI NEPEXOJIHAs U UMITYJIbCHAsI XapaKTEpUCTUKHU ¢ (Da-
30BOM TPACKTOPUEUN CUCTEMBI?
5. IlosicHute mpoiiecc noiayyeHus napameTpuiyeckoro u nuddepen-
[[AAJTLHOTO YpaBHEHUM (pa30BBIX TPACKTOPUI CUCTEMBI.
6. Ilepeuncnure OCHOBHbBIE CBOMCTBA (PA30BBIX TPACKTOPHUH.
/. UYTo Takoe M30KJIMHA U KaKU€ U30KJIMHBI HA3bIBAIOT IIaBHBIMU?
8. B gem cyTh rapMOHWYECKOH JIMHEAPU3AINU U B KAKOM CiTydae e
MOYHO TTPUMEHSTH?
9. UYro Ha3pIBaeTCS TAPMOHMYECKOW TEpenaTOYHON (PYHKIIMEH He-
JIMHEWHOTO JJIEMEHTA?
10. B yem cocrouT CBOMCTBO (UIbTpa HU3KUX YaCTOT JIMHEHHOMU
YaCTU CUCTEMBI?
11. B yem cyTh anredbpandyeckoro MeTojia onpeacieHus: aBTOKoJieOa-
HUW B HEJTMHEWHOW cucTeMe?
12. B dem cyTh METOJa TapMOHHUYECKOTO Oaanca?
13. HazoBute nBa yCioBuUs rapMOHUYECKOTO OajaHca.
14. Ot 4ero 3aBUCUT U KaK CTPOUTCS OOpaTHask aMIUTUTYAHO-(pa3oBast
XapakTepUCTUKA HETMHEHHOCTH C OOpaTHBIM 3HAKOM?
15. Yto Takoe abCOMOTHAS YCTOMYMBOCTD CUCTEMBI?
16. Cdopmymupyiite Teopemy [lomoBa u e€ rpadudeckyro HHTEpIIpE-
TAIMIO JTs HETMHEWHOCTH, OTpaHn4YeHHOU ceKTopoM (0 1 of) 1 (0 1 0).
17. UYrto nazbiBaeTcs auHuer [lomoBa 1 kak €€ MOCTPOUTH?
18. Kak momyunth MOIU(DHUIIMPOBAHHYIO YAaCTOTHYIO XapaKTEPHUCTH-
Ky JJUHEHHOW YaCTHU CUCTEMBI?
19. Yro sBusiercsa pynkiuent JIsmyHoBa?
20. Uto 3HAYUT 3HAKOOIPEALICHHOCTh, 3HAKOIIOCTOSHCTBO U 3HAKO-
nepeMeHHOCTh GyHKIMH JIsmyHoBa?
21. Kak mpoBepuTh 3HAKOOMpEACIeHHOCTh (pyHKIMu JlsmyHOBa B
BUJIE KBaAPATUUHON (HOPMBI?
22. Yro Takoe nojHas npousBoHas pyHkiuu JIsmyHoBa 1o BpeMeHu?
23. Cdhopmynupyiite Teopembl JIsmyHOBa 00 yCTOMYUBOCTH, aCHM-
IITOTUYECKON YCTOMYMBOCTH U HEYCTOMYUBOCTH.
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3. KAYUECTBO PETI'YJIUPOBAHUSI HEJIUHEHHBIX CUCTEM
YIIPABJIEHUA

OneHka KadecTBa PEryJIMpOBaHUS B HEJIMHEHHOM aBTOMATUYECKOU
CUCTEME SIBJISIETCS TAKOM K€ BAXKHOU 3aj1a4yeil, Kak U B TMHEHHONW. OCHOBHBI-
MU MOKa3aTeNIIMU KauecTBa PETryJIMPOBAHUS SBIISIIOTCS: BPEMS PETYJIMPOBA-
Hus p, IepeperyIUpoBaHus ¢ , KOJIeOaTeNbHOCTD | , @ TaKXKe aMIuTuTya A’
¥ 4acToTa ®' aBToKoJieOaHuil. OnpeieTuTh 3TH NoKa3aTelu KayecTBa Hauobo-
Jiee TOYHBIMUA METO/IAMH MOYHO IO KPUBOM MEPEXO0THOTO MpoIlecca.

Meto npUITacOBBIBaHMS TO3BOJIIET MPOBECTH MTOCTPOEHUE MEPEXOI-
HOM XapaKTEPUCTUKHU IO OTIEIbHBIM JIMHEAPHU30BAHHBIM yYaCTKAM HeEJ-
HEWHOW 3aBHCHUMOCTH M 3aT€M IMPOBOJUTH UX coBMmenleHue. OleHKa Kade-
CTBa PETYJIMPOBAHUS CUCTEMBI IO (DA30BOMY MOPTPETY SIBISETCS JOCTATOU-
HO MIPOCTHIM U HATJISIIHBIM METOJIOM, HO MOJTYYUTh (ha30BbIM OPTPET MOXK-
HO TOJIBKO JUIsl CUCTEMBI C JIMHEWHOW YacThIO HE BBIIIE BTOPOTO MOPSIIKA.
Jlns aHanu3a kayecTBa MEPEXOIHOTO MPoIecca ¢ JOOBIM BUJIOM HEIMHEH-
HOCTH U BBICOKUM TOPSIKOM JIMHEHHON YacTH CUCTEeMbl Hamboiiee 3¢ dek-
TUBHBIM SIBJISIETCS UCMOJIb30BAHUE TAPMOHUYECKOW JIMHEAPU3ALINH.

3.1. IlocTpoeHue nepexogHON XapaKTEePUCTUKU HEJTUHEHHOH CHCTEMBI
METO/I0M IPUIIACOBHIBAHUSA

Yacto HEnMHEWHBIE CHUCTEMBbl IIPEACTABISAIOTCA KaK KyCOYHO-
JIMHEHHBIE, T.C. UX JUHAMHYECKHE CBOMCTBA OITMCBHIBAIOTCS JMHEHWHBIMU
nuddepeHINaIbHBIMU  YPABHEHUSIMU, PA3HBIMHU JJISI PAa3HbIX YYacTKOB
npoliecca ynpasjaeHusi. Memoo npunacoevléanus COCTOUT B TOM, 4YTO JIU-
HeliHble auddepeHnranibHbIe YPaBHEHUS PEIIaOTCs B OOIEM BUJIE OT-
JEJIBHO ISl KaXKIO0r0 y4acTKa IMpoLecca, Ha KOTOPOM OHU CIPAaBEIJIMBHI.
3aTeM Ha KaXKJIOM Y4YacTKE B IMOJYYEHHBIX PEIICHUSX MPOU3BOJIBHBIC T10-
CTOSIHHBIEC OMPEACIISIIOTCS TaKUM 00pa3oM, YTOOBI BCE COCEHUE YUACTKU
MPAaBUJIBHO COCTBIKOBBIBAJIUCH IPYT C APYTOM. DTO AEHACTCS CIEAYIOIINM
o0pa3oM: MO 33JJaHHBIM HAYaJIbHBIM YCJIOBHUSM IPOIECCAa OMPEACIISIIOTCS
MIPOU3BOJIbHBIE TIOCTOSIHHBIE B OOIEM pEIICHUW [IJIs MEPBOTO y4acTKa.
3HauyeHUsI KOOPJAWHAT BBIXOJHOM BEIMYMHBI B KOHIIE MEPBOr0 y4acTKa
CJIyKaT HaYaJIbHBIMU YCIIOBUSIMH JIJIsl BTOPOTO y4acTKa U T.J.

BooO01ie roBopsi, onrcanHas cxeMa MeToja MPUIMaCOBLIBAHUS MOXKET
OBITh IPUMEHEHA U TOTJIa, KOT/1a KaKON-IM0O0 y4acTOK OMUCHIBAETCS HEJH-
HEWHBIM U] depeHIInaibHbBIM YPAaBHEHUEM MPU YCIOBUHU, KOTJa U3BECTHO
ero oOI1ee perieHue.
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PaccmoTpuM ucnosib30BaHKe METOAAa MPUIIACOBBIBAHUSA JIJIsl ONpee-
JICHHSI TIEPEXOJHOTO Mpolecca U ISl YCTOMYMBOIO IMEPUOIUYECKOTO pe-
eHus (aBTOKOJIe0aHM) Ha MpUMEPE HETUHEUMHOM CUCTEeMBI (CM. puc. 2.6)
C THIIOBOM HEJIMHEHHON XapakTepucTukon F(X) «/IByXmO3UIMOHHOE pelie
¢ ructepe3nucom» (cm. tadu. 1.1, m. 8) ¢ mapamerpamu B u b.

YpaBHEHUE NWHAMUKUA JIMHEMHOW 4YacTU CHUCTEMbI B OIIEPATOPHOMU
dhopMe uMeeT BU

(Tlp+1)y=%. (3.1)

YpaBHeHUe HenuHelHHoro ayeMeHTa mnpu U(t) = 0 ommchIBacTcs He-
JUHEWHOW (yHKITuEH

z=F(X)=-F(y), (3.2)

rae X = =y u F(-y) = —F(y), Tak kakx HenuHelHHas peleiHas XapaKTePUCTH-
Ka HEUETHO-CUMMETpHUYHas (CM. puc. 2.6).
Obmee HenmuHelHOe aU(GEPEHINATEHOE YpaBHEHUE JIHHAMHKHU
3aMKHYTOUM CHCTEMBI UMEET BU/]I
d’y d
=L+ 2ok F(y). (3.3)
dt® dt
VYpaBaenue (3.3) pazOuBaercss Ha ydactku 1-2, 2-3 u T.A., BHYTpH
KOTOPBIX B COOTBETCTBHH C HEIMHCHHOW XapakTepucTukou (yHkims F(y)
MIPUHUMAET MTOCTOSIHHBIC 3HaYeHus +B numu —B (puc. 3.1).

y(®)
F(y)

Puc. 3.1. Pa3buenue y4yacTKkoB MepexoIHON XapaKTepUCTHUKU
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Paccuntaem aBMKEHHWE BBIXOIHON KOOPAWHATHI CHUCTEMBI OTIIECITHHO
Ha yuyacTtkax 1-2 u 2-3 (puc. 3.2), oTcuuThIBas Bpems t Ha KaXXJ0M U3 HUX
ot Hyasa. Ha yuactke 1-2, cormacuo popmyie (3.3), ypaBHEHHE JUHAMHKN
3aMKHYTOM CHCTEMBI HIMEET BU]

dy d
1Y+ o ks, (3.4)
dt  dt
IMPOUHTCTPHUPOBAB KOTOPOC ABAKIbI ITOJIYYUM YPABHCHUC IBUKCHUS BbI-
XOI[HOI\/’I KOOpAWHATBI CUCTCMbI

ﬂ=C1e " _KB; (3.5)

y(t)=-T,Ce " —KBt+C,. (3.6)
HauanbHblie yciaoBus nis yyactka 1-2:

t=0;y=Db; dy/dt=y'",.
ITo Hum u3 popmyn (3.5) u (3.6) HaxoguMm

C, =y +KB; (3.7)
C,=b+TC,. (3.8)

Ha yuactke 2-3, corinacHo BeipaxkeHuto (3.3), ypaBHEHHE JTHHAMHKU
3aMKHYTOW CUCTEMBI UMEET BHU/

d’y d

2L s, (3.9)
dt? ' dt

IMIPOUHTCTPHUPOBAB KOTOPOC ABAKIbI ITOJIYYUM YPABHCHUC IBUKCHUS BbI-
XOJIHOM KOOPJIMHATHI CUCTEMBI:

Y _ce™ +KB; (3.10)

_t
y(t)=-T,C,e " +KBt+C,. (3.11)

HauanbHble ycmoBus 11 ydacTka 2-3:

t=0;y=-Db;dy/dt=y",.

HauanbHoe ycnoBue asist yuyactka 2-3 B TOUKe 2. Y', onpeaensercs Ha
OCHOBAaHMHM pelieHus1 ypaBHeHu# (3.5) u (3.6) i npeaplaynero ydactka
1-2 npu 3HAYEHUH BEIUYUH Y = -p u t = t;:
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y,=Ce " —KB; (3.12)

b

—b=-T,Ce " —KBt, +C,. (3.13)

[Tocrosiuabie Bpemenu Cz; u C, ompenensem u3 dopmyn (3.10) u
(3.11), orcunthiBas Bpems t Ha yuacTtke 2-3 cHoBa oT HyJs (t = 0):

C,=y,—KB; (3.14)
C,=-b+TC,. (3.15)

Ha cnenyromem 3a Toukoil 3 ydacTke CHOBa, Kak M Ha 1-2, Oyjaer
pemratbes ypaBHeHue (3.4), IpH 3TOM MOCTOSIHHBIC WHTETPHUPOBAHUS OIl-
peAeNsITCs C Y4eTOM KOOPJIMHAT KOHIIA MPEIbIAYIIET0 yyacTka 2-3 U T. [I.

[To moCTpOEHHOW MEPEXOIHON XAPAKTEPUCTUKE MOYKHO OIPEIEIUTD
aMIUTUTYly A’ ¥ 4acTOTy ®' aBTOKOJICOaHUIA.

Opnako 3a7avy onpeneneHus: aMITUTy bl A’ 1 4acTOThl ' aBTOKOJIe-
OaHMT MOXKHO PEIINTh aHAJTUTHYECKH, B 3TOM ciydae pacctostHue 1-3 1o
ocH BpeMeHH (cM. puc. 3.1) aBiseTcs mepro oM aBTokoeOannii. Bes kpu-
Bas 1-2-3 mocie To4yku 3 AOJKHA MOBTOPSATHCS B TOUHOCTH B TOM JK€ BHUJIE.
Bcnencreue HEUETHON cUMMETpUU XapakTepucTuku F(X) «JIByxmo3unnon-
HOE pele ¢ rucrepe3rncom» (cM. Ttaba. 1.1, m. 8) gomKHA UMETh MECTO He-
y&THasT CUMMETpHs noiynepuosioB 1-2 u 2-3. TloatoMy 1y1st onipeaesieHus
YCTOMYMUBOTO TMEPUOAUYECKOTO pelleHus] (aBTOKOJeOaHUM) JTOCTAaTOUYHO
pPaccMOTpeTh OJIMH MOJIYNEepruoa — y4acTok 1-2.

O6o3Haunm yepe3 T i MOJIYTIEPUO/I UCKOMBIX aBTOKoJeOanuii. B cuny
MEPUOJUIHOCTH PEIICHHS HAYal0 W KOHEIl y4acTka 1-2 MOJDKHBI yIOBJIe-
TBOPSITH PABEHCTBAM:

{yz “Th at=T (3.16)
Yo=Y =-b

[TepBoe ycnosue (3.16), cormacHo ypaBueHusM (3.5) u (3.7), npuHH-
MaeT BUJI

*

T

Ce " —KB=—(C,—KB), (3.17)
OTKy/1a C = LBT (3.18)
l+e ™

101




Bropoe ycnosue (3.16), cormacHo ypaBaenusM (3.6) u (3.8), 3amu-
IIETCS B BUJIE
-

—b=-T,Ce * —KBT +b+T,C,. (3.19)

[ToncraBuB crona Beipakenue C; u3 dopmyisl (3.18), mpumem k
ypaBHEHUIO

thT T b

= - (3.20)
2T, 2T, KBT,

C OJTHOM HEU3BECTHOM BEIMYMHOM — MOJIYIIEPHUOIOM aBTOKoJIeOanuii 7 .
TpancuennentHoe ypaBHenue (3.20) yerko permaercst rpaduueckd.
BBenem o0003HaueHUs:

. T
zl(T ):thz—_l_l; -
N '
ZZ(T ):Z—_I_]-—K_I_l.

[octpous rpabuxu Gyukimii 2,(7°) u 2,(7°) 1 HaiiAsg TOYKY UX Hepe-
ceueHus (cM. puc. 3.2), onpeaeumM MoIyrepro 1 aBTokoaeOanuii 7 .

21=2 |- 2,(T)

7/

*
Puc. 3.2. Haxoxaenue nonynepuoaa apTokosneoanuii 7'

YacToTra aBTOKOJICOaHUHN
, 2m 2%
0 =—=—.
2T T
AMITTUTY/1a aBTOKOJICOAHWI OMPEACTUTCA KaK Ymax Ha ydacTke 1-2
(cM. puc. 3.1), T.e. u3 ycmorus dy/dt = 0. ITpu aTom u3 ypaBHeHwus (3.5)

(3.22)

_ tmax

Ce " =KB, (3.23)
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rjae nocrosinHast C; onpenenurcs o gopmyiie (3.18), a thx — BpeMsa Mak-
CMYMa BBIXOJTHOM BenmmuuHbl. Onpeaenum ero u3 popmyisl (3.23) coBme-
CTHO ¢ BeIpaxkeHueM (3.18):

_ tax

Tl
s “%; (3.24)
T
Tl
t =-TIn “% (3.25)

Jlanee no opmyite (3.6) coBMecTHO ¢ BeipaxkeHueM (3.8) ompenenum
aMIUTUTY1y aBTOKOJIeOaHmit A",

7tmax

A=y =-TCe " —KBt__ +b+T,C,. (3.26)

Takum 00pazom, 3a7ada ONpeNeNCHUs] aMILUTUTYAbl A’ U 4acTOThl ®'
aBTOKOJIEOaHUH pellleHa aHATUTUYECKH.

3.2. KayecTBO K0J/1€0aTEIBHBIX MNEPEXOAHbIX IPOLHECCOB HeJMHEMHbIX
CHUCTEM. I[l/larpaMMbI Ka4dYeCcTrBa

PaccmoTpuM ompeneneHue KadecTBa KoJieOATENbHBIX MEPEXOIHBIX
IPOLIECCOB B HEIMHEWHBIX CHCTEMax, KOTOPbIE B MEPBOM MPUOIMKEHUU
MOTYT OBITh ONMCaHbl 3aTyXaIOIIEH WIM PACXOASAIICIHCS CHHYCOUIOW C
nokazamenem 3amyxanus { M 4aCTOTOH . DTH MPOIECCHl MOTYT OBITH
3aTyXalIUMA 710 HYJIS WIH 10 aMIUTATYbl aBTOKOJECOAHWA U PacxXojs-
HMIMMHUCS] U3HYTPHU JI0 AMILTUTYIBI aBTOKOJICOAHUH WIIH e PACXOISIIIAMUCS
HCOTPaHMYEHHO B ClIy4ae HEyCTOMYUBOCTH (puc. 3.3).

A@) .- J
A Vi Nt
‘*-..A('t) o
TN /\
1 T, -

Puc. 3.3. I'paduku xonedbaTenbHBIX MEPEXOAHBIX MTPOIIECCOB
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Kak y»xe roBopwiioch paHee, ¢ JOCTaTOYHOU ISl IIPAKTUKU TOYHO-
CThIO CUMMETPUYHBINA KOJ€OATEIbHBIA MEPEXOAHBIN MPOIECC B HEIUHEH-
HBIX aBTOMAaTHYECKUX CUCTEMaX YacTO MOXKET ObITh OMKUCAH BhIPaKEHUEM

y=A(t)sing(¢), (3.27)

rae A(t) — mepeMenHas amiuMTyaa kojcOanwmii; @(t) — mepeMenHas ¢asa
KOJIeOaHU .

[TpryeM B OTIMYME OT JIMHEHHBIX CUCTEM ITOKA3aTelb 3aTyXaHHsI KO-
nebanuii { 1 yacToTa KojeOaHUi ® CHCTEMbI BO BPEMsl MIEPEXOTHOTO TPO-
1iecca He SIBJISFOTCS MOCTOSTHHBIMU BEJTMYMHAMH.

[ToaToMy BBIpaXKeHHE JJIs1 aMIUTMTYAbI Kojiebanuii A(t) ciemyer or-
penensaTs B Bue nudPepeHinaaIbHON 3aBUCUMOCTH

t

A(t) = AoegColt TN (21—'? =AC, (3.28)

rae Ap — HadalbHOE 3HAYEHWE aMIUIUTYIBI KOJIeOaHUi, ompeiensieMoe Ha-
JabHBIMHU yCJIOBUSAMH. Bripaxkenue (3.28) roBopuT 0 TOM, 4TO Orubdaro-
mas kojebanuit (cM. puc. 3.3) COCTOUT M3 DJIEMEHTAPHBIX OTPE3KOB JKC-
MOHEHT C HETPEPHIBHO MEHSIOIMUMCS TTOKa3ateseMm (.

B gactHOM ciydae 11 TMHEHHBIX cucTeM, Koraa { = CONst, momydnm
BBIpKEHUE

At) = Ae™. (3.29)

Ecnu xe wacTtoTa @ M mokasaTesb 3aTyXxaHus ( B mpolecce Kojeba-
HUW MEHSIIOTCSI C TEUEHUEM BPEMEHH, T.€. B CIy4yae HEJTUHEWHOUN CUCTEMBI,
TO PEIIEHUE CIIeIyeT 3aMUChIBaTh B JIPYTOM BHUJE COTrjacHo ¢Gopmysam
(3.28) u (3.30).

Taxoke 11 HEJTMHEHHBIX CHUCTEM TEKyIlee 3HAY€HHE YacTOThI KoJe-
OaHul ® B IEPEXOTHOM PEKUME UMEET BUJT

t
w:z—ip WU @(t)zjmdt+@0. (3.30)
0

Takum oOpazom, CHMMETPUYHBIN KOJeOaTeIbHbIN EPEXOIHBINA TIPO-
1[ECC B HEJIMHEWHBIX ABTOMATUYECKUX CHCTEMAaX HAXOAUM B BHUJIE

(yzAﬁng
dA

pARe (3.31)

A
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VIckOMBIMM HEU3BECTHBIMH 3]I€Ch SIBJISIOTCS TOKa3aTelh 3aTyXaHUs
C, ammuintyna A U 4acrtoTa Kojebanuii ®. [IpuyemM mpu MojaoKUTEIHBHOM
3HAYCHHUH TTOKA3aTeNsl 3aTyXaHus { KoJieOaHUsI pacXOAATCS 10 aMIUTATY/IbI
aBTOKOJIeOaHMi niau 0eckoHeYHOCTH, a TipH { < 0 KoyieGaHus CXOIATCS A0
HYJISL WJIH JIO aMIUTUTY 1Bl aBTOKOJICOaHMH.

