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AHCKPETHBIE CUCTEMBI ABTOMATHYECKOI O YIIPABJ/IEHUA

8. Obuue ceeoenus 0 OUCKPEMHBIX CUCEMAX ABHOMAMUYECKO20 YRPABTIECHUA
(3Hamp: 6u0bI K6aHMOBANUA U KIACCUDUKAYUIO OUCKPEMHBIX CUCMEM YIPABGICHUS, YMEMb:

onpeodensimb nepedamoynvie PyHKyuu hopmuposameneti UMNYIbCO8 U CMPOUMb MUNOBbLE
CMPYKMYPHbIE CXeMbl UMNYIbCHBIX CUCTEM, 671A0eMmb. NPUEMAaMiL NOCIMPOEHUsL MUNOBbIX

cmpykmyphvix cxem MCAY.)

8.1. Bl/II[])I KBAaHTOBAHUA B IMCKPETHBIX CUCTEMAX YIIPABJICHUS.

[Tpomieccel mepenaun ¥ mpeoOpa3oBaHUS CUTHAIOB JIGKAaT B OCHOBE pabOTHI CHUCTEM CBSI3H,
KOHTPOJISl U yIpaBjieHus. M3BecTHBIE CIIOCOOBI Mepejauyi CUTHAJIOB MOYKHO Pa3eiiTh Ha HENPEPhIBHBIC
U auckpetHbie. [Ipu HempephIBHOM cITOco0e nepeacTcesi U MpeodpasyeTcst Kaxicooe MEHOBEHHOe 3HAUeHUe
cuenana. Ilpu nuckpernszanuu (KBaHTOBAHUM) CHTHAJIA TIPOBOAUTCS 3AMeHA HENPEPbIGHbIX €20 3HAYEHU
OUCKPEMHbIMU, BLLOPAHHBIMU NO 3A0AHHOMY npasuny. JINCKpeTn3anusi MOKET OBITh OCYIIECTBIICHA 710
BPEMEHU, YPOBHIO WA BPEMEHU U YPOBHIO.

Ha puc. 8.1 mpencraBieHbl Tpu BUJAa KBaHTOBAaHUs CHTHAJIA, 31€Ch TOYKAMH OTMEYCHBI €ro
JTUCKPETHBIE 3Ha4YeHHs. [lpu KBaHTOBAaHWMHM TIO BPEMEHHU BBIICISAIOTCS 3HAYCHHS CUTHAJIa B 3apaHee
(buKCUpOBaHHBIE MOMEHTHI BpPEMEHH, OTCTOSIIME JPYr OT JApyra Ha TOCTOSHHOE 3HayeHue T,
Ha3bIBAEMOE nepuodom keanmogaHusi. KBaHTOBaHWE TO YPOBHIO COOTBETCTBYET BBIACICHHIO 3HAYCHUH
CUTHaJa MpH JOCTKCHUM UM 3apaHee (PUKCHUPOBAHHBIX YPOBHEW, OTCTOSIIMX APYr OT Jpyra Ha
[IOCTOSIHHOE€ 3HAYEHUE o , HA3bIBAEMOE UHMEPBAIOM KBAHMOBAHUSL NO YPOBHIO (puc. 8.1).
JlMckpeTH3alus CUrHajia 10 BPEMEHH U YPOBHIO COOTBETCTBYET 8blOCNICHUIO 6 3apanee (DUKCUPOBAHHbIE
MOMEHMbL PEMEHU 3HAYEHUL CUSHAAA, OAuUMNCaumux K 3apanee guxcuposannvim yposusm (puc. 8.1).
TUnUYHBI TpUMep KBAaHTOBAHUS 110 BPEMEHU MPEJICTABISICT COOOM KUHOJICHTA, IPUMEPOM KBAaHTOBAHHUS
M0 YPOBHIO MOTYT CIYXHUTh IHU(PPOBBIC BECH, a MPUMEPOM KBAaHTOBAHHS 110 BPEMECHH W YPOBHIO (110

apryMeHTy U (yHKIIMH) CITyXaT TaOJIUIbl U CUTHANBI B LIU(POBBIX CHCTEMAX, UCIONb3yomux IBM.

ot

v
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Puc.8.1. Bunsl kBanTOBaHU ()10 BpeMeHH, 0) 10 YPOBHIO, B) 10 BPEMEHH U YPOBHIO



JuckpeTHblil cmoco0 mnepenayn W mpeoOpazoBaHHs HH(POpMAIMM 00ECIEYrnBAaET BBICOKYIO
MOMEXO03aLIUIIEHHOCTh CUTHAJIa U B CBA3HM C OTHM II03BOJISICT MOBBICUTH TOYHOCTH PabOTHI CHCTEMBI.
Kpowme Toro, mpu AnckpeTr3anny BO3MOXHA Tepeada O0IbIIoro Yrcia CUTHAIOB 10 OJHOMY KaHay.

JIMCKpeTHBIE CHUCTEMBl B HACTOSIEE BpEeMs IOJNYYHIM IIMPOKOE pacmpocTpaHeHue. bombimas
YacTh U3 HUX SIBISETCS TUCKPETHOM 1O CBOCH (PM3MUECKON MPUpPOE, T.€. MHHOpMAIHs B THX CUCTEMax
CYIIECTBYET TOJIKO B JHMCKPETHBIE MOMEHTHI BpeMeHU. K HHUM OTHOCATCS MPOIECCHl B COIMAIBHBIX H
HSKOHOMHYECKUX cepax, psan OUONOTMYECKUX M (PU3MUECKUX SBICHHH, a Takke OOJbIIOEe YHUCIIO
TEXHHUYECKUX CHCTEM, TJe AMCKPETU3allMsl CHUTHANA SBISETCS OJHOW M3 OCHOB NPUHIMIA JEHCTBHS.
CymecTByeT W BTOpasi KaTeropusi IUCKPETHBIX CHUCTEM, B KOTOPBIX HH(OpMamus CyIIECTBYET
HETPEPHIBHO, HO CIEIUAIBHO KBAHTYETCS, YTO 00ECHEUMBACT Psi/i JOCTOUHCTB M HOBBIX BO3MOXKHOCTEH
[0 CPAaBHEHUIO C HEMPEPHIBHBIMHU cUCTeMaMHU. K HUM OTHOCSTCS MOBBIIIEHUE HAZCKHOCTH, YBEITHUYECHUE
TOYHOCTH, YMEHBIIEHHE Ta0apuTOB W CTOMMOCTH, HOBOE DEIICHHE CTPYKTYPHI 3JEMEHTOB CHCTEM

ABTOMATHUYCCKOI'O YIIPABJICHU.

8.2. Knaccudukanus JMCKPETHHIX CUCTEM YNIPABJIEHUS

Cuctembl aBToMaruueckoro ympasienus (CAY), pabortaroniye ¢ AUCKPETHBIM CHTHAJIOM, B
3aBHCHMOCTH OT BUJa KBAHTOBAHMSI KJIACCU(DUIIUPYIOTCS CIEIYIOIIUM 00pazoM:

1) umnynvchvle cucmemol, B KOTOPBIX MPOUCXOAUT KBAHTOBAHKE 110 BPEMEHH;

2) penetinbie cucmempl, B KOTOPBIX IPOUCXOUT KBAHTOBAHUE MO YPOBHIO;

3) yugposvie cucmemol, B KOTOPBIX MPOUCXOAUT KBAHTOBAHKE 110 BPEMECHHU U YPOBHIO.

B KkBaHTOBaHHOM TIIO BPpCMCHH CHUI'HAJIC HOCHUTCIICM I/IH(I)OpMaI_II/II/I ABJIACTCA  HUMITYIIBC

npou3BosibHOW (opmbl  S(t), te[0,T].  3HaueHHWe AUCKPETU3MPYEMOIO CHUTHajla Mepeaaercs

apaMeTpoM UMITYJIbCa. ITO MOXKET ObITh aMILIUTY/[a UMITYJIHCOB MPH MOCTOSIHHON €ro MHUpUHE, IUPUHA
UMITYJIECOB TIPU MOCTOSIHHON aMIUIATYJIE, YacTOTa MMITYJIbCHOTO CUTHaja Wi (a3a MpU MOCTOSHHOM
IUPUHE W aMIUTUTyae. [I[pUMEHUTEIIbHO K TEPeYHCICHHBIM BapUaHTaM, MMEET MECTO aMILIATYHAs
(AUM), mupotnas (ILIMM), gactotrast (UNUM) wnu dazosas (PVIM) uMnyabCHbIE MOIYJSLIUU.

Ecnu Monmynupyemsblii mapaMeTp MOCIEIOBAaTEIbHOCTH HUMITYIIbCOB ONPEAENSeTCS 3HAYCHHUSIMU
BXOJIHOTO CUTHAaJa B (DPUKCHUPOBAHHBIC PABHOOTCTOSIIIIAE MOMEHTHI BPEMEHHU W OCTACTCS IOCTOSIHHBIM B
TEUEHHWE BPEMEHM CYIIECTBOBAHUSI MMITYJIbCA, TO TAaKOW BHUJ MOMYJISIMU HA3bIBACTCS UMNYAbCHOU
Mooynsayuell nepeoco poda. B oTivyume OT ATOro THMAa BO3MOXKHBI CIy4au, KOTJa MOIYIHUPYEeMbIN
napaMmeTp MoCIe0BaTeIbHOCTH UMITYJIbCOB B TEUEHUE BPEMEHHU CYIIECTBOBAHMS UMITYIIbCA U3MEHSETCS
B COOTBETCTBHHM C TEKYIIMM 3HAYCHHEM BXOJHOTO CHUTHajda. TakoW BUJ MOIYJSIIMA Ha3bIBACTCS
UMRYTILCHOU MOOYAAYuel 6mopo2o poda. IIpumMepoM cUCTEM ¢ MOIYJAIHMEH BTOPOTO poja SBISIOTCS
CUCTEMBI TIPEPBIBIUCTOTO PETYIUPOBAHUS (CHUCTEMBI C KOHEYHBIM BPEMEHEM 3aMbIKaHUs HUMITYJIbCHOTO

JJIEMEHTA).



8.3. TunoBasi CTpyKTypa MMITYJIbCHBIX CHCTEM.

HNMmnynbcHbIE CHCTEMBI C  aMIUIMTYJHO-UMIYJIBCHOM MOIYyNSIMENH SBISIOTCS  Hamboiee
pacrnpoCTpaHEHHBIMM, M TI0TOMY INpU HX OOO3HAYeHWM, KakK IpaBUio, (GopMa MOAYJIALUU He
yKkasbiBaercs. lIpomecc KBaHTOBaHMS M HMMITYJIBCHOM MOZIYJSLMU B CHUCTEME OCYILIECTBIISIETCA
UMIYJIbCHBIM 3JeMeHToM (MD), KOoTOopblii mpeoOpa3yeT HENpephbiBHO W3MEHSIOUIYIOCS BEIMYUHY,

MMOCTYIAIOIIYI0 Ha €ro BXOJ, B IIOCICHAOBATCIBHOCTHL MOAYJIMPOBAHHBIX I10 aAMIINIUTYAC HMITYJILCOB.

OCHOBHBIMU TTapaMeTpPaMH UMITYJILCHOTO 3JIEMEHTA SBISAI0TCA KO OULIMEHT ycuiaeHus k, (craTuueckas

27
XapaKTEePUCTUKA), TEPHOJ KBAaHTOBaHWUA T (WIM YacToTa KBAHTOBAHUS 0= T—), JJIUTEIBHOCTD

UMITYJIbCOB 7T (WJIM CKBaXHOCTh y ) U (pOpMa BBIXOJHBIX HMIYJIBCOB S (1) . 3aBUCUMOCTh aMIUTATYIbI

BBIXOJHOM HMMITYJIbCHOM MOCJIEIOBATEILHOCTH OT COOTBETCTBYIOLIMX JMCKPETHBIX 3HAYCHUN BXOJHOU
BEJIMYMHBI HA3bIBACTCSI CTATUUECKOW XapakTepucTukor MD. Dra xapakTepucTHKa MOXKET OBITh JIMHSHHON
U HenuHeWHoW. B nuana3zoHe NTUHEHHOCTH KPYTHU3HA XapaKTEPUCTUKU omperenseT KodhhuiueHT
YCWJICHHUSI UMITyJIbCHOTO 3yieMeHTa (D) kak OTHOIIEHWE 3HauyeHUs MOIyJIupyeMoro mapamerpa (B

paccMaTpuBacMOM  ClIydac  aMIUIUTY/bl A ) BBIXOJHOM  MOCJIEA0BATEIbHOCTH HMITYJIBCOB K

COOTBETCTBYIOIIEMY HUCKpeTHOMY 3HaueHuio X (T ) BXoaHOH BemuunHbl D).

AT g, 8.1)
tox(T)

HenpepbiBHas 4YacTh, BXOJANIAs B COCTAB MMITYJILCHOM CHCTEMBI, MPEICTABISET COOOI
ANHAMHUYCCKYHO CHCTCMY, (bI/I3I/IIIeCKaﬂ npupona KOTOpOﬁ MOXET 6LITL pa3JII/ILIHOI7I: DJICKTpHUYCCKasd,
MCXAaHHUYCCKasA, THApaBINYCCKaAdA, TCPMOAWMHAMHYECCKAA, C paCHpe,[[eHéHHBIMI/I H COCPCAOTOUCHHBIMU
napameTpamu. E€ MaTeMaTH4ecKoe ONMCaHME MOYKET OBITh JTMHEHHBIM, HEJTMHENHBIM C TIOCTOSHHBIMU U
HepeMeHHLIMI/I HapaMeTpaMI/I.

B HaﬂLHeﬁmeM 6y,£[eM paccMaTpuBaTh JIMHENHEIE HUMITYJIBCHBIC CUCTCMBI, I'’/IC HCIIPCPBIBHAA YaCTh

(HY) omuceiBaercst nuHeiHbIM AuddepeHnnanbHbIM ypaBHEHHEM € MOCTOSHHBIMH K03 (UIIMeHTaMHU.

[Ipocreiimas ¢pyHKIMOHATBHAs O0K-cxema 3amkHyTolH MCAY mpencraBneHa Ha puc. 8.2.

“ex(t) x(t) %y (£)

‘x&'bax(f]
M3 ——» HUY »

Puc.8.2. dynkiumonanbHas 0y10k-cxema 3amkHyTol MCAY



(DYHKI_[I/IOHEUIBHHH POJIb 0003HAYEHHBIX CHUTHAJIOB IIOHSATHA H3 pUCYHKAa, a OTHOCUTCIIbBHO HX

CBOWCTBA CIIEIyE€T CKa3aTh: CHUTHAJbI X ox (1), X gorx (), x(1) HETIPEPBIBHBIE, CHUTHAI xd)*(t)
JTUCKPETHBIN M TPEJICTaBIIACT COOO0M MOCIeI0BATEIIBHOCTh MOTYTUPOBAHHBIX UMITYJILCOB. JIMCKPETHOCTH

% . o o
CHTHala xg (¢) OTMCYCHA 3BE3JNOYKOW, a MHJCKC “d”, yKa3blBAeT, YTO WMITYJIbCH MOAYJIHPYHOLICH

[IOCJIEAOBATENbHOCTH HMMEIOT ompenenéHHyo ¢opmy.  Kak  mokaseiBaeT mnpakTtuka,  opma
UCTOJIBb3YEMBIX MMITYJbCOB MOXKET OBITh BeCbMa pa3zHOOOpa3HOU, YTO M MPOAECMOHCTPHUPOBAHO HA PHC.

8.3.

L

x, (£)

Y

T 2T 3T 47 5T {
Puc.8.3. [locnenoBaTenbHOCTh MOTYIMPOBAHHBIX UMITYJIECOB
COBepH_IeHHO O4YCBHUAHO, 4YTO q)opMa I/IMHYJ'ILCEI OKaAXCT BIIUAHHC HaA I[I/IHaMI/IKy IIpoucCcCcoB B
I/ICAy, YTO OOJI’KHO 6BITB queHo B OIIMCAHHUU CUCTEMBI. B HaCTOAICC BpEMA BO BCCX MCTOJHKAX IIO

HUCCICAOBAHNIO HWMITYJIbCHBIX CHUCTEM IPHUHATO IMPCACTABJIATH I/I3 B BUAC JBYX 3BCHBLCB: H/ACAJIBHOI'O
UMITyJIbCHOTO deMenTa (MUD), reHepupyromero MHocueqoBaTedbHocT S [t — IT | yHkiuil, u

(hopMHpOBaTENIS HMITYIBCOB C TEPEIATOUHON QyHKIHEH Wy, (p) . I3BECTHO, YTO €CIIM Ha BXOJ| 3BEHA C

3aJJaHHOH TepeaToYHON (yHKIHMEH MoaaTh CHTHAJA, MMHUTHpPYROMUA O (t), TO Ha BBIXOJC TMOIYYUM
BeCOByI0 (GyHKIMIO 3Toro 3BeHa B Buae W(t). CrenoBarenbHO, HYKXHO M0100paTh 3BEHO-

dbopMupoBarenb ¢ MepeaaTouHoil (GyHKIuen W (p) Takum o0pa3om, 4ToObI ero BecoBas (YHKIUS
W (t) umena ¢hopMy MOIYJIUPYEMBIX HMMITYJIHCOB, TOrAa JBa 3BeHa - UUD u W4 (p) IOCTATO4YHO

TOYHO OyZIyT MPEACTABIATh PEATbHBIM UMITYJIbCHBIA AJIEMEHT.