OmHuM W3 yCIOBHM MPUMEHUMOCTH TapPMOHUYECKON JTUHEAPU3AINH
JUTSI MCCJICIOBAHUS TIEPEXOTHBIX MPOIIECCOB B HETMHEWHBIX CHCTEMax SIB-
asieTcst TpeOOBaHNE MEUICHHOCTH M3MEHEHUs BEIWUMH { U ® BO BPEMEHH
110 CPaBHEHUIO C MEePUOJIOM KosiebaHuil. Ha OBICTpOTY M3MEHEHHS aMILIH-
Tyabl A OTpaHWUYCHU HE HaKJIAJIbIBAETCs (HY>KHO JIMIIb, YTOOBI BECh MPO-
IIECC 3aTyXaHUs MPOTEKall ObICTpee, YeM 3a OJWH TMEPHoJI, NHaYe BOOOIIEe
He Oy/IeT KojeOaHui).

B cBsi3u ¢ 3TUM (GOpMyIIBI TAPMOHUYECKON JTUHEapU3aIu MpU HC-
CJICIOBAaHUH TIEPEXOJTHBIX MPOIECCOB UMEIOT HEKOTOPYIO OCOOCHHOCTH TIO
CpaBHEHHUIO ¢ (hopmyiamu sl UCCiIeAoBaHUs aBTokoyeOaHuid. (s BBI-
XOJIHOM BEJIMYUHBI, OMHChIBaeMoi dopmynoii (3.27), uMeeM BbIpakeHHE
CUrHaja Ha BXoje HeJauHeHon pynkuun Z = F(X) (cm. 1. 2.9)

pX = Amcoso + ACsin g, (3.32)
OTKYyJIa COSp = p—_QX. (3.33)
Ao

[TosToMy mepBasi rapMOHMKa (3aTyXarouias Wi pacxoasuiasics) Ha
BbIXOjI¢ HenmHeWHON (QyHkmmu Z = F(X) (cm. 1. 2.9) npu M3MEHEHHH BBI-
XOJIHOM BETMYUHBI COTJIACHO BhIpaxkeHUIo (3.27) umeeT BU/I

2= q(A)X +'(A) 25 x =(q(A)—q'(A)5jx+ TA) . (3.38)
) ® ®
B nanHOM cimydae kod(ppUIIMEHTH TapMOHHYECKON THWHEApU3aAINH
q(A) 1 q'(A) coxXpaHSIOT CBOW BUJ JIII KOHKPETHOH CHMMETPUYHOM HEJH-
HEWHOCTH W MOTYT ObITH ompejaesneHsl o Gopmynam (2.58) u (2.59) unm
o Tady. 2.1 (cm. 1. 2.9).

['TI® HenuHEHOTO 3JEMEHTa B JaHHOM cliydae OyJieT

W,,, (p) =%= A+ g == (3.35)

YacrotHas I'TID nuHeapu30BAaHHOTO HEJIMHEMHOIO 3BE€HA TP MO-
cTaHOBKe P = { + j®, 4TO COOTBETCTBYET OJIKalIIeld K MHUMOW OCH Tape
KOMIUIEKCHBIX KOPHEH, MOBTOpsET BhipaxkeHue (2.62) u nuMeeT BU/

W, (JA) =d(A) + ja'(A). (3.36)
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B ciydyae aBromaTudeckoir cuctemsl (cMm. puc. 2.6) ¢ OgHOW HENH-
HeltHocThIo F(X) 1 mepenarounoi (GyHKIMEH JTUHEHHOW YacTH, 00Jaiaro-
1Iel CBOMCTBOM (PHIIbTPA HU3KUX YaCTOT,

Wﬂq(p)=@- (3.37)

YpaBHEHHS JTMHEMHOW 4YaCTU CHUCTEMbl M HEJIMHEWHOTO 3BEHA IIPH
BX01HOM Bo3zekcTBuu U(t) = 0 B oneparopHoii popme:

{Q(p)y= R(p)z; (338)
z=F(x)==F(y).

Tornma ypaBHeHHME 3aMKHYTOW CHUCTEMBbl B OIEpaTOpHON (opme
IIPUMET BUJI

Q(p)y=-R(p)F(y). (3.39)

[Tocne rapMOHMYECKOM JIMHEAPHU3AMKA HEITUHEHHOIO dJEMEHTa, CO-
riacHo gopmyite (3.34), ero ypaBHEHHUE B OIIEPATOPHOI popMe UMEET BUJT

- —(q(A) . q'(A)pT‘Cj y. (3.40)

Torna ypaBuenue 3aMkHyTOM crcTeMbl (3.39) ¢ y4eToM BhIpajkeHUs
(3.40) B oneparopHoii hopMe MPUMET BUJ

{Q( p)+R( p)(q(A)+q'(A)pT‘§ﬂy ~o. (3.41)

3anuiinemM XapakTEPUCTUYECKOE YPABHEHUE TaPMOHUYECKH JIMHEAPH-
30BAHHON CUCTEMBI

Q(p)+R( p)[q(A)+q’(A)pT_Cj =0. (3.42)

3aTyXxamnmii WIA PacXOIAIIUMCT KoJieOaTeNbHBIM TEPEX0IHBIN
nporuecc (3.31) B HeMMHEWHON CUCTEME, OnUchbiBacMoii ypaBHeHHEM (3.41),
COOTBETCTBYET Tape KOMILIEKCHBIX KOpPHEH P1, = { + jo XapakTepucTuye-
ckoro ypaBHeHHs (3.42). [1oaTOMY 711 OTBICKAHHS 3TOTO PEIICHUS TePeii-
JIeM B 4acTOTHYIO 00JacTh, 3aMeHUB omeparop P = { + jo. [Tomyunm xa-
PaKTEpUCTUUECKOE YPaBHEHUE B YaCTOTHOM opme

Q(C+ jo)+R(C+ jo)(a(A)+ jg'(A))=0. (3.43)
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B kommiekcHoM ypaBHeHuu (3.43) conepikarcsi TpU HEU3BECTHBIX:
C, ® 1 A, mocnenHssl U3 KOTOPBIX BXOJUT B KOA(DPUIIMEHTH TapMOHUYECKOM
munaeapu3aiun ((A) u q'(A).

Jlnst oThickanus penieHus ypaBHeHHs (3.43) mpu BBICOKOH CTEIICHH
TIOJIMHOMA TIOJICTAHOBKY P = { + jo 1enecooOpa3Ho OCYIIECTBIIATh MTyTeM
Pa3JI0KEHUS B PSII TIO CTETICHSIM .

e _(dQ) 1, (dQ 1 w(d'Q) 344
QL+ jo)=Q(0)+ jo o C+2!(Jw) = C---+n!(1w) o’ C,(- )

r7ie MHJEKC «(» 03HAYaeT, YTO B BBIPAXKEHUS MPOU3ZBOJAHBIX HAJIO IMOJICTA-
BUTH MOKA3aTelb 3aTyxanus { BMecTo oneparopa Jlamnaca p. Ilo Takoii ke
dbopmyite pasnaraercs B psa u MHorowieH R(C + jo).

ITpu manbix 3HaYeHUSAX C (A1 MEIJIEHHO 3aTyXaroluX MPOIIECCOB)
yao0OHee MIPUMEHSTh Pa3jI0KeHHUE M0 CTENEHIM {, OTPaHHUYHMBAsCh €ro Tep-
BOU CTEIEHBIO, @ UMEHHO:

: : dQ
Q(C+jo)=Q(jw)+C| —=1 . (3.45)
dp /.
jo

TJle MHACKC j® O3HAYaeT, YTO B BBIPAKEHUS MPOU3BOHBIX HAJIO IMOJICTa-
BUTH j® BMeCTO omeparopa p. [1o Takoii ke yrnpormeHHo# hopmye pas3ia-

raercs B psa u MHOrowieH R(C + jo).
[ToncTaBuB MOMYYEHHBIM Pa3IOKEHUEM B Psifi MHOTOWIEH B Xapak-
TepucTHueckoe ypaBHeHue (3.43), MOXKHO BBIJICIUTH €T0 BEIICCTBECHHYIO U

MHHUMYIO YaCTH, YTO JaCT JIBA YPABHCHMUA.
U(¢A0)=0;

V(¢ Ao)=0. (349)

JlaHHast cucTeMa IO3BOJIICT HAWTH JBE HEH3BECTHBIC IEPEMCHHBIC
kak pynkiuio tperbeii — ((A) u o(A) mm o(f).

[Ipu mpOEKTHPOBAHWK HAMOOJBIINA HHTEPEC MPEACTABIACT 3aaada
CHHTE3a, T. €. 3aJa4a ONpee/icHHs MapaMeTPOB CHCTEMbI, 00eCIeunBaro-
IIUX TPEABbIBICHHBIE K CHCTEME TeXHHuYeckue TpeboBanus. [Tostomy 3a-
YacTyl0 He TpeOyeTcs MOCTPOEeHHE KPHBOM IMEPEXOHOro Ipolecca, U uc-
CJIC/IOBAaHHE MOJKET IPOBOUTHCS C TOYKU 3PCHHS OIICHKH BIIMSHHUS KaKOTO-
anbo mapamertpa, Hanpumep, Ky — oOiero koadduimenta ycuiaeHus u-
HEMHOM YacTH CHCTEMBI, Ha MoKa3aTesb 3aTyXaHus ( U 4acTOTy KojieOaHHi
®. DTO JOCTHraeTcsl MOCTPOCHUEM TaK HAa3bIBACMBIX OUAZPAMM KAUeCmea
3aTyXaHHsi CHMMETPHUYHBIX HETMHEHHBIX KOJICOAHHIA.
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JluarpamMmMa KauecTBa IPEJCTaBIISIET COOOM ceMelcTBa JUHUM paBHO-
ro 3aryxaHus { = COnst U JMHUN PABHOTO 3HAYEHUS YACTOThI KOJEOaHUI
® = const, TOCTPOEHHBIX Ha TUIOCKOCTH B MPSMOYTOJBHBIX KOOpJIWHATAX
(puc. 3.4). OgHoit U3 KOOpAWHAT BCET/Ia SBJISETCA aMIUIUTYa KojaebaHui A,
a Ipyrov — mapameTp CUCTeMbl, Hanpumep, K7y, moaoupas KOTOpbIA MOXKHO
MOJIYYUTh HEOOXOAMMOE Ka4eCTBO MEPEXOIHOTO poliecca.

JluarpamMa KadyecTBa 3aTyXaHHUs] CHMMETPUYHBIX HEIMHEHHBIX KOJie-
O0aHWIl TOKa3bIBAET, KAK M3MEHSIOTCSL OBICTPOTA 3aTyXaHUs MEPEXOIHOIO
poIecca U YacToTa KojaeOaHu CUCTEMbI IPU U3MEHEHUHU aMIUTUTY bl KO-
nebanuii. Takue guarpaMMsbl MO3BOJISIOT Oosiee yA0OHO MPOU3BOIUTH CHH-
T€3 HEJIMHENHBIX aBTOMAaTUYECKUX CUCTEM.

A A
A (<0 =0 >0 4 ® = const
RS | e
7 /
/
/
I
- I
Krp Ky Ky

Puc. 3.4. luarpaMMbl KayecTBa 3aTyXaHUs CHMMETPUYHBIX HEJTMHEWHBIX KOJIeOaHU!

Jljist nuHelHON cucTeMbl JIMHUM ( = const U @ = const B TeX ke KO-
OpIauHATax UMeEIN OBl BUI BEPTUKAILHBIX MPSIMBIX, TaK KaK MOKa3aTesb 3a-
TyXaHHsI U 4acTOTa KOJeOaTeNbHBIX MEPEXOIHBIX MPOIECCOB B JIMHEHHOM
CUCTEME HE 3aBUCST OT BEJIMYMHBI aMIUIUTY bl KoJieOaHul 4, a MEHSIOTCS
TOJIBKO C U3MEHEHHEM MapaMeTpPOB CHUCTEMBI (B JHaHHOM ciydae Kjy). B
HEJIMHEWHOW k€ CUCTEME 3TH JIMHUM HUCKPUBISAIOTCA (CM. puc. 3.4) unu
MPOCTO HAKJIOHSIIOTCS B 3aBUCHUMOCTH OT (DOPMBI HETMHEWMHOCTH U OOIIeH
CTPYKTYPbI CUCTEMBI. DTO BBIpAXKAET COOOM M3MEHEHUE MOKa3aTes 3aTy-
xaHus { 1 4aCTOThl ® HETMHEHHBIX KOoJieOaTeIbHBIX MEPEXOIHBIX MPOIIEC-
COB C I3MECHECHHEM BEJITMYMHBI aMIUTATY I KOJIeOaHU A.

Oco6oe 3nauenue umerot e auHUU: (=0 u o = 0. { = 0 cooTBeTCT-
BYET MEPUOJUYECKOMY PEIIECHUI0, a 1o JUHUU ® = 0 MOXXHO OpHUEHTHPO-
BOYHO OIICHMBAThH TPAHUITY MEXIY MOHOTOHHBIMH W KOJEOATeIHLHBIMH Tie-
PEXOHBIMHU MPOIIECCAMU B 00JIACTH YCTOMYMBOCTH HEJIMHEWMHON CUCTEMBI.

Ecau muaun { > 0 pacnonoxensl Hwke, yeM { = 0, a { < 0 — BeIIIE,
TO MEPUOJINYECKOE PEIICHUE YCTOMYHUBO, T. €. OHO COOTBETCTBYET aBTOKO-
nebanusim. Torna nmuaus { = 0 HEMOCPEICTBEHHO JAa€T HAM 3aBUCHUMOCTD
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aMITUTYbl aBTOKOJeOanui 4 ot mapamerpa K,y Kpome Toro, ¢ momo-
mipto TuHuU { = 0 B 3TOM cilyyae omnpenensercs KonedarenbHas rpaHula
ycToiunBoctH K p HEMMHEWHON cucTeMbl 1o nmapametpy Ky.

Jleee 3nauenus Kp Ha puc. 3.4 6ynet o6actb aOCOMOTHON YCTOM-
YHBOCTH, TaK KakK TepexoiHble nporecchl 3atyxaroT ({ < 0) mpu mobom
HAaYaJIbHOM OTKJIOHCHWH, MPUYEM JA€TCS KOJWUYECTBEHHAsl OLIEHKA OBICT-
poThl 3aryxanus (BennunHa (). [To BemuyuHe  MOXKHO OIIEHUTh MIPU 3TOM
U YHCIIO KOJeOaHWil 3a BpeMs 3aTyXaHHUs MEpPEXOJHOro IMpolecca oT 3a-
JTAHHOM HA4YaJIbHOM J0 33IaHHOM KOHEYHOW aMILINATYIBL.

[IpaBee 3HaueHus K;p JeXKUT 00JaCTh HEYCTOMYMBBIX KOJIEOAHU,
T.€. BC€ KojeOaTelbHbIe MPOIECChl CXOASTCs (€clM HayalibHas TOYKa Ha
npsimoit K;y(4) nexxut Boime auauK { = 0) miu pacxoasTcs (eciii Hayalb-
Has Touka Ha npsMoi K y(A4) nexut Hroke smanu = 0), cTpeMsch K yc-
TONYMBOMY aBTOKOJ€OATeIbHOMY pexXuMy. B mepBoM ciyyae aMIuiuTyaa
Kosie0aHuil A yMEHBIIIACTCs, a BO BTOPOM — yBeJIM4IUBaeTcs (CM. puc. 3.4).

Ecnu xe nuauu { > 0 pacnonoxens! Boiiie, yem { = 0, a { < 0 — Hu-
*Ke, TO IEpUoANYECcKoe pelieHne HeycToitunBo. Jlunus = 0 B 3TOM City-
4yae JaeT TPaHUIly HayaJdbHBIX OTKJIOHEHUMU, 0 KOTOPOM paBHOBECHOE CO-
CTOSTHUE HEJIMHEMHON CHUCTEMBI YCTOMYMBO (YCTOMYMBOCTH «B MaJOM» U
HEYCTONYUBOCTH «B OOJIBIIIOM)).

Ntak, nocTpouB auarpaMMbl KaueCTBA 3aTyXaHHsSl HEJIUHEWHBIX IIe-
PEXOAHBIX MPOLIECCOB MO Pa3HbIM NapaMETPaM CHUCTEMBI, MOXKHO IPOU3BE-
CTU BBIOOP ONTUMAJbHBIX 3HAYEHUN JAaHHBIX MAPAMETPOB, OCYIIECCTBUB
TEM CAMBIM CUHTE3 HEJTMHEMHON aBTOMAaTHYECKON CUCTEMBI.

[Ipy HEOOXOUMOCTH UBMEHEHHUS CTPYKTYPhI CUCTEMBI ITyTEM BBEJIE-
HUSI KOPPEKTUPYIOIIUX YCTPOMCTB CIEAYET MOCTPOUTH TAKUE JAUATPAMMBI
110 OCHOBHBIM MMApaMETPaM BBOJMMBIX YCTPOMCTB.

3.3. Iloka3arem KayecTBa PEryJupoBaHusi HeJJMHEHHBbIX CHCTEM

I'paduk nepexoHoro npoiecca HandoIee HAMISTHO XapAKTEPUYET
JMHAMUYeCcKHe cBoMcTBa cucteMbl. [lo aTomy rpaduxy MOXHO ompene-
JMTHh BPEMs PETYIMPOBaHUs (BpeMs IepexoJHOro mporiecca) tp, mepepery-
JUPOBAHUE 0, CTATUUYECKYIO OIIMOKY 0. Bce 3Tu mokazarenu kayecTBa pe-
T'YJIUPOBAHUS IOCTATOYHO MPOCTO OMPENEISAIOTCS B JIMHEHHBIX CHUCTEMaX.
B HenuHeWHBIX cucTeMax OpU MOCTPOEHUHU Tpaduka MepexoaHOro Mpo-
1ecca JenaeTcs psji CepbE3HBIX JOMYIIEHUN.

Bo-miepBbIX, HUCHONB3yeTCS TapMOHWYECKas JuHeapu3amnus. Bo-
BTOPBIX, MPHU 3aTyXaOMIMX KOJEOAHUSX BpeMsl MEPEXOJHOro Impolecca
YMEHBIIAETCS, TaK KaK HEJIMHEHHOE 3BEHO JOMOJHUTENBHO racuT Kojeoba-
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Hus. lpu Bo3pacraromieil aMIIMTyAe BpeMs MEPEXOAHOTO MpoIecca J10-
IOJIHUTEJIBHO YBEIIMYUBAECTCS 3a CYET HEIIMHEUMHOIO 3B€HA. B-TpeTbux, no-
HATHUS «BpPEMsI PETYJIUPOBAHUSI» M «IIEPEPEryIMpPOBaHHUE» B KoJieOaTelb-
HOM TIEPEXOIHOM MPOIIECCe UMEET APYroi (PU3NUecKrii CMBICI IO CpaBHe-
HUIO C JJUHEWHON CUCTEMOM.

B HenuHeHON cucTeMe, KOTopasi HAXOJUTCS B 30HE MPUTSHKEHUS, U
OJINH YCTOMYMBBIN KOJIEOATENBHBIN MPOIECC NEPEXOJUT K IPYTrOMY yCTOM-
YUBOMY KoJiebaTelbHOMY Tpoleccy. Torna BpeMsl peryinupoBaHUs OTMe-
pSAET UHTEPBAJ BPEMEHU MEXIY JABYMS COCEJHHUMH YCTOMYUBBIMU KOJieOa-
TEJIbHBIMU PEKUMaMH, a MEPEPEryIUPOBAHUE XAPAKTEPUZYETCI CPEOHUM
3HAYEHUEM Nepex00H020 KoJledamelbH020 npoyeccda, KOTopoe ompeie-
JISIeTCS CPETHUM 3HAYCHUEM aMIUIUTYAbl U 4acTOTHI BO Bpems t = 0,5tp.

BpeMms 3aTyxaHusi 1epexoIHOTO Ipolecca Ha 3aJlaHHOM HUHTEpBAJIC
(0T HauanbHOU Ay 10 KOHEYHON aMIUTUTYbI A1) ONpPEIETseTCs] B COOTBET-
CTBHUH C BhIpakeHUIMH (3.28) kak

to=|—-, (3.47)
» AC(A)
rae ((4) — ananuTHYecKas 3aBUCUMOCTh K03 pHUITMeHTa 3aTyXaHHUs OT aM-
IUTUTYAbI KOJieOaHus A.

OpHako B OOJBIIMHCTBE IPAKTHYECKUX 3aad 3aBUCUMOCTH ((A)
MMEET JIOCTATOYHO CJIOKHBIA BUJ, U TOYHOE OIPEICICHUE BEIUYMHBI UH-
Terpaja CBA3aHO CO 3HAYUTEIbHBIMU 3aTPYHEHUSIMU.

B nanHoM ciydae Goiee 11eecoo0pa3HbIM SBIISIETCS olpeiesieHue tp
B Buje cymmbl Ati(i = 1, ..., K), cuuTas Ha KaKIOM W3 OTPE3KOB BEIIMYUHY
{(A4) mocTosIHHOM:

A dA
|

k
i=1

Agi +AA
AL, = A ___ 1 | AutAA

A A(A) C(’A‘“Aﬁj A

BbricTpo, HO Gosiee rpydO JIMTEIBLHOCTh IEPEXOHOTO MpoIiecca Mo-
’KET OIPENEIATHCS 110 CPENHEMY 3HAUYEHUIO (., Ha BCEM MHTEpPBajie U3Me-
HEHUS aMIUTATYAbI KoeOanuii (ot Ay 1o A4;). Toraa

(3.49)

t=—In 2 (3.50)
Co Ay
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OxHako IIpU UCIOJNB30BAHUM CPEIHEro 3HaueHus (., HeoOXxoauma
OCTOPOXKHOCTh, KOTJ]a HMMEETCS 3HAYuTelbHOE Hu3MeHeHue (. Baxno
UMETh B BUAY, 4TO JUHUSA { = 0 SIBIISIETCA TpaHULIEA MEXKY 3aTyXarOII1-
MU U pacxolsimumucs mnpoieccamu. [loaTomy mpouecc HE MEPEXOaUT
yepe3 auHuto { = 0, a 1160 aCUMNTOTUYECKH MPUOIMKAETCS K HEH, 10O
yIaJIsieTcsa OT HEe.

Uucno konedaHuil B MEPEXOJHOM Mpoliecce 3a Bpems tp ¢ yueTom
pazHocTH (a3 konebdanuii A onpenenstoT no hopmye

A
m = P, =Py — 1 J‘(D(C)dAN (Dcpt ~ tP (351)

2n  2n) AG(A) 2n T’

rae o(() — aHamuTHYecKas 3aBHCHMOCTh YacCTOTHI KOJICOAHUH ® OT KO3(-
¢unmenra 3aryxanus (; o U T, — CpeiHee 3HAYCHUE TIEPHOIa U YaCTOTHI
KOJICOQHMIA B TIEPEXOTHOM ITPOIIECCe.

Bennunny nepeperynupoBaHus 0 MPH HAYaJIbHOW aMIUIMTYAE KOJie-
OaHMit Ap U CpeAHEM MX 3HAYCHUH B MEPEXOTHOM PEXHUME A, MOXKHO OI-
pEIenuTh, UCTIONbB3Ys CPEAHUE 3HAUEHUs YaCTOTHI M., U MOKa3aTeNs 3aTy-
xaHus konebanuii (., Bo Bpems t = 0,5tp:

- Qcp

A
d= é’ -100% =€ “* -100%. (3.52)

Takum 00pa3oM, HUCMOJIb3YSl BBIICTIPUBEJECHHbBIC MMOKA3aTENN Kaue-
CTBa, MOXHO C JIOCTaTOYHOMW CTENECHBbIO TOYHOCTH KOJIMYECTBEHHO OLICHUTh
Ka4eCTBO PETyJIMPOBAHUSA HEJIMHEWHON aBTOMAaTHYECKOW CUCTEMBI B IIEpe-
XOJHOM pEKHUME.

3.4. AHaan3 KayecTBAa PeryJIUuPOBaHUs OJHOKOHTYPHON HeTUHeHHOM
CUCTEMBI

PaccmoTpuM anHanm3 KadecTBa peryIMpOBaHUS OJHOKOHTYPHOU He-
JVMHEWHOW CHCTEeMBI (CM. puC. 2.6) ¢ THIIOBOW HETMHEHHOW XapaKTePUCTH-
ko F(X) «MneanbHOE Tpexmo3uimoHHoe pene» (cM. Tabdn. 1.1, . 7). Bei-
xoaHas BearuuHa pene B = 100, mopor cpabareiBanus peie b = 1. IToctosn-
HbIE BpeMEHHM JInHeWHOM yacTtu cuctembl 11 = 0,05; T, = 0,2. Koaddutniuent
YCUJICHUS JIMHEHMHOM YyacTu cucteMbl K 7y MOUIEKUT UCCIEOBAHUIO.

[lycTb ypaBHEHUE TMHAMUKY JIUHEHHOW YacT CUCTEMbI UIMEET BUJ

(T,p+1)(T,p+1)py =K, 2z, (3.53)
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a YpaBHEHUE HEIMHEUHOro 3JIeMeHTa /1D TpHU BXOJHOM BO3ICUCTBHU
u(t) = O onuceIBaeTCs HETMHEHHON (DYHKIIMEH

z=F(xX)=-F(y), (3.54)

rae X = =y u F(-y) = —F(y), Tak kak HenuHelHas peeiHas XapaKTepUCTH-
Ka HEUETHO-CUMMETpHUUHas (CM. puc. 2.6).

VYpaBHeHHE 3aMKHYTOW CHCTEMBI B ONEpaTOpHOW ¢dopMe OyaeT
UMETH BUJ

(Mp+1)(T,p+1)py =—-K,, F(y). (3.55)

[Tocne rapMoOHWYECKOW JMHEApPU3AlMK HEIMHEHHOTO JJIEMEHTA
«eampHOE TPEXMO3UIMOHHOE peJie» €ro ypaBHEHHWE B OINEpPATOPHOU
dhopMe uMeeT BU

z=—q(A)Y, (3.56)

riae Ko3h UIMEHT TapMOHUYeCKOoU JarHeapu3anun ((A) omnpeaensercs co-
riracHo taoun. 2.1, a kosdpdunuent q'(A) = 0.

3anuineM XapakTepUCTHUECKOS YpaBHEHNE TaPMOHHUYCCKH JIMHEApH-
30BaHHOU CHCTEMBI

TT,p° +(T,+T,)p* + p+ K4 q(A)=0. (3.57)

JIist OThICKaHUS TIapbl KOMIDIEKCHBIX KOpHEH P1o = { £ jo XapakTepu-
CTHUYECKOro ypaBHeHHs (3.57), COOTBETCTBYIOIIUX KoJieOaTelIbHOMY Iepe-
XOJIHOMY TIpoliecCy, MepeiieM B 4acTOTHYIO 001acThb, 3aMEHHMB OIEpaTop
p =+ jo. [Tomyuynm xapakTepUCTHYECKOE YPAaBHEHUE B YaCTOTHOM (hopme

TT,(C+ jo) +(T,+T,)(E+ jo)’ +(£+ jo)+ K ,q(A)=0. (3.58)

OcyiectBuM, coriacHo (3.44), pa3inoXeHUE XapaKTEPUCTUYECKOTO
nosuHoma D({ + jo) B psiji IO CTEIEHSIM .

. . (dD 1,. \2(d’D 1,. 3(d’D

D =D -t = . (359
(¢ io)=0(0) ol 50| 45107 52| 5007 G| G5
D(£)=T,T,&° +(T, +T,)C* + 5+ K 1y (A); (3.60)

[d—Dj = 3T T,0° +2(T, +T,)C +1; (3.61)

dp .
1(d’D) |
E( dpz l _3T1T2C+(T1 +T2)’ (3-62)
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3
ll(d ?j =T,T,. (3.63)
31 dp .

BreigenuMm, coritacHo dopmyne (3.46), AeHCTBUTENbHYIO YacTh Xa-
pakrepuctraeckoro nmoiauHoma U((, A, ®), moryqaemMyro U3 ciaraeMbixX, He
COJICpKAIIUX MHAMOM enuHUIBI | (TIepBBIA U TPETUH WiCH psla), U MHH-
myto vacth V((, A, ®), moJiydaeMyro U3 ClIaraeMbIX BBIPRKCHHUS, COACpKA-
IIMX MHUMYIO ¢THHHIY | (BTOPOU M YETBEPTHIN WJICH psJIa).

{TJZC P T +Cr K Q(A) - BITE+ (LA T))o =0

T T,LCo0+2(T,+T,)o+o-T,T,0° =0.
Brigenum BennunHy o U3 ypaBHeHus MEAMOit gactu V(, A, ®).
W = STT,C% +2(T,+T,)¢ +l.
TlTZ

(3.65)

Kak BugHO 13 popmyisl (3.65), gactoTa KoJIeOaHUI ( HE 3aBHCHT OT
ko3 duleHTa yCUJIeHus TMHEMHOM yacTtu cucteMsl Ky, a 3aBUCUT TOJIb-
KO OT IOKa3aTelisl 3aTyXaHusl KojaeOaHuil { ¥ MOCTOSIHHBIX BPEMEHH JIMHEH-
HOI YaCTHU CUCTEMBI 11 1 T5.

[omyuerHoe Bopaxkerne (3.65) wist ©° MOACTABIsIEM B ypaBHCHHE
BeniectBeHHoi yactu U((, A, o). Torma

TlTZC3 + (Tl +T2)C2 + C + Kﬂqq(A) -
(3TT,L+(T, +T,)) (3T 1,87 +2(T, +T,)¢ +1)

- =0. 3.66
T.T, (3.60)

N3 »TOor0 ypaBHEHUs BhIIEIsSIEM KOI(POUIIMEHT YCUIICHUS JTUHEUHOU
qacTH cucTeMsbl K ;4.

(BTT,L+(T, +T,)) (3T T, +2(T, +T,)¢ +1)
" a(A)T,T,
CTTE (T +T,)E +C
q(A) |

C yd4eToM 4YHCIIEHHBIX 3HAYCHUN TOCTOSHHBIX BPEMEHH JIMHEWUHOU
YacTH CUCTeMBI BeIpakeHue (3.65) mproOperaer BU

(&) =+/3¢% +50£+100. (3.68)

(3.67)
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Ha puc. 3.5 m3o0paxen rpaduk 3aBucumoctd (). HyneBsiM 3Haue-
HUSIM YacTOTHI KOJICOAHWI (® COOTBETCTBYIOT 3HAUCHMsI MOKa3aTess 3aTy-
xaHus konebanuit (; = —14,3426 u (; = — 2,3241, npu KOTOPHIX MEPEXO/I-
HBIN TIpoIecCc B 00JIACTH YCTOMYMBOCTU HEJIMHEHHOW CHUCTEMBI OyJeT MO-
HoTOHHBIM. [Ipu = 0 Benmnunna ® = 10 pajg/c, B 3TOM TOUKE HAOIIOIAIOTCS
aBTOKOJICOaHUs], K KOTOPBIM CTPEMUTCS BBIXO/IHAS BEIMYMHA CUCTEMBI.

ABTOKOJIEOaHUS ®

Oo6macTtb ® =10

HEYCTOMYMUBBIX O6J1acTh
KOJIEOaHU YCTOMYUBBIX
KoJieOaHuit

1 e 0 ¢

Puc. 3.5. I'paduk 3aBucumoctr w(f)

|

C yd4eroM YHCICHHBIX 3HAYEHUH IOCTOSHHBIX BPEMCHH JIMHEHHOM
YacTH CUCTEMBI, MapaMeTpoB pejic M Ko3(p(HUIMEHTa TapMOHUYCCKON JIU-
neapusanu ((A) Beipaxkenue (3.67) mpuoOperaet BUA

Kﬂ‘l

—

A’
A ()= —————(0,021¢° + 2% +15,25¢ + 25). (3.69)
) 400+ A? —1( )
Cornacuo 3aBucumoctu Kyy(A4, £) (3.69), paccuntaeM 3Ha4YeHUs KO-
abduiiuenTa ycuieHus: JMHEUHOW yactu cucteMbl Ky 1J1s1 3Ha4YeHU 10-
KazaTens 3aryxaHus koseOanuii —14,3426 > { > —2,3241, Ttak kKaKk B JaH-

HOM Juana3oHe ypaBHeHue (3.68) umeer perieHue.
Tabmuma 3.1

3HaueHus ko3 duiueHTa ycuaeHusl JUHeHHo# yacTu cuctemsl K7y

A S -16,0 | -15,0 |-14,343 | 2,324 | -1,0 0,0 1,0 2,0

2,0 3,754 | 3181 | 2,825 | 0,002 | 0,213 | 0,453 | 0,767 | 1,155
4,0 6,716 | 5690 | 5,053 | 0,003 | 0,381 | 0,811 | 1,372 | 2,066
6,0 9,892 | 8,382 | 7,443 | 0,005 | 0,561 | 1,195 | 2,020 | 3,043
80 | 13,108 | 11,106 | 9,863 | 0,006 | 0,743 | 1,583 | 2,677 | 4,032
10,0 | 16,338 | 13,843 | 12,293 | 0,008 | 0,926 | 1,973 | 3,337 | 5,026
12,0 | 19,576 | 16,586 | 14,729 | 0,009 | 1,109 | 2,364 | 3,998 | 6,022
140 | 22,817 | 19,333 | 17,168 | 0,011 | 1,293 | 2,756 | 4,660 | 7,019
16,0 | 26,061 | 22,081 | 19,609 | 0,012 | 1477 | 3,148 | 5322 | 8,016
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[To momy4eHHBIM 3HAYCHUSM KOA(PPUIIMEHTAa yCUICHHS JIMHEHHON
9acTU CUCTEeMBI Ky, 3HaUEHUAM TTOKa3aTeNs 3aTyXaHus { ¥ aMIUTATYAbI A
(Tabus. 3.1), MOXXHO TIOCTPOUTH JHArpaMMy KadecTBa KoJeOaTeIbHBIX Iie-
PEXOHBIX MPOIIECCOB OJJHOKOHTYPHOM HEIMHEWHOM CUCTEMBI (puc. 3.6).

4l (<0 570 ¢5p (<0
16,0 i o f_H(’O_lof_H ~ - ~
I
140 | 2
) ﬁ/
o
12,0 1 c\|1‘ >
1] o
10,0 7 oo ;‘
(9\]
80 N~ 3 {=-16; 0 =824
0 I -5
cid ?
6,0 7' ~ (=-150=5
I
4,0 1 = {=-14,343: v =0
2,0
0,0 : : —>
-5,0 0,0 5,0 10,0 15,0 20,0 25,0Kﬂ‘1

Puc. 3.6. luarpaMMbl KauecTBa KoJieOaTEIbHBIX MEPEXOIHBIX MPOIECCOB
OJTHOKOHTYPHOM HEJIMHENHON CUCTEMBI

Ha nuarpamMe kaduecTBa OTOOpaK€HBI JTUHUM PABHBIX 3HAYEHUH TO-
Ka3aresysd 3aTyxaHusi {, KOTOPBIM COOTBETCTBYIOT paBHbIC 3HAUCHUS Yac-
TOTHI KOJieOaHu . Tak Kak HEJIMHEHAs! XapaKTEPUCTUKA OJTHO3HAYHAS, TO
muann K 7y(A, §) u K7y(A4, ©) coBmanator.

Ha ocHOBaHMM pacyeToOB M MOCTPOEHHOM JAHArpaMMbl Ka4€CTBA MOXK-
HO CZIENIaTh CIAEAYIONIUE BBIBOABI O TMHAMUYECKUX CBOMCTBAX CUCTEMBI:

1) yacrora KoeOaHUIN ® B TIEPEXOJTHOM PEKUME JIUIS KXKIOTO 3HA-
yeHusi { MOCTOSIHHA U HE 3aBUCUT OT Koa(duimenTa Ky 1 aMmmuty bl A,

2) Tpu 3aJaHHBIX MapaMeTpax pejie M IMOCTOSHHBIX BPEMEHH JIMHEH-
HOW YacTU CHCTEMa UMEET OJUH YCTOMYMBBIN aBTOKOJEOATEIbHBIN PEKUM
pab6otsl (muauMs = 0) ¢ gacroTol koiedbanus o = 10 pan/c;

3) mo muanm { = 0 Ha nuarpamme ompezenseTcs KojeOaTelbHas
IpaHUIla YCTOMYMBOCTH HEJMHEWHOM cucTtembl 1o mapametpy Ky, JleBee
3HaueHus1 Krp = 0,453 Ha puc. 3.6 Oyzer o0iacTb aOCOMOTHON yCTONYNBO-
cte (YyCTOMYHMBOCTH «B LIEJIOM»), TaK KaK MEPEXO0IHBIC MPOIECCHI 3aTyXatoT
(£ < 0) mpu 1FO60M HAYATLHOM OTKJIOHEHUH;
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4) mpasee 3HaueHuss Kyp = 0,453 nexur o0nacTh aBTOKOJICOAHUA,
T.€. BCe KOJIeOaTEIbHBIC MPOIIECCHI CXOMATCS WU PACXOMSATCS, CTPEMICH K
yCTOMYMBOMY aBTOKOJIcOaTenbHOMY pexumy (k juauu = 0);

5) nuHuM ¢ moka3ateneM 3aTyxanus ( < —14,3426 nexxar HUXKE JIU-
Huu C = 0; 3TO 03HayaeT, 4yTo nepuoanyeckoe pemenne (mmaus C = 0) ms
JAHHBIX 3HAYEHUH TMoKa3aTelssd 3aTyXaHusi { U COOTBETCTBYIOIIUX UM 3Ha-
yeHuit ko3 dunrenta Ky 0yner HeyCcToM4nBO;

6) nesee ymHnu { = -2,324 u ® = 0 HA qUarpaMMe KadecTBa JIC)KHT
00J1aCTh MOHOTOHHBIX TIEPEXOIHBIX MPOIIECCOB, T.€. MEPEXOTHBIC MPOIIEC-
Chl OyIyT HE KOJeOaTeIbHBIMU, & AlIEPUOANIECKUMU.

OneHrM Ka4ecTBO PETYyJIMPOBAHUS HEIMHEHHON aBTOMAaTUYECKOU
CUCTEMBI B TIEPEXOTHOM PEKUME.

[TpuOnIMKeHHO JUIMTENBHOCTh MEPEXO0IHOTO Mpoiiecca tp MOKHO OI-
peleNuTh 10 CPeHEMY 3HAUEHHIO (., Ha BCEM MHTEpBaJIe U3MECHEHUS aM-
IATYABI Kostebanuii (ot Ag 10 A;) (3.50). Hanmpumep, HawanmpHas Touka 0
umeeT amruutyny Ao = 14 u {p = —1, a xoHeuHast Touka Ha auHuu { = 0
— Touka 1 — umeet ammutyny Ao = 6 u {y = 0 (cm. puc. 3.6), Torna

Cp=(-1+0)/2=-05;

t, = iI £—1690
-0,5 14

BenuunHy mnepeperyinpoBaHus MOXKHO ONpPEISIUTh 1Mo (Gopmyie
(3.52), ncnone3yst cpenHUe 3HAYEHUsS] YAaCTOTHI M., U MOKa3aTels 3aTyXa-
HYs Konebanuit ., Bo Bpems t = 0,5tp.

Ccp =-0,5;
o = 7,28 paz/c; w1 = 10 pan/c; 0., = (7,28 + 10)/2 = 8,64 pan/c;

-0,5
5=e % .100% =83,3%.
Yucio konebaHuii M 3a BpeMs MEPEXOIHOTO mpoliecca MPHOIHKEeH-
HO MOXKHO OIpeeuTh 1o dopmyie (3.52).
o, = 8,64 pan/c;
tp=1,69 c;

%169 2,32,

27
Takum oOpazom, MpoBe/s aHAIU3 KauyeCcTBa PEryJIMPOBAaHUS OJIHO-
KOHTYPHOW HEJIMHEWHOW CHUCTEMbI, MOYKHO C JOCTATOYHOM CTEIECHBIO
TOYHOCTH OILICHUTh KA4e€CTBO PEryJIUPOBAHHS HEJIMHEMHOW aBTOMAaTHYe-
CKOHM CHCTEMBI B MEPEXOJHOM PEKUME IMPH JTHOOBIX HaYaJbHBIX OTKJIOHE-
HUSX, TTapaMeTpax pelie U 3HaUYeHUSIX KOd(P(PUIMEHTOB JUHEHHOW 4YacTh
CHUCTEMHEI.
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KoHTpoJibHbIE BONIPOCHI U 3aJaHUS

1. TlepeuncnauTe OCHOBHBIC TIOKA3aTEIM KaueCTBa PETyJIMPOBAHUS HE-
JIMHEMHOW aBTOMaTHUYE€CKOM CUCTEMBL.
2. B dem cyTh MeTO/1a TPUTIACOBBIBAHHUS?
3. Kak ompenensiercss kadyecTBO KoJieOaTEeNbHBIX MEPEXOAHBIX IPO-
IIECCOB B HEJTUHCHHBIX CHCTEMAaX ?
4. B 4yeM 0COOEHHOCTh KOJI€OATEIbHBIX IMEPEXOHBIX MPOIIECCOB B
HEJTMHCHHBIX CHCTEMax?
5. B kxakoMm Buje HIIETCS CHUMMETPUYHBIN KoJieOaTeIbHBINA Iepe-
XOJIHBIM MPOIIECC B HETUHEUHBIX aBTOMATHYECKUX CUCTEMax?
6. Ha uTo BauseT mokaszaTenb 3aTyXxaHus Kojebanui C ?
7. Urto Takoe nuarpaMMa KadecTBa 3aTyXaHUs CUMMETPUYHBIX He-
JUHENHBIX KOJICOAHUN U KaK €€ MOCTPOUTH?
8. Uro ompenensiercss no ymauIM { = 0 1 ® = 0 Ha qUarpamMmax Ka-
yecTBa?
9. Kak mo nmarpamMme KadecTBa ompeeiseTcs KonedaTeapbHas Ipa-
HUIA YCTONYHMBOCTH HEJIMHEUHON CUCTEMBI?
10. Kak mo guarpamme KayecTBa ONpEEseTCs YCTOWYUBOE U HEYC-
TOMYHBOE MEPUOIUUECKUE PEIICHUS ?
11. Yrto Ha3pIBAIOT CPEIHUM 3HAYEHHUEM IEPEXOJHOT0 KoJjieOaTesb-
HOTO Iporecca?
12. Yto xapakTepusyeT BpeMs peryJupoBaHUs HEIWHEHHOW aBTOMa-
TUYECKON CUCTEMBI?
13. Kaxk ompeaensieTcss 9ucio KoeOaHui B IepexoIHOM IIpolecce?
14. Kak ompenensercs BeJIMYMHA TEPEPEryJUpPOBAHUS HETUHEHHOM
aBTOMATHYECKOW CUCTEMBI IMPU HAYAJIbHOM aMIITUTYIe KojieOanuit A,?
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4. KOPPEKIMA HEJIMHEMHBIX CUCTEM YIIPABJIEHUSI

B »To0li rnaBe paccMOTpEHbI METOJIMKM M CIOCOOBI CHHTE3a HEJH-
HEWHBIX CUCTEM, HO HE B BHJIC ONTHUMH3AIMU MAPAMETPOB, a KaK 3ajaya
BBEJICHUSI B HENMUHENHYI0 ACY NONOJHUTEIBHBIX KOPPEKTUPYIOIIUX YCT-
pOICTB, obecreunBalONINX TpeOyeMble TMHAMUYECKHUE CBOWCTBA B IJIaHE
YCTOMYMBOCTH M KaYECTBA PETYIUPOBAHHUS.

Hanmnure HEMMHENHOCTH MOXET CYHIECTBEHHO YIIYYIIWTh WIH
YXYAIIUTh KadecTBO peryjupoBanus HenuHerHo ACY. Iloatomy mnpu
MPOCKTUPOBAHNH HEJTMHEWHBIX CUCTEM PEIIACTCS LEIbIA Psif] 3a/1a4.

3agauu, peuraemMble NPU KOPPEKIHWU HEJIMHEWHBIX aBTOMATHYECKHUX
CUCTEM:

® KOMIIEHCAlMsl BIIMSIHUSA HEJIMHEWHOW CTaTUYECKOW XapaKTepH-
CTUKH B BHjE JIIO(TA, 3a30pa, 30HBl HEUYBCTBUTEIBLHOCTH, 30HbI HACHIIIIE-
HUS U T.J. HA TUHAMUKY HEJIMHEMHOW CUCTEMBI;

® YMEHBIICHUE aMIUIUTY Ibl aBTOKOJICOAHUI WIIM UX YCTPAHEHHUE;

e BUOpaIMOHHAs JIMHEApU3allUsl CYIIECTBEHHO HEJTMHEHHON Xapak-
TEPUCTHKU;

® YMCHBIICHUE WHEPUUOHHOCTA CUCTEMBI C MOMOIIBIO TCEBIOJIH-
HEWHOTO KOPPEKTUPYIOIIETO 3BEHA;

® U3MEHEHHE PeXuMa pabOThl B 3aBUCUMOCTU OT U3MEHEHHUS CO-
CTOSIHUSI CHCTEMBL.