Cawmas pacnpoctpanenHas ¢opma curtana npu AVUM — npsMOyTroiabHbIN UMITYJIBC JJIUTETEHOCTH

yT,tme 0 <y <1, ¥ yclnoBHOI eNIMHUYHON aMIUTUTY Ibl. AHATUTHUYECKA MOKHO 3aIUCATh

xg (1) = 1 () = 19 (t = 7T,
nimn

* log(¢) npm 0<t<yT,;
xg (1) =
npu yI <t <T.

Torna nepenatounas GyHKIMs GpopMUpoOBaTENs UMEET BHL



W, (p) = L{xj(t)}=l_e_#yIOT

Eciu ¢opma umnynbca — TpEyrojbHUK C €IMHUYHON aMIUIMTYAOH, TO aHaluTHuYeckas (opma
MpEeACTaBICHUS UMEET BU/T

[ T
| —tl (t) opu 0Oty —;
| VT 2
* J T
X¢(t) 1——tl (t——) mpu y —=<t<yT;
| T 2 2
| 0 npu yT <t <T.
B sToMm ciiydae nepenarounas GpyHkIms GOpMHUPOBATEIS
T
—rp— 2
2 1-e 2)
qu (p)=—
T 2

C yuéroM BBeJeHHOr0 npezcTaBieHus MO npocreiiias CTpyKTypHas cXxeMa 3aMKHYTOH CHCTeMbl
nokaszaHa Ha puc. 8.4.

xsx(i‘]@}f(ﬂ R 2t o) 53(t) "o xmiﬂ

Puc. 8.4. Ilpocreiimas cTpykTypHas cxeMa 3aMKHYTOH UMITyJTbCHOM CUCTEMBI

HenpepbiBHas yacTh 3agaHa CBOeW nepenaTouyHoil GpyHkiuei W (p), a ycaoBHOE 0003HAUEHUE
NUND sicno u3 pucyska. [Ipu mpoBeneHHN HCClIeIOBaHUNA OOBIYHO JBAa HEMPEPHIBHBIX 3BEHA CHCTEMBI

W, (p) M w_(p) 3aMEHSIOT OOHUM W  (p) W Ha3bIBAIOT €T0 HENPEPHIBHON NPUBEAEHHON YaCThIO

W, (p) =Wy (PIW, (P).

Beixomgnott curman UMD  mpeacraBiasier coOOW  MOIYJIMPOBAHHYIO  CHUTHAJIOM  x(t)
nocienoarenbHOCTh O (t) (yHkuu. Ecmu cuurars, yto X(t) =0 mpu t < 0, TO BBIXOJHON CHUTHAI

NS MoxHO 3amucaTh B BUAE:

X (1) = x(1) ;5@ —IT) = ;x[lT 16(t—IT ) = x(1)S7 (1), (8.2)
=0 =0

rae oo (t) = SE(t-1T).
1=0



8.4. BbIBOABI

JlUCKpeTHBIE CHCTeMbl 00/12Jal0T PAJAOM  JAOCTOMHCTB  (IIOMEX03aIIMIIEHHOCTHIO,
BO3MOKHOCTBHIO IlepeJadyd M0 OJHOMY KAHAJIY HEeCKOJbKHX CHTHAJIOB M T.JI.) M IIHPOKO
HCMOJb3YIOTCSI B AaBTOMAaTHYeCKOM ynpaJjieHuu. U3BecTHbl 3 BHAA IMCKPETH3ALMHU: N0 YPOBHIO
(mpuMmep — nudpoBbie NPUOOPHI), 10 BpeMeHHU (IpUMeP — CbeMKAa HAa KHHOJIEHTY), 10 YPOBHIO H 1O
BpeMeHHM OJHOBpPeMeHHO (mpu mnepenade curHajoB B IBM). B cooTBeTcTBHM € 3THM CHCTEMbI
JAeJISATCS Ha peJieilHble, UMIYJbcHbIe U UHdpoBbie. Hanbosbuiee pacnpocTpaHeHue MOJYYHIH
HMIIYJIbCHbI€ CHCTEMbI € ABMILUIMTYAHOH HMMIYJbCHOH MOJYJsillHell, B KOTOPbIX HAa BbIXO/€
HMITYJIbCHOTO JIEMEHTAa CHHMAaeTCsl CHTHAJ, AMILIMTY/Aa KOTOPOro NMPONOPUHOHAJILHA BXOJHOMY
curHaay B MomeHToI BpeMmenn KT (k=0,1,2....). IlockoibKy GopMa MMITYJIbCa MOKET ObITH Pa3HOIA,
HMIYJbCHBIA JJ1€eMEHT 3aMeHsieTCs H/IeaJbHBIM, BbIPA0ATHIBAIOIIUM IMOCJIeI0BATEIbHOCTh O -
(ynkuuii, 1 ¢opmupoBaTeseM HMMIYJbCOB € BecOBOil (yHKuHuell, cooTBeTcTByKOWIeH (opme
ummyJabca. Takum o0pa3omM, NpUXOAMM K HNPOCTeHINed YHHUBEPCAJIbHOH CTPYKTYPHOH cxeme

HMITYJIbCHOM CHCTEeMBbI, IPe/ICTABJIEeHHOM Ha puc. 8.4.

8.5. Bompocsl

1. Ilepeuncnure JOCTOMHCTBA TUCKPETHBIX CUCTEM.

2. HazoBuTe BUIBI KBAHTOBAHUS M MPUBEANTE IPUMEPBI HX UCTIOIH30BAHUSI.

3. Kakue napaMeTpbl MEHSIOTCSI B 3aBUCUMOCTH OT BXOAHOTO curHana npu AWM, UM, ®UM, UNM?
4. Kakum 00pa3oM 3aMEHSETCS UMITYIbCHBINA AJIEMEHT?

5. Halipure nepenaTounyro GyHKIHIO (OPMUPOBATENSI HMITYJIBCOB TIPSIMOYTOIBHON ()OPMBI ¢ SAMHIUYHOM
CKBaYKHOCTbHIO?

6. Uto Takoe MMpUBCACHHAA HCIIPCPbIBHAS YaCTh CHCTEMBI?

8.6. 3amanus

1. Haiitu nepenarounblie GpyHKIMN (OpMUpOBATENECH UMITYJIBCOB CIENYIOMIEeH (POpMBbI:

271 274 - - 3

0.3 1= 0.3 T=1 1 T=3 ns 1 T=2r

—
]

11 1.2 1.3 1.4




3] 3 ] _
15 1.5 e
05 T=1 05 T-1 51 13 05 1 T=2
1.5 1.6 1.7 1.8
7 1 ___ o _
1.5t 1.5t 1.5 1.5 -
|
05 1 T=2° 05 1 T=2 I T-13 05 T
1.9 1.10 1.11 1.12
3 3 £ 271 _
L5} - 154-4--}- 21
|
05 -l 05 1 T=15 05075 T=1 03 1T=15
1.13 1.14 1.15 1.16

8.7. IlpakTukyM mo riaase 8

Paccmotpum onpeneneHue nepeaatouHon GyHKIMH GOPMUPOBATEINS

HAMITYJIbCOB U1l UMIYJIBCA, UMEIOLIEr0 BU! 025 1 T=15
OrnuieM UMITYJIbC MPSIMBIMU C U3BECTHBIMU HAKJIOHAMU B COOTBETCTBUU C
puc.8.5. K \ 3 \ / 5
15 |-
a4
0.25 1 1.5
/ :
R O
Puc.8.5. Ilpencrasienue uMmynbca NpsiMbIMU

1. x,(t) =15-1(t —0.25)
2. x,(t) =-=2-(t—0.25)-1(t — 0.25)
3. x3(t)=4-(t—1)-1(t—1)



N o A

x,(t) =15-1(t — 1)

xs5(t) =(t—1)-1(t—1)

X(t) =—2-(t—1.5)-1(t —1.5)
x,(t) = —2-1(t — 1.5)

x(t)=15-1(t—025)—2-(t—0.25)-1(t—025)+4-(t—1)-1(t—-1)+15-1(t—-1)
+(t-1)-1(t—-1)—-2-(t—15)-1(t—15)—-2-1(t — 1.5)
Haiinem nepenatounyro GyHKIHIO, COOTBETCTBYIOIIYIO HMITYJIbCY 33JIaHHON (DOPMBI.

1.5 _ 2 _ 4 _ 1.5 _ 1 _ 2 _ 2 _
W(p)=—e 0.25p__ze 0'25p+—2€ Py e p_l__ze p__ze 1.5p__e 1.5p
14 4 p p 14 p p

9. Mamemamuueckoe onucanue UMRYJIbCHbBIX CUCHIEM A6mMOMaAMUUECKO20

ynpaenenusn (UCAY)

(3namp: ceoticmea ouckpemnoco npeobpaszosanus Jlanaiaca, onpeoenenue OUCKPEMHbIX
nepeoamouHblX QYHKYULL, YACMOMHbBIX U BPEMEHHBIX XAPAKMEPUCTUK, ONUCAHUE OUCKPEMHbIX
MUNOBLIX OUHAMUYECKUX 36€HbES, YMEMb: ONpeoeisimb OUCKPEnHble nepedamoyHble yHKyuu no
Henpepvl8HbIM NepeoamodHbiM QYHKYUAM U NO TUHEUHBIM DA3SHOCHHBIM YPAGHEHUAM 36€HbES U
cucmem, 4acmMomHule U 6PEeMEeHHble XAPAKMEPUCMUKY, 671A0eMmb. NPUemMamu NOCmMpoeHUs

OUCKPEMHbIX NepedamounblX OYHKYUU, YaCMOMHBIX U 8DEMEHHbIX XaPAKMeEPUCTUK.)

9.1. /IluckpeTrHoe npeodpazoBanue Jlamjiaca u ero cBoiicTa

CornacHo crpykrypHoit cxeme TumnoBoii MCAY, mpencraBneHHoil Ha puc.8.4 B HUMITyJIbCHOMN

CUCTCMC YIPABJIAIOIICC BO3JCHCTBHUE X*(t) COACPKUT TOJIBKO HOUCKPCTHBIC 3HAYUCHUA CHUTHAJIA

paccornacoBanusi X (t) , B3sTbic B MOMEHTBI BPEMEHH, OTIAJICHHBIC APYT OT JAPYra Ha BPeMsi KBAHTOBAHUS

T , W TNpeICcTaBIsIONIMEe co00i MonaynupoBaHHyH curHasiom X(t) mociemoBarenbHOCTh O (t—IT )

bynkmii [3]:

*(W)=x{)o, [T |
x™(t) X()TL J, (9.1)

®© (o0 npu t =1IT ;
rae 5T(t): SOo(t-1T) St—1T ]=1
|=—x |10 npu t =+ IT .

U3 Beipaxenus (9.1) cienyer, 4to mepeMeHHas X (t) OTAMYHA OT HyINs TOIBKO B MOMEHTHI

BpPCMCHU t=1IT . (I)YHKI_[I/II/I, KOTOPBIC OMPCACIICHLI TOJIBKO B JUCKPCTHBIC PABHOOTCTOAIINC MOMCHTDBI

BpEMEHM, Ha3bIBAIOT peiemuamvimu Qynkyusmu v obo3nauaror x[IT | = x[l], roe | - mo6oe memnoe

11



yucao. CrenoBarenbHo, curnai nocie MNUD npeacrasisier coboii pemeryatyio ¢pyaknuio. Ha puc. 9.1

IpeCTaBieH rpaduK NPOU3BOJIBHON PEIIeTYaTon (HyHKIIMH.

Air A . )
1

x(0)

b,
I ks .

r ir ir 4r siT ¢ r ir 3r 4r isr ¢

Puc.9.1.Pemeryaras QyHKIms Puc. 9.2. HenipepoiBaas GpyHKIuS X 1 (t) u cTyneHuaras

byHKIUSA X, (1)
Jist TOro 4To0Bl MOJMYYHUTH pEelIeT4aTyr0 (DYHKIHMIO MO 33JaHHON HENpPEephIBHOW, HY)KHO B HEH

¢ T . y
samenuth t Ha IT . Tak, nanpumep, ecmu x(z) = e’ | 10 x[IT |= e®T  Onmoit u Toit xKe
peleTyaroil GYHKIUE MOTYT COOTBETCTBOBATH Pa3lIMUYHbIE HENPEPHIBHBIE WM Pa3pbIBHBIE (YHKIIUH,
eCIM TOJNBKO UX OPJMHATHI B JAUCKPETHbIE MOMEHTHI BpeMEHHU t = IT paBHBI AUCKPETaM peIeTdaToi

¢byHKIMU. DTO TONOKEHUE JIEMOHCTpUpYETCS Ha puc. 9.2, rae HempepbBHAas (QYHKIHS X (t)m
cTyneHvaras QyHKIUS X , (1) TIpe/CTaBIAIOTCA KaK orubaromue pynxuu X |[IT |. MoxkHO paccMoTpeTh

pemeTdyaryro (pyHKIMIO B MOMEHTHI BpeMeHu t=IT + At, rme At - QuUKCUpOBaHHAas BEJIMYMHA B
uHTEepBaje 0 < At<T . Takue pemerdarsie (QPYHKIIMA HA3bIBAIOTCS CMEIICHHBIMH W 0003HAYarOTCS
x[IT ,At]. IIpu 5TOM 3HaueHMs OpaUHAT QYHKIUHU ONpenensoTes u3 yeuosus x[IT ,At] = x[IT + At].
Crnenyer OTMETUTH, YTO pemieTdarbie (QYHKIHH HEoOs3aTeNhbHO 00pa3yrTCs M3 COOTBETCTBYIOIIHUX
HENpephIBHBIX (YHKIUI BpeMmeHU. JIroOyr0 YHCIOBYIO MOCIEAOBATEIbHOCTh, B KOTOPOH apryMeHT
M3MEHSIETCS Yepe3 paBHbIe MHTEPBAIIbI, MOKHO pacCMaTpPUBATh KaK peHIeTYaTyro PYHKIIHIO.

Kak wu3BecTHO, NpH HCCIEIOBAHWU M CHHTE3€ HENPEPBIBHBIX JMHEHHBIX CHUCTEM IIUPOKO
ucrnoybp3yercss npeodOpasoBanue Jlamnmaca, KOTOpO€ CYHIECTBEHHO YHpPOLIAaeT KakK MpOLEAyphl

CTPYKTYPHOI'O aHa/JINW3, TaK W ONPCACICHUC BPEMCHHBLIX W YaCTOTHBIX XapaKTCPUCTHUK. PaCCMOTpI/IM

19 ) * % .
npeoOpa3oBanue Jlarmmaca s TUCKpeTHON epeMeHHoM X~ (t) u o0o3HayuM ero X ~(p):

X*(p)zL{x*(t)}: [x (e Prde . (9.2)
0
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[loficTaBUM B 3TO COOTHOILIEHHE BBIPAKEHHE I X (t), ydTéM TeopeMy 00 HHTErpUpPOBAHMH

¢byakmuu O (t— 1T ), yMHOXKCHHONH Ha HENpepbiBHYIO (GyHKIHIO [1], MOMEHSIEM MeCTaMH TPOIEAYPY

MHTErPUPOBAHKS U CYMMHUPOBAHUS M TOT/Ia MOJIYYUM C ydeToM orpanudeHus X (t) mo BpemeHu:

0 o0 o0
X*(p)= 3 [x@)st-1m)e Pdt=y T T . (9.3)
|=—0 0 1=0
Coorsomenue X (p)= ¥ x[IT Je” PIT Ha3bIBAETCS  JUCKPETHHIM  IpeoOpa3oBaHHEM

1=0
Jlarutaca, unu D-npeobpazosanuem. Ono sasnsiemcs hyHKYUOHATbHBIM Npeobpa308anuemM peuemyamotl

dyHKYUU, KOMOpoe N0360Jsem NoaYYUMs e€ U300padiceHue:
*
D{x[IT]}= X (p)-

[IpenctaBnenue X (p) B BHAE OECKOHEUHOro psja HeylnoOHO Juli  HPOBEJEHHUS

BBIYUCIIUTENBbHBIX Tpouenyp. OaHako 37€ch MOKHO BOCIIOJIB30BAaThCS (HOPMYIOM CyMMBI OECKOHEYHO

y6BIBaIOHleﬁ FCOMCTpH‘lCCKOﬁ IMpOrpeCCuu, paBHOﬁ NEpBOMY YICHY IIpOrpecCuu, ACJICHHOMY Ha €¢

— pT
3HaMeHaTeNb (B HalleM ciayyae 1 u e P ):

pT
*_ — — 1 e
> € T _14e PT +e 2Pt + .= =
1=0 1-e PT ¢PT
PaccmoTpum npumepsr onpenenenust D-npeobpazosanus.
ITpumep 1. Vveem HenpepsiBHbIii curan x () = e <7 .
Pemervaras GpyHkuus 3Toro curnana x[/7° ] = e T
JuckperHoe npeoOpa3zoBaHUE 3TON QPYHKINU:
pT
- * * _ 1 e
D{e aIT}:X (p)= T e ocITe pIT _ _
=0 1_e—aT—pT epT _e—aT
% pT
IIpu ¢ > 0 x(t) = 1y(¢), Torma X (p)=D{ly(?)} = ;
p
e -1

le/IMep 2. HenpepwiBabllt curHan x(¢) = St , pemerdyaras ¢yHkuus Xx[IT ]= BIT .

[Ipumensiem TuckpeTHOE MpeodpazoBaHUE:

13



e o]

pIT 2 pT 3pT

D{AIT}= > piTe P —pTe PT +2Te" +3Te b)) =
1=0
= BT e  PT 1+ e PT 4o 2PT +...)+e_2pT 1+ e  PT e 2PT +...)+.]:
2 — pT T
Cgre [ femer | gt P pTe?
1=0 a-e” PTy2 (ePT _1)?

st Toro 4To0Bl M300paKeHUE pemeT4aToil GyHKIHMKU OBUIO OMpPEIENICHO, HY)KHO TOTPeOOBaTh,
4y1o0bI psx (9.3) 6bul cxoxdumMes. Bennunna o = Re p , IpU KOTOPOM pAJl CXOAMTCS, HA3bIBAETCS

abcyuccoti cxooumocmu. CXOIUMOCTH psiia O3HAYaeT COOJIOICHUE YCIIOBUS

- T )l p_
ol m = e 70 xIT <M v,

| e
rae M - OrpaHM4eHHOE YHCIIO.
Ecnu nns maHHOW (QyHKIMH X[IT ] abcicca CXOQUMOCTH oy <®, T0 X[IT ] Ha3bIBaeTCs
npeodpazyemoii [1].
B UCAY pemeruyaras (QyHKUMS TOTy4aeTcsl M3 HEMPEPHIBHOW, ISl KOTOPOW, KaK MPaBHIIO,

HU3BCCTHO I/I306pa)I(CHI/Ie Jlannaca. B cBs3uM ¢ OTUM BecbMa JKEJIATEIbHO HMETh COOTHOILIICHHUC,

MO3BOJISIONIEE TIOTYJaTh M300paKEHNUE AUCKPETHOTO CUTHANA X (p) IO M300paKEHUIO HETPEPHIBHOTO

X (p) . DTO COOTHOIIIEHUE HA3bIBaeTCA D -npeobpazoearuem U UMEET BU]L
w

DIX ()= X" (P) =22 T X(p-jog)). (9.4)
|=—

rie o, = 2_|_—7r - yacToTa KBaHtoBauus; X (p) = L{x(t)}.

Jnis nonydenus BeipaxkeHus (9.4) npeacTaBUM NEpUOIUUECKYIO (DYHKITUIO o1 [t] panom Dypoe:

a)o © jo It

o= e’ . (9.5)

| =—00

Toraa ¢ yuérom (9.1) npeobpazosanue Jlannaca GyHKIMKE X (t) MOXKHO HOJYYMTh CIELYIOIIUM

°° o o —(p-jo Dt o
0GpasoM: L[x*(t)]z [ (e Par=20 5 [x(n)e PR g 2 20 T X(p-jogl)=X (p).
T T
== ( [=-

Jlns ycmenrHoro MCIosib30BaHMs AMCKPETHOTO mNpeoOpazoBanus Jlammaca mpu uccienoBaHUU
UMITYJIBCHBIX CHCTEM COBEPIIEHHO HE0OXOIMMO 3HaHHE OCHOBHBIX CBOMCTB M T€OpEeM MpPeoOpa3OBaHUs,
TaKk KaK OHH COJIepKaT MH(OPMAIMIO O COOTHOIIEHHUSX MEXKAY ONepalusMU, COBEPIIAEMBIMH HaJ

pemieT4aThIMU (bYHKHI/ISIMI/I, H OoII€panuiaMH, COBEPIIACMBIC HAJ HUX H306pa)KeHI/I${MI/I, 4YTO BO MHOT'HX
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CllyyasiX IO3BOJISIET CYIIECTBEHHO YIPOCTHTBH IMPOLENyphl Mpeodpa3zoBaHusa. Brauane paccmorpum D-

npeoOpa3oBaHue.

1. Ceoiicmeo nunetinocmu. Ecim pemerdarsle ¢ynxkumm  f[IT ], f,[IT 1. f, [IT ]

SIBJIAIOTCSI OPUTMHAIAMU, a UX N300paKeHUs Fl*( p), FZ*( Py Fk *(p) , TO CIIpaBeIMBO PABEHCTBO

[k 1k .
D{ Xec, f,IT]t= Zc, F, (p) (9.6)
v =1 J v =1

rze ¢, - MPOU3BOJBHBIC IIOCTOSIHHBIE.

OTO yTBEp)KICHHUE JIETKO 000CHOBATH, €CIIH MOJCTAaBUTh CYMMY peIeTyaThiX QyHKIHN B hopmyty
(9.3) D-nipeoGpazoBanms.

2. Cmewenue 60 gpemenHnou ooracmu. I cMelmeHHOW BO BpeMeHH pemieTdaToil ¢pyHkuuu D-

Hp606paSOBaHI/IC OMpeaACIICTCS CICAYOINMHA COOTHOICHUAMMU:

DULE=m)T )= e "0 F7(p) ; ©.7)
IIPY HYJIEBBIX HAYaJIbHBIX YCIOBUSX, T.€. f[-mT ] = f[-(m -1)T]=.. = f[0] =0
* m m—1 — s
Difl+mIr =™ Fr(py-e™ "5 risTH T 9:8)
s=0
[IPY HYJIEBBIX HAYaJIbHBIX YCIOBUsAX, T.€. f[0] = f[T]=..= f[(m-1)T] =10

B kauecTBe mpuMepa pacCMOTPHM JI0Ka3aTeabcTBO hopmyisl (9.8):

o _ e —pT [k—m
D{f[IT +mT |}= X fIT + mT e PIT s rkT Je o7 J:
[=0 k=m
e T plkrde T e g T
k=0 =0
rae npuHATo: K =1+ m .

3. Cmewenue 6 oonacmu uzoopaxcenuti. Ecnu pemerdaras pyHkus f IT | umeer n300pakeHue
*
F (p), TO cripaBeyINBO PABEHCTBO

- _
F (p+ta)=D{e T 7]} . (9.9)
Jns nokazarenbcTBa 10CTAaTOYHO HaWTH D-npeoOpa3zoBaHue B IPpaBOi YacTH paBEHCTBA U YUECTh

cBoiicta (9.7, 9.8).
4. Teopema o ceepmke 60 8pemennou obnacmu. CBepTKa pelIeTYATHIX (DYHKIUN fl[IT ] u

f, IT | umeeT n306parkenue B Bue nponssenenus D- mpeoGpa3zoBaHus STHX (YHKITHIA:

DJ > filmT ]fz[(l—m)T]JlZFl*(l?)Fz*(P), (9.10)
m=0
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rie > f, [mT Jf,[(1 — m)T | - ceeprra aByx dynKumii.
m =0

s nokazarennctia (9.10) npencraBum Fl*( p) B BHIE

o]

Fy (p)= 3 f[mT Je” P™

m=0
*
1 YMHOXXUM Ha F2 (p) mpaByIO M JEBYIO YACTH 3TOr0 BbIpaXXEHHUs. Toraa nosydyum

FL (P)F, (p)= Y f[mT e~ P F, (p).

m=0
CornacHo TeopeMe cIBHTra, BO BPEMEHHOI 00acTu

e "™ E,) (p) = D{f,y[(1-m)TT},

CJICAOBATEIBHO,

Fy (P)F, (p) = DL Y fo[mT 1,01 - m)]} .

m=0
B BepxHmii mpenesn CyMMBbl MOXHO IOCTaBHTh | BMecTO «, Tak Kak f,[(I-m)T]=0 mnpu

(I-m)<o0.
5. Teopema oughpepenyuposanus no napamempy. Ilycts opurunan f [IT , 1] u usobpaxenue

*
F (p,4)comepxar napaMetrp A , HE 3aBUCAIMUA OT | U p :

0

F(p.a)=Y3 f[T, Ale”
1=0

pIT

[Tpu nuddepeHpoBanny Mo A CHpaBeATUBO COOTHOLICHUE:

oF (p.2)

)
= D{— f[IT,AT}. (9.11)
o By

CrnenoBatenbHo, qudPepeHnpoBaHme mo napaMmeTpy rnepecTaHoBoYHo ¢ D-npeoOpazoBanmem.
6. Uz00pasicenue pasnocmett u cymm. IlepBasi pa3HOCTh pemieTdaTor GyHKIHHA paBHA

AF[IT]= fI(1+1)T]- f0T].

HpI/IMCHHCM D-npe06pa30BaHHe U Ha OCHOBAaHUU TCOPEM JINHEHMHOCTU U CIABHUTa BO BpeMCHHOﬁ obmactu

TOJTyJaeM:
p{atlm ] =e® (F (p)- t[0])- F (p)= P —1)F "(p)—e" t[o] (9.12)
O6mast popmyra st u300paskeHus K -i pa3sHOCTH perneTdyaToi (yHKIIMA UMEET BH/T
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k

p{aff[m = (e —1)k|=*(p)—eIDT l(e'”T —1)k_l_VAVf[O]

™M

v=0

Cnez[yeT I[O63BI/ITI>, qTo I/I306pa}K€HI/Ie Pa3HOCTH MOXKET OBITh IMOJIY4Y€HO, €CJIM PAa3HOCTHh KaK peuicTyaras

GyHKIMS SBJISETCS TpeoOpa3yeMoii.
n-1

OmnpesieuM CyMMYy pelIeTdaToll QYHKIUM B BHae cyMMbl eé opmusat: Y f[IT | u cocraBum
=0

MEPBYIO PA3HOCTh 3TOW CYMMBI:
n-1

> f[IT ]=f[nT ]

Anz_lf[IT ]:£ fT ] -

I1=0 =1
CornacHo nipenpinyieid Teopeme (8.12), n3o0paxeHue 3Toi pa3HOCTH

1=0

n-1 n-1
D{[A s f[IT ]1 - (epT —1)D{( s f[IT ]1; - D{ [ ]},
L 1=0 J li=o
ecia fIT]=0 mpul<0.
I/IS IIOCJICOHET O BBIpa)KeHI/IH cne,uyeT
D{[ nz_lf [IT ]1; = F—(p) (9.13)
LAY

Li=0
CYMMI/IpOBaHI/IIO B O6J'IaCTI/I OpI/IFI/IHaHOB COOTBGTCTByeT B O6J'IaCTI/I

o pT
M300paXeHUI JIelIcHne Ha (e - 1).
7. Ilpedenvhvle 3Hauenus pewemuamuvix @yHkyuii. BecbMa TMONE3HBIMH B MPAKTHUECKHX

MPUIIOKCHUAX ABJIAIOTCA COOTHOIICHUA MCKAY NMPCACIbHBIMA 3HAUYCHUAMU pemeTanoﬁ (1)YHKIII/II/I n ec

Takum  o6paszom,

nzo0paxenuem. Tak i 3HaUeHUI BpeMeHH t = IT — oo HMMeeT MecTo Cieaylollas Teopema:
(9.14)

pT - _ -
im f[T]= im Y F (p)= im @a-e PTYE"(p)
p—0 epT p—>0

| — oo
ZL]'IH A0Ka3aTCJIbCTBA UCIIOJIb3YEM COOTHOIICHHUE

|-1
> Af[mT ]+ f[o]

fIT ]=
m=0

M3 KOTOPOro CiaeayeT, 4To

0
im f[IT]= x> Af[mT |+ f[0].
-0 m=0
Cornacho (8.12), nzobpakeHue nepBoii pa3HOCTH UMEET BUJ



D{Af[ITT} = 3 Af[IT e~
1=0

pIT pT

@ —F T (p)-eP f[0].

Ecnu mpaBas yacTh 3TOro BBIpaXEHHUST HE HMEET IOJKOCOB HA MHHMOM OCH W B NIpaBOM

IOJIYINIOCKOCTH, TO B HEM BO3MOXKEH IIEPEXO K IIpeaciay npu p — 0 , UTO IIPUBOAUT K COOTHOLICHUIO

im {eP —1F (p)-ePT flO = x Af[IT]= lm f[T]- f[0] ,
p—>0 =0 | > o

pT

U3 KOTOPOro cieayer paBeHcTBo (9.14)

HawansHoe 3HaueHue penierdyaToi QyHKIUU ONPEAETSETCS COOTHOIICHUEM
— *
f[0]= fim (l—e pT]F (p) . (9.15)
p— o

Jlns loKa3aTenbcTBa PACCMOTPUM H300paskeHHe MepBoil pasHOCTH s aprymenta [IT —1] u

I/ICHOJII)3yeM TeopeMy caBura.
p{Afr —1]}=e ?T [[e” —1)F*<p>—e'”f[olHl—e"’T jF*<p>—f[o].

B sTom BbBIPA>XCHUH nepefmeM K nmpeaeiay npu p — oo H IOJYUYUM

I A | —pT o * a
F’Im‘”%uzoe AF[IT —1]}_ pllr_n)oo{(l—e ]F (p)- f[O]}—O,

OTKY/1a OYCHb MPOCTO BBIBOAUTCS cooTHOIIeHHE (9.15).

8. Cymma ouckpem unu opounam pewemuamoti ¢pyuxyuu. Ilycts abeuucca cxoqumoctu f [IT |

OoTpHuLareiibHa: o , < 0. Torma B OCHOBHOM COOTHOIIICHUHU AUCKPETHOT'O Hp606paSOBaHI/I$I (93) MOXXHO

0
TIOJIOXKHUTB P = 0 , UTO BCACT K COOTHOIICHUIO

* * ©

F (p)=1Ilm F (p)= 3 f[IT] . (9.16)
p—>0 1=0

CnenoBarenbHO, cymMMa OpJIUHAT pelieTdatoldl (yHKIMH BO BCEM JUAla30HE CYLIECTBOBAHUS

paBHa HA4YaJIbHOMY 3HAUCHUTIO Q)YHKLII/II/I AUCKPETHOT'O Hp606pa3OBaHI/I$I.

8. @opmyna obpammnoco npeobpazosanus. Ecnu auckpeTHoe H300pakeHue F*(p) IIPEICTABIISIET

coboit  IpoOHO-palMOHAIbHYI0 (YHKIMIO, 3HAMEHATelIh KOTOPOM HMEET KOPHU TMPOCThIE U

JIeHCTBUTEIIbHBIE P, , TO CYHIECTBYET AOCTATOYHO IIPOCTAad (I)opMlea IJIg ONpCACJICHUA OpUrnHaia -

BpEMEeHHOM pemerdaroil pynxmuu f [IT ]:

*

" B
T )= ¥ #epv('—lﬂ , (9.17)

L
A (p,)

v
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* B (p). * A (p)
me  F (p)=-—F"" A (p)_—a(epT)

A (p)

*
, N - CTEIEeHb IIoJIMHOMa A (p).

BriBon hopmysibl OCHOBAH Ha pa3iokKeHUH APOoOHO-pallMOoHaIbHONU QyHKUIMU F *( p) Ha MPOCThIE

npo6u. JJis KpaTHBIX KOpHEH QyHKIHs UMeeT O0iee CII0XKHBIA BUJ M €€ MOKHO HaiTu B [1,2].

Just obmiero ciywass 3amauy oOpatHoro D-mpeoOpaszoBanms, T.e. D -1 pemraer ¢dopmya
oOparmenus [2], KOTopast UMEeT BUJI
1 °t iz - T 1 -
fT]=— | F (p)e " dp=D {F (p)} (9.18)
2 7] c— jrz

rac c - KoopauHarta HpHMOﬁ, napannem)Hoﬁ MHHUMOM OCH, OTHOCHUTCJIIbHO KOTOpOI71 BCE 0COOBIE TOYKH

*
F (p) JcxKar JeBee; 3HaUCHUE ¢ OOJIbIIE 3HAUYCHHS a0CIIMCCHI CXOUMOCTH.

Mo>xHOo CIIC YyKa3aTb psAd TEOPEM Hp606p330BaHI/IH, OIHAaKO OHH PCAKO HCIOJIB3YIOTCA B
MPAKTUYCCKUX HUCCIICAOBAHUAX U IMMO3TOMY 31€Ch HC ITPUBOIAATCA. HpI/I HGO6XOI[I/IMOCTI/I C HUMH MOXHO

o3HaKOMUTHCH B [1,2].

[lepeitnem k nuckpernomy D - mpeoOpazoBanuto. st 3TOro npeodpa3oBaHUsl TaKKE MOKHO
paccMOTpeTh psia TEeopeM, KOTOphle Hauboyiee YacTo HaXOMSIT MNPUMCHCHHE B aHAIUTUYCCKUX
MCCIIC/IOBAaHHSIX.

1. Ceoucmeo nunetinocmu:

[ n ) n *
D 4 Z:CvFv(p)#: Z:CvFv(p) : (919)
Lv:l J v=1

2.D -npeobpazosarue npouzeedeHus 08yx U300paiCeHul:

D {F1(p)Fs (p) )= Fy (p)F4 (p)

B N ) (9.20)
D{Fi(p)F,(p)}=(Fi(p)F,(p)) =F (p)
3. Ymnoorcenue npeobpaszyemott pynkyuu na sxcnonenmy:

p{e ™" F(pr=e " F(p) 9.21)

rac s - ncjio€ 4mcio.