MeTtoabl KOPPEKIIMY HETMHEUHBIX ABTOMATHYECKUX CUCTEM:

® KOPPEKLUS JUHENHOW YaCTU CUCTEMBI;

® [pPUMEHEHUE KOMIICHCUPYIOMUX U (POPCUPYIOIIUX YCTPOUCTB;

® BBEJCHUE JIOMOJTHUTEIbLHBIX OOPATHBIX CBSI3EH;

e o0ecreyeHre 3aJaHHOTO 3aKOHA YIPABIEHHUS C MOMOIIbIO JIOTH-
YECKUX KOPPEKTUPYIOIINUX YCTPOUCTB.

Koppekius HeIMHEWHBIX CUCTEM MOXKET OBITh OCYIIIECTBIEHA C IO-
MOIIBIO JIMHEWHBIX WM HEJIMHEHHBIX KOPPEKTUPYIOMHNX YCTPOUCTB. OT-
JIMYNE HEJIMHEMHBIX KOPPEKTUPYIOMIMX YCTPOMCTB B BBINIOJHEHUHA KOH-
KpPETHBIX 00Jiee Y3KUX 3aJ1ay 10 YIYUIIEHUIO KaueCTBa PETyJIUPOBAHMUS.

Ho yem mmpe nuana3oH BHEIIHUX BO3JACHCTBUM, TEM TPYIHEE BBI-
OpaTh HEJIMHEHHOE KOPPEKTHPYIOIIee YCTPOMCTBO. MOKET MOIyYUThCH,
YTO HEJIMHEHHAasi KOPPEKIIUsl, BEIOpaHHAs U OMPEEICHHOIO peXruma pa-
0O0TBI, MOXKET OKa3aThCsl Jalieko He d(P(HEKTUBHON MPHU JAPYTrUX HEYUTEH-
HBIX YCJOBHUSIX Pa0OThl cUCTEMBI. B 3TOM cilyyae JMHEWHOE KOPPEKTH-
pyromiee yCTpOMCTBO, KOTOPOE MMEET IIMPOKUU NHAIAa30H BO3JICHCTBUA,
oOecreunBaeT 0ojiee HAIE)KHYIO KOPPEKIIUIO CUCTEMBI.
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CloXHOCTh KOPPEKIUH HEIUHEWHBIX CHCTEM YCyTyOJsercs eue u
TE€M, YTO HET YHUBEPCAIbHOW METOJMKUA U CIOCO0a KOPPEKIUHU, KaK U
CTPYKTYpPbl WJIM TUIA HEIUHEWHOTO KOPPEKTHUPYIOWIETO ycTporcTsa. s
KaKJI0M KOHKPETHOW HEMHEWHOW CUCTEMBbl U TPEeOyeMbIX TUHAMHYECKUX
CBOMCTB HEOOXO UM UHIUBUIYATbHBIN MOJIX0/] B IJIaHE KOPPEKIIUU.

4.1. JIuneiiHasi KOPpPEKIUA HEJTUHEIHBIX CHCTEM

JInst nocTrxkeHus: TpeOyeMol TOYHOCTH M KaueCcTBa PETyJIUPOBAHUS
B HEJIMHEHHBIE CHUCTEMBI MOXXHO BBOJUTH JIMHEUHBIE KOPPEKTUPYIOIIUE
YCTPOMCTBA TAKHE KE, KAK U B JUHEUHBIX CUCTEMAaxX. DTU JUHEUHBIE KO-
PEKTUPYIOIIHE YCTPONCTBA MOTYT OBITh MOCJIEIOBATEILHBIMU (C BBEJICHU-
€M IPOU3BOJIHBIX, UHTETPAJIOB U T. 1.) U NapayIeIbHBIMU (B BUJIE MECT-
HBIX OOpPATHBIX CBSI3EH PA3IMUHOTO THUIIA).

PaccMmoTpuM HenmuHelHyro cucteMy (cM. puc. 2.6) ¢ ogHON HeYETHO-
CUMMETPUYHOM OJHO3HAYHOM HEJIMHEHHOCTBIO F(X), KoTOopas umeer mnepe-
JATOYHYIO (PYHKIMIO JMHEWHON 4acTH, 00JIa1alollyt0 CBOMCTBOM (pUIIbTpa
HU3KHUX YacTOT.

[Tocne rapmMoHWYECKOW JIMHEAPU3ALUU HEIIMHEWHOTO 3JIEMEHTA €r0
ypaBHEHHE B ONepaTOpHOH (hopMe UMEET BU/T

z=0(A)x, (4.1)

rae Ko3(p(GUIMEHT rapMOHUYECKO# JimHeapu3auu ((A) omnpenensercs co-
riaacHo Taou. 2.1, a koaddurment ' (A) = 0.

[Tycte KO3GQUIMEHT TapMOHHYECKOH JIMHEApH3alMH I[PUHHUMAET
OrpaHUYE€HHbIE 3HAYCHHS

0<q(A) <0 (A). (4.2)

B ciydyae Hammums penedHBIX HemuHeHHOCTeW (cMm. Tabm. 1.1,
n. 6 — 9) He Bceraa BO3MOKHO OOCCIICUNUTh YCTOMYMBOE PAaBHOBECHOE CO-
CTOSTHUE CHUCTEMBbI B HYJIEBOM TOUKE M YCTAaHOBUBIIHICS pEXUM OYJIeT aB-
TOKOJe0aTeNbHbIM. B 3TOM ciiydae BBeJ€HHEM JMHEHHBIX KOPPEKTUPYIO-
IIMX YCTPONCTB B JMHEHHYIO YacTh CHUCTEMbI MOXHO JOOUTHCS MpUEMIIe-
MBIX 3HAYCHHUI MmapaMeTpoB aBToKojIcOanuii (4"; ®').

CyTb TMHEWHOW KOPPEKIIMU COCTOUT B TOM, YTO JIMHEMHOE KOPPEKTH-
pyroliee yCTpOUCTBO JIF0O0r0 TUIIA BBOJUTCS MOCIIEI0BATENBHO C HEJTMHEH-
HBIM 3BE€HOM. Torja KOpPpEeKTHPYIOIIEe 3BEHO MOXHO paccMaTpHBaTh Kak
COCTaBJISIOIIYIO JINHEWHON YaCTH CHCTEMBbI WM TApMOHUYECKHU JIMHEAPU30-
BaHHOTO HEJIMHEWHOTO 3JIeMeHTa. B mocneaHem citydae BBOJIUTCS TIOHSTHE
HOPMUPOBAHH020 K0I(hpuyuenma apmonuueckou auneapuzavyuu Jo(A).
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HopmupoBanHblii  KO3()(PHUIIMEHT TapMOHWYECKOW JIMHEApU3aIluU
Jo(A) mpeaHa3HauYeH IS KOMITCHCAITMH ONPEICIICHHOTO IMapaMerpa HesH-
HEWHOW XapaKTEPUCTHUKH U 3aIMChIBACTCS B BUIC

qo(A) = KK3q(A)' (4.3)

Koapdutment Kyz siBisercs KOMIIEHCUPYIOIIMM M BBIOMpPAETCS CO-
rimacHo ¢dopmyie camoro Kod(h@uimeHTa rapMOHHUYECKON JIMHeapu3aluu
q(A). Hammpumep, aj1st TUIIOBOM HEMHEHHOMN XapakTepucTUkH «lmeanbHoe
TPEXMO3UIIMOHHOE pene» (cM. Tadn. 1.1, m. 7) koadduimenT rapmoHuye-
ckoit muHeapu3anuu ((A) uMeeT BUT

q(A)= 4A82 JA?—b? mpuA>b. (4.4)

T
JIJist KOMIIEHCallUM BBIXOAHOW BeUYWHBI penie B xoadduiment Kys
BBIOMPAETCS KaK

_ b
STS
Torna HOpMHUpPOBaHHBIA KOA(DPUIMEHT TapMOHUYECKOW JMHEapu3a-
1uu (o(A) OyneT UMeTh BUJT

() = Kis(A) = VA b @)

(4.5)

Tenepr ¢ HOpMUPOBAHHBIM KOA(DPHUIIMEHTOM TAPMOHHUYECKOUW JIH-
Heapm3au (o(A) mapameTp BBIXOJHOW BeNWYWHBI perne B He Oymer
OKa3bIBaTh BIMSHUS HA JUHAMUYECKHE CBOMCTBA CKOPPEKTUPOBAHHOMN He-
JIMHEMHOU CUCTEMBI.

[Ipn paccMOTpeHHUH KOPPEKTHPYIOUIEr0 YCTPOWCTBA B COCTaBE JIHU-
HEHHOM YacTU CUCTEMbl MOXXHO MPHUMEHSTh BCE KJIACCHUECKUE YaCTOTHBIE
METOJIbl CUHTE3a JTMHEHHBIX CUCTEM IPHU YCIOBUU TapMOHMYECKON JIMHea-
pHU3alMM HEJIMHEHHOIO 3JIEMEHTa (METOJl JIOTapU(PMUUYECKUX XapaKTepH-
CTHK, METOJ TapMOHHYECKOro OayiaHca u T.A.). Mu ke, B ciaydae OJHO-
3HaYHOUM HenmHenHoCcTH F(X), MpUMEHUTH IS CMHTE3a YaCTOTHBIA METOJ
[Tomoma (cwm. m. 2.13.) 6e3 IMHeapu3aIuy HETUHEHHOTO JIEMEHTA.

4.2. KomneHcanus HeJIMHEHOM XapaKTepUuCTUKH

Ecnu B HenmuHEMHON cuCTeMe MMEIOTCS HeW30eKHBbIE, BPEIHbBIC IS
yIpaBlieHUs] HeJIUHEHMHOCTH (T, rucTepe3nc, 30Ha HEUYyBCTBUTEILHO-
CTH), TO IyTE€M BBEJICHUS CIEIHAIbHON HEIUHEUHON KOPPEKIHH MOKHO
0CJIa0UTh BPEHOE BIUSHUE UMEIOIIMXCS B CUCTEME HEJIMHEMHOCTEH.
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EcrecTBeHHas HENMHEWMHOCTh B BHJIE 30HBI HEUYBCTBUTEIBHOCTH
(cM. Tabn. 1.1, . 1) BHOCHT JOIOJIHUTEIBHBIC CTATHYCCKUE U JHMHAMHYC-
CKH€ OIMOKH B paboTy cuctembl. [loaToMy HEOOXOAMMO KOMIIEHCUPOBATH
BIIUSIHUE TakOW HeauHeHHOCTH. [1yCcTh HeMMHEeNHOe YCUITUTENBHOE 3BEHO C
dyskumer F1(X) nMmeeT 30HY HeuyBCTBUTEIbHOCTH 2D. )i KOMIIeHCAUn
e¢ BIUSHUS NapajUieIbHO C 3aJIaHHBIM HEJIMHEHMHBIM 3BEHOM BKIIIOYAIOT
HEJIMHEWHOE 3BeHO ¢ QyHKIMeH F,(X) ¢ Takum ke Ko3(h(HUIIMEHTOM yCH-
JIeHUs B TIpenienax ot —p 10 +b 6e3 30HbI HeUyBCTBUTEIBHOCTH, HO C 30HOM
HACBIIIEHUS TIociie 3HaueHus |b| (puc. 4.1).

Z,A z
F1(x) -
+
b Aarfg(k) " y
of b
/ X Z, A+
Fa(x) -

"

arctg(k)
=

0 X

Puc. 4.1. KOMHGHC&HI/ISI HEJIMHEHHOCTHU B BUJE 30HBI HCYYBCTBUTCIILHOCTHU

BbIxogHOM cuTHAN Y OyJIeT CKJIaAbIBAThCA W3 JIBYX IMapajuIeIbHBIX
CHUTHAJIOB. B mpenenax 30HbI HEUYBCTBUTEIBLHOCTH 20 BXOJHOW CHTHAI
OyJeT IpOoXOJUTh Yepe3 HeIMHeHHoe 3BeHO ¢ pynkuuei Fy(x). [Tocie 30-
HBI HCUYBCTBHUTEIBHOCTH XapakrepucTtuka F»(X) He m3mensiercs (oHa B 30-
HE HACBIIICHUS), U CUTHAI OyJIeT MpoXoauTh udepe3 3BeHo Fi(X). Takum
o0pa3oM, ¢ IMOMOIIBIO MapalIeIbHBIX HEJITMHCHHBIX XapaKTEPUCTHK TOJTY-
YeHa oJIHa OO0IIast THHEWHAs! XapaKTepUCTHKA.

['maBHast TPyAHOCTh TaKOW KOPPEKIMK HEJMHEWHOTO 3BeHa F1(X) co-
CTOUT B 1TO00pe BTOPOTO HEIMHEHHOTO 3BeHa F»(X), y KoTOpOro 30Ha Ha-
CBIIIICHUST U KO(PPUIIMEHT YCUTICHUSI COBMAAAA Obl C 30HON HEYYBCTBH-
TENBHOCTU U KO3 huimeHToM ycrnenus Gyuakmun Fi(X).

Jlsiss KOMITEHCAallud HEeTWHEHHOCTH TaKKe HCIOJIB3YIOTCS JOTIOTHH-
TENbHBIE OOpaTHBIE CBSI3M PA3JIMYHOTO BHJIA: KECTKUE, THOKWE, CMEIaH-
HbIe. PaccMOTpUM cxeMy KOMITEHCAUY HEeTMHEHHON XapakTepuctuku F(X)
C IMOMOIIIBIO JkecTKol oOpaTtHoi cBsi3u (KOC) (puc. 4.2).
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> 1D p—l JIYI] JI42

y L KOC

Puc. 4.2. CtpykrypHas cxema HenmuHeitHOM ACY ¢ KoMIeHcalue HeTMHEHHOCTH

N3 Teopuu IMHENMHBIX HEMPEPHIBHBIX CUCTEM M3BECTHO, YTO €CJIU U3-
MEPEHHOE 3HAUYECHHE PETYIUPYEMOM BEJIMUYUHBI, MPUXOJAIIEE K AJIEMEHTY
CpaBHEHUS, MPOMOPIUOHAIBHO BBIXOJHOW BEIWYMHE, TO Takas OOparHas
CBS3b HA3bIBAETCS KECTKOW, €CIM K€ U3MEPEHHOE 3HAYEHHUE NPOIOPIHUO-
HAJIBHO CKOPOCTHU WJIM YCKOPEHUIO BBIXOJHOW BEIMUYMHBI, TO — THOKOM.

[Tycth HenmuHeHHbIN d5eMeHT HD, umeromuit dyakiuo F(X), u nm-
HelHas yacth cuctemsl JIY 1, nmeromas Gpynkuuo Wi(p), oxBadeHbl Hje-
aNbHOM >kecTKOM oOpatHou cBs3bio JKOC ¢ OosbinM K03 PUIeHToM
nepenauu Koc >> 1. Toraa nepenatounast GyHKIUS CKOPPEKTUPOBAHHOTO
y4acTKa CUCTEMBI UMEET BU/T

L FOW()[FOOM(R)] K 1
W3AM(p)_1+F(X)W1(p)KOC K]-‘FF(X)Wl(p) Koo (4.7)

Tak Kak Koc >> 1, 10 1/ Ko — 0.

CrnenoBaTenbHO, C MOMOIIBIO MPAKTUYECKU OE3bIHEPIIMOHHOTO YCH-
auTenst ¢ OoNbIUM KO3 (DUIIMEHTOM Tepesadyd MOKHO KOMIIEHCHPOBATh
HEJIMHEHHYI0 XapakTepucTUKy F(X) W MoJyduTh 3BEHO C IMEperaTOYHOM
dbyHKIMENH, 00paTHOM NIepeaTOYHON (QYHKIIMY 3B€HA OOpaTHOM CBSI3H.

4.3. Koppexkuusi aMIIMTYAbl U YACTOThI ABTOKOJI€0aAHUM

Koppektupyromiye 1enu Kak Mmocjie10BaTe/bHbIE, TaK U Mapajlieiib-
HbIC B JJUHEHHOW YaCTH CUCTEMBbI MOBBIIIAOT YaCTOTY M CHUXKAIOT aMILIU-
TyAy aBTOKoyieOaHUN B cucteme. B 3TOM MOXHO yOeauThCs Ha JIFOOOM
npumMepe. Ocoboe 3HaUeHHE UMEIOT 3aMa3AbIBaloIINe 0OpAaTHBIE CBA3U, OX-
BaTBIBAIOIIME HEJIMHEHMHBIN 3JIeMeHT. Yale Bcero mpuMeHseTcsi oopaTHas
CBSI3b BOKPYT peJIeHHBbIX 3jeMeHTOB (cM. Taba. 1.1, m. 6 — 9) yepes ame-
PUOJUYECKOE 3B€HO. JTa OOpaTHasl CBS3b JEUCTBYET OY€Hb A(DPEKTUBHO B
CMBICJIE€ CHMIKEHHS aMIUTUTY/ bl ¥ TIOBBIIIIEHUS YaCTOThl aBTOKOJICOaHUH.
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Ha puc. 4.3 uzo0paxena cTpykrypHas cxema HenuHerHot ACY c
KOppEKIMENH aMIUIUTYAbl aBTOKOJIEOaHWI B BHUJIE 3ala3jbIBaloNieii oopar-
HBI€ CBSI3U, OXBATBIBAIOIICH PEJIEUHBIN SJIEMEHT C TUIIOBOM HEJIWHEHHOMN
xapaktepuctukoii F(X) «/IByXHO3HIIMOHHOE pelie ¢ THCTEPE3ncoM» (CM.
tabm. 1.1, m. 8).

A

B

=b b>—02—> JI9 -o-y>
-B

KOC

Tocp+1

Puc. 4.3. CtpykrypHas cxema HenuHelHOM ACY ¢ Koppekiuei
AMIUTATYBI ¥ 9aCTOTHI aBTOKOJICOaHU

[Tapametrpnl nienu obpatHoOMt cBsi3U Koec U Toc Bcerga BhIOMparOTCS
TaK, 4TOOBbI B HECKOJIBKO pa3 MOBBICUTh YACTOTYy aBTOKoyieOaHuii ®'. B Ta-
KOM CJIy4ae Mepuoj] aBTOKoJieOaHui T' mpaKkTUYECKH OMpPEIeNsaeTCsl TOJIbKO
IIETbI0 OOPATHOM CBSI3M M ITOPOTOM BKJIIOYCHHS HEJIMHEWHOTO 3JIeMeHTa D.
Takum 00pazom, nepuoj aBTOKOJEOAHUN C JOCTATOUYHOM TOYHOCTHIO IO-
Jy4aeTcs U3 BhIPAKEHUS

KocB+Db

T'=T,.In .
7 K,.B-b

(4.8)

[Ipu BBICOKOM YacTOTe KOJEOAHWM aMIUIMTY/Ia BHIXOAHON BEITMYMHBI
cucrembl Y(t) CTaHOBUTCSA OYEHb MajOH, TaKk Kak padOTacT CBOMCTBO
GuUIbTpa HU3KUX YaCTOT JIMHEUHON YacTu cucTteMsl (cM. 1. 2.9). OcoOeHHO
XOPOIIIO AaHHAs KOPPEKIUs paboTaeT MpH BHICOKOM IOPSJIKE XapaKTepH-
CTUYECKOTr0 YPABHEHUS JINHEMHOW YaCTU CHCTEMBL.

4.4. BuOpanuoHHas TMHEAPU3ALMS PeJIeiHOT0 YJIeMEHTA

Penelinpiil 37€MEHT SBIAETCS CYHIECTBEHHO HEJIMHEWMHBIM 3JIEMEH-
TOM. Ero BbhIXO/IHAsl BEIWYMHA U3MEHSETCS CKAa4YKOM IIPU MOJa4ye€ Ha BXO]
HETPEPHIBHO BO3pacTarollel BXOoJaHOM BenuuuHbl. Ilocime cpabaTtbiBaHus
pelie Ta BBIXOJHAs BEJIMYMHA Z OCTaeTCsA MOCTosHHOM (Z = B) mpu manb-
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HEWIIIEM YBEJIIMYCHUU BXOJHOW BEJIMYMHBI X. Takoe CBOWCTBO pelie MO3BO-
JSIET CPaBHHUTEIBHO MPOCTO KOMMYTHPOBATh OOJIBIIIME MOIIHOCTH B BBI-
XOJTHOM CHTHAJIC TIPH CPABHHUTEIHHO HEOOJBIIOM BXOTHOM CUTHAJIE.

3anada euOpauuoHHON JuHeapu3ayuu PereiHOTO dJIEMEHTa COCTO-
UT B TIOJYYCHHH HA BBIXOJIC peJie CUTHAIAa, U3MEHSIONIETOCS MPOTIOPIIHO-
HAJILHO BXOJIHOM BENMYWHE, a HE CKAa4yKoM. J[JIs1 9TOTO OMHOBPEMEHHO C
TIOCTOSITHHBIM BXOJIHBIM CHUTHAJIOM Xo Ha BXOJl PENICHHOTO AJIeMeHTa Toja-
JMM  JIOTIOJIHUTEIIBHOE TEPHOAMYECKOE BBICOKOYACTOTHOE BO3JICHCTBUEC
Asinot. Torna BeixomHas BeauurHa peie Z(t) CTAaHOBHTCS MEPUOIUICCKOM
(yHKIHMEW ¢ 4aCTOTOH IMOJaHHOTO TAPMOHHYECKOTO CUTHAJIA

z(t)=F(x, + Asinwt). (4.9)

Ha puc. 4.4, a Ha Bxon snemeHTa «MeanbHoe NBYXMO3UIIMOHHOE
pene» (cMm. Tadm. 1.1, m. 6) mogaH TOJBLKO FapMOHHYECKUI CUTHAI B BUJIC
cuHycouabl ASinmt. BeIX0oIHON CHrHAN ¢ pejic IMEET OJMHAKOBYIO IITHUPH-
HY TTOJIOKUTEIBHBIX M OTPUIIATEIHHBIX UMITYJIHCOB.

Ha puc. 4.4, 6 Ha BXOJI TOTO K€ peJie oJAaHo JBa CUTHAJIa: TapMOHHU-
YeCKHUi B BHJIe CUHYCOUIbI ASINMt U MOCTOSIHHBIN CUTHAT Xo. Ha Benmnuuny
ATOTO TMOCTOSIHHOTO CUTHajda CHUHYCOHMJAa yBEIWYWJIA CBOK IMOCTOSIHHYIO
COCTABJISIONIYIO U «IPHUIIOTHSIACHY HaJl OCbIO aOCIIUCC HA 3Ty BEJIMYHHY.
[TosToMy pene cTano paHbliie cpadaThiBaTh Ha BKIJIFOUYEHUS IMOJOXUTEIb-
HOT'O CHUTHAJIa M TI03e OTKJIIYAThCS MPU OTpUIlaTeIbHOM curHane. IIpo-
W3011IJ1a ITUPOTHO-UMITYJIECHASI MOIYJISIIIMS CUTHAJIA.

z a z : 9]

i/
0 N t

Puc. 4.4. Bo3zaeiicTBue BHEIIHETO CUTHAJA HA PEJie:
a — MIepUOIMYECKOT0 CUTHANA; 6 — IMOCTOSHHOTO U IEPUOMYECKOTO CUTHAJIOB

Curnan ¢ 3jaeMeHTa «neannHoE ABYXITIO3UIIUOHHOC PCJIC) OCTAJICA
MNEPUOANICCKUM, ITIOOTOMY €I'0 MOXKHO IMPEACTABUTL B BUAC psAda qDypBGZ

z(t)=Co + > C;sin(ot+¢,). (4.10)
Kaxnaomy 3HaueHuio Xy OyJeT COOTBETCTBOBATh CBOSI BEJIMUMHA TO-
CTOSIHHOM cocTaBisitomien Cp, CBOSA IIMPOTHO-UMITYJIbCHASE MOIYJISIIHS
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CUTHajla U CBOS (pa3oBas XapaKTEpPUCTUKA. BBIXOAHOU cUTHAN pelie janee
MOCTYNAeT Ha JIMHEMHYI0 4acTh CHCTEMBI, KOTOpas 00JajaeT CBOMCTBOM
buIbTpa HU3KUX YACTOT W MOAABISET BCE BHICOKOYACTOTHBIE TAPMOHUKHU.
Ocraercst TONBKO MOCTOsIHHAs cocTaBirAomas paga Oypoe z,,.

OueBunHO, 4TO Z, OyneT NPONOPLHMOHAIBHO PA3HOCTH ILIOLIANEH
MOJIOKUTENBHBIX U OTPULATEIbHBIX HMMITYJIbCOB, OTHECEHHBIX K MEPUOILY
KoJieOanuii T:

_Bt—t).
7, =t (4.11)
727 (4.12)
w

Torna mpu paBeHCTBE MOCTOSTHHOTO BXOJHOI'O CHTHAja Xg U MEPHO-
JUYECKOT0 BEICOKOYACTOTHOTO BO3aeHcTBHS ASINmt MMeeM BhIpayKEeHUE

_ A 4
X, = Asin ot = Asin O)Q = Asin rhoh Asin X e (4.13)
4 2 T 2 B

U3 popmyisl (4.13) onpenenum 3aBUCUMOCTS Z,, OT Xo:

2B . X, 2B,
2, =—arcsin—2~—2,
T A TA
Takum oOpa3zoM, peneliHasi XapaKTEepUCTUKA JIsl CPETHETO BBIXOIHO-
rO 3HAYCHHs PEJIECUHOTO JIEMEHTA Z,, BCICICTBUE BO3ICUCTBHSA CUHYCOU-
JaJbHBIX KOJIeOaHUM cTajga JMHEHHOW. DTOT A3(P(HEKT HOCUT HAa3BaHUE BHO-
PALMOHHOM JINHEAPU3AIUU PEIICHHBIX 3JIEMEHTOB.
Jns nosy4yenust 6oee MponopHUOHAIBHOM 3aBUCUMOCTH Z., = f(Xo) B
Ka4yeCTBE JIOMOJHUTEIILHOTO TApMOHUYECKOTO CUTHAJIA U UCIIOJIB3YIOT Tpe-
yroybHyto popmy nmmyinbca (puc. 4.5). Torna

(4.14)

B
Z, = " X - (4.15)
Af(wt) % Lep ! ,
i B
A .
' >
e %

Puc. 4.5. Bo3nelicTBue nepruouueckoro TpeyrojibHOro CUTHaja Ha peie

g
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B nanHOM ciiyyae nuana3oH BBIIPSIMIECHHON pEJIEHON XapaKTepu-
CTUKU PAaBEH aMIUTUTYAE AOTOIHUTEIHHOTO MEPUOANUECKOTO BO3ACHCTBUA
A. MakcuManbHO€ 3HAUY€HHE JIMHEAPU30BAHHON XapaKTEPUCTHKUA PABHO
BBIXOJIHOMY CUTHaITy pesie B. DTy BhIBO/ABI MOTYyUYEHBI PU PACCMOTPEHUU
XapaKTEPUCTUKU UJICaTILHOTO Pelie.

AHanu3upys BBIXOJHYIO XapaKTEPUCTHUKY pelie ¢ 30HOW HEeUyBCTBH-
TEJILHOCTH W TETJIEH THUCTEPE3UCa, BBIACHSIETCS, UYTO MPU BUOPAIMOHHOMN
JMHEeapu3alud BIUSHUE 30HbI HEUYBCTBUTEIBHOCTH CYLIECTBEHHO YCTpa-
HSETCS, a BJIMSHUE TETJIU TUCTEpPE3UcCa yCTpaHsAeTCs] (PAaKTUYECKH TOJHO-
cTh0. Takum cnocoOOM MOXKHO CYIIIECTBEHHO CHHU3UTh BIUSHHE JIIO(TOB,
3a30pOB U CyXOIr'o TPEHUS B MEXAaHUUECKUX CUCTEMAaX.

HexoTopbIM HEIOCTaTKOM TakoW BHOpAIIMOHHOW JIMHEApHU3aluu pe-
JEHHBIX CUCTEM SBIISIETCS HEOOXOAMMOCTh B HAJIMYMH F'€HEepaTopa Mmepuo-
IUYEeCKUX KoJjiebanui. B kauecTBe mneproauyecKuX KoJieOaHWW MOTYT
OBITh MCIOJIb30BAHbI ABTOKOJIEOAHUS CaMOW PEIECHHOM CHUCTEMBI, 3a CUET
CBOMX BBICOKOYACTOTHBIX COCTaBisIonMX. Yactora »THX KoJieOaHUM
JOJKHA OBITh CYIIECTBEHHO OOJIBIIE, YEM YacTOTa YHPABISIONIETO WU
BO3MYIIAIOIIETO BO3/ICUCTBUA. B 001IeM cityuae, Takasi JIMHeapu3aius pe-
JEHHBIX CUCTEM MOKET OBITh HEIOCTATOYHO 3(P(EKTUBHOM, TaK KaK €CTh
TpeOOBaHUS K YaCTOTE M aMIUIUTYJI€ BBIHY>KJCHHBIX KOJE€OAHUM OTHOCH-
TEJIbHO BXOJTHOTO CUTHAJIA.

st adekTuBHOM BUOpPAIIMOHHOW JIMHEApU3alluy MEepHoJT Koseba-
HUW T JOJKEeH OBITh CYyIIECTBEHHO OOJIbIIE BPEMEHH CpadaThiBaHUs pEle,
4TOOBI 00ECNEYUTh YETKUN KojeOaTenbHbld pexkuM. C Apyrod CTOPOHBI,
4yacToTa KojebaHu ® J0KHA BRIOUPATHCS KaK MOHO BBIIIE, YTOOBI JIH-
HEWHas 4acTh CUCTEMBI, 00J1a/1atonas CBOMCTBOM (DUIIbTPAa HU3KUX YacTOT,
s dexTrBHEE MOIaBIIsATIa BEICOKOYACTOTHBIE TAPMOHUKH.

B 3akmtoueHue HE0OXOJUMO OTMETUTH, UYTO JIHOOOE YIydIlIeHUE OJI-
HOT'O MOKa3aTelisi KayecTBa CUCTEMbl MPUBOJUT K YXYAIICHUIO JPYTrOro
noKasaTelisi KauecTBa CUCTEMbl. B 1aHHOM ciyuyae BHOpalMOHHAs JIMHEa-
pu3anus peleHON XapaKTEPUCTUKU MPUBOJUT K YMEHBIIEHUIO OBICTPO-
JENUCTBUSI CUCTEMBI, IOTOMY YTO HUCIOJIHUTEIBHOE YCTPOMCTBO pearupyer
Ha CpelHee 3HAYEHHUE YIPAaBIAIOIIEr0 BO3ACUCTBHS Z., KOTOPOE BCETAA
MEHbIIIE BBIXOJHOrO curHaina pene B. Ecnu ocHOBHOe TpeboBaHUE K CHC-
TeMe SIBJISIETCS OBICTPOJEHCTBHE, TO BUOpALIMOHHAS JIMHEApU3alus Cylle-
CTBEHHO MPEMITCTBYET 3TOMYy. LlerecooOpa3HO HCIOJIb30BaTh OCHOBHOE
CBOMCTBO peJie. MPU MaJIOM BXOJIHOM CHUTHaJ€ MPAKTUYECKHM MTHOBEHHO
BbIJIaBaTh MOIIHBIN CUTHAI.
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4.5. [IceBaoJIMHEHHASI KOPPEKIUSA

Cpenn HENMMHEWHBIX KOPPEKTUPYIOIIUX YCTPOMCTB MOXHO BBIJIEIUTH
TaKhe YCTPOMNCTBA, B KOTOPBIX aMIUIUTYIHO-(a30Bble XapaKTEPUCTUKU HE
3aBUCAT OT aMIUIUTYAbl BXOJIHOTO CUTHAJA, a SIBJSIOTCS TOJIbKO (QYHKIIMS-
MH YaCTOTHI BXOJHOI'O CUTHAJIA. Y TAKUX YCTPOWUCTB OTCYTCTBYET KECTKAs
B3aMMOCBSI3b MEXKYy aMIUTUTYI0 U (a30ii.

Ilcesdonuneitnvim xoppexmupyrwuum ycmpoiicmeom (I1IKY) Ha-
3BIBACTCSI TAKOE HEJIMHEMHOE YCTPOWCTBO, Y KOTOPOTO TAPMOHUYECKH JIH-
HEapU30BaHHAs YACTOTHAs MepenaToyHas (PyHKIUS He 3aBUCUT OT aMIUIH-
TYZbl, & 3aBUCUT TOJIBKO OT YacTOThI BXOAHOIO curHaia. IIpuuem sra 3a-
BUCHMOCTb OT YacTOThI HEJIMHEHHas M B OOIIEM cllydae MOXKET ObITh Ta-
Kasi, KOTopasi o0ecreurnBaeT U3BMEHEHUE YaCTOTHOM XapaKTEPUCTUKUA CHC-
TEMBbI B KEJIAEMOM HAIPABJICHUH.

Baxnoe nocronncTso npumenenus 1IKY 3akmtodaercsi B BO3MOKHO-
CTU U3MEHEHUs (a30BbIX COOTHOIICHUN BEIUYMH B CHUCTEME HE3aBUCHUMO
OT aMIUIMTYJIHbIX. OueBUAHO, 4TO 3TO AoctomHcTBO IIKY nmaer ocoOwbie
BO3MOYKHOCTH MO YJIYUYILICHUIO TUHAMUYECKUX CBOMCTB CUCTEMBI, KOTOPHIE
OTCYTCTBYIOT B JIMHEMHON KOPPEKLIUU.

ITpumepom penernbix [IKY ABIAIOTCSA pene ¢ onepekaroeu neTieu
ructepesuca (puc. 4.6). Takoe pene, B OTIMYKE OT peiie ¢ HOPMAIbHOM
neTiaeld TucTepe3uca, Jalollero 3ama3/blBAHUE CurHajga 1o  ¢ase
(cM. 1. 2.9), BHOCUT Ha BBIXOJE ONepeKarouid (a3oBbI CIABUT ¢ MUHH-
MaJIbHBIM aMIUTUTYIHBIM U3MEHEHUEM BBIXOJHOW BEJTUYUHBL.

Z A a Z A 4]
B B |-
_bL . —bz —b]_ .
B | -B

Puc. 4.6. Pene c onepesxaronieii netsiei ructepesuca:
a — IBYXIO3UIIMOHHOE; O — TPEXIIO3UIIMOHHOE

Ecim «/IByxmo3uiimoHHoe penie ¢ rucrepesucom» (cMm. taodm. 1.1,
1. 8) mocje rapMOHMYECKOH JIMHeapu3auu uMeeT KodhuiueHtsl ((A) u
q'(A) (cm. Tadm. 2.2, . 7), To pa3oBasg XxapaKTepUCTHKA JTHHEAPHUIOBAHHOIO
pene OyaeT UMETh BU/T
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q'(A)

¢(w)=arctg—— = —arctg

b
2 w2
a(A) VA —b
OnHako y pene ¢ Onepekaroue MeTiaerd TUCTepe3rnca MHUMBIN KO-
3 PUITMCHT TApMOHHYECKOM JTrHeapu3aIuu ('(A) MOJI0KUTENICH:

(4.16)

4Bb
"(A)= , 4.17
a (1)a3OBa}I XapaKTCPUCTHUKA TAKOI'O pCIIC 6y,I[CT
b
([)((D) = +arCth. (418)

MakcuManbHOEe 3HAYEHUE yTJia ONEPEKCHHUs JOCTUTACTCS TpH pa-
BEHCTBE TTOPOTa BKIIFOUCHHS PeJie U BXOJIHON aMIUTUTY bl [D| = A.

b
o(w)= +arctg% =+90°, (4.19)
AHanorudHo s HenmmHeHHOCTH «TpeXImo3uinoHHOE pesie C THUCTe-
pesucom» (cMm. Taba. 1.1, m. 9) MHUMBIH KOI()PHUIMEHT rapMOHHYECKOM
nuHeapu3auu ('(A) moI0KUTEICH:

, 2B(b, —b
A
a (ha3zoBas XxapaKTEPUCTUKA TAKOTO peie OyeT
bz — b1

¢(w) = +arctg (4.21)

(\/Az—bf +\/A2—bf)'

MakcuManbHOEe 3HAYEHUE yTJla ONEPEKEHHUs JIOCTUTACTCS TpH pa-
BEHCTBE MTOPOTa BKIIFOYCHHSI PeJie U BXOJHOW aMIUTHTYABI |, = A.

o(w)= +arctg@ (4.22)

(Vo -e)

Pene ¢ onepexaroiien nerien rucrepesnca MOryT BKIIIOYAThCs I10-
CJIEIOBATEIBHO C PENEHHBIM PETyIsITOPOM WU OOBEKTOM YHpaBJICHUS,
UMEIOIIHUM OOJIBIIYI0 MHEPLUUOHHOCTh MJIM 3BEHO YKCTOIO 3ala3/IbIBaHMUs,
TEM CaMbIM KOMIIEHCHPOBAaTh WJIM MOJHOCTBIO YCTPAHSATH 3aIla3/IbIBAHHE
curdana no ¢aze, ynyumas @UX cucrembl 1 COOTBETCTBEHHO €€ TMHAMMU-
YECKHE CBOMCTBA B ILUIAHE YCTOWYHUBOCTH.
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Paccmortpennbie peneiinbie [IKY cumTarorcsi 0qHOKAHAIBHBIMH, T.€.
U3MEHEeHHE (Da3bl M aMIUTUTYbl TPOUCXOJUT B OJIHOM KaHaje — peseiiHas
XapaKkTEepUCTHKA C Omepexarolieit nemien rucrepesuca. B pesynsrare dazo-
BOM KOPPEKLIMHA UMEETCS U aMIUIUTYAHOE U3MEHEHHUE BBIXOIHOM BEJIMYMHBI.

B mpoMbIlUIEHHOCTH Yale UCHoJb3yroT AByxkKaHalbHbie IIKY, rae
BXOJHOW CHUTHAJI Pa3BETBISETCSA M MPOXOJUT MO JBYM KaHaJlaM, B KOTOPBIX
aMIUTUTYTHAst ¥ pa30Basi COCTABIIAIONIUE CUTHAIA (POPMUPYIOTCS OTIAEIBHO.

CrpykTypHas cxema ICEBJOJUHEIHOTO 3B€HA C AMIUIUTYAHBIM TO-
JaBJICHUEM Mpe/icTaBlieHa Ha puc. 4.7. 3B€HO COCTOUT U3 omeparopa Sign,
HU3KOYAaCTOTHOTO (WIbTpa, OJ0Ka ompenesieHuss MouyJis (MOJIyJIbHBIH
aJieMeHT MD) 1 nepeMHOXKaIoIIero ycrpoiicraa [11].

. 1 X1 \/ [X]
Sign " Torl [ l

M3

y
> Brok

YMHOXKEHWA

Puc. 4.7. CtpykTypHasi cxema MceBJI0JIMHEITHOIO 3BeHa
C aMIUIUTYTHBIM OJIABJICHUEM

[TepBbiii KaHaN CIYXUT sl GOPMUPOBAHUS aMIUIUTYTHOM XapakTe-
PUCTUKHU M BKJIIOYAeT B CEOs 3JIEMEHT, OCJIAOJISIOIIUNN BHICOKME YaCTOTHI,
Hanpumep, anepuoanueckoe 3seHo W(p) = 1/(Tp + 1). Jlnsa uckimodeHus
npoxoxkaeHus: uHdopMauu o ¢asze Mociae0BaTeIbHO BKIIOUEH MOYJIb-
HBIN 351IeMeHT M. DTO MOXXET OBbITh JIBYXITOJYITPOBOTHUKOBBIN BBHIPSIMU-
Tenb. Ha Beixoge MO — 3HaveHne TOJIbKO aMILIUTY a6l [11].

ADYX 1ceBI0IMHENHOTO 3B€HA C AMILUIUTY/IHBIM MOIaBJICHUEM, T10-
JTy4YeHHas B pe3yJbTaTe TapMOHMYECKOH JIMHeapu3anuu, umeeT Buj [11]:

W, (jo) =U (o) + jV(0); (4.23)

B 8 cos(—2arctg oT) j _
U(w) = 1 , 4.24
O (429

8 sin(-2arctgoT
V(o) = ( (z2arctg )j. (4.25)
1+ o’T? 3

Ananmm3npys npeacrabineHnyto Boime AOYUYX, MOXKHO 1TOKa3aTh, 4YTO
npu U3MeHeHHH 4acToTsl AUX HaHHOTO 3BEHA MEHSIETCS OT 3HAYECHUS,

paBHoro 1 g0 Hyns. A uzmednenue @UX npu pazinyHbIX TapamMeTpax HU3-
KOYacCTOTHOTO (hUIIbTpa MPOUCXOIUT He Oosee yeM Ha —20°, B TO BpeMs,
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KaK MaKCHUMAaJIbHBIN (Pa30BbI CABUT OOBIYHOTO aIllepHUOJIMYECKOTO 3BEHA
mepBoOro mopsaka MoxeT mocturath —90°. T.e. mpu BOBHMKHOBEHUHU B CHC-
TeMe KOJICOaHHIl BBIXOJHOM BEJIWYMHBI ABTOMATUUYECKH MPOU3BOJIUTCS
yMeHbIlIeHne ko3 duirenTta nepenayu 38exa [11].

CtpyKTypHas cxeMa IMCEBIOJIMHEHHOr0 3BeHa ¢ ()a30BBIM OIEpEeKe-
HUEM TMpeJicTaBieHa Ha puc. 4.8. 3BEHO COCTOUT U3 OJIOKa OIpeeeHuUs
Moayist (MOAYJIBHBIN 35ieMeHT MD), dhazoonepexaromero (hopcupyrore-
r0) 3BeHa, oreparopa Sign U mepeMHoXKaromero ycrpoicraa [11].

g N\ X4
| Y

X M3 Bnok y

YMHOXKEHWA

Puc. 4.8. CtpykrypHas cxema NCeBIOIMHEHHOTO 3BeHA C ()a30BBIM OIEPEKECHUEM

Tip+1 Xo
T2p+1

-

ADUYX mnceBroIMHEHHOTO 3BeHA C (Pa30BBIM OIEPEIKECHHUEM, IOJY-
YeHHAs B pe3yJIbTaTe TapMOHWYCCKO JIMHeapu3amuu, umeet Bup [11]:

WH(D(j(’O) =U(0)+ JV(0); (4.26)
- T,-oT
U(co)=l n—2arcth)T1—2®T2+sin 2arctg(w - 20) 2) ; (4.27)
m 1+ 01T, 1+ 0’TT,
T,-oT
V(oo)zl 1-cos 2arctg((D 1~ 0T, (4.28)

T 1+ o°TT,

AHanu3 4aCTOTHBIX XAPAKTEPUCTUK 3BEHA IMTOKA3bIBAET, UTO MPU U3-
MEHEHUHM MOCTOSHHBIX BpeMeHHu 3BeHa T, oT 1 10 0,0l cu Ty ot 1 1o 10 ¢
OYX u3Mmensiercs B npenaenax ot 0 o 78°, a norapudmuueckas AUX us-
Mensiercs B npeaenax ot 0 1o —4 nb. Takoe namenenne AUX He oka3bIBa-
€T CYLIECTBEHHOI'O BIIMSIHUS Ha 3amac yCTOMYMBOCTH CHCTEMBI. [laHHOE
NICEBIOJIMHEITHOE 3BEHO € (DA30BBIM ONEPEKEHUEM OCYIIECTBIISIET (ha30BbIN
C/BUT, BEJINUMHA KOTOPOTO 3aBUCHUT OT 3HAUYCHUI MTOCTOSIHHBIX BPEMEHU T 1
u T,, ymyumasg @YX cucteMbl 1 COOTBETCTBEHHO €€ TMHAMHYECKUE CBOM-
CTBa B IJIaHE YCTOMYMBOCTH U Ka4eCTBO peryupoBanus [11].

B coBpemenHol teopun ymnpasiieHus ¢ noMoubro [IKY ocymects-
JIAFOT KOPPEKIUIO CBOMCTB JinHerHoro [T [[-perynaropa.
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Ha puc. 4.9 npeacraBieHa cTpykTypHasi cxeMa MOJAU(GUIIIPOBAHHO-
ro nicesnonuuerinoro [T /[-perymsropa [11].

. 17

ﬂ» 114 ’ = u

— D

Puc. 4.9. Ctpykrypnas cxema ncesnonuneitnoro 11U /[-perynstopa

B cocraB nmaHHOTO perymstopa BKJIIOYCHBI CIEAYIOIINE 3BEHBS:
TICEB/IOJIMHEHHOE 3BEHO C aMIUMTYIHbIM mofiaBieHuem (ITA), nponop-
muoHanbHOe 3BeHO (I1), maTerpupyromee 38eHo (M), nuddepennupyromiee
3BeHO (/]) u nceBnonuueiHoe pazoonepexaromniee 38eHO (I1D).