Kak crnemyer W3 COOTHOLICHMsI, HKCIOHEHTA, CTENEHb KOTOPOW COIEPXKHUT Omeparop p U

MHOXMUTCJIb B BUJIC II€pHOAa KBAHTOBAHUA, YMHOXKXCHHOT'O Ha LCJIOC YHUCIIO, MOXKET OBITH BBHIHECEHA 3a

3HaK Hp606pa3OBaHI/IH.

4. Hcnonvzoseanue mabauy. llpu pemeHWHM TNPaKTHYECKUX 3amad st ompeneneHuss D -

npeoOpa3oBanust GpyHkimu F (P) MOXHO BOCIOJIb30BaThCs TaOMIIaMu, PUBEACHHBIMU B [2-4,7]. B

19



cllydae CJIO)KHOTO BhIpakeHusi F (p) cinenyer ¢pynkiuro F (p) pas3noxuts Ha mpocThie ApoOH, a 3aTeM

BOCIIOJIL30BAaTHLCS TAOIUIIEH.

9.2. Onucanne UCAY B o0JsacTu uzodpaxkenuii. /[uckpeTrHble neperaToyHblie
¢pynknuu. CTPYKTYpHBIE CXeMbI U X TPe0Opa3oBaHusl.

PaccmoTpuMm omucanue MMITYyJIbCHOM cHUCTeMbl B 00JacTU M300pa)KeHW Ha MpUMEpe TUIOBOU
CTpYKTyphl. [Insi Bcex CUTHANOB, JEHCTBYIOIIUX B CHCTEME, MOXHO MOJYyYUTh H300pa’keHUE IO
Jlarutacy (HenmpepsIBHOE WIIM JTUCKPETHOE) M BHECTH COOTBETCTBYIONIME M3MEHEHUSI 0003HAYCHUI ITHX

CUTHAJIOB HA CTPYKTYpPHOH cXeMme, Kak Iokas3aHo Ha puc. 9.3.

e am—————

aiiy

X, @) S X

ex

o X ) cos X )

BLLX : =¥

W.(p) 1> i —

-~

¥

1

Puc.9.3. CrpykrypHas cxema 3amkuyToii UICAY
Torna onucanue 3amMmkHyTo UCAY B M300pakeHUAX MpeICTaBIsACTCS JBYMSs YPaBHEHUSAMU:

*

X@bzx (p)=WH(p)X (p);

X(p)=X, (p)- X, (p) (9.22)

[Tockonbky onucanue (9.22) COAEPKUT OAHOBPEMEHHO M300paKEHUE HENPEPBIBHBIX U

AUCKPCTHBIX CHUITHAJIOB, 4YTO HCOPUCMIICMO [JId aAHAJIUTUYCCKUX HpCO6p330B&HPII>i, IMPUMCHUM

AUCKPETHOC D - Hpeo6pa30BaHHe K 5THM YpaBHCHHAM:

D{X . (pP)}=D{W, (p)X (p)}

D{X (p)} = D{X,, (p) - X . (P)}

Torga, yuutsiBasi cBoiictBa D - mpeoOpa3oBaHus, MOIydaem:

X e (P) =W ;7 (P)X " (p), (9.23)

X (p) =X, (p)= X, (p)

Cnenyer 3ameTuTh, 4TO (opManbHas Marematudeckas omnepauus D - mpeoOpa3oBaHus, B

pe3ynbrate KOTOpOoW moiy4deHsl ypaBHeHus (9.23), o3Hayaer, 4YTO MPU ONHUCAHUU CHCTEMBI

MCTIONB3YIOTCA TONBKO JIMCKPETHBIC 3HAYECHHA HEMPEPBIBHBIX CHTHANOB X, (t) mu X gorx (t). B
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TEOPETUYECKOM IUIaHE 3TO coOoTBeTCTBYEeT Hannuuio MO Ha Bxozae u Beixone cucreMsl. Otu UND Ha
puc. 9.3 mokazaHbl TyHKTHpOM. OmucaHHe UMITYJbCHOW cuUCTeMbl B (opme ypaBHenuit (9.23)

IMO3BOJIACT OHNPCACINUTE ANCKPETHYIO IICPEAATOYHYIO (bYHKI_II/IIO OTHOCHUTEILHO JIFOOOr0 CHUTHAJIa B

HNCAY. Ilepenarounas ¢ynknus 3amkHyTon HMCAY W:( p) TpencTaBiseT coOOH OTHOIICHHE

*

M300pakeHUs]  TUCKPETHOTO  BBIXOJHOIO CHUTHaja X (p) X WM300PAKEHUIO IUCKPETHOTO

8blX

*

BXOJIHOTO curHama X (p) mpu HYNEBBIX HAYAIBHBIX YCIOBHSX COCTOSIHHUSI HEMPEPHIBHON YacTH

X

k v
NCAY, 4To COOTBETCTBYET UCIIOIb30BaHUIO W  (p ). U3 cooTHOmeHuit (9.23) umeem:

(9.24)

[lepenaTtounass ¢GyHKIUS 1O CUTHANTY OIMIMOKH X *(p), KOTOPYIO MBI 0003HAYMM W; (p)

OIpCACIACTCA aHAJIOTUYHO U UMCCT BU

w(p)= = fp) . (9.25)

X, (p) 1+W, (p)

Kak cnenyer u3 puc. 9.3, pazomknyras UCAY cocrout uz N u npuBeaeHHON HENPEpPbIBHOMN

YJaCcTH, IIO3TOMY €€ MepeaaTouHas GyHKIHs onpeaesercs popmoit W (p):

X
Wo(p)=—"——=W,(p) (9.26)

Ecnu cucrema umeer 0oliee CIIOXKHYIO CTPYKTYpY, €€ MepeaToyHble PYyHKIUN ONpPEEIISIOTCS C
NIPUBJICUEHUEM IIpaBUJ CTPYKTYpHBIX TNpeoOpa3oBaHuil nuHeWHbIX cucrteM. Paccmorpum HCAY,

CTPYKTypHasi cxemMa KOTOpoi npuBeseHa Ha puc. 9.4.

. :.......: 24
—'.; I...b,

Xﬂx@) x4 EELY ‘Y::LMCD)
%) i W (o) - W) Win) e W) _,.{ i —

w
L 4

W, (o)

h

Puc. 9.4. Crpykrypnas cxema UICAY
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[lepenaTounsie GyHKINN HENPEPHIBHON U MPUBEICHHON YaCTU CUCTEMbI UMEIOT BH/I:

W (p)=Wi(p)W,(pW3(p)+W,(p)l;
W, (p)=wy(pW,(p).

[TpeobOpaszoBanue D JUIsL IPUBEACHHOM NepeaaTouHoN (PYHKIIMKA MOXHO 3aIHCaTh TaK
D {W, (P)}= D Wy (PIWy(PIW,(PIW5(P)f+ D Wy (PIW;(pIW,(p)] =
* * *
Ecnu m3BecTHa mepenaTouHas GyHKIIHS W; (p), 3amucarh NepeAaToOYHyI0 (YHKIHIO MO OLIMOKE WIIH
3aMKHYTOW CHCTEMBI TpyJda He cocTamiser. OnpenenuM IUCKPETHYIO TEepeAaTodyHyl (DYHKIHIO IO

currany Z (p). Jlyis 3T0ro npoBeaeM HEKOTOPbIE CTPYKTYPHBIC IPEOOPa30BaHUs M [IPEJACTABUM CHCTEMY

B BUJIE, IpUBEICHHOM Ha puc. 9.5.

Z ()
— > Wop) — Wilo) —

L@ X(p) X (o) L
W, lo) >

¥

Puc.9.5. CrpykrypHas cxema 3amkayToit MCAY mocie nmpeoOpa3oBaHus

YPaBHCHI/IH CHCTEMBI OTHOCUTEIIFHO CUTHama Z (p) UMCIOT BU:

[Z(p)= x"(p Wy (PWy(p):

X(p)= X, (p)= X, (p) (9.27)
| . .
Lxebzx(p)zx (pW, (p)

[TpumeHnsieM ko BceM ypaBHeHusM (9.27) D -npeoOpa3oBanue U OnpeessieM MepeJaTouHy0 (YHKIHIO:

R 7" W, (p)W;(p))
wo(py = 2 TetPRP (9.28)

*

X, (p)  1+W, (p)

Ha puc. 9.6. npencrarieHa UMITyJIbCHAsE CUCTEMa, B KOTOPOH WUMITYJILCHBIA 3JIEMEHT OXBaueH

OTpHUIIATENIbHOM OOpaTHOI CBA3BIO, COJEpIKallel HEmpepbhlIBHOE 3BEHO C MepeAaTodyHor (yHKuuen

Wya(p) [3]
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i e W (p) M W (D) e

W (o)

Puc.9.6. Crpykrypnas cxema UICAY
Jlnst ompenenieHust epeaaTouHbIX (GYHKIUN STONH CHCTEMBI MPOBEAEM CTPYKTYpHBIE IpeoOpa3oBaHUs U

npeacTaBuUM CUCTEMY TaK, KaK IIOKAa3aHO Ha pHUC. 9.7.

3

T 1 Wy (o) 2 Wy (o) 1>

Y

W0 W, (o)

Puc.9.7. Crpykrypnas cxema ICAY mocie nmpeodbpazoBaHus
KoHTyp ¢ 00paTHO#1 CBSI3bI0 MOKHO pacCMaTPHBATh KAK HEKOTOPYIO OOBIYHYIO 3aMKHYTYIO UMITYJIbCHYIO

CUCTEMY C MepPEeIaTOYHON (PYHKIIHEH:

W, (p) = —

1+W,; (p)

e Wy (p)=D Wy (pIW,,(p)).
Torna nepenatounast GyHKIUS Pa3OMKHYTOM 0OIIEH CHCTEMBI
W, (p) =W, (P)Wy (PIW,1(P)) =W, (P)W, (p).

JI1st 3aMKHYTON CUCTEMBI HIMEEM

wi(py - WP () W, (p)

* *

L+W, (p)W, (p) 1+W, (p)+W, (p)

Taxum oOpa3oM, pu MpeodpPa30BaHUU CTPYKTYPHBIX CXEM HYKHO UMETh B BUIY:

1. Henpb3s nepectaBiasiTh UMIYJIbCHBIN 3JIEMEHT C HENIPEPHIBHBIMU [1€PEIaTOUYHBIMU
byHKIHSIMU;
2. B HemnpepbIBHON YacTH CUCTEMBI MOKHO NMPOBOJIUTH JIF0OObIE MPEOOPA30BAHUS CXEMBI
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9.3. HosyyeHne JUCKPETHBIX NEPEAATOUYHBIX (PYHKIMHA - 110 HENPEePbIBHLIM

nepeaaTouYHbIM QyHKIMAM
B ocHoBe opMyIIbl CBSA3M JUCKPETHBIX U HEMPEPHIBHBIX MEPEJATOUYHBIX (YHKIUH JIEKHUT BECOBas

(YyHKLUS CHCTEMBI:
w(lT) = w()It=IT,

KOTOpasi HE MEHSETCS MPH oJIa4e Ha BXOJ CUCTEMBI Jienbra-QpyHkuuu Jupaka §(t)

0 5(T) w(IT)

— 1. > Wi(p)

Puc.9.8. IIpoxoxaenue curHana o(t) uepe3 TuHAMHYECKOE 3BEHO

B cootBercTBUM ¢ (hopMyNOi pa3ioKeHUs JUisl HENPEPBIBHBIX NEpenaTOYHbIX (PYHKIUNA MOXKHO

. . . _ B() .
3anucath ISl TPAaBUJIBHOM NepeaaToOuyHOW (PYHKIIMH: Vl/n(p) = %, BBIp@XCHHE BECOBOU (PYHKIIMH B
. _yvn B (pi) pit o
BUJIE: Wn(t) = izlme ", Ui KOTOpPOM O4YEBHIIHO, YTO AMCKpETHas mepefarodyHas (pyHKuus
i

n B(pi) 1
=14 @) 1-ePTePiT

GyzleT MpeCTaBIATh coboil aucKpeTHOE Tpeobpasopanue Jammaca W, (p) =

oA(P)

IJie TOe N - 4hCciio KopHel ypaBHeHus A(p) =0,a AI( p) =

Takum 00pa3oM, U MOTYYSHUS AUCKPETHBIX MEePEIaTOYHBIX IepelnaTOYHbIX (DYHKIHMNA CIeayeT

BBINOJIHUTH JIEUCTBUSL:
-1
L T D

W(p) - w(t) » wlmT] - W*(p)
PaccmoTpum npumep.

IIpumep. Bripaskenue /i NpUBEACHHOM NepeaaTouHol (yHKIIMY UMEET BUL:

— pT

- . _ 1—e k _ _ — pT
W, (p)=W,(p)-W, (p) o s et @-e W, (p)
_t
wy(t) = L1 (—) =k—ke I
p(1+pTy)
* k k
JluckpetHoe mpeoOpa3zoBaHUE OT Wl( p) umeet Bug: W 1 (p) = -
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. k—e /Ty PT
W, (p) = ,
(epT _1)(epT —efT /Tl)

—pT
Ucnonp3ys MuHoxkuTEND (1— € P ) , OJIy4YuM

-TIT, T

. k(1 - P kd-e "
Torma W, (p)=@Q-¢e ") d-e )e _Kd-e )

T T ST T
(e 1)(e e ) o .

- 10 YPABHEHUSAM B KOHEYHBIX Pa3HOCTAX

JlpyruM BechbMa paclpOCTPaHEHHBIM CIIOCOOOM OIPEIEICHUS] BPEMEHHBIX CHTHAJIOB SIBIISICTCS
METOJ PAa3HOCTHBIX ypaBHEHHMH. Pa3HOCTHBIE ypaBHEHUS COCTABJISIFOTCS OTHOCUTENIFHO  PELIeTYaToi
(GyHKIMU U SBISIOTCS aHaJoroM UG (depeHInanbHOr0 ypaBHEHHs s HenpepbiBHON (yHkumu. [1pu
3TOM aHAJIOTOM MPOU3BOAHOU 1-20, 2-20, ..., N-TO MOPSAKOB CIyXKaT KOHEUHbIE pasHocTH 1-co, 2-co, ...,

N-ro mopsiIKOB (WM MPOCTO TepBasi pa3HOCTh, BTOpast Pa3HOCTb...).
[epBas npsimast pasHocTh obo3Hauaetcs AY[IT ] u onpenensiercs cieayrommmM o6pa3om:
Ay[IT 1= y[(T+ )T ]- y[IT ].
I[TepBast oOpaTHast pa3HOCTh
Vy[IT 1= y[IT - y[(I-1)T].
Bropasi KOHeuHas NIpsMas Pa3sHOCTh 00o03Hauaercs A2 y[/T ], Gepercs OT MepBOH PA3HOCTH U
TpeOyeT JJIsl CBOETO ONpe/IeICHNs 3HAYCHUI KBaHTOBAHHOTO CHT'HAJIa B TPEX TOYKaX
2
A“Y[IT 1= Ay[(I+ DT - Ay[IT 1= y[(I+2)T]-2y[({ + )T ]+ y[IT ].
Tperbs KoHeuHast pa3HOCTh (mpsiMasi) OepeTcst OT BTOPOM PasHOCTU U TpeOyeT IJIsi CBOETO
OTIpEAEICHUS YEThIPE TOUKH:
AP yUT 1= A?y[(1+ DT ] = A2 y[IT 1= y[(1+3)T1-3y[(1+ 2)T1+3y[(1 + DT 11— y[IT 1.

Koneunas Pa3HOCTb k-ro nopsaKa npeACTaBJIsICTCA B (bopMe:

k k v v v k k!
ATylUT =¥ (=) (€ )yl +k=-v)T] me  C, =[ J:—-
Vo0 v vi(k —v)!

Bcesikoe coommnowenue, cessvisarowee pewemuamyio @gyukyuio Y[IT]1 u ee pasnocmu oo
HeKomopo2o nopsaoka N, HA3bl8aAemcsi pa3HOCMHbIM ypasHeHuem. B oOmieM ciydae pa3HOCTHOE

ypaBHeHI/Ie NMECT BU.
CD(y[lT L AY[IT L, A2 y[IT ], ..., A" y[IT ]J 0.

JluneitHOE pa3HOCTHOE ypaBHEHUE C MOCTOSIHHBIMU KO3(PPHUIIMEHTaMU MOKET ObITh MPEACTABIEHO TAKUM

o0OpazoM:
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anA" YT I1+q A" Y[ 1+ .+ q y[IT 1= x[IT ],

any[(l+n)T]+ an_ly[(l +n-DT]+...+ aoy[IT 1= x[IT ].
Ecnu pasHocTHOE ypaBHEHHE COJICPKUT B SIBHOM Bujae pemerdaryio ¢ynkuuio Y[IT ] u

y[IT +nT ], To 3T0 pazHocTHOE ypaBHEHHE UMEET MOPAAOK N. [TOpsIOK pa3HOCTHOTO YpaBHEHHS MOXKET

OTJIMYAThCA OT MOPSAJKA CTaplIei pa3HOCTH.
[TomyunM IHUCKpPETHYIO MEePEAATOUHYI0 (QYHKIUIO U3 BBILICIPUBEIEHHOTO YPABHEHHUS, UCTIOIb3Ys

CBOMCTBO mpeobpa3oBanus Jlarmmaca (9.1):

") _ 1
X*(p) aneP™" +a,_1eP-UT 4 g, ,eP(=2DT4  4q,

Ipumep. imeeM pa3HOCTHOE ypaBHEHUE
ASX[IT T+ A2X[IT 1+ 2AX[IT 1+ 2x[IT ] = f[IT ],
pacKpoeM ero OTHOCUTEIbHO 3HaueHuit X[IT ]:

X[(1+3)T]=2x[(1+2)T]+3x[(1+1)T]= f[IT ]. - pa3zHOCTHOE ypaBHEHUE TPETHETO NOPSAKA.

Ha ocHOBaHuuU mocieaHero YPpaBHCHUA 3alIAILCM:

W )_X*(p) B 1
P)=F(p) ~ e30T — 2027 1 377

PasHocTHOE ypaBHEHHE MOXKET OBITh MOJIY4YE€HO Ha OCHOBAaHUH ONMUCAHUS (PU3UIECKUX POIIECCOB
B cucTeMe ympasieHus, rae MO HeceT (QyHKUMOHANbHYIO Harpy3Ky. ODTO 4acTO BCTpeudaeTcs B
JIEKTPOHHBIX ~CXEMax, COJACpXKAllUX AJIEKTPOHHbIE KiMoud. Jlis 1IUQPOBBIX CUCTEM Pa3HOCTHOE
ypaBHEHHE OOBIYHO MOJY4YAlOT Ha OCHOBAHMU JUCKPETHOM MepeaarodyHoll (QpyHKuMM TOW dYacTu

CUCTEMBI, JUIsi KOTOPOI ypaBHEHHE COCTABIISETCS.

9.4. Omnucanne UCAY Bo BpemeHHoii 001acTu. Onpeaenenue 3HaYeHHii
BpPEeMEHHbIX CUTHAJIOB

PaccMoTpuM omucaHue UMITYJIbCHOW CHUCTEMBI BO BPEMEHHOM  O0JIACTM NPUMEHHUTENBHO K
CTPYKTypHOH cxeme puc. 9.4 u wucCHoiab3yeM MNpuUHAThIE TaM o0003HaueHHuss curHanoB. CorjgacHo
0003Ha4YeHNI0, OOJIBIIMHCTBO CHUTHAJIOB B CUCTEME SIBJISIIOTCSI HEMPEPHIBHBIMU. BcmoMHUM mpu 3TOM,
YTO CUTHAJ Ha BBIXOJIE JINHEHHOTO 3B€HA C U3BECTHOM BECOBOM XapaKTEPUCTUKON MOKHO OIPENEIUTh Ha
ocHOBaHMM wuHTerpana cBéptku [1,3]. Torma onumcanue paccMaTpuBaeMOM 3aMKHYTOM CHCTEMBI

NpEeaACTABIACTCA JABYMSA YPaBHCHUSAMMU:

X gvix (t) = Jwy(t- T)X*(T)dT;

[
%| 0 (9.29)
|
(
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rae wy (¢) - BecoBast (QyHKIMS MPUBEIEHHON YaCTH.

*
B mepBom ypaBHeHMM curHanm X (t) SBISETCS KBAaHTOBAHHBIM U MOXXET OBITH INPEICTaBIICH

BBIPAXKXCHUEM

X" (1) = x(1)5_ (1) = x(t) S 5(t—sT).
s=0

[ToncraBum 310 BeIpaxkeHue B (9.29) u moMeHsieM NOPSI0K UHTETPUPOBAHUS U CYMMHPOBAHUS

X (t) = OZO: [wy(t=17)x(z)o(zr — sT )dr.

6blX s=0 0

Yutem TeopeMy 00 HHTETpUpOBaHUU PyHKIMHU O (1) , YMHOKEHHOM Ha HENPEPHIBHYIO (YHKIUIO, U TOTIa

IIOJIyYUM
o0
t) = t—IT )x[IT] . .
g (0 Z W (€= 1T )X(IT] (9.30)
Tak kak w;(¢) = 0 pu t < 0, BEpXHUHM IIPEAEII CYMMBI MOKHO 3aMEHUTh Ha | = TL - 1eJI0€

gyucio. Eciu tenepp mepeiTu K TMCKPETHBIM MOMEHTaM BpeMeHH t = IT , To ypaBHeHus (9.29) npumyT

BUI:

|
Jx6blx [IT ]= x Wn[IT - sT ]X[ST I

s=0 (9.31)
x0T ] = % [T )=, [T ]

OTH ABa ypaBHEHHS NPEACTABIAIOT co00il omucanue mpocreimerd omHokoHTypHOH MCAY BO
BpeMeHHoU oOnactu. Ilo cBoemy conepxanuto nepoe ypasHHue (9.31) mpencrasiser coboit popmyiy
CBEpPTKU Ul TUCKPETHBIX curHasnoB. Ecnu teneps k ypaBHeHusM (9.31) npumenuts D-npeoOpasoBanue
U BCIIOMHHTBH TEOPEMY O CBEpTKE BO BpeMeHHOW ob6mactu (cM. 9.1), U CBOWCTBO JHMHEHHOCTH, TO U3

(9.31) mermocpencteenno ciaeayer onucanue MCAY B 00macT H300paskeHHIA:

[ ] ] * * * ]
D{Xeblx [IT ]}: D4 ZWH[IT —sT ]X[ST]> = X6blx (p):WH(p)X (p); |

ls=0 J L (9.32)
D {x[IT 1 = D {x,, [T 1 x,,, [T} = X TP = X () = X (P

Ornucanme cucremsl B (opme (9.32) mo3Bosisier 3ammcaTh Bce TpeOyeMble MEpeIaTOuHbIC
¢byHKIMH, Kak 3To ObUIO ompeneneHo B paznmene 9.3. OmHako Hamia 3aja4a - ONpeIeTICHHe BPEMEHHBIX
curHaigoB. OnuH W3 HambOJee YacTO UCIOIB3YEMBIX CIOCOOOB BBIUYMCIICHHS BPEMEHHBIX CHTHAJIOB B
NCAY ocHOBaH Ha HCMOJB30BAHUU MpeacTaBleHHBIX ypaBHeHui (9.31). [IpuBeneM pekyppeHTHBIE

COOTHOLICHUA IJId OMPEACIICHUSA BBIXOJHOTO CHUTHAJIa M CHUI'HAJla OIIOKU:
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| |
X [T 1= = w [IT —mT Jx_ [T ]- % w, [T -mT]x_ _[mT];

m=0 | m=0 (9.33)
x[IT]=x  [IT]- S w,[IT —mT Jx[mT ].
m=0

HpI/I OTOM CJICAYET IMOHUMAaTb, 4YTO MCIIOJIB30BAHUEC TOJIBKO JUCKPETHBIX 3HAUYCHHH CHUTHAJIOB

AAXKE B TCX KaHaJIaX CUCTCMbI, I'IC OHU HCIPCPBIBHBIC, O3HAYACT, YTO MbI CTaBUM B 3THUX MCCTaXx

NND, xak 3To0 mokazano Ha puc. 9.3.

Honyctum, 4to AWCKpeTHas mnepemarodHas ¢yHkuus pazoMkHytod MCAY saBmsercs npoOHO-

palMOHAIBHON U UMEET BUL

*
" (o) e (D) boeP™ wp e PIm=DT 4 be T +bg
W p = = 1
* —
X o (p) anepnT +an_1e|°(n A +ae PT +ag

*

*
e X, (p)u X _ (p)- HMCKpETHbIC M300paXCHUs BBIXOJAHOW K BXOJHOH IEPEMEHHOH

COOTBCTCTBCHHO.

* (3
Paznenum yuciauTens U 3HaMEHATENb BbIpakeHus st W (p) Ha 3KCIIOHCHTY C HauOOJIBIIEH
CTCIICHBIO B 3BHAMCHATCJIC!

eP(m-—mT | bm_lep(m_l_n)T + ...+ blep(l_n)T + bOe_pnT

%
v (9.34)
a, + an—leipT + ...+ ale_p(nfl)T + aoe_pnT
* *
CocTaBuUM YpaBHCHHUEC OTHOCUTCIILHO X Gbix (p) u X o (p) .
i - pT -p(n-1)T —onT
X gox (p)(an vag_qe T4 +age p(n-1T , age " ):
(9.35)
) —p(n+1)T —pnT

_x (p)(bme—p(n—m)T +bm71e—p(n—m+1)T

+... + bee +bge
B Beipakennu (9.35) nepeiinemM K OpUrHHATY M HCIIOIB3YEM TEOPEMY O CIIBUTE BO BPEMEHHOM
obnact, Torna umeeM®
Ap Xy o [IT 1+ An_1X gy [(1=-DT]+... + Xy, o [(IT-n+DT]+ CL R [(1-nMT]=
= by X [(T=n+m)TT+by _gx [(1-n-1+m)T]+... + 9.36)
+byx  [(T=n+1)TJ+box  [(1-n)T]
Ha ocnoBanum (9.36) MOXXHO COCTaBUTh PEKYPPEHTHOE COOTHOLICHHME JUIS OIpeaesIeHUs

BBIXOJHOI'O CHI'Halla X6blx [lT] 10 3HAUCHUIO 3TOTO0 CUTHalla B HNPCAbILAYIIUEC MOMCHTBI BPECMCHU H

3HAYEHHUIO BXOJHOTO CHTHANA X [T ]
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1
ngzx [IT 1= ;(bmxgx [(1-n+ m)T]+bm

+b1x6x [(I—n+l)T]+b0x6x [(I-n)T]-a

_1x6x [(T-n=1+m)T]+... +

[(1-D)T]-... - (9.37)

X
n-1" gwix
. [(I_n+1)T]_a0X6b1x [(T=nTD.

X
1 gw

IIpumep. Ilepenatounas ¢pynkuus 3amkayroit UICAY umeer Bua

*

* X gox (P) bye
Wy (p) = * B 2pT pT
X o (P) e + a.e +ag

pT
+ bO

TpeOyercst onpenenuTh 3HAYCHUE BBIXOTHOW MMEPEMEHHON X [IT ], eciin Ha BXOz€ AEMUCTBYET

6blX

CHTHAJl B BUJIC CIMHAYHOTO CKAYKa X (t) = 15 (t) . CocTaBuM pasHOCTHOE ypaBHEHHE

Xgope (T 1+agx, (1 =DT]+agx, [(1-2)T]=byx, [(1-1)T]+bgx, [(1-2)T].
3Ha4YeHUE BBIXOJHOHN IEPEMEHHOMN OIIPEENIAETCS BBIPAKEHUEM

X, [T1=bx [(1-DTI1+box  [(1-2)T1-ax, [(1-DT]1-agx, [(I-2)T]

Brrancisiem X goix [IT ] o Takram:

b

pu =0 X 0]=0
BblX

mpu | =1 x, [T]=byx [0]-a;x, [0]=b
npu I = 2 nglx [2T] = blxgx [T]+ bo ng [0]— a1X6blx [T]— ao X@blx [O] = bl + bO - albl ......

Eme omun cmnoco6 ompenenenus BpemeHHBIX curHajioB B MCAY coctoutr B mONy4eHHH

AUCKPETHOT'O I/I306pa)KeHI/I}I Jlammaca HMCKOMOro curHaiza H , BOCIIOJIB30BaBIINChH (I)OpMy.]'IOfI D-

npeoOpa3oBaHus:
: N pmr _ B'®)
XBbIX(p) = ; XBbix [lT]e pml = A*—@
Haiitu  curHan X, [IT] (I = 0..0), JIeJICHUEM 4YHUCIHTENss Ha 3HaMEHAaTenb, T.C.

B*(p) Ha A*(p), 1160 pa3noxkeHreM Ha POCThIe APOOH.

ITpumep. lano D-mpeodpasoBanue nepemennoit x - [IT ]:

-T/
B*(p) (1—e Tl} . e—T/Tl
X (p) = = :
8bIX * -T/ 2pT -T/ T -T/
A (p) [epT —1j(epT —e le e P —(l+e Tl)ep +e T1

\ )
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TpeOyeTcst onpenenuTs X [IT 1. Bocionszyemest popmyoii (9.17). 3namenarenb umeeT

8bIX
1

KOpHU p; =0, p, = - et IIPOU3BO/HAS 3HAMECHATEIIA
1

=T/ -1
Vckomas nepemennas: x, [IT]1=1-¢ E

Ecnu mopenuth 4yuciauTellb HAa 3HAMEHATENlb, TO MOXHO BOCCTAHOBUTH OPJIMHATHI BBIXOJAHOTO
curHaina. Jlomyctum, uto Ham 3axanbl napametpsl T u T1 (T=0.1, T1=1), Torna auckpeTHoe U300pakeHue
BBIXOJIHOT'O CUTHaJIa Oy/IeT UMETh BU/I:

- 2pT

x B (p) 1-0,9048 0,095163 e
X (p) = =

8blX * 2 p pT

T T N 2 pT
A (p) e ~(1,9048 Je P’ 40,0048  1-1,004837 e P

+0,004837 e

JleneHueM ducaUTENs Ha 3HAMEHATENb Mbl IIOJy4aeM psAJl OpAMHAT BBIXOAHOIO CHUIHAJA!
0,095163; 0,181266; 0,259173; 0,329663;0,393442;0,451149;0,503363....
[lpu onpepenenun pemeryaToil (YHKIMKM W3 HENPEPHIBHOW MOXKHO TIOJIOXKHTH BpeMs

¢ukcupoBanus e€¢ 3HaueHUs t=IT + At, rme At wuMeeT 3aJaHHOE 3HAYCHHWE B HHTEpBAJe

~T < At<T.Torna pynkuus f[IT + At] HaseBaeTcsa cMemEHHON 1 o6o3Havaerca f[IT ,At]. Ilpu

At > 0 apryMeHTHI pemeryaToil (yHKIUU CMEHICHBI BIIPABO OTHOCHUTEIBHO HECMEHIEHHON (PyHKINH, a
npu At < 0 - BIEBO, MPH 3TOM, OYEBUIHO, YTO NMPH U3MEHEHUH At JMCKPETHl PEeHIeT4aToil (pyHKIUU
OyayT MEHSThCS.

Kak npaBuiio, B MMITyJbCHBIX CHCTEMaxX BPEMEHHbBIC CHUTHAIIBI BBIYHCISIOTCS KaK pelIeTdaThie
(GYHKIMH U MOMEHTHI CheéMa HH(OpMaIuu ompenenstorcs 3HadeHusmMu IT . B Tom ciywae, korna

TpeOyeTcst 3HaYeHUEe curHaia B MOMeHT Bpemenu IT <t < (1 +1)T , MOXHO HCITOJIB30BaTh CMEMIEHHYIO

pemteryaryto pyHkuuo0. BocnonszoBasmucek popmynoii (9.30) u o6o3HaumB t = IT + At , moIydum

|
%
X gbix [T +at]=x" ()= TwlT +At-mT Jx[mT ] (9.38)
m=0
rae | = TL - nenoe uncno; W|[IT | - BecoBas (yHKIHMS IMHAMHYECKOTO 3BEHA, uepe3 KOTOPBIi

NpoXoauT curnan x[mT |.

Ha ocnoanuu (9.38) BeruncistoTcs 3HaueHUs BpeMeHHBIX curHaiioB B UICAY Mexny MOMEHTaMu

KBaHTOBaHUI. OTO 0OCOOEHHO BaXXHO, KoOrjga IMNc€puoJbl KBAaHTOBAHUA BECJIWKH II0 CPABHCHUIO C

JUHAMAYECKUMH cBoMcTBamu W (t) .

30



9.5. Bpemennsblie xapakTepuctuku MCAY
Kak u B cimyuae HenpepblBHBIX CAY, BpEMEHHBIMM XapaKTEPUCTUKAMU MMIIYJIbCHBIX CHCTEM

SBIIIIOTCS TIEPEXO/IHAs U BecoBas (MMmmyibcHas) GyHKiuu. O0e XapaKTEepPUCTUKH TMO3BOJISIOT OICHHUTH
JMHAMHYECKHUE CBOICTBA CUCTEMBI U ONPEACIUTh MOKa3aTeNId KauyecTBa PEryJIMpOBaHHUs.

[lepexonHass XapakTepHCTHKa IMPEACTaBISET COOOW peakIHI0 Ha BXOAHOW CUTHAJ B BHUJE
CIMHUYHOTO CKayKa, BECOBas - PEAKIMIO Ha BXOMHOW curHai B Buje O (t) ¢yHKIMH, 4TO O3HAYaET HA
IIPAaKTUKE €AMHUYHBINA UMITYJIC MAJION JJIUTEIBLHOCTH.

Hns 3amxayror MCAY Haubosiee MmpoCTO  ONMPEACNAIOTCS  JUCKPETHBIE 3HAYCHHS JTHX
xapaktepucTuk. Tak, coriacHo, (9.33) mepexoaHas xapakrepuctuka 3amkHyrod MCAY h[IT ] kak
MepeMEeHHas Ha BBIXOJI€ CUCTEMBbI ONPEAETSETCS BRIPAXKEHUEM

| |
hIT]= = w,[(1-m)TLoImT I- S w,[(I -m)T ]h[mT ], (9.39)

m=0 m=0

e w,[(I - m)T ] - BecoBas hyHKIMS IPHBEIECHHOMN YacTy.

Kpome toro, h[IT ] MoxHO omnpeaenuTp 1Mo pPa3HOCTHOMY YpaBHEHHIO, €CIIM HM3BECTHO

TUCKpEeTHOE mpeoOpa3oBaHue MepexoaHON PyHKINH D{ hlIT ] }= H i (p).