MonudunmpoBanssiii  nceBnonuHennsii TN /-perynarop sddek-
TUBHO pa0bOTaeT B YCIOBHSX, KOTJIa MTapaMeTpbl O0OBEKTa YIPaBICHUSI Me-
HSIOTCS B IIMPOKOM Juara3oHe. M B 3TOW CBsI3U TaKOW PETyNSITOP MOXHO
paccMaTpuBaTh Kak poOaCTHBIH, T.€. YCTOWYHMBBIA K TIOMEXaM U U3MEHSIO-
IIMMCSI BHEIITHUM YCIIOBUSIM.

4.6. CKoJBb3SIIIMIA pekuM PadoThl HeJIMHEHHBIX CHCTEM

B peneitnon cnepsmein ACY npu OTCYTCTBUH 30HbI HEUYBCTBUTEIIb-
HOCTU penie (pa3oBblii MOpTpeT OyJeT UMETh YCTOWYUBBIM (OKYyC C Tpe-
JNEIbHBIM IIMKJIOM YCTAHOBUBIIUXCS KojeOaHuit (cm. puc. 2.8). s
YMEHBIIICHUSI aMIUTUTYAbl YCTAaHOBUBIIMXCS KoOJICOaHWH, a B ujeane il
MOJTHOM JIMKBUJAIIMKA KOJEOATEILHOIO MpoIlecca B YCTAaHOBUBIIIEMCS pe-
KM€ JIOTIOJTHUTENILHO B OOPAaTHYIO CBSA3b BKJIIOUAIOT MU depeHupyroIiee
3BCHO IS CO37aHusl THOKOW oTpuniaTenbHoi ooparHoii cBszu (I'OC). To-
rJa B TaKOW HEJIUMHEWHOW CHUCTEME MOXKET BO3HUKHYTH OCOOBIN CKOJ1b3:-
wuil pexcum padoThI.

s wmoctpanuu padoThl HeMMHEHHON ACY B CKOMB3SIIEM PEKUME
pPacCMOTPUM CHUCTEMY, CTPYKTYpHas cXema KOTOpOHW TIIpejCcTaBlieHa Ha
puc. 4.10 npu BxoanoM BozaekicTeuu U(t) = 0.
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Puc. 4.10. Ctpykrypras cxema HenmuHEHHOH ACY €O CKOJB3SIIAM PEXKUMOM

YpaBHeHue nuHenHoM yactu JI4 HenuneriHon ACY nmeert BUa
p’y =Kz, (4.29)

a YpaBHEHHE HEIIMHEWHOTO 3JIeMeHTa [ ¢ xapaktepuctukon «aeanbHoe
JBYXTIO3UIIMOHHOE petiey (cM. Tadu. 1.1, m. 6) onuchkiBaeTCs HEITMHEHHOM
byHKIHIEH

B npu X, > 0;

z=F(x) :{ (4.30)

—B npu x; <0.

Kpome Toro, B cucreme mMMeeTcs MeCTHasi rhOKasi oTpuIlaTelIbHas
oOpaTHas CBsI3b, ONUCHIBaEMasl EPeAATOUHON (QyHKITUEH

Woc (P) =Ko P (4.31)

O6mee nuddepeHimaibHOe YpaBHEHUE NUHAMUKUA CUCTEMBI B OIlE-
patopHoit popme mpu U(t) = 0 Oymer umeTh BU/

pzy :_KF(y+ pyKoc)' (4-32)

BBenem HoBbIe mepemeHHble coctostHus Xi(t) Bmecro (i—1) mpowus-
BOJIHBIX BBIXOJTHOM BenmuuHbI Y(1):

X =Y; % =Y. (4.33)

Otcrona nonyunm nuddepeHnuanbsHoe ypaBHeHne (a3oBbIX Tpaek-
TOPHUMN CUCTEMBI
X, K
—==——F (X +X%Ks). (4.34)

1 2
JIvHMS TIepeKiTIoueHrs Ha (a3oBOM MIIOCKOCTH [Xi; Xp] Ha puc. 4.11
OIMCHIBACTCS YpPaBHCHUEM

X1 + XoKoe = 0. (435)

B cBsi3u ¢ penetinoit dynkiueii HO Ha ($a30Boi MIOCKOCTH [X1; Xo]
MOJKHO BbIIeauTh aBe oonactu: (1), roe F(X) = -B u (2), roe F(x) = +B.
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CrpaBa ot nuHuu nepexmroueHus npu (X3 + XoKoc) > 0 pynkmms
F(X) = —B u ypaBHeHHE Pa30BBIX TPACKTOPUH UMEET BH]T

x; =—2K,Bx, +C,. (4.36)

Takum oOpazoM, (pa3zoBbie TPACKTOPHUH — 3TO MapaboJIbl, BETBH KOTO-
PBIX HaIpaBJiEHbI B OTPUIIATEIBHYIO CTOPOHY OcH X;. [lonokeHne Bepuiu-
HbI TIapadoJIbl OMpPEEsAeTCs] MPOU3BOJIBHON NOCTOSIHHON (1, T.€. HaA4Yallb-
HBIMH YCIIOBUSIMH TIEPEXOTHOTO TIpoIiecca Xig U Xgo.

CneBa or ymHMH TepekimoueHus mpu (X3 + XoKoc) < 0 pynkmms
F(X) = +B u ypaBHeHHe (Da30BBIX TPACKTOPHI HMEET BU/T

X; =2K,Bx, +C,. (4.37)
Xy = yA
N ~ Moz
- -
N (1)
A
Mll -
0 M31 X1=Y
B
) \\ M
v 2N +X%,Koe =0
My, \X1\ oc

Puc. 4.11. ®a3o0Bs1il noptper HenMHEWNHONH ACY B CKOJIB3AILIEM PEKUME

BunHo, 4To Ha JTUHUM TIEpeKtoueHus (a30Bble TPACKTOPUHU BCTpe-
YaroTCs, YIIUPasCh B OTPE30K AB. 3TO MOXHO OOBSICHUTH CIAEAYIONINM 00-
pa3oM: W3HAYaJIbHO IPOLEeCC UAET Mo ¢a3oBoil Tpackropun 1 (puc. 4.12).
Kak Tonbpko ha3oBas TpaeKTOpHUs MepecedeT JMHUI0 TepekiodeHus AB,
BCTYIIUT B CBOM MpaBa (ha3oBas TPACKTOPHS 2, KOTOpas BEpHET MpoIece K
otrpe3ky AB. Ho Tyt BcTpetuTcs (hazoBas Tpaektopus 3 u T.1. B pe3ynbra-
Te M300pakaroiias ToUka MyTeM BUOpPALMI OKOJO JIMHUM TEPEKITI0UCHUS
NEPEMECTUTCS K HaUally KOOpJUHAT.

Takolt xoa mpoiiecca COOTBETCTBYET MNEPEKIIOYEHUSIM PEIEHHOTO
AJIEMEHTA C XapaKTEPUCTUKOM «lmeanbHOE NBYXIIO3UIIMOHHOE PENe» C
00JIbIII0# yacToTOM. TeopeTuueckn 4acToTa MepeKIouYeHrs] OeCKOHEYHa, a
aMILTUTyZla BUOpaInii, n300paxeHHbIX Ha puc. 4.12, ctpeMutcs K HyJIO.
CrnenoBaTebHO, TEOPETUIECKU M300paXKaroIas TOUYKa CKOJIB3UT 110 JTUHUN
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NEPEKIIIOYEHHUSI K Hayaly KOOPJIUHAT — K PABHOBECHOMY coCTOsiHUIO. [Ipo-
[[ECC TAKOTO POJia HA3bIBAETCS CKOIb3AUUM HPOUECCOM.

Puc. 4.12. «Ckonbxxenue» ($Ha30BOi TPACKTOPHH MO JTMHUH NEPEKITIOYCHHS

Cxonp3simuil pexxuM B cucteMme ¢ audPepeHIupyonM 3BEHOM B
1ernu oOpaTHOM CBSI3M BO3HUKAET HE NMpHu JIroOoMm 3HaueHuu Koc. s ero
BO3HUKHOBEHHMS HAKJIOH (pa30BOM TPACKTOPHU IMOCIIE MEPEKIIOUCHHS Pelie
JOJKEH OBITH OOJIBbIIIE, YeM HAKJIOH JMHHUM MepekiroueHus. Torma mocie
JUHUM TIEPEKIIoueHus da3oBas TPACKTOPHS CHOBAa BO3BpAIlaeTCs Ha ATy
XKe JTMHUIO nepekiiioueHuss. Ho Bo3MOKeH ciiydaid, KOorjla CKOJIb3SIIUN pe-
KMM BO3HUKHET HE Cpa3y, a Ha BTOPOM WJIM Ha TPEThEM, WA Ha N-HOM
BUTKE YCTOMUMBOTO (hoKkyca. HoO MOXKET OBbITh, UTO CKOJB3SIIUN PEKUM HE
BO3HUKHET IIPH MAJIOW BEJIMUYMHE HAKJIOHA JTUHUU TEPEKITIOUYSHHUS.

Haiinem 3akoH ABMKEHHS B CKOJIB3SIIEM Ipoliecce. Ha muHuun nepe-
KJIFOUCHUS UMEET MECTO YPaBHEHHUE

X, + X,Koe =0 nmm y+z—¥KOC =0. (4.38)

Pemiennem JaHHOT'O YPAaBHCHUA ABJISACTCA BBIPAKCHHUC

v
y(t) = y.e *°, (4.39)

rne 3HadeHus t = 0 u y = Yo cuuTaroTCI B MOMEHT IMOMNaJaHus u3o0pa-
JKAIOIIEW TOYKM HA JIMHUIO CKOJB3AILIETO Mpouecca. MTak, CKonb3smun
IIPOIIECC TPOUCXOTUT MO IKCIIOHEHITHAILHOMY 3aKOHY.

31ech BaXKHO OTMETUTH cienyroniee. HemmHeitHas cucrema BTOPOTO
nopsinka (4.32) Ha ydacTKe CKoJb3smiero mpoiecca AB BeIpoxmgaeTcs B
JMHEHHYIO CHCTEMY IEepBOTO TMOPSAIKA, T.€. BHA4Yalle ObUT KOJeOaTeIbHBIMA
npoiiecc (10 Touku Ms;), a 3aTeM IBWKEHHUE T10 JIMHUH TIEPEKITIOUCHUS 3a-
KaHYUBAETCS IPAKTUYECKH allepUOTUUECKUM MTPOIIECCOM.
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[Ipu 3TOM 3aKOH ABWKEHHUS B CKOJB3SIIEM IPOIIECCE HE 3aBUCUT OT
mapamMeTpoB MPSMOMN IEMH CUCTEMBI M ONPEACISIETCS TOIbKO KO3 duiu-
CHTOM 00paTHOU cBs3u. Hampumep, mpu Ha4aabHOM TOJ0KeHUH Mo, (cM.
puc. 4.11) nonyuum PazoByro TpaekToputo Mo Mi1Mo1 M3y, IepexoasIyo
B CKOJIb)XKEHUE B TOYke Ms3;. Takoil ¢ha30BOil TpaeKTOPUU COOTBETCTBYET
nporecc Bo BpeMenu Y(t), nzoopakenuslii Ha puc. 4.13, rie oTMeUeHbI Xa-
paKkTepHbBIE TOYKH.

y A

Mo 6

0 t
Puc. 4.13. [lepexoanblii MPoOIIeCC CUCTEMBI HA JTMHUH TTEPEKITIOUCHUS

Haitgem mosiokeHue KOHIIOB OTPE3Ka CKOJB3SAIIEro npouecca A u B
Ha ¢azoBoit mockoct (cM. puc. 4.11). O4yeBUIHO, YTO B 3TUX TOUYKAX Ka-
carelbHbIe K MapaboaM COBMAJAIOT C JIMHHUEH MEepPeKIroYeHHs. DTO YCII0-
Bue coriacHo ¢opmysie (4.34) MOXKHO 3amKcaTh B BUJIE
a1 (4.40)
XlA KOC

TOTJa W3 ypaBHEHHs (a30BbIX TpackTopuid (4.34), MOJICTAaBUB YCIOBHE
(4.35), mosryunm 1715t TOUCK A ¥ B BRIpaKeHUE

1 K KB

- K =- F(XlA + Kocsz) =——, (4-41)
oc 24 24
1 K KB

X =— F(Xg +KocXop) =+—. (4.42)
oc 2B 2B

CrnenoBaTenbHO, OTPE30K CKOJb3AIIEro mpoiecca AB tem Oosbiie,
yeM OosbIe KO3 UIIMEHTHI YCUICHUS TPSAMOM 1IeNu U 00paTHOM CBSI3H.
VYuuThiBas TaHHBIA BBIBOJI, MOKHO HAcCTpawBaTh U ONTUMH3UPOBATH pe-
neriHy0 ACY B CKONB3SIIIEM PEKUME HA ATAIe MPOECKTUPOBAHUS.
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4.7. HeJiuHelHbIE CHCTEMBI € TIEPEMEHHOM CTPYKTYpPO

CTpykTypa CHCTEMBI ONPEAEISAETCS COCTAaBOM 3BEHBEB U CBS3SIMU
MEX1y HUMU. I3MEHUTH CTPYKTYpPY CUCTEMBI — 3TO 3HAYUT U3MEHUTH CO-
CTaB €€ AJIEMEHTOB WJIM CBSI3U MEKY 3BEHBSIMU.

Cucmemoii ¢ nepemennou cmpykmypoi (CI1C) Ha3pIBalOT CUCTEMY,
B KOTOPOW CTPYKTypa B mpolecce e€ (pyHKIMOHUPOBAHUSI U3MEHSETCS Ha
OCHOBE TeKyllled HUHPOpPMALUM [JIs1 JOCTHUKEHHUS OIPECICHHON IEu:
obecrieyeHre yCTOMYMBOCTH, YIyUIlIEHUE KaueCTBa U T.II.

Ucnons3oBanne npuHiunoB nocrpoenust CIIC npu cuHTE3€e cucTeM
YIIPaBJICHUS TTO3BOJISIET IOCTUYh YCTOMYMBOCTUA M MPUEMIIEMOTO KauyeCcTBa
B T€X CiIydasx, KOTJa mapaMeTpbl 00hEKTa U3MEHSAIOTCS B IIMPOKHUX IIpe-
nenaax WM OTCYTCTBYeT HH(opmarus, HeoOxoauMas sl peaau3aiuu
OOBIYHBIX AJITOPUTMOB YIIPABJICHUS C (PUKCUPOBAHHON CTPYKTYpOM, oOec-
MEYUBAIOIIUX 3aJaHHbIC TPEOOBAHUS K CHCTEME.

ITycts nuneitnas ACY ¢ )KeCcTKON OTpUIlaTeIbHOM 00OpaTHOM CBS3BIO
HMEET CTPYKTYPHYIO CXeMY, IIpeJIcTaBlIeHHYI0 Ha puc. 4.14, a.

u(t) =0

= X z y
u(t)_0>®_> JITY > VV | 0V }—e—>

Lo
et

Puc. 4.14. CtpykTypHas cxema CUCTEMBI C IEPEMEHHOMN CTPYKTYpOii

[TycTh ycTpOMCTBO yrpaBiieHHs: VY BMecTe ¢ 00bEKTOM yIpaBICHUS
OV u perynstopoM P, HCHIOJIb3YIOIIUM MPONOPUMOHAIBHBINA 3aKOH YIIPaB-
nerust (Z = —yKj;), oOpa3yroT JUHEHHYIO YacTh CUCTEMBI, KOTOpasi OIUCHI-
BaeTCs NepeaTouHON (QyHKIMEH

Wﬂ'{(p) =

: 4.43
T2 p2 ( )
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O6mee nuddepeHimanbHOe YpaBHEHUE JUHAMUKHA 3aMKHYTOM CHC-
TEeMBbI 0€3 MepEeMEHHON CTPYKTYpHI (cM. puc. 4.14, a) B onepatopHoit dop-
me mpu U(t) = 0 Oyaer uMeTh BUT

T?p’y =—Ky. (4.44)
Torma xapakTepUCTUUECKOE YPABHEHUE 3aMKHYTOWU CUCTEMBI
T?p*+K =0. (4.45)

ITpu K > 0 ero xopau Oy 1yT YMCTO MHUMBIMH P1o = * jo, a ipu K < 0
— JIEWCTBUTETHHBIMH PA3HBIX 3HAKOB P;, = *a,. CiegoBarensHO, B IEPBOM
Cllydae B CUCTEME MUMEETCS yCTOWYMBBIN MPENebHBIN IIUKII, T.e. OHA 00JIa-
JaeT YCTOWMYMBBIMU aBTOKOJICOAHUSMHU, & BO BTOPOM ClIydae OHAa aCHMIITO-
TUYECKU HeycTolumBa. Takum o0pa3om, B pamMKkax (UKCHPOBAHHOW CTPYK-
TypbI HE YAA€TCS CHHTE3UPOBATH ACUMITOTUYECKN YCTONINBYIO CUCTEMY.

Jliist obecriedeHusi yCTOMYMBOTO TMEPEXOJAHOr0 IMpoliecca U yMEHb-
IIEHUS aBTOKOJEOAHWII B YCTAHOBUBIIEMCS PEXKHME HCIOJIb3yeTCs
Jlocuueckoe nepekiouaruiee ycmpoiicmeo (JIITY).

Jlornueckoe mnepekiovaroiiee ycrporictBo B CIIC oOecneunBaer
W3MEHEHHUE CTPYKTYPHOU CXEMBI TIPH Mepexojie N300pakaroIieil TOUKH Ha
¢$a30BOM MPOCTpPAHCTBE YEpPE3 HEKOTOPYIO, 3apaHee OMPEIEICHHYIO T'pa-
HUITy. DTO JaeT JOMOJHUTEIHHYI0 BO3MOKHOCTh CYIIECTBEHHO M3MEHUTH
JUHAMUYECKYIO XapaKTEPUCTUKY CUCTEMBI M JTOOUTHCA YCTOMYHMBOTO Tie-
PEXOJIHOTO Mpoliecca MpU HEYCTOMYMBOM XapaKTEepUCTUKKA OCHOBHOM yac-
™1 cuctembl. OcobenHo 3¢ dextuBno JIIIY mis co3maHus CKOMB3SILETO
pexuMa padoThl, KOTOPBIA MOXKET OBIThH 3apaHee 3a/IaHHBIM BHE 3aBUCHUMO-
CTH OT ITapaMeTPOB OCHOBHOW YaCTH CHCTEMBI.

BBegem B paccMOTpEHHYIO BBINIE CHCTEMY MEPEMEHHYIO CTPYKTYPY
(puc. 4.14, 6). Beenem HOBbIe TiepeMeHHBIe cocTostHHS Xi(t) BMecTo (i—1)
IIPOM3BOJIHBIX BBIXOJHOW BennuuHbl Y(1) B dopmyne (4.44) u momydnm
muddepeHianbHoe ypaBHEeHHE (Pa30BbIX TPACKTOPUN CUCTEMBI
X, KX

22 A (4.46)
% T°x

[IpouHTErprpOBaB MOCJIEAHEE YPABHEHHUE, MTOJYUUM aJIreOpanieckoe
ypaBHeHHE (DA30BBIX TPAeKTOpUW B BUJE AJUIUICA C MOJYyOCSIMHU IO OCH

a6CLII/ICC X1 ¥ 10 OCH OpAMHAT X3

2 2
iz+%=c. (4.47)

—
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Bosnbmiast momyocs amunca npu K; = Ky < T, pacnonaraercst Ha ocu
abcmucc (puc. 4.15, a), a npu K; = K, > T, — Ha ocu opauHar (puc. 4.15, 6).
dazoBasi TPAaCKTOPHS B TIEPBOM CIydae UMEET OOJIBIIYIO aMIUTUTYay KOJle-
O0aHus, HO CPAaBHUTEIIBHO HEOOJIBIIYI0 CKOPOCTh BBIXOJHOM BEIUYUHBI. A
BO BTOPOM cllydae, Ha00OpOT, UMEET CPAaBHUTEIHLHO HEOOJIBIIYIO aMILIH-
TYyZy, HO 3HAUUTEIbHYIO0 CKOPOCTh BBIXOJHON BEIIMYUHBI.

3agaya JIITY B TOM, 4TOOBI NTIEPEMEHHO HMCIIOJIb30BATh MOJOKUTEIb-
HbIE CBOMCTBA KaxJ0i (pa3oBoil TpaekTopuu. s U3MEHEHUsI CTPYKTYPhI
cuctemsbl ¢ momMolibio JIITY HeoOX0aMMO NMPUHSTH J102UUECKUIL aA/120pUmM
ynpaesnenusn (JIAY), coriiacHo KOTOpOMY CHCTEMa aBTOMATHYCCKU BBIOH-
paeT ONTUMAIBHYIO TPAEKTOPUIO IBUKCHUS.

X2 Xo
a 0 8

Puc. 4.15. ®a3zoBbie TpaekTopuu HenuHeHHONH ACY ¢ mepeMeHHOM CTPYKTYpOit

Ecimu Bo Il m IV kBampanTax ¢a3oBoii IJIOCKOCTH [Xi; Xp] m300pa-
Karomas Touyka OyaeT ABHUTaThes MO (ha30BBIM TPACKTOPHSIM, TPEICTAB-
JeHHbIM Ha puc. 4.15, a, a B | u |1l kBagpantax — no pa3oBbIM TpaeKTOpH-
sM, TIpEeJICTaBJIEHHBIM Ha puc. 4.15, 6, To obOmias ¢ha3oBas TpaCKTOPHUs THUIA
IUIMIICA TIEPEXOJIUT K yCTOHUMBOMY (okycy (puc. 4.15, ). B aToMm ciryuae
nosydeHHasi CIIC acuMnToTuyecku ycToin4ymnsa.

Maremaruuecku omnucath JIAY MOXHO cCleAyrolled HEIWHEHHOU
(GyHKLIHEH:

-K X, X, <0;
I s (4.48)
—K.,y npu x X, > 0.

C nomomisro JIITY M0XKHO cO3/1aTh pa3IMyYHbIE MIEPEXOIHBIE MPOLIEC-
ChbI, HO 0COOBIN MHTEpeC mpeAcTaBisaoT Takue JIITY, peanusyromniue ckob-
3AMIUA TPOLECC, KOTOPBIM HE 3aBUCHUT OT IAPAMETPOB OCHOBHOW YaCTHU
CUCTEMBI U MOKET IIPOTEKATh C 3apaHee 3aJaHHBIMU CBOMCTBAMH.