* v
AHanuTtuyeckoe BbIpakeHne a1 H (p)J'IeFKO OIIpCACIINTL Ha OCHOBAHHH IICPCAATOYHOH

byHKIUU W 3* ( p) 3amknyroit UCAY:

T
e P

H (p)=W, (p)ly (p)=W, (p) —— (9.40)
eIOT -1

[Tycts W: ( p) TpeacTaBisieT co00 APOOHO-pAMOHATBHYIO (PYHKITHIO:

pmT p(m-1)T T

+by,_q€ + .. +b1ep + by

A (p) anelonT +an_1ep(n_1)T +... + ae PT +a

* B* b
w." (p) = *(P): me

Torna, cornacho (9.39), pekyppeHTHOe cooTHolIeHue ais Berancienus h[IT ] umeer Bua

1
h[IT]= —(b,10[(0-n+m)T]+... +bg1o[(1 =n)T]-a,_;h[(I -DT]-... -
a, m 10 010 n-1 (9.41)

—ah[(1 =n+1)T]-agh[(I -n)T].

*
Eciu HETPYAHO BBIYUCIUTH KOPHU P, XapaKTCPUCTUYCCKOTO IMOJMHOMA A ( p) , TO U1 OIPCACIICHUA

h[IT ] moxxHO Bocmionb30BaThest hopmymnoii paznoxxeHus [4]:

31



*

n B*
= =25 ) e (9.42)

AT T e T )

b oA *
rie A (p)= ; N - cTeneHs moJauHoMa A (p) .

—
a(e™ )
Korna wm3BectHbl 3Hadenust h[IT ], nmuckperHele 3HaueHuss BecoBOMl (yHkiuu 3amkHyToH HCAY

OIIPECACIIIIOTCA KaK II€pBas pa3HOCTb HepeXOﬂHOﬁ XapaKTECPHUCTHUKU:

w,[IT 1= AR[IT 1= h[(1 + )T - h[IT ] .

OpnHako ciefyeT HOMHMTB, YTO w,[/T ] TpencTaBisieT coOoil oOpaTrHoe mnpeoOpa3oBaHHE OT

JIMCKPETHON MepeaaTouHor (QYyHKIUH W: (p), HMOdTOMY JJd ompeneneHus  w,[/T ] npuUMEHUMaA
bopmysa odpatHoro npeodbpazosanus (9.17):

n

W3[|T 1= X
Y=1a" (p,)

B *( Py) p, (1I-1)T .

* v
Ha ocHoBanumn (1)OpMy.]'IBI JAUCKPETHOI'O Hp606pa3OBaHI/I$I ana w, (p), 3HAYCHHA BECOBOU

ES —
(GyHKIMH MOXKHO ONpPEIEUTh [IYTEM Pa3lIOKEHHUs W, (p) B PAA IO CTEICHIM e ¥ T

* o0 _ b eP™ b ep(m_l)TJr...erepT +b
W, (p) = Tw,[ITle” P oo n-t : > -

1=0 a,e LI a,_q€ PO=DT s a,e PT ag (9.43)

_ - pT -2 pT
= CO +cle +02e + ...

3nech w,[0]=cq, w,[T]l=cq, w,[2T]=c, ...
B cnydyae pa3oMKHYTBIX UMIYJIbCHBIX CHCTEM hp[IT ] n Wp[IT ] sBisIOTCS COOTBETCTBEHHO

HCpCXOJIHOﬁ U BECOBOM q)YHKI_II/IHMI/I HpHBeHeHHOﬁ HerepLIBHOﬁ JaCTHu U MOT'YyT OBITh OIIPCACIICHEI 110

COOTBETCTBYIOLIMM HENPEPHIBHBIM QYHKIMAM /4, (1) U w, (#) B AMCKPETHbIE MOMEHTHI BpeMeHH t = IT

h T l=h, 0 5w T l=w, 0],

9.6. ChekTp cMrHaja npu aMIUIUTYAHO-UMITYJIbCHO MOXYJISIIUU
B HMITYJIBCHBIX CHCTCMAX BCCrJa MNPUCYTCTBYCT CUTHAI, KBAHTOBAaHHLINA TIO BPpEMCHU U

MOJYJIMPOBAHHBIM 1O aMruuTyne. CorjacHO NPUHATOW THUIOBOM CTpPYKType pHc. 8.4 3TOT CHrHai
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o6o3HaueH x*(t) W sBIAeTCS BBIXOAHBIM s MUD. dyppe -mpeobpaszosanne ams X (t) 0603HAYNM

X*(jo):

X*(ja)):ofx*(t)e_jmdt . (9.44)
0

CoracHo BeIpakeHuio (8.2),

K*(1) = X(0) £ 5 (t- 1) = x(3 (1),
1=0

rje nepuoanydeckas GpyHkuus o4 (t) ¢ mepuosom T'uMeeT npesCcTaBICHNE B BUE paga Dypbe:

1 ©  jo It
Sr(t)y=— e 0, (9.45)
T
[=-o
2
rac 0)0 = T_ - qacToTa KBAHTOBAHMNA.

[ToncraBum Beipakenue (9.45) B (9.44) m uW3MEHUM OYEPETHOCTh WHTETPUPOBAHUSA W

cymmupoBanus. Toraa uckomoe ypbe npeodpazoBanue X *(jo) MOXHO IIPEACTAaBUTH COOTHOIIIEHUEM

® 1] *® *® ji(w - 1) 1 ®
X (]CU)Z; Y [x(t)e 0 dtzF SX(jo - jwgl). (9.46a)
[=-0 |=-

Takum 06pa30M, MOKHO 3alucaTrb (bOpMy'J'Iy CBA3U CIICKTPOB JUCKPETHOI'O WM HCIIPCPBIBHOI'O

CUTHAJIOB, KOTOpAsi C y4eTOM HEHYJIEBBIX HaualbHbBIX 3HaUeHUH X(0))#0 npuHUMAaeT BUI:

* 1 *® . . x(0)
X (Ja)):_l_—z X(ja)—ja)0|)+ ) :
=0 (9.46 6)
HpI/I HeHyJ'IeBBIX HadYa/ibHblX yCJIOBI/IﬂX 1 OTCYTCTBHUU 3alla3AbIBAHUA
* 1 @ . . x(0)
X (jo)=2 X X(jo-jogl)- ,
== (9.46 )

HpI/I HCHYJICBbBIX HAYAJIbHBIX YCJIBUAX U HAJIUYNU 3aM1A3bIBAHU.

DTO COOTHOIICHHE HA3bIBACTCS JUCKPETHBIM IpeoOpazoBanrueM Dyphe, OHO YCTAaHABIMBACT CBS3b
MexkTy TnpeobpazoBanueM @Dypse HempepbiBHOro curHama X (jo) wu jguckpetHoro X “(jo),
KBaHTOBAaHHOTO TI0 BpeMeHHW. JIWCcKpeTHoe mpeoOpa3oBaHWe NpEACTaBIsieT (YHKIHIO, €CITH OHa
a0COTIFOTHO cyMMHUpyeMa. ITO YCIOBHE BBIOIHSIETCS, Koryia mpeodpa3oBanue Jlammaca X (p) ais 9Toi

(GYHKIIUU UMEET BCE TOJIOCHI JIEBBIE.

W3BecTHO, YTO JUIsl HEMpEpbIBHBIX AOCONIOTHO HMHTErPUPYEMbIX (YHKUIUN TNpeoOpa3oBaHUA

Jlammaca n @ypbe COBHANAIOT, IMOATOMY JIsi aOCONIOTHO HMHTETPHPYEMOW BecoBOW (yHKmmm W (t)
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YaCTOTHYIO XapaKTEPUCTHUKY (KOMIUICKCHBIN Kodddurment mepenaur) W (jo ) MOXHO TMOJTYyYUTH IO

nepenatouHoid ¢pyHkuu W (p) myTem 3aMeHbI omepatopa p Ha jo, W (jo) =W (p) |p= jo Jt1o

MIOJIOKEHHE CIPABEUINBO U JUIsl TUCKPETHBIX MPeoOpa3oBaHUM sl a0COIIOTHO CYMMHUPYEMBIX (DYHKIMHA.
Iostomy mns onpeneienus ®Pypbe - npeobpasoBaHus X *(jw) IUCKPETHOTO CHMIHAIa MOYKHO

BOCIIOJIb30BaThCSl COOTHOILICHUSMHU, MOJYYEHHBIMH i1 D - IpeoOpazoBaHusi 3Toro curhaina. Ha
ocHoBaHuU BeipakeHus (9.3) MOXKHO 3amucarh

X*(ja)): S x[IT ]e_jwlT, (9.47)
[=0

HAa OCHOBaHHUH (OPMYJIbI PA3I0KEHUS] UMEEM

- © B(p,) elT
X (jo)= ¥ — —, (9.48)
1=0 A (p,) e’ +ef
_B(p) _ : i

rme X (p) = —A( ) npeobpasoBanue Jlammaca mis curHana X(t); p, - KopHH monmHOoMa A(p)

p
CTEIICHU N , Al(p)=M.

op

Anamu3  BelpaxeHus (9.46) mokaspIBaeT, 4YTO CIEKTPaJbHAs XapaKTEPUCTHUKA SBJISETCS

nepnonnqecxoﬁ (1)YHKI_[I/IeI71 C IIepuoaoM w H TIpCACTaBJIACTCA OECKOHEYHBIM YHCIIOM cJlara€MbIX,

0

KaX/I0€ M3 KOTOPBIX SBIISAETCS CIEKTPAIBLHOW XapaKTepUCTHKOM HempepeiBHOTO curHama X (jo),
. 1 .
YMHOXEHHOU Ha KO3()(UIMEHT — M CABUHYTOH IO OCH 4acToT Ha /w, rae — o </ < oo . Takas
T

CIICKTpaJIbHasd XapaKTCPHUCTHUKAa HA3bIBACTCA TpaHCHOHHpOBaHHOﬁ, a cjlaracMbi€ IIpU 10 -

TPAHCIIOHUPOBAHHBIMU COCTABJIAIOMIUMHU. Ha puc. 9.9 NpeACTaBJICH BAPUAHT BEIIECTBEHHON 4aCTOTHOM

o o o *
COCTABJISIFOIIEH ATOM CHEKTpalbHOM XapakTepucTuku Re{ X (o)} (Takoe k€ COOTHOIICHHE MOKHO

*
3amucath W s MHHMOW YaCTOTHOM XapakTepucTukd Im{ X (w)}) M IOKa3aHa BeLIECTBEHHAs
4acTOTHasl CIEKTpalbHAs XapaKTepUCTHKa HenpepbiBHOro curana Re{ X (jw)} . Kak cnemyer us

pucyHKa U BbIpaxeHus (9.46), TpaHCIOHUPOBAHHBIN CHEKTP COACPKUT OECKOHEYHOE YHUCIO TApMOHUK U
TEM CaMbIM CYIIECTBEHHO OTJIMYAETCS OT CHEKTPATbHON XapaKTEPUCTUKU HEMPEPBIBHOTO CHTHANA. DTO
O3HAYaeT, YTO KBAHTOBAHHE BHOCHT CEPhE3HOE NCKAKEHUE B TIEPEIaBaEMblil CHTHAII, IIPOUCXOANUT TOTEPS
uHpopmanuy. Bo3HUKaeT BOMPOC - MOXKHO JIM W3 KBAHTOBAaHHOI'O CHUTHAla BOCCTAHOBHUTH HCXOHBIN

HENPEPBIBHBIN ?
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B 3aBUCMMOCTH OT COOTHOIIECHHS YaCTOTHI KBAHTOBAHMS a)o u FpaHHqHOﬁ HaCTOThI a)rp , IIpu

KOTOpOH | X (a)rp) <&, tne ¢ - maias BeIWYHMHA, TpadWKy TPaAaHCIIOHUPOBAHHBIX COCTABJISIONINX

MOTYT TlepeceKaThcs U UMETh OOIIMe 4acToThl (Hampumep, Ha puc. 9.9 yactota 1 ). OHU MOTyT OBITH

TaK pa3IBUHYTHI, 4TO OOImMMX 4YacToT He Bo3HWKaeT (puc. 9.10). B sTom cnyuae B Amama3oHe 4acTOT
@, @, % 1 .
ey <o < - criekTpanbHble xapakTepucTuku Re{ X (jw)} m —Re{ X (jw)} conanmaror. Eciu
T

MOCTAaBUTh HJCANbHBIA (QUIBTP HHU3KUX YacTOT C €AWHUYHBIM KOX(PQHUIMEHTOM YCWICHUS |

w (0]
dABHOMCPHBIM IIPOIIYCKAHHUECM B IIOJIOCEC ——OS o < —O TO Ha €ro BbIXOIC 6 ICT IIOJIYUCH
2 2’

o 1 o o
BOCCTAHOBJICHHBIN CUTHAJ T_X (t) . O1oT pe3ynbTar cHopMyIHpPOBAH B U3BECTHON UMIYILCHON TeopeMe

KOTGJ’IBHI/IKOBa, COrJjIaCHO KOTOpOI71 YCJIOBHUEM  BOCCTAHOBJICHUA  HCIIPCPBIBHOTO  CHUI'HAJla U3

KBaHTOBAaHHOT'O I10 BPECMCHU ABJIAICTCA COOTHOIICHUC @ > 2a)rp .

1 — *
?Rt‘{X[jm]I- s ReiX[jo]}

-

- @, @, O, O @

Puc. 9.9. BenecTBeHHbIe CIEKTPAJIbHBIE COCTABIISIONINE HEMPEPHIBHOTO U TMCKPETHOTO CUTHAJIOB
(c HaNOXKEHUEM XapaKTEPUCTHK)

¥

%Re{X[jﬂJ]} A Re{X[_f.m]}

s @
0 D, 0 @

Puc. 9.10. BemecTBeHHbIe CLIEKTPaIbHbIE COCTABIISIOIIME HETPEPHIBHOTO U AUCKPETHOTO
CUTHAJIOB (0€3 HAJIO)KEHUS XapaKTEPUCTHK)

9.7. YacroTHble XapakTepucTuku pazomkHyToii UCAY

YacToTHBIE XapaKTEPUCTHKU pa3oMKHyTON iuHeWHON MCAY mno3BOJSIOT CyIuTh O peakuuu

CUCTEMbI B YCTAHOBHBUIECMCA PCEKHUME IIPU MOAA4Y€ Ha BXOJ CHUCTCMbI TapMOHHYECKOI'O BO3)I€I\/'ICTBI/I$I.
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[Iycts Ha BXOJ pa3oMkHyToil nmHeitHoii MCAY, wumeromedl mnepematounyio (yHKimio W *(p),
MIPUIIOKEHO TapMOHUYecKoe Bo3aeicTBue (prc.9.11), u cooTBeTCTBYIOMAs eMy penierdaras (yHKIus

X[IT 1= x,, cos( @IT +a)=Re( x,e i(oIT +a)),

TJI€ @ - 4acToTa BO3ACHCTBUSA, o - ¢aza.

A,
47 5T 6T 1T
T 2T 3r :
VN a )
L 3
T 4 5 B 7
2 3 l | ;
G )
Puc.9.11. I'apMoHnYecKkuii curHain (a - HEIpephIBHBIN; O - TUCKPETHBII)
MoxHOo moka3atk [2,3], YTO BBIXOIHAs TIEPEMEHHAs CHUCTEMBI X [IT ] mnpeacraBnsier coboii

6blX

FapMOHI/I'-IGCKI/Iﬁ CUTHAJT 1 OIIPEACIIACTCA BhIPAKCHUEM!

X _[IT]=Re W (jo)x,etdema)

(X o (JoIT +9)) o (10IT +0) _
6blX 6blX m

! 6blX m

3aMeTI/IM, YTO B OTIINYHUC OT HerepBIBHOﬁ rapMOHquCKOﬁ (I)YHKI_II/II/I rapMOHHYECKasd peuIcTyaTas

¢byHKIMS B 00IIEM cilydae He sBiseTcs nepuoandeckoil pynkuueit IT . Kpome Toro, aMmiutynsl X, u

X6blx HEO0O0s3aTEIbHO SBJISIOTCA TEMU MaKCHMaJIbHBIMU SHAYCHUSAMH, KOTOPBIX MOTYT HOCTUTATH TC
m

WM WHBIE WieHsbl nocienosarensHoctei X[IT ] u x [IT 1. AMomuTyasl Bceraa OyayT ONpenensTh

6blX

JIMILB BEPXHHUE TPAHMLIbI, HO HEOOS3aTEIbHO - MAKCUMYMBI WIEHOB ATHUX MOCIIEA0BATEIbHOCTEH.
Benuuuna W *( jw) HasbiBaeTcs aMILIHTYnHO-(a30Boil xapakrepuctukoit (ADX) pa3soMKHYTOM

CHUCTEMBl MM €€ KOMILIEKCHBIM KOB(I)(I)I/ILII/ICHTOM nepeaadn. OHa MOXKeET OBITh npeacraBjicHa B

nokazaTebHOU popme:

W (o)=A (0)el? @), (9.49)
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e A%(@) =W *(jo)| ;0" (@) = ag (W (jo)).
BenuunHa A™ (o ) Ha3bIBaeTcd  aMIUIMTYHO-4aCTOTHOM — XapakTEPUCTUKOM W ompejenseT

o %
KO3 (ULMEHT mepeJayd CHCTeMbl IO Kaxaoil rapMoHuke, a GyHKIus ¢ (@) HasbiBaeTcs ¢azo-

YaCTOTHOM XapaKTEPHUCTUKOW, KOTOpas OINpeaesaeT CABHMI 1O (ha3e MPHIOKEHHOTO TapMOHHYECKOTO

~ * v
BozjeiictBus. Eciu opurunan ¢gyakuua W (p) B Buge W[IT ] sBusercs abcomroTHO cymMMHpyeMOi
GyHKIMEH, TO Tak K€, KaKk B HEMPEphIBHBIX cHucTeMax, W *(ja)) MOXET OBITh OmpenesieHa IO

JIMCKPETHOM TepeqaTouHoil GpyHkuuu W *(p) IIyTeM IOACTaHOBKH P = j® . DTO O3HAYaeT, 4To IS

w* (jw) crpaBemsIMBO BBIPAKECHUE
W (jo)= > w[T 1e” 12T | (9.50)
1=0
U3 (9.50) cenyer, 4To aMIIMTYAHO-(GA30BYIO XapakTepucTuky W *( jo ) MOKHO paccMaTpHUBaTh

KaK CHEKTPAJIbHYIO XapaKTEpPUCTHKYy CHUTHajJa B BHJEC BECOBOM (YHKIMH CHUCTEMBI W JUIA Hee

CIIpaBCAJIMBLI BCC BBIBOAbI, ITOJYUCHHBIC JIA CIICKTpa CHUIHAJla B § 9.7. CaMBIM Ba)KHBIM JJIs1 HalIero

ciydasi SIBJSICTCS YTBEpXKACHHE, 4TO sl aOCONMIOTHO cymmmupyembix ¢ynkouit W[IT ] umeercs

BO3MOKHOCTb IostydyeHus W *(jw) n3W *(p) . Ha ocHoBaHUH BeIpakenus (9.50) s W *(jo) nmeem

popmyy
* 1 *® . )
w (Jw)=T—|_z W (Jjo - joyl) : (9.51 a)
* 1 *® . . w(0)
Wo(jo) == T W (je- jogh)+
=0 2 (9.516)
HpI/I HeHyJ'IeBBIX HaYvYaJIbHBIX yCJ'IOBI/ISIX nu OTCyTCTBI/II/I 3ara3abIBaHU .
* 1 *® . . w(0)
Wo(jo)=— 3 W(je-jo - ——
== 2 (951 1)

HpI/I HCHYJICBBIX HAYAJIbHBIX YCIIOBUAX W HAJIMYWHU 3alla31bIBAHUA,

rac @ , - 4aCToTa KBAHTOBAHUA UMITYJIbCHOI'O 3JICMCHTA.

0
Anamus 3Toro BBIPAXKCHUSA II0KA3bIBACT, YTO aMHJ'II/ITy,JIHO-(i)aSOBaﬂ XapaKTCPUCTHUKA SABJIACTCA

MepuoanYecKor (QyHKIHEH ¢ TepuojoM @ @U3NYECKUH CMBICT M TPUYMHA OTOTO SIBJICHUS

0"
onpenenstores cporicteoM MUD. Ilycte ko Bxomy MDD mnpunoxkeHO rapMOHMYECKOE BO3JEHCTBHE

x(t) = cos( wlt) . Ha BeIxoe nmomyunm
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o0

X ()= 3 8(t—IT )cos( wqIT ). (9.52)

1=0

IlycTp TEnepp MPUIIOKEHO APYroe BO3ACUCTBUE Xx(f) = cos(( @) + w()t), IPpUYEM @ 0= 2T_ﬂ Nmeem
A

cos || w; + — [IT |=cos( wyI/T) W Ha BbIXOAE MNO-TpekHeMYy crpaseyuBo (9.52). Takum
\ T )

o0pa3om, 00a BO3ACHCTBHS JAIOT OAHY U Ty K€ PEAKIIHMIO HA BBIXOJE UMITYJIBCHOTO JIEMEHTA.

B cBA3M ¢ NEPUOAMYHOCTHIO XapakTepucTuku W *( jo) Bce eé cBOMCTBA MOXKHO HAbIIIOAATh B

w w
JMana3oHe 4acToT 0 < @ < To. IIpu wacToTax — 70 < @ < 0 oHa SBIAETCS CONPKEHHON U Ha Gomnee

9
BBICOKHMX YaCTOTaX MOBTOPSET XapakTep HU3KOYACTOTHOW J0 YKa3aHHOW 4YacTOTHI TO. Eciu B (9.51)

SKCHOHEHTY Pa3jiokHTh 10 popmyse Diiepa:

W*(ja)) = > W[IT Jcos( @IT ) — j > w[IT Jsin( «IT ),
1=0 1=0

TO MOYHO 3aMETUTh, 4TO JeHcTBUTeNbHAs 4acTh W *( jw) sBIsfeTcs (QyHKIMeH 4eTHOH, a MHUMAs -

[0

1]
(V) sk « % «
HEUYETHOW, U IIPU 4Yacrore =+ 0 dyukyua W [ jTOW 6cez0a s61emcs 0elucmeumesbHOU 8elTUYUHO.

2 J

ES - 9 9
Ilpeocmasnenue APX W “(jo) Ha KOMHIEKCHOU NIOCKOCMU HA3bIBAEMCS 20002PADOM PAZOMKHYMOU

HCAY. Ha ocnosanuu eviuieckazannozo 2ooozpagh cmpoumcs 6 ouanasone yacmom 0 < @ < u

0
2
gcec0a 3axkanuusaemcsi Ha OelicmeumenvHol ocu. Jas TPUOTMKEHHOTO TIOCTPOeHUs Toporpada
ucnoinb3zyetcs popmyna (9.51). st moaaBIisromero OOJBITMHCTBA MPAKTUYECKHUX 33]1a4 MTPH MTOCTPOCHHUH
JOCTaTOYHO B3STh JBA-TPH cjlaraeMbIX M3 OeckoHeuHoW cymMmbl. IlepBoe ciiaraemoe MpeacTaBisieT
coboit ADX (umm rogorpad) HENMpepbIBHOW Pa3OMKHYTOM cucTeMbl. CTpOMTCS 3Ta XapaKTepUCTHKa
JOCTaTOYHO TPOCTO W TO3BOJISIET C/IENAaTh HEKOTOPHIE CY)KICHHS O MECTOMOJIOXKEHHU rojorpada U ero
CBOWCTBAX, YTO OYEHb BAYKHO JUISI TPOBEPKH PE3yJIBTATOB MOCTPOSHHS rojorpada mo TOYHbIM Gopmyam
paznoxenus (9.49). [Ipu ucnonszoBanuu Gopmyisl (9.49) He0OXOAUMO TAKKE MPEICTABUTH IKCIIOHEHTY

no opmyie Ditnepa.
Ipumep 1. Iloctpouts romorpad pazomkuyroit MCAY, nepenarounas GyHKIUS MPUBEIEHHON

HENPEPBIBHON YaCTH, KOTOPOUN UMEET BUJ:

k
W (p)= :
1+ pTl)(1+ pT2)
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Omnpenensiem

T oTIT,

* k
W (p)= [ -
Tl_TZ (epT _efT/Tl)(epT _e*T/Tz)

Torna 11t TOYHOTO OCTPOCHUS ToaoTpada:

|_
| —T/Tl_ —'l'/T2
|

*

W, (jo) =

e

.
k |

: : |

T, -T, Mejaﬂ T /TlJ[erT T /TZM

JUIS IPUOIMKEHHOT 0 IOCTPOeHus rogorpada:

e

W (ja))zilr K + K 1|
P T L(1+ ijl)(1+ ja)Tz) 1+ j(o —a)O)Tl)(1+ j(@ —a)O)TZ)J

Ipumep 2. Ilepenatounas GyHKIHS MPUBEICHHON HEMPEPHIBHOW YaCTH UMEET BU

1—e_IOT k

p p(L+ pTq)

W (p) =W, (PIW, (p) =

Onpenensem

KT KT -(1—e ' /T

T 1 oPT _ - T/T,

W (p) =
e

Toraa ans TouHoOro MoctpoeHus rogorpada:

. KT KT (L-e ' /To)
Wrle) == = 1/
e -1 e —-e !

JUIs1 IpUOJIMKEHHOTO OCTPOeHU roforpada:

ka-e 12T k@L—e J@7@o)T

W, (jo) = . + . )
(Jo) A+ joT) (j(@-wy) A+ jl@ -wy)Ty)

Ha puc. 9.12.a,6 COOTBETCTBEHHO MpEICTaBICHBI TOAOTPadbl pACCMOTPEHHBIX B MpUMeEpe | pa3oMKHYTHIX
NCAY. [Ipu BeiOpaHHOM MaciuTabe pa3HHLA MEXKAY TOUHBIM U MPUOIMKEHHBIM ToiorpadgaMu He

3aMCTHa.

39



-40 0 40 80 120 160 Re

-0,05 =

-0,032 -0,024 -0,016 -0,008 Re

o)

Puc.9.12. I'onorpads! UMITYJIBCHBIX CUCTEM

[Ipu wuccrneqoBaHUM  HEMPEPBIBHBIX ~ CHCTEM  OOJIBIIOE  PacHpOCTpaHEHUE  MOJTYYHIIH
aCUMITOTHYECKHE Jorapudmuueckre yactoTHble Xapaktepuctuku (JIAUX) pasoMKHYTOM CHCTEMBI, TaK
KaK CTPOSITCSI OHU 3HAYUTEIIHHO IMPOIIE, YeM rogorpadbl H 00eceuynBaoT He00X0 UMY HHPOPMAIIHIO O
JUHAMUYECKHX CBoOMcTBax cucteMbl. OpHako HenocpeactBeHHoe mnocTtpoeHue JIAUX HMCAY mno

W *(jo) He MOXeT OBbITh BBIMOIHEHO TEMH JKe TMpHeMaMu, uTo u noctpoenue JIAUX HempepbIBHOM

CUCTEMBI. DJTO CBSA3aHO C TEM, YTO XAPAKTEPUCTHKA W *( jw ) He sBIAeTCS APOOHO-pAllMOHAIBHON
5 J

(byHKI_[I/ICI\/'I 110 OTHOUICHHUIO K JCO H, KpOMEC€ TOr'o, OHa NICPpUOJUYCCKAsd U CTPOUTCA B OIpaHUYCHHOM
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[0

nauamna3oHe 4acToT 0 < w < 70. Jns toro, 4roObl KCHOJB30BAaTh OOBIYHYIO METOJMKY MOCTPOCHHUS

w «
JIAYX, Hy>)XKHO BBIIIOJIHUTH OTOOpaKeHHE OTpe3ka MHUMOM ocll — 7 < T < 7 (— 70 <w < —O) Ha

BCIO MHUMYIO OCb, TPHYEM TaK, YTOObI GYHKIHA W *( jo ) cTana apoOHO-parnroHanbHON. Heobxommumoe
0TOOpaXKCHHE MOKHO PeaTn30BaTh ¢ MOMOIILI0 OMIIMHEHHOTO MPeoOpa30BaAHMUS:
B 1+v joT

z = z=¢e (9.53)
1-v

I[Tepexox ot omeparopa e’ ol orepaTopy z NEPeBOAUT OTOOpa)KeHHE OTpe3ka MHHMON OCH

B OKPYXHOCTb € CIMHHUYHBIM paJuyCOM Ha IUIOCKOCTHU

KOMILIEKCHOU niepeMenHoi z (puc 9.12,a). Ha ocaoBanuu (8.53) npencraBum (yHKIHIO

v = , (9.54)

KOTOpasi SIBIsieTCsl JApOOHO-TMHEHHOW W B COOTBETCTBUU CO CBOMCTBaAMH JIPOOHO-THHEHHBIX
npeoOpazoBanuii [1] oOecneunBaeT B3aUMHO OJHO3HAYHOE MpPeoOpa3OBaHHE BO BCEX TOYKaX

pach/IpeHHoﬁ IUIOCKOCTH KOMIIUIEKCHOM nepeMeHHoﬁ Z , 32 UCKJIFOYCHUEM TOYKH Z = —1. Opr>KHOCTL

C SIMHUYHBIM paanycoM | Z |= 1, mpoxopsinas yepes 3Ty TOUYKY, OTOOpakaeTcsi B MHUMYIO OCb:

ja)T | sin T oT

JjoT 4 1+ cos oT
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V NNCCKOCTE

A j Z NNOCKOCTE

+Y

Puc.9.13. IIpeoOGpazoBanue mI0CKOCTH Z B IJIOCKOCTh V

w [0
IIpu M3MeHeHMH @ OT — —9 J0 70 (wmm ©T OT —7z 10 7z ) 3HAYEHUE MEPEMEHHOH v

HU3MCHACTCA OT — jOO a0 jOO , T. €. UMCEM MHUMYIO OCb. Bce TOYKH, JIC)KAINIUC BHYTPHU OKPYKHOCTU

| z |= 1 , OTO6pa)KaIOTC$I B JICBYIO YaCTb KOMIIJIEKCHOH IUIOCKOCTH U , 4 BCC TOYKH, JICKAIIUEC C BHEIIIHEH

CTOPOHBI OKPY>KHOCTH, — B TPABYIO MOJYIIIOCKOCTh TUIOCKOCTH V (puc. 9.13,0).

BBCL[CM IIOHATHUC IICEBA0YACTOTHI:

* 2 ol
0 = —tg —, 9.56
s (9.56)

T *
TOTAA U = j?a)

w [0
[pu usMeHeHMH @ OT — —% 10 — TICEBIOYACTOTA U3MEHSAETCS OT —o [0 oo , HPUUYEM TIpH
2 2
* 20T
MAIPIX SHAUCHHAX @ @ % == —~ @, T. ¢. YHCICHHbIC 3HAUCHNA YACTOTHI ( H NCEBIOYACTOTHI

MPAKTUYCCKU COBIIAAAIOT.

Eciu B uMmynbcHOM mnepenatodnoi QyHkmmu W *(z) =W *(e PT ) TPOBECTH IOJCTAHOBKY

(9.54), TO MOXXHO MOMYYUTH EPEAATOUHYIO PYHKIIUIO CHCTEMbI OTHOCHTEIBHO IEPEMEHHOM v .

IIpumep 3. meem uMIybCHYIO IEPEIATOYHYIO (PYHKIIMIO allepuOINYECKOT0 3BEHA!

—T/Tl

W (p)=k

pT -T/7)

e — e
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T l1+vo
Peannzyem noacraHoBky e Pt _ U M0JIy4YaeM
—-v

l1-v l+e T/T1 T
,rne 7 = ————— = cth ——.
_T/T] 2T1

W)=k
I

— e
Kak cnenyer u3 mpumepa u Xapaktepa mnojactaHoBku (9.54), w *(v) sBasercs apoOHO-

o o . % R R
panroHanpHON (yHKIMEH nepeMeHHoi v . Ecmu B popmyny mins W *(v) TOICTaBUTH v = joe, 10

MOJyYHM aMIUTUTYAHO-(Da30BYI0 XapaKTEepUCTUKY OTHOCHTEIBHO ICEBAOYACTOTHI, KOTOpas MO CBOEMY

XapakTepy He OTIMYACTCSA OT YAaCTOTHBIX XAapaKTEPUCTUK HENpEphIBHBIX cucTeM. Ilo mosydeHHOMY

BBIPOKEHUIO W *( j *) MOXHO ONPEACTUTh aMIUIUTYIHYIO | (Da30BYIO XapaKTEePUCTHKH:

A*(w*)=‘W*(1w*)‘; 0 (@ )=ag W (jo ). (9.57)

Ha ocHOBaHuMM aHAJIMTHYECKOIO BBIPAXCHHA JIA A*(a)*) JICTKO CTPOATCA J'IOFapI/IQ)MI/I‘leCKI/IC

aMIUTUTYIHO-YaCTOTHBIE XapaKTepUCTUKU. B kauecTBe mpumepa paccMoTtpuM noctpoenue JIAUX mns

pazomkHyToit UCAY, paccMoTpeHHOI B mpumepe 3.

B BoipakeHun a1t QyHKIUH W *(v) CHENTaeM 3aMEeHY v = jT?a) *u MOJIy4YUM

T
W (jo ) =k —,
1+ jo 7
T
rnc 7y =7—.

.HOFapI/I(I)MI/I‘IeCKI/IC YaCTOTHBIC XAPAKTCPUCTUKU HNPCACTABJICHBI Ha PHC. 9.14. AnanutHueckue

BBIPpAXKCHUS JIS1 HUX UMCIOT BU:

* * * T * *
L(w )=201gW (jo ) =20lgk+20lg[l—j—w |-20gL+ jo 4
2

* *

*
o(w ) =arcty —arcty o 74.

|\>|—|

* 1
AMIIUTYAHAsT Jorapu@Muueckas XapaKTepUCTHKAa HMEeT JBE TOYKU H3J0Ma: w, =-— W

2T

* 2
w, =—.Eem T < 2T , 70 cth T 21 U, CIE0BATENbHO, 7, ~ T, .
T 1 2T, T 11
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Puc. 9.14. Jlorapudmudeckasi aMITUTyTHAS YaCTOTHAS XapaKTEPUCTHKA TUCKPETHOTO allePHOIUICCKOTO
3BEHA

* 2
Kak Bumno wu3 puc. 9.14, B oOmactu Yactor @ < T norapuMUUEcKUe YacTOTHBIC

XapaKTCPHUCTUKHU PIMHy.TIBCHOﬁ CUCTCMBI COBIIAIA0OT C YaCTOTHBIMU XaPAKTCPHUCTUKAMU €€ HerepBIBHOﬁ
yacTd. B 00jacTH BBICOKHX 4YacTOT (1)I/IJ'ILpr}OH_II/Ie CBOMCTBa AIlICPUOAUYICCKOIO 3BCHA IMPAKTHUYCCKU HC
IIPOABJIAIOTCA. MoxHO 3aMCTUTb, 4YTO IIPpHU YBCIMYCHUU II€PUOJa KBAHTOBAHHUA T 06JI&CTI), rac

MPOSIBIISIIOTCS (DMITBTPYIOIINE CBOWCTBA, CTAHOBUTCS MEHBIIIE.