PaccmoTtpum paboty cuctemsl (puc. 4.16), B KOTOpO#l yCTpOMCTBO
ynpasiieHus: VY Bmecte ¢ 00bekToM ynpasieHus OV o0pa3yroT JUHEH-
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HYI0 YacTh CHCTEMBI, OIMCHIBAEMYIO TiepenaTodHor ¢yHkiueir (4.43).
Kpome 3Toro, B cucteme uMeeTcs MeCTHasi ThOKasi oTpuIlaTeIbHast oopar-
Hasl CBsI3b, ONTUChIBaEMas repeaTouHon PpyHkiuen

Wioe (P) =Koe P (4.49)
1A
+K >
Ty L2 vy ] oy kes
—K =>t-0
[0C =

Puc.4.16. CtpykTypHasi cxema CUCTEMbI C IEPEMEHHOU CTPYKTYPO

B CIIC JIITY nepekitovaeT 3BeHbs, KO3IP(UIIMEHTHI KOTOPHIX PABHBI
10 MOZYJII0, HO UMEIOT MPOTHUBOMOJIOXKHBIE 3HAKH. Toraa corimacHo Gpopmy-
ae (4.46) momyunMm ypaBHeHHUs (a30BbIX TPACKTOPHI B BHJE JJUIMIICA MIPH
+K u B Buje runepOossl mpu —K.

2 2
X% .
242 4.50
T2 K (4.50)
_22 _C. 4.51
T2 K (4.51)

I'nbOxas oTpUuLaTCIbHAA 06paTHa>1 CBsI3b 00€CIIEYNBAET CKOJIB3SIIIUN
PCKUM pa6OTBI B CUCTCMC. YPaBHGHI/IC JIMHUH IICPCKIIIOYUYCHUA

X, +X,Koe =0. (4.52)

B Takoii cucreme JIIIY paboraer nmo cienyromemy JIAY. B I kBan-
panTe u yactu IV kBajgpaHTa ($a3oBoi MIOCKOCTH [X1; Xz] (10 MuHMYU mIepe-
KIroueHus) BkItodaercs 3BeHo +K. A rtaxxe B Il xBampante m yactu I
KBaJIpaHTa (O JUHUU TEPEKIIOUCHUs) TOXKE BKItOUaercst 3BeHo +K (puc.
4.17). N3obpaxaromass Touka uAET 1o 3amkHyToMy 1Ky (4.50). Bo II
KBaJIPAHTE OT JIMHUU MEPEKIIFOUEHUS JIO OJI0KUTEIBHOU NOyocH X; U B [V
KBaJIpaHTE OT JIMHUU MEPEKITIOUEHUS 10 OTPUIATENLHOM MOIYOCH X, BKIIIO-
yaerca 3BeHO —K. M3o0paxaromas Touka uAET 1o (a30BOM TPaeKTOPHUU
«cemoy» € cenaparpucoit C. IIpu mo0060M HaYaIbHOM 3HAUEHUU Xi0; Xp0 CHC-
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TE€Ma CTPEMUTCS K JIMHUU MEPEKIIFOUCHUS U M0 HEM K yCTOMYHUBOMY COCTOSI-
HUI0. DTO YCTOMYMBOE COCTOSTHUE MOXKET OBITh aBTOKOJIEOATEIIbHBIM C JIOC-
TaTOYHO MaJOW 4acTOTOM M aMIuIMTyAol. OHO MOXKET UMETh YCTONYUBOE
paBHOBeCHOE cocTosiHue. HeobxoanMMo OTMETUTh, YTO MPU PAaBEHCTBE MO-
ayaer [+K| = |-K| ¢a3oBble TpaekTopuH Bceria MomaayT Ha JIMHHIO Tepe-
KIIFOUEHHSI M CHCTEMa JajblI€ MOWJET MO CKOJIB3SAIEMY PEXKUMY. JTO HE
3aBUCHUT OT a0COIIOTHOIO 3HAYEHUS BeTUYMHbI Kod(duirienta K.

X, +X,Koe =0

Puc. 4.17. ®azoBbiii mopTpeT HenuHelHOW ACY ¢ mepeMeHHO# CTPYKTypoi
B CKOJIB3SIIEM PEKUME

Maremaruyecku omnucath JIAY MOXKHO cieayromed HeJIMHEHHOU
(byHKITHCH:

s

—K, (y+ pyKye ) mpu x| X, + 5o
7= oc (4.53)
+K, (y+ pyKoe ) mpu x| X, + 4 <o,
oc

B 3akiroueHue CTOMT OTMETUTh, U4TO BbIOOp JIAY moimkeH mosHo-
CTBIO COOTBETCTBOBATH TPEOOBAHMSM, MPEAbIBISEMbIM K KaueCTBY IMepe-
XOJHOTO Tporecca cuctemsel. [Iupokue Bo3MoxHOCTH JIAY TO3BOJISAIOT
CYIIECTBEHHO MOBBICUTh TOYHOCTh PETYJIUPOBAHUS, B pa3bl CHU3UTH MEpe-
pPETYIUPOBAHUE U YMEHBIIUTH BPEMSI PETYJIUPOBAHUSA, a TAKKE 3HAUUTEIIb-
HO PaCIHIMPUTH 00JIaCTh YCTOMUUBOCTH CHUCTEMBI, T.€. PACIIUPUTh 00JIaCTh
JOMYCTUMBIX HArpy30K U YIPABJISIIOIINX BO3AEHCTBUM.
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KoHTpoJibHbIE BONIPOCHI U 3aJaHUS

1. Tlepeuucnure 3amauu, pemiaeMbie MPU KOPPEKIMH HEJIUHEHHOMN
CUCTEMBI.
2. Ilepeuncnure METOABI KOPPEKIIUM HEIMHEHHBIX aBTOMATHUYECKHX
CHUCTEM.
3. B uem cyTh TMHEWHON KOPPEKITNU HEMHHEHHBIX CUCTEM?
4. Jlnst yero Hy>X€H HOPMUPOBAHHBIN KO3PHUIIUEHT TAPMOHUYECKOM
JMHEAPU3AIHAH ?
5. Kak xommneHcHpoBaTh HEIMHEHHOCTh B BHUJIE 30HBI HEUYBCTBU-
TEeITLHOCTH?
6. B "yem cyTh KOMIIEHCAIlMU HEJIMHEHHOW XapaKTEPUCTUKH C I10-
MOIIIBIO JKECTKOU 00paTHOM CBSI3U?
7. Kak ocymniecTBISIIOT KOPPEKIIUIO aMIUTATY/bl U YaCTOThI aBTOKO-
Je0aHuil B HEJIMHEMHBIX aBTOMAaTHYECKUX CUCTEMAaX ?
8. B uem cyTh BUOpaImoHHOW JTWHEAPU3AINHU PEICHHOTO dJIeMEHTa?
9. Kak paboTaeT MUPOTHO-UMITYJIbCHAS MOMIYJISIMS CUTHala TMpHU
BUOPAIIMOHHOM JIMHEAPU3AIMHU PEICHHOTO JIeMeHTAa?
10. Kakoif HemocTaTOK UMEET BUOpAIlMOHHAS JIMHEApU3alus peliei-
HOTO dJIeMEeHTa?
11. Yto Ha3bIBaeTCs TCEBAOJMHEHMHBIM KOPPEKTHPYIOIIUM YCTPOM-
CTBOM?
12. Omwummte peneitnoe IIKY ¢ onepexaromieit meTiaei rucrepesuca.
13. Onummwre 1ceBIOJIMHEHHOE 3BEHO C aMIUIATYTHBIM TI0/IaBJICHUEM.
14. Onuimre MCeBI0TMHENHOE 3BEHO ¢ (Pa30BBIM ONEPEKEHHUEM.
15. Omumure CTPyKTYpy MOAMGPUIIMPOBAHHOTO TICEBIOJIMHEHHOTO
[T I-perymaropa.
16. B dem 3akiroyaeTcsl CKONB3SIINN PeXXUM pabOThl B HEJIMHEHMHBIX
aBTOMATHYECKUX CUCTEMAX?
17. Kak peanuzyercs CKOJIB3SIUNA PEKUM PaOOThI B HEIMHEMHBIX aB-
TOMATHYECKUX CUCTEMAX?
18. Urto Ha3BIBAaETCSI CKOJNB3ANIAM IMPOIECCOM B HEJIMHEHHBIX aBTO-
MaTUYECKUX CUCTEMaX?
19. Ot kakux mapamMeTpoB 3aBUCHT OTPE30K CKOJIB3SIIETO Mpolecca?
20. JlaifTe onpenesieHre CUCTeME C IEPEMEHHOM CTPYKTYPOH.
21. B uyeM QyHKIMH JIOTHYECKOTO MIEPEKIIFOYAIOIIET0 yCTPOocTBa?
22. Jlns 4ero Hy»eH JIOTUYECKUN aJrOpUTM YIIPABICHUS?
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3AK/TIOYEHHUE

N3moxeHHbBIN B y4eOHOM IMOCOOUH MaTepUall 0 TEOPUH aBTOMATHYE-
CKOTO yTpaBIICHUS HEITWHEHHBIMH CHUCTEMaMH TO3BOJIUT CTYACHTAM BBIC-
IeT0 y4eOHOTo 3aBeJEHUSI OCBOWTH OCHOBBI MaTEeMaTHYECKOTO MOJIEIHPO-
BaHUsA, METOJbl ONPEIEICHUs] aBTOKOJEOaHWM, aHallM3a YCTOWYMBOCTH,
OLICHKHM Ka4eCcTBa PETYJIMPOBAHUS M KOPPEKIMH HEITMHEHHBIX aBTOMAaTHYe-
CKUX CHCTEM, a TaKe MPUOOPECTH HABBIKU MPAKTUUECKOIO PEIICHUS 3a/1a4.

JIJist pacIIMpEHHOr0 U3Y4YEHUsl TEOPUU HEIMHEHHBIX CUCTEM aBTOMa-
TUYECKOTO YIPaBIEHUS PEKOMEHIYETCS BOCIOJB30BAThCS JUTEPATYPOH,
MIPUBEJICHHON B OMOIMOrpauecKoM CIIUCKE.

B xauecTBe mpUKIaTHBIX KOMITBIOTEPHBIX MPOTPAMM PEKOMEHIYETCS
UCITIOJIB30BAaTh MMaKeTHOE IprIokeHue Simulink mporpaMMHOro KoMILIeKkca
MATLAB®, nporpaMMHbIii KOMITJIEKC «MOJEIUpOBaHUE B TEXHUUYECKUX
ycrpoiictBax» («MBTY»), mporpammuas cpeaa VisSim® u ap.
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MNPUJIOKEHUSA
Ipakmuueckasn paooma Ne 1

MOJIEJUPOBAHUE TUIMMOBBIX HEJIMHEVHBIX 3BEHBEB

Hear npakTuyeckoii padoOTbI: MOJEIMUPOBAHUE CTATUYECKUX M
JTUHAMUYECKUX XapaKTEPUCTUK TUTIOBBIX HEJTMHEHHBIX 3BEHBHEB.

3ajaHne HA MPAKTUYECKYI0 padoTy:

1. CocraButh B Simulink cxembl Mojieleli TUITOBBIX XapaKTEPUCTHK
HeMMHEeWHBIX 3BeHbeB (puc. I1.1, [1.2, I1.3), cocrosiue u3 mOCTPOUTENIS CUT-
HayioB «Signal Buildery, 61oka HenuHelHON XapakTepuctuku («Dead Zone»,
«Saturation», «Backlash», «Relay»), ycunurens «Gainy, MEKCEpOB CUTHAJIOB
«Mux» u «Demux», octimmorpaga «Scope» u mocrpoutens «XY Graph».

l : S
% Signal 1 P
Signal 2 ; XY Graph
. . HenuHeitHasa xapakTepucTHKa
Signal Builder
p ]
Scope

Puc. I1.1. Cxema 11 ucciae10BaHus] HEJMHENHBIX XapaKTEPUCTUK

qn Builder (nonlinearcharacte ;IEIEI
™

© File Edit Group Signal Axes Help

'FH| SRR =N bouom | |
Group 1 1, ||

=i

Time values: IU 510]

71a 13 ]

W walues: l_1 11]

OK | Cancel |
s | | | | | Sk
Signal 2| : : : : Frequency (Hzx [ :
Amplitude: |1 o
| Offset: P'D

Samples Per Period: ISD

15 I I I I I
Time (sec)
Left Boint Right Point
Hame: ISignaI'l T: I 1z | Fignal 2 o)
Index: |1 vl ¥z I : I -
Click to select signal |Signa|1 [#17 [ YMin Yhizx |

Puc. I1.2. Baennuii Bug HacTpoek NocTpouTenst curaaioB «Signal Builder»
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Sink Block Parameters: XY Graph il

~XY scope. (mask) (link)

Plots second input (Y) against first input (X) at each time step
to create an XY plot. Ignores data outside the ranges specified
by x-min, x-max, y-min, y-max.

—Parameters
X-min:

[-2

K-Max:

[2

y-min;:
[-2

y-max:

| o x|
2
Sample time: Y-min: I.g Y-max: IE

[-1

Title (%=<SignalLabel>' replaced by signal name):

ITime
ITI gancel | ﬂe|p | ﬂpply | oK | F— | .......... A pp|y|

Puc. I1.3. Okna Hactpoiiku «XY Graph» u ocriimmiorpada «Scopey

2. Cormacuo ta6un. I1.1 3amare 11 KaXXa0il CXeMbl HEJIMHEWHBIX Xa-
PaKTEpUCTHK YHCIECHHBIC IMapaMeTphl, MPOU3BECTH MOJICIUPOBAHUE CXe-
MBI, IIOJYYNUTh XapaKTePHUCTUKHU KaXKI0W HEIIMHCHHOCTH.

Tabmuma I1.1
CraTnyeckne XapaKTepUCTUKHU M YPABHEHHUS] THIOBbIX HeJIUHEHHOCTeH
Ne i/t | BHenawmii Buj XapaKTepUCTHKH HasBanue u ypaBHEeHHE 3BEHA
1 2 3
7 A 30Ha HEYYBCTBUTEJIBLHOCTH
. Aarctg(k) 2(X - 0,5) Inpu X > 0,5;
1 —
/ T » Z=<0 mpu |X|_O,5,
2(x+0,5) npu x <-0,5

Haceliienue (orpanudeHue)

0,5 pu X > 0,5;

z=142x mpu |X|<0,5;
—0,5 mpu X < -0,5
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[Tponomxenue a6 I1.1

3

_________

30Ha HCYYBCTBUTCJIIBHOCTHU
C HAChIIICHUEM

0,5 mpu x > 0,75;

2(x-0,5) mpu 0,5< x<0,75;

0 ipm |X| <0,5;

2(x+0,5) mpu -0,5 > x> -0,75;
—0,5 mpu x < -0,75

Z

Jrodt (MepTBBIii X0A)
2(x—0,5) mpu x > 0;
Z=1:2(x+0,5) nmpu x <0;

"0 /b X
a const ripu [x-z| < b
ZA
B M peanbHoOE ABYXIIO3UIIMOHHOE DEIE
1,5 npu X > 0;
> =
0 X -1,5mpu x<0
—-B
|
B R I/Iz[eanbﬁoe TPEXITOZUIIMOHHOC PCJIC
1mpu X > 0,5;
b — - 7= O,npn‘x‘ <0,5;
X
—luopu X <—-0,5
— - —B

=y

JIBYXOO3UILIMOHHOE PEJIE C TUCTEPEIUCOM

2 ipu X > 0,5; ,
pu X > 0;
—2 npu X < —0,5;

<
2 nipu X > —0,5;

pu X <0
\—2 pu X < —0,5;
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Oxkonuanwue Taoi. I1.1

1 2 3
Z Tpexmo3uIHOHHOE Pejie C TUCTEPEIUCOM
2 mpu X >0,75;
B }T 0 mpu —0,25< X <0,75; bripu X > 0;
8 b, -b; 7 -2 ipu X <—0,25;
l l 0f b: b, X 2 npu X >0,25;
| g 0 mpu —0,75< X £0,25; HpHX <0
-2 ipu X <-0,75;

Copep:xanue oT4yeTa 1o padore:

1) Ha3BaHUE U IICIIb;

2) aHAJUTUYCCKHUE 3aBUCHMOCTH U CXEMbI XapaKTEPUCTHUK, OIUCHI-
BAIOILINE UCCIIETYEMbIE 3BCHbS;

3) cxema uccinemyemor moaenu B cpeae Simulink mis xaxmoro He-
JIMHEHMHOTO 3BEHA;

4) craTMYecKHe M JUHAMHYECKUE XapaKTCPHCTHUKH KaXKJIOI0 HEJH-
HEMHOTO 3BCHA;

5) BBIBOJ IO padoTe.

KoHTpoJibHBbIE BONIPOCHI:

1. Kakas cucrema Ha3bIBaeTCs HEJIMHEHHOMN?

2. IlpuBemuTe KnaccuPUKAINIO HEIMHEHHBIX XapaKTCPUCTHK.

3. Ilo ykazanmrio mpemojaBartesissi HAPUCOBATh CTATHYECKYIO Xapak-
TEPUCTUKY U ypaBHEHHE TUIIOBOTO HEJIMHEWHOTO 3BEHA.

4, TlpuBenutre mpuMephbl HETMHEMHOCTEW B peabHbIX TEXHUYECKHUX
YCTPOMUCTBAX.

Ilpakmuueckasa paboma Ne 2

UCCJIELJOBAHUE ABTOKOJIEBAHUI B HEJJMHENHOM
ABTOMATHYECKOMN CUCTEME YIIPABJIEHUSA

Ieab padoThl: HcclieTOBaHUE TTapaMETPOB aBTOKOJICOAHUM B HEJIH-
HEWHON aBTOMAaTUYECKOU CUCTEME YIIPABIICHHUS.

3agaHne HA MPAKTUYECKYI0 padoTy:

1. Cocrasuts B Simulink cxemy Mosmenu st MccaeIOBaHUsT aBTOKO-
7Ie0aHuil B HEJITMHEWHOM CHCTEMe aBTOMAaTHYIEeCKOro yrpasieHus (puc. 11.4),
COCTOSIIIYIO W3 Heauneinou uacmu (OJOKM HEIWHEHHBIX XapaKTePUCTUK
«Saturation» u «Relay») u auneitnoi wacmu (ycunmurens «Gainy, nepeaa-
tounas pyukuus «Transfer fcny, uarerparop «Integratory). [Ipuemankamu
BBIXOJIHOTO CHTHaJIa YCTAaHOBHUTH ocryutorpad «Scope» u «XY Graphy;
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2. Cornacuo T1ab6m. I1.2 3amate U1 KaXKOOW CXEMBI HEJIHHEWHOMN
CHUCTEMbl YHCJICHHBIC 3HAYCHHs IIapaMETPOB M 3ajaloliee BO3ICHCTBHE
u(t), mpousBecT MOACIUPOBAHKME CXEMbI M MOJIYYUTh IEPEXOAHYIO U (a-
30BYIO XapaKTePUCTUKU BBIXOHOTO CHTHAJIA;

3. B ciayuyae HaOMIONEHHUS YCTAaHOBHBIIETOCS IEPHOIUYECKOrO pe-
KHUMa — CUMMETPHYHBIX aBTOKOJICOAHUH, ONpPEICINTh UX aMIuiuTymy A',

nepuon 1" 1 4acToTy '

[\ |

u X
[

N EN [
0.2s+1

F(x)

Puc. I1.4. CtpykrypHas cxema mojenu HenmuerHo ACY B Simulink

Tabmuua I1.2

ITapameTpbl JIMHEHHON M HEJIUHEHHOM YacTed CUCTEMbI

Ne Henuneiinas yacte JIunelinas yacTth
/o
K
W = ;
1 7 ()= oD Op
T=0,2;K=1u5;u(t)=10
K
W = ;
2 7 ()= oD
T=0,2;K=0,1ul;u(t)=0
Z A p
W = ;
3 ° i (P) (Tp+1)(Tp +1)
_5 A T,=2;T,=1;K=1u2;u®)=0
o
0 5 X K
w =
4 14 (P) 0(Tp+1)
- T=02,K=21,u(t)=0
K(T,p+1).
W _ AP T
5 n (P)= " 05
T,=0,05T,=01;K=1;u(t)=0
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Copep:xxanue oTyeTa 1o padore:

1) Ha3BaHUE U 1EIb,

2) cxeMa mcciaeayeMoit moaenu B cpeae Simulink mis xaxmoi He-
JUHEWHOM CUCTEMBI aBTOMATHYECKOTO YIPaBJICHUS;

3) mepexonmHas U (a3oBasi XapaKTCPHCTHKU IS KaKIOH HEIMHEH-
HOM CHCTEMbI aBTOMAaTHUYECKOTO YIIPABIICHUS;

4) ammuryna A', nepuona 7' v 4acToTa ' aBTOKOJCOAHMM I Kak-
JI0O¥ HETMHEWHOW CHCTEMBbI aBTOMATHUYECKOTO yIpaBJieHUs (TPU HATMIHH
CUMMETPUYHBIX KOJICOAHUH);

5) BBIBOJ IO padoTe.

KoHTpoJbHbIEe BONPOCHI:

1. Kakasg cucrema Ha3bpIBaeTCs HEJIMHEHHOM ?

2. IlpuBenute ompeeneHne aBTOKOJIeOaHNH B HETMHEWHON CHCTEME.

3. B kxakoM ciydae BO3MOXKHO BO3HHUKHOBEHHE aBTOKOJICOAHUU B
HEJIMHEMHOM CHCTEME.

4. TlpuBenute ompeneeHHE MEPEXOHOM XapaKTCPUCTHKH.

5. UYto Takoe (pazoBoe MpocTpaHCcTBO U (ha30Bast TPACKTOPHS?

6. Kak B nanHo# paboTe nmosrydanau (ha3zoBble TPACKTOPHUH?

7. Kakue cymecTByoT TUTIOBBIE (ha30BbI€ TPACKTOPUH M KaKHE OCO-
Oble TOYKU UM COOTBETCTBYIOT?

8. IlpuBenute MeTOAWKY OIpeeneHus] aMIIuTy bl A', nepuona T
1 4YaCTOTHI ®' aBTOKOJICOaHUH.

9. IlpuBemuTe mpuUMEphl aBTOKOJICOATEIHHBIX PEKUMOB B pPEaIbHBIX
HEJIUHENHBIX CUCTEMAX.

Ilpakmuueckaa paboma Ne 3

IMOCTPOEHUE NEPEXOJAHbIX XAPAKTEPUCTHUK
N ®A30BbBIX TPAEKTOPUH

Heap npakT4yeckoil padoThl: MPAKTUUYECKOE OCBOEHUE CIOCOOOB
MOCTPOEHHUSI TIEPEXOJAHBIX XaPAKTEPUCTHUK MO (Ha30BBIM TPAEKTOPUSIM CHC-
TE€MbI 1 HA00OPOT.

3ajaHue HA MPAKTUYECKYI0 padoTy:

1) s xaxmoit 3amanHoM Ha puc. 1.5 ¢a3oBoii TpaekTOpHH MOCTPO-
UTh MPUOIU3UTEIBHYIO IEPEXOTHYIO XapaKTEPUCTUKY CUCTEMBI,

2) s Kaxaou 3aaaHHoi Ha puc. I1.6 mepexoHo# XapaKTepUCTUKH
MOCTPOUTH MPUOIUUTENBHYIO (DA30BYIO TPACKTOPUIO CUCTEMBI;

3) g Kaxao¥ 3amanHoi Ha puc. [1.7 mapbl BpeMEHHON W UMITYJIbC-
HOM MEPEXOHBIX XapaKTEPUCTUK MOCTPOUTH MPUOIUZUTENBHYIO (Pa30BYIO
TPACKTOPUIO CUCTEMBL.
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Puc. I1.7. BpeMeHHBIC 1 UMITYJIbCHBIE TIEPEXOTHBIC XapaKTEPUCTUKNA CUCTEMBbI
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Copepxxanue oTyeTa 1o padore:

1) Ha3BaHHE U IICIIb;

2) HCXOJIHBIC XapaKTEPUCTUKU CUCTEMBI;

3) MOJyYCHHBIC XapaKTEPUCTHKU CHUCTEMBI;

4) BBIBOJ IO paboTe.

KoHTpoJibHBIC BONIPOCHI:

1. Yro Takoe (azoBoe mMpocTpaHCTBO, (hazoBas TpaeKTopus U (pa3o-
BBIM OPTPET?

2. UYto moka3sIBaeT n300pakaromias Touka?

3. Kakue cymiectBytoT TUTIOBBIE (ha30BBIE TPACKTOPUH M KaKHE OCO-
Oble TOUKH UM COOTBETCTBYIOT?

4. Kak cBsizaHbl HepexoJHasi XapaKTepUCTUKa CUCTEMBI U €€ (a3o-
Bas TpaeKTopus?

5. Kak cBsi3anbl miepexo/iHast ¥ UMITYJIbCHAS XapaKTepucTHKa ¢ da-
30BOM TPAEKTOPHUEH CUCTEMBI?

6. Kak crpourcs da3oBas TpaekTopus Ha (pazoBO MIOCKOCTH?

/. Kakue u3 mpuBEIECHHBIX XapaKTEPUCTUK COOTBETCTBYIOT YCTOM-
YUBOMY, HEYCTOMYMBOMY M aBTOKOJI€0aTeTbHOMY TIpoIieccam?

Ilpaxkmuueckan pavoma Ne 4
HOCTPOEHUE ®A30BOI'O MTIOPTPETA CUCTEMbI

Hear mpakTu4yeckoii padoThbI: MPAKTUYECKOE OCBOCHHE METO/a
($a30BBIX TPACKTOPHM U MOCTPOCHUS (a30BOTO MOPTPETA CUCTEMBI.

3ajaHne HA MPAKTUYECKYI0 padoTy:

1) coryacHo MareMarnyeckomy omnucanuio (tadum. I1.3) u cTpykryp-
HOM CXeMe CHUCTEeMBI (CM. puc. 2.6) MoNy4duTh mapameTpudeckoe u audde-
peHIIMaIbHOe YpaBHEHUS ()a30BBIX TPACKTOPHI CUCTEMBI;

2) IUIs IPOU3BOJIBHOTO ydacTka ()a30BOi TNIOCKOCTH IMTOCTPOUTH (a-
30BYIO TPAEKTOPHUIO CUCTEMbI METOJIOM M30KJIWH;

3) maiiTh pemrenus auQQGEPEHIMATLHOTO ypaBHeHHS (Ha30BOW Tpa-
ekTopu X, = f(X;) ¥ mocTpouTh (ha30BbIi MOPTPET CUCTEMBI C 3aTaHHBIMHU
HAYaJIbHBIMH YCIOBHSIMHU Mo(X10; X20)-

Copaep:xanue oTuyera nmo paoore:

1) Ha3BaHUWE U IICIIb;

2) mepenaTouyHas (YHKIUS JTUHCHHOW YacTH W HEJIMHEHHAs Xapak-
TEPUCTUKA HEIMHEWHOW YaCTH CUCTEMBI;

3) pacuetHbie (GopMyJIBI M (a30Basi TPACKTOPHUS CHUCTEMBI, ITOCTPO-
€HHasi METOJ0M U30KJIUH;

4) pacueTHbIe GOPMYJIIBI U (Aa30BBIN MOPTPET CUCTEMBI;

5) BBIBOJ 1O padore.
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Taomuna I1.3

ITapameTrpsl JIMHEHHON H HEJIMHEHHOM YacTel CHCTEMBbI

No . . HauannHbIE
Henuneiinasg Jacth JInnenHas yacThb
1/ YCJIOBHS
2 Mo(0,5; 0);
1 Wy (p)=—% Mo(1; 0);
P My(2; 0)
1 _____
Mo(1; 0);
1’5 o\+; ’
2 -0,5 . Wy (p)__z Mo(0; 1);
0 05 X P My(L; 1)
E— -1
ZA
1 ——
5 My(0; 0);
3 . Wiy (P)—_z Mo(1; 0);
0 ¥ P Mo(-2; 0)
— ]
Z A
1
( ) 2 Mo(0; 0);
4 05 ag\P )= MO(]-’ 0);
, 0,2 1
TO 0,5 X (0.2p+1)p My(2; 0)
] -1
ZA
1 ——
Mo(0; 0);
10 0
5 Wiy (P):— Mo(1; 0);
0 X (2p+1)p Mo(2; 2)
— ]

153




KoHTpoJibHBIC BONIPOCHI:

1. HazoBure BHJ THUIIOBBIX HEIMHEHHOCTEH, MPEACTABICHHBIX B
tab. I1.3.

2. UYto Takoe (a3oBas TpacKTOpHUsA U (Pa3oBBIA MOPTPET?

3. IlepeuncnuTe OCHOBHBIE CBOMCTBA (DA30BBIX TPACKTOPUM.

4. TlosicHute npolecc MoaydeHus: napamerpuueckoro u auddepen-
[IUAJTLHOTO YpaBHEHUM (pa30BBIX TPACKTOPUIN CUCTEMBI.

5. UYto Takoe U30KJIUHA?

6. Kakue n30KIMHBI HAa3bIBAIOT TJIABHBIMH ?

/. UYto 03HaYaeT nepeceueHue riaaBHbIX U30KINH?

8. Kakue ocoOble TOYKM COOTBETCTBYIOT IOCTPOEHHBIM (Pa30BBIM
TPaCKTOpHUsIM?

Ilpaxmuueckas paboma Ne 5

TAPMOHUMNYECKAS JUHEAPU3ALIUSA HEJIMHEMHOCTEN

Heap nmpakTHyecKoil PadOTHI: MOJyYECHUE TAPMOHUYECKU JIMHEA-
PU30BaHHBIX MOJEJIel HETMHEUHBIX 3BEHBEB.

3ajaHue HA MPAKTUYECKYI0 padoTy:

1) coryacHO 3aJaHHBIM HEJTUHEHHBIM XapaKTEPUCTUKAM M (YHKITH-
M HEJIMHEHHBIX 3BeHbeB (Tadu. I1.4) BeruncauTh K03GGUIMEHTH TapMo-
Huveckoit muHeapuzaryu ((A) u q'(A);

2) 1O pe3yJbTaTaM BBIYMCICHHUH 3amucaTh TAPMOHUYECKYIO Tepea-
TOUYHYIO (DYHKIIMIO U KOMIUIEKCHBIN KO3 (UIMEHT Nepeaadyn JUHeapu30-
BaHHOU HEJIMHEHUHOCTH;

3) moctpouth rpaduku 3aBucumoctu ((A) u q'(A).

Copepxxanue oTyeTa nmo padore:

1) Ha3BaHUWE U IICIIb;

2) CTaTUYECKHE XapaKTEPUCTUKH HEJIMHEHHOCTEH;

3) pacuerHbie HopMyItbl, KO3 OHUIIMEHTH TAPMOHUYCCKON JTHMHEapH-
sarmu ((A) u q'(A), rapmoHHUecKkas repeaaToyHas GyHKIHsS U KOMIUICKC-
HBIN K03 DUIIMEHT nepeiayun TMHeapru30BaHHON HEJIMHEHHOCTH,

4) rpaduku 3aBucumoctu (A) u g'(A);

5) BBIBOJ IO padoTe.

KonTpoabHbie BONIPOCHI:

1. B yem cyTh TapMOHUYECKON JTUHEAPU3AIIIH ?

2. B kakoM ciyyae MOXHO MPUMEHSATh TaPMOHUYECKYIO JIMHEapH-
3aIAI0 I HEMUHEHON CUCTEMBI?

3. TlosicHuTEe METOIMKY TAPMOHHYECKOW JIMHEAPU3AIIIH.
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4. B ueM COCTOUT CBOWCTBO (DHIIbTpAa HU3KHUX YACTOT JIMHEUHOU
YaCTU CUCTEMBI?
5. B kakowm ciiyyae KOMIUIEKCHBIA KO3(PGUIHUEHT Mepenadyu Helu-

HEWHOro 3BeHAa HE UMeeT MHUMOM YacTHu?

6. Kakne HeJIMHENHOCTH IIOCIE TﬂpMOHH‘ICCKOﬁ JIMHCApU3aluun Ja-
IOT (1)213OBBII\/’I CABHUI' CUT'HaJIa, IIPOXOJAIICTO 4CPE3 HUX?

Tabmuua I1.4

CraTtnyeckue XapaKTEePUCTUKHU HeJIMHEeHMHOoCTel

Nen/m | BHemHuit BUA XapaKTePUCTHKU DyHKIMSA 3BEHA
21
1 - F(x)=k<¢
0 X
2}
kx mpu x > 0;
? F(x)= {O X<0
> npu
0 X p
‘4
3 ~ F (x)=kx*sign(x)
0 X
“4
4 F(x)=kx*
0 X
‘4
2 .
. F (%)= kx* mpu X > 0;
0 mpu x<0
0 X
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Ilpakmuueckasa paboma Ne 6
AHAJIN3 ABTOKOJIEBAHU HEJIJUHENMHON CUCTEMBI

Heab npakTHyeckoil padOTbI: OCBOCHUE METOJOB ONMPEACICHUS U
aHaJM3a aBTOKOJICOaHHI B HEJTMHEMHOM CUCTEeME.

3aaHue HA IPAKTHYECKYI0 padoTy:

1) coryacHo MaTemarudeckoMy omwucanuto (tadm. I1.5) u puc. 2.6
O0TOOpPa3UTh MOJENb HEIMHEWHOW CUCTEMBI B BUJIE CTPYKTYPHOM CXEMBI,

2) TPOBECTH aHAIM3 aBTOKOJICOAHU B HEJIMHEHHOW CHCTEME anre0-
panvecKuM METOJIOM;

3) mpoBecTH aHAIHM3 aBTOKOJICOAHWI B HEJIMHEWHOH CHCTEME METO-
JIOM TapMOHUYECKOTo OajtaHca.

Taomuna I1.5

ITapameTpbl JIMHEHHON M HEJIUHEHHOH YacTel CUCTEMbI

Ne i/t Henuneiinasg yacth JInnenHas yacThb
ZA
+7/2
1 Wy (P) = >
0 X O1p+D(p+Dp
——77/2
Z A
+r/2[
-0,5 = 5
2 l (p) =
505 o (p+1)°p
e =nl2
7 A
1 -/
3 05 . W”q(p):(o 1p+1§(p+1)p
/ 0 05 ¥ ’
/o1
ZA kX3
4 > Wiy () :%
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KoHTpoJibHBIC BONIPOCHI:

1. B 4eM cyTh rapMOHMUYECKOH JIMHEApU3ALIUU?

2. B ueM cyTh aireOpandeckoro MeToja ONpeaesieHnus aBToKoeOa-
HUW B HETMHEHWHOUN cucTteMme?

3. B uyem cyTh MeTO1a rapMOHUYECKOTro OanaHca?

4. Kakoil TN KOpHEW XapaKTEpUCTUYECKOTO YPaBHEHHSI CHCTEMBbI
MO3BOJISIET ONPEIETUTh aBTOKOJICOaHUS?

5. Kak mnoiayyuTs TapMOHUYECKH JIMHEAPU30BAHHOE YpPAaBHEHUE
3aMKHYTOH CHCTEMBbI?

6. Ha3zoBuTe 1Ba yciI0BHs TapMOHUYECKOTO OaslaHca.

7. OT 4ero 3aBUCHUT U KaK CTPOUTCA 0OpaTHasi aMIUIMTYAHO-(a3oBast
XapaKTepUCTUKA HEIMHENHOCTU C OOpaTHBIM 3HaKOM?

8. Kak ompenenuth yCTOMUYMBOCTh aBTOKOJIE0ATEIBHOTO MPOIiecca B
METO/I€ TapMOHHYECKOro Oananca?

Ilpakmuueckaa paboma Ne 7

AHAJIN3 ABCOJIIOTHOU YCTONMUYUBOCTHU HEJIUHEMHOMN
CUCTEMBI

ear npakTuyeckoid padoThi: omnpeseicHue abCOMIOTHON yCTOM-
YUBOCTH HEJIMHEHHOW CUCTEMBI YaCTOTHBIM MeTo/10M [lomoga.

3ajaHue HA MPAKTUYECKYI0 padoTy:

1) corimacHO CEKTOpPY, ONMPEICIISIONEMYy TPaHUIBl HEIMHEHHON Xa-
PAKTEPUCTUKHU, U MATEMAaTUYECKOMY OMUCAHUIO JTUHEWHOW YaCTHU CUCTEMBbI
(tabn. I1.6), cTpykTypa KOTOpO# 3amgaHa Ha puc. 2.26, MPOBECTH aHAIH3
aOCOJIOTHOM yCTOMYMBOCTH YaCTOTHBIM MeTo1oM [lomoga.

KoHTpoJibHBIC BONIPOCHI:

1. Kakwue BUAbI HEMMHEUHBIX XapaKTEPUCTUK MO3BOJISIIOT UCIIOIb30-
BaTh 4acTOTHBII MeTo 1 [Tomosa?

2. Yto Takoe abCOIIOTHAS YCTONYMBOCTD CUCTEMBI?

3. Cdopmynupyiite Teopemy [lomosa.

4. Yro HazwiBaeTcs nuHuel [lonosa?

5. Uro B miaHe JIMHEWHOW YacTU CHUCTEMBI SIBJISIETCS YCIOBHEM
npuMeHUMOocCTH kputepust [lomosa?

6. Kak nmomyuuts MOIU(UIIMPOBAHHYIO YAaCTOTHYIO XapaKTEPHUCTH-
Ky JJUHEHHOW YaCTU CUCTEMBI?

7. KakoBa rpaduueckast untepnperaius reopemsl [lornosa?

8. Kak ompenensiercs yrioBoil Kod(pGUIIMEHT HETWHEHMHON Xapak-
TEPUCTUKHU?

9. KaxkoBa rpaduueckas nHTEeprpeTanus TeopeMsl [lomosa s crc-
TEMBI C HSJTMHEHHOCTBIO, OTPAaHUUCHHOU CEKTOPOM (0l U 0)?
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Taomuna I1.6

ITapameTrpsl JIMHEHHON H HEJIMHEHHOM YacTel CHCTeMBbI

Ne CekTop cTaTnyeckoin TIiHeiHAsL 1ACTE
/o XapaKTCPpUCTUKU HEJIUHENHOCTH
A
Z| i FM
! _~ o = arctg(10)
. ~__ o = arctg(0) W (p)= 5 1
To X ”q (0,5p+1) p
A
Z1 o FX
! o= arctg(0,5)
] ~__ o = arctg(0) W (p) = 5 1 o047
To X R (0,3p+1) p
A
Z1 o FX)
! 0= arctg(10)
5" _ 0 = arctg(0) 0.4
3 > W, (p)= ’
Jo X ()= 05pe27p
A
Z1 ;. F(x
! 0= arctg(10)
~__ 0, = arctg(0,1) 01
4 2 > Wiy (P)=7——"5—
70 X O1p+D)°p
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Ilpakmuueckaa paboma Ne 8

OIIPEJAEJIEHUE I'PAHUIL éBCQJIIOTHOI?'I YCTOHYUBOCTH
HEJIMHEMHOU CUCTEMBI

Heanb npakTH4eckoil padoThl: MPAKTUUECKOE ONPEETICHUE TPAHMUII
a0COJIFOTHON YCTOMYMBOCTH HEJIMHEHHON CUCTEMBI.

3ajaHue HA MPAKTUYECKYI0 padoTy:

1) corylacHO MaTeMaThyecKkoMy omnucanuio (tadum. I1.7) u cTpykTyp-
HOU cxeMe (cM. puc. 2.6) onpeaenuTh rpaHullbl a0COTIOTHON yCTOMYUBO-
CTU CHUCTEMBI.

2) TOCTPOWTH HA TUIOCKOCTH MapaMeTPOB JIUHCHHON YacTH CUCTEMBI
00J1acTh a0COJIIOTHON YCTOMYMBOCTU CUCTEMBI.

Tabmuma I1.7
ITapameTpbl JIMHEHHON M HEJIUHEHHOM YacTeld CUCTEMbI
Ne i/ Henuneiinas 9acth JIuneiinast yacTh
1 2 3
K
1 W, (p)=
74 (P) (TP +D(T,p+1)p
K
2 W —
o (p) (Mp+1)(T,p+1) p+ KKy
Z A
B _____
K
3 - Wﬂq ( p) = —
= > (Tp+1)
----|-B
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Oxkonuaunwue Tao0. 1.7

1 2 3
Z
B —
K
5 > () (Tp+1)?p
----1-B
7 A
B |---- ———
K(T.p+1
| = N
0 b X 2
----1-B

KoHTpoJbHbIE BONIPOCHI:

1. Kak nmo xputeputo ['ypBuiia MOXHO ONpEACIUTh HATUYHE Mapbl
YUCTO MHUMBIX KOPHEH B XapaKTePUCTUUECKOM YPAaBHCHHH TAPMOHUYECKH
JIMHEAPU30BAHHOU CUCTEMBI?

2. TlosicHuTe METOAMKY OMpENeICHUsS TPAHUIl a0COIIOTHOW yCTOM-
YUBOCTU CUCTEMBI.

3. Kak mo xapaktepucTudeckoMy ypaBHEHHIO TapMOHHYECKU JIH-
HEapru30BAaHHOMW CHUCTEMBI COCTaBUTh MaTpuily ['ypsuria?

4. HazoBuTe /ABa YCJIOBHS OINpEJEICHUS] TpaHUIl a0COIIOTHOU ycC-
TOWYUBOCTH CHUCTEMBI.

Ilpakmuueckaa paboma Ne 9

AHAJIN3 YCTOMYUBOCTHU CUCTEMBI IPSIMBIM METOJ0M
JIAIIYHOBA

Heab mpakTU4ecKoM padoThI: MPAKTUYECKOE OMPEAECICHUE YCTOM-
YUBOCTH HEJIMHEMHON CUCTEMBI PSIMBIM METOJI0M JIsAmyHOBa.

3ajaHue HA MPAKTUYECKYI0 padoTy:

1. WccnenoBaTh Ha 3HAKOOTPEIEICHHOCTh CIEAYIONIME KBaApaTHy-
Hble (hopMbl QyHKIIMK JIgmyHOBA!

2 2 2 .

a) V=X +2X; +3%; +2XX, —4XX,;

b) V =x7—2x2 +3x; +2XX, —4XX,;

C) V =X —2X5 =3xS +2X X, — X X
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2 2 2 .
d) V=X —2X; = X; + XX, + X X5;

2 2 .
e) V=X +3X +2XX, —4XX;;

2 2 2
f) V==X +2X +2X; +2XX, + 4X X3 + 2X,X,.
2. UccnenoBaTh mpsMBIM MeTOAOM JIdmmyHOBa yCTOWYMBOCTD
ITOJIOXKCHHUS PAaBHOBCCHA CICAYIONINX CUCTCM.

g |05 % = =% +2%;
X, = —2% — X,. X, =—2% — X, — X5.
X, = 2%, — X; (% = 2%, —%;
€) 4 X, =—2% — X2 + X;; d) 1%, ==X + X,
X, ==X, — X;. X, = 2X, — X, — X5,
E) X1:_X2+O,5X1X22; f) )'(1:—X2+O,5X1X2;
X2=—X1—X12X2. X2=—X1—X12X2—X§.

3. OmnpenenuTs IpaHMIBI U 00JIACTH 3HAYCHUH mapaMeTpos (a, b, C),
IPH KOTOPBIX YCTOMYHMBO MOJOKEHUE PABHOBECHS CIEAYIOIINX CUCTEM:

) X, =—bx +ax,; ) X, ==X +aX,;
X, = —2X, —2X;. X, = —2cx, — 2x;.

0 X, ==X +aX,; 0 X, =—bx +ax,;
X, = —cx, — 2X,. X, = —cx, — 2dx;.

KoHTpoJibHbIE BONIPOCHI:

1. B xakoil ¢opme mnpencraBisercs MaTeMaTHYE€CKOE OIMCaHUE
CUCTEMBI JIJIsI TPUMEHEHHUsI MpMOro MeToaa JlsmyHnosa?

2. UYro sBnsercs ¢pyukiuei Jlsmynosa?

3. UTo 3HAYHUT 3HAKOOMPEIEIIEHHOCTh, 3HAKOMOCTOSIHCTBO U 3HAKO-
nepeMeHHOCTh GyHKIMM JIsmyHosa?

4. Kak mpoBepuTh 3HAKOOINpEAeNeHHOCTh (PyHKIMU JlsmyHOBa B
BU/JIE KBaAPATUUHON (HOPMBI?

5. UYro Takoe moHas mpousBoHas GyHKmH JIsImyHOBA 110 BpeMeH!?

6. Cdopmynupyiite Teopemsl JIsmyHoBa 00 yCTONYUBOCTH, aCUMIITO-
TUYECKON YCTOMYMBOCTH U HEYCTOWYMBOCTH.

/. UYrto npencraBisieT co0ou rpaaueHT GyHKmuu JIsamyHnosa?

8. Uro mpencrapiser co0o0it BEKTOP (a30BOM CKOPOCTH CUCTEMBI?

9. TlosicHuTe MOPAIOK pacyeTa MpH OLIEHKE YCTOMYUBOCTH HEIMHEH-
HOW CHCTEMBI MPSIMBIM METOI0M JIsImyHOBa.
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