9.8. YcaoBus, Koraga MMMyJbCHYI0 CHCTEMY AaBTOMATHYECKOT0 YIIPABJIEHUS MOMKHO
HCCJIEeA0BATH METOAAMHU HENPEPbIBHBIX CUCTEM

PaccMoTpuM ycnoBus, Korja UMIYJIbCHYIO CHUCTEMY aBTOMATHYECKOTO YIPABICHUS MOXKHO
UCCIIeIOBaTh METOJIaMH HETIPEPBhIBHBIX CUCTEM, Ha MpuMepe NpocToil TumnoBoi cTpykTypsl UICAY (cm.
puc. 9.4). B 3T0if cucTeMe B KaHalle MEXIY UACAIbHBIM MMITYJbCHBIM 3JIEMEHTOM U €€ HelpepbIBHOM
4acTblO JEUCTBYET AMCKPETHBIM CUTHal, KOTOPBIN IMOJIy4aeTcsl B pe3ysibTaTeé KBAaHTOBAHUS 110 BPEMEHU

HENPEepPBIBHOIO CUTHAJIA, OCTyMaroliero Ha Bxoa 3. Mexay TeM B pe3yibTare QUIbTPYIOLUIUX CBOWCTB

HENpephIBHON YacTu cUcTeMbl BbIXo/HOM curHan UCAY x (t) (puc. 9.4) sBnseTcs HEMPEPHIBHBIM.
6blX

B O6IJ_I€M cjIydac 5TOT HCHpCpBIBHBIfI CHUI'HaJl 6y,Z[CT CYHICCTBCHHO OTJIMYAThCsA OT CUI'HAJIa Ha BBIXO/C

HETIPEPLIBHOM YacTH cucTeMsl X . (t) npu orcyrctBuu M3, T. e. Ha BbIXoae HenpepbiHOH CAY ¢

blX
AHAJIOTUYHBIM MaTEMAaTHYCCKHUM OIIMCAaHHECM. O‘-ICBI/I)]HO, CTCIICHb OTJIMYHA 6YJ16T 3aBHCCTh OT MICPUOIA
KBAaHTOBAaHUSA T U IUHAMHYCCKHUX CBOMCTB HpI/IBeI[eHHOf/'I HerepLIBHOﬁ JaCTHU CUCTEMBbI, KOTOPLIC

A0CTAaTOYHO HH(bOpMaTI/IBHO MPCACTABIAKOTCA YaCTOTHOM XapaKTepI/ICTI/IKOI\/'I. HpI/I MaJIbIX 3HAQYCHHUAX T H
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CWIBHBIX (QWIBTPYIOIIUX CBOMCTBaX W, (j®) OTIWYME MOXET OBITh CTOJb HE3HAYUTEIbHBIM, YTO

3¢ dexT muckpeTuzanuu CUTHaIa B OHOM KaHaje cucteMbl (Mexay MO u HY, puc. 9.4) mpaktuuecku He
CKa)keTcsl Ha pOpMe CUTHAJIIOB B OCTAJBHBIX KaHATAaX CHCTEMBI. B 3TOM ciydae qTUHAMHUYECKHE MTPOIECCHI
B UCAY OyayT coBmaaarh ¢ JMHAMUYECKUMHU MPOIECCAaMH aHAJOTHYHOW HENPEPHIBHOW CHUCTEMBL. JTO
coBnajgeHue naer mnpaso ucciuenosarb MCAY meromamu HempepbiBHBIX cucteM. Hano momararte, yto

COBIIaACHHUC (bOpM BPEMCHHEIX CHIHAJIOB O3HA4YacT COBIAJACHUC (bOpM HX aMIUIMTYJHO-YaCTOTHBIX

*

XapaKTEpUCTUK | X Gbix (jo)| m | X (jo)|. Ha ocHOBaHMH aHAJIM3a AMIUIMTYJHO-YACTOTHBIX

6blX

XapaKTEPUCTUK BBIXOJHOTO CUTHajia B HempepblBHOW CAY | X ey (@) BB HMITYJIbCHOM CHCTEME

*

| X Sbix (j®o)| MOXHO BBIBECTH COOTHOULICHUS, IMO3BOJISIOIIME CYIUTh O OJM30CTH AUHAMUYECKUX

CBOWCTB HENpPEpbIBHONW U UMITYJIbCHOM CAY, y KOTOPBIX COBIIA/IAIOT HEMPEPHIBHBIC YACTH.
Ha puc. 9.14 nmokazaHa aMIUTUTY/THO-9aCTOTHAS XapaKTEPUCTHKA BXOJHOTO CUTHAJIA

| X  (jw)| nnoka3aH NpuOIMKEHHBINA BUJ AaMILTUTYJHO-4YaCTOTHOTO CIEKTPa BHIXOJHOTO CUTHAJIA!

6X

| X e (1) [EIW, (jo) | X, (j0) |
A

gelX

|‘}gx[jm]| X[Jﬁ’]|

Aw

-t
& - @, @ CEJEP
PI/IC. 914 qaCTOTHBIe XapaKTepI/ICTI/IKI/I BXOAHOI'O, BBIXOAHOI'O CUTHAJIOB U HerepLIBHOﬁ

qaCTu HMHy.]'ILCHOﬁ CHUCTCMBI

Ha pucyHke npuHATHI clefylole 0003HaYeHUS: @ .

p rpaHl4Has 9aCcToTa CIICKTpa BXOIAHOTO

CUTHaJa; ®, - MaKCHUMaJlbHas 4acToTa mponyckanus guiustpa W (j@) . Iloctpoenue | X qore (1@ |

MPOBEJECHO B MIPEIIOJIOKEHNH, 9TO |W 17 (jo)|=1.

*
Ha puc. 9.15 mpoBeneHo mocTpoeHue criekTpa | X (jw) | Ha OCHOBaHUHU BBIPAKECHUS

6blX
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| X g (J@) IEIW, (Jo) I X 0 (Jo) ]

Puc.9.15. Coexrp X = (jo)

*
N3 31Oro pucyHka BHUIHO, YTO B CIIEKTPAJIbHOU XapaKTEPUCTUKE | X (jo)| oTcyrCTBYIOT

8blX

*
YacTOTBl TPAHCIOHMPOBAHHBIX COCTaBisOIMX crektpa | X . (jw)|. CrenoBarenbHO, CIEKTPbI

*
| X ox (Jj@)| mpu vammamu B cucreme WD u Ges Hero Oyayr coBmazarth. YCIOBHEM 3TOrO

COBIIaACHUA ABJIACTCA COOTHOIICHUC!

a)OZa)rp +o,..

9.9. BrsIBOabI
B rjiaBe¢ paCCManHBalOTCH ]/IMl'[yJ'leHl)le CUCTEMBbI, HOJ'ly‘-leHHble l'[pl/[

UCMO0JIb30BAHMU UMITYJIbCHOTO 3J1EMEHTA, OCYIIEeCTBJISIIONIEr0 AMIJIMTY/AHO-UMITYJIbCHYIO
MOAYJISIUIO CUTHAJIA HA BXo/e cucTembl. [Ipu onucanum Takoil cucTeMbl HCIOJIb3YyeTCs
AucKpeTHoe npeodpa3zoBanue Jlannaca (D — npeodpa3oBanue), 17151 KOTOPOro B IJ1aBe
MOJIy4YeHO BbIpPa:keHUe U BbIBeleHbI ero cBoiicTBa. D — npeodpa3oBanue no3poJisier
ONHUCHIBATH MMITYJIbCHYIO CHCTEMY B THMCKpeTHbIe MOMeHThI Bpemenu (1 = 0,1,2...).

Ilo anayioruu ¢ HempepbLIBHBIMU CHCTEMAMM MOJIYYE€HO ONMCAHHUE CHCTEM
AUCKPETHBIMHU NepPeAATOYHbIMH (PYHKIHMSIMU M NPeACTABJICHNE UMITYJIbCHBIX CHCTEM
(MCAY) B BHjie CTPYKTYPHBIX CX€M, KaK COeJMHEeHNEe JUCKPETHBIX MepeaaTOYHbIX
(yHKIUIA, 1JIS KOTOPBIX MOJY4YE€HbI HEKOTOPHIE IPABUJIA NIPE0OPA30BAHUsA M NIPUBEACHBI
IMPUHEMBI COCTABJICHUSA ITHUX CXEM.

IIpu HATUYUM CTPYKTYPHBIX CXeM NPUBOAATCS NMPABUJIA NMOJY4YeHUS BPeMEHHBbIX

CUTHAJIOB ¢ MOMOIIBIO PA3HOCTHBIX ypaBHeHnﬁ 1 Pa3JI0KCHUSA B pAd J€JICHUEM YUCIIUTECIIA
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10.

11.

12.

1)

HA 3HAMeHaTeJIb B JMCKPETHOM NpeACcTaBJIeHNH curHaja. [lpuBenensl npueMsl Ais
NOCTPOCHHS BPEMEHHBIX XapPAKTePUCTHK CHCTeMbl (BeCOBOI 1 NepexoaHoi GyHKIuIi).
Iloka3aHo, YTO CIEKTP JUCKPETHOI0 CUTHAJIA MPeACTABJIsIeT CO00H HAJIOKEHH e
CIIEKTPOB HENPePBIBHBIX CUTHAJI0B U IpH MajoM T ero mociie puiabTpanun MoKHO
BOCCTaHOBMTL. IIpuBoauTcs popmyJia it NpUOIHKEHHOI0 IIOCTPOCHUSI AMILIUTY/AHO-
(pazoBoii (APX) 4acTOTHOI XapaKTePUCTHKH TUCKPETHOM cucTteMbl 10 ADPX HenpepbIBHOM

CHUCTEMBI.

9.10. Bompocsi

Kaxoit BuJ MOKET UMETh CUTHAJI MEX/ly TOUKAMHU Cb€Ma JAHHBIX U OT YE€TO OH 3aBUCUT?
BriBenute Gpopmyny quCKpeTHOTO mpeodpazoBanus Jlamnaca OT €IMHUYHON CTYIEHYaTON
(yHKLINH, SKCIIOHEHTHI, IMHEHHO BO3PACTAIOLIETO CUTHAA.

Uem paznuuarorcs D-npeo6paszosanue Jlamnaca ot D- npeoOpa3oBaHue U KaKOBbI CBOKCTBA
[IOCJIEJHETO?

Uro Takoe JUCKpeTHas nepenaTouHas GyHKIUS U KaKOW Bl OHA UMEET JIJIsl BBIXOJIHOTO CHTHAIa
3aMKHYTOH CHCTEMBI M CUTHAJIA OIIHOKH?

Kakwne npeoOpa3oBaHusi MOKHO ITPOBOAUTH B HEMIPEPHIBHOW YaCTH CTPYKTYPHON CXEMBI
UMITYJTECHOM CUCTEMBI?

Kak mony4uth JUCKpPETHYIO epeIaTOUHYI0 (YHKIIMIO U3 HETIPEPHIBHOM ?

Kakwue nporeccbl MOTYT OBITh OMUCAaHBI KOHEYHBIMH PA3HOCTSIMH ?

Yt0 Takoe pa3HOCTHOE YPAaBHEHHE U KaK OHO UCIIOJIb3YETCA U1 TIOJYYEHHsI BPEMEHHBIX CUTHAJIOB
B UMIYJIbCHOM cucteme. [Ipumep.

MO>KHO 11 TOJTYYUTh CUTHAII B aHAIUTUYECKOU (popMe JiesieHneM YuCIuTeNs Ha 3HaMeHaTelb B
€ro JIMCKPETHOM IPECTABIICHUU ?

KakoBa CBsA3b CIIEKTPOB JUCKPETHOTO M HENPEPBIBHOTO CUTHAJIIOB, MOXKHO JIX BOCCTAHOBUTH
HENPEPBIBHBIN CUTHAM M0 IUCKPETHOMY M KaKOBBI YCIIOBHUS €r0 BOCCTAHOBJICHHS?

OT 4ero 3aBHCHUT KOJIHYECTBO YWICHOB PA3JIOKEHUS, KOTOPhIEe HEOOXOIMMO YUUTHIBATh B (popmyrie,
CBSI3BIBAIOIIEH JUCKPETHYIO MepeAaTOYHYI0 (DYHKIIHIO ¢ HEMpPephIBHOMN ?

B kakux npezaenax 1o 4acTore CTpOSITCS JIOTapu(pMUUYECKHE aMITTTUTYJHbIE YaCTOTHBIE

XapaKTCPUCTHUKU UMITYJIbCHBIX cucreM?

9.11. 3apanus
Beruncrienne quckpeTHbIX U300pakeHuil o Jlammacy ot HenmpephIBHBIX (YHKINH.

Haiitu nuckpernoe nzodpaxkenue mo Jlammacy ot GyHKIMA, 3aJaHHBIX B TaOJIUIIE:

X(t) (t>=0) X(mT) (m>=0) X" (p)
3(t) o(mT)
1(1) 1(mT)
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at

T
e
eat
e,
e

e

e
“sin(wt + @) e " - sin(wmT + @)
“-cos(wt + @) e - cos(wmT + @)

2) HaiiTi HavasIbHBIC U KOHCYHBIC 3HAUCHHSI CUTHAIIA 110 €r0 TUCKPETHOMY M300paKCHHUIO

X *(p) = b, +be ™ +be ™ +..+b e ™ ;C((Ogjzz
1+ae ™ +a,e’” +..ae ™ '

m=1, n=1, bp=1, b;=0.3, a;=-0.85.
X (p) - 1+0.3e " )95((023:;
1-1.85e ™ +0.8e " '
X" (p) = b, +be ™ +be”™ +.+b e ™ ;C((Og;z;
1+ae ™ +a,e’” +..ae™ '

m=1; n=1; by=1; b;=0.5; a;=-0.7;

(o) 1+05e " x(0)=?
p)= N . 0)="?
1-0.7¢e " )1-e") x()
%" (p) b, +b1e’pT +b2e72pT +...+bme’mpT x(0)=?
p)= . 7 . 00)="?

1+ae ™ +a,e ™ +.ae ™ x(0)

m=2; n=2; bo=1; b1=0.5; b,=0.7;a;=-0.7; a,=0.8

-2 pT

b, +ble’pT +b,e +...+bme’mpT x(0)=?
- - -n| o0 :?
1+a,e +a,e +..ae P x(%)

m=2; n=2; bo=1; b1=0.5; b,=0.7;a;=-1.7; a,=0.7

X (p) =

pT 2 pT

X" (p) = = x(©)=?
1-075e " Y1-e ") x(0)=7?

. 5-¢ " x(0)=?
P e some ) *(0)=?

3) TIpeobpa3oBaTh CTPYKTYPHYIO CXEMY U HAWTH BhIpaxkeHust 1st curHanoB X *(p), Xi.x(p)
A)

XBx(t) X(t) T:L W1(p) XBB}X( t)

—_—  }— )

L W2(p)




b)

XBoIx(t)
X(1)
t)
- Tl W1(p)
L W2(p) e
i X XBoIX(1)
XBX(t) , 'O R /D}—b Wl(p)
- ‘ W2(p)
)
—L W) XBoIx(t)
. Tl [ wip) LA
W3(p)
J0)
X(®) XBbIx(t) ‘
XBx(1)

- L W2(p)

W1(p)

W4(p)

‘ W3(p) f—
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X() Wi( XBbIX(1)
Tl [ wap) W2(p)
W3(p)
XBx(1) X XBbIX(1)
-0 (P T:L W1(p)
' % W2(p)
W3(p)
X(t) XBbIx(1)
. Tl W1(p) .
!— W3(p) I W2(p)
XM XBbIX(1)
OO ~

Wa(p) [
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4) HaiTi JUCKPETHYIO MePEeIaTOuHYI0 (DYHKIIHIO [0 HEMIPEPHIBHOM MepeaaTOYHON (HyHKIUH

(popmupoBaTENb UMITYIBCOB CUUTATH UICATHHBIM):

10 1
W) = —— —05 Wp)=———— T=05
) LD )=y 5p)
10e7P
) =T apma o)’ 0 W) = aeyy  TE08
W(p) = 157  T=01 | W)= 10p  T=02
(1+3p)(1 + 5p) (1+2p)(1 + 5p)
W(p) = 10e %77 T =02 W(p) = se T =01
p _(1+2p)(1+57p)' - p _pz((1+3p))' -
10(1 +p)e™® 10(1+p
_ _ W) =——_"2 " 7-91
W(p) >+ 5p) T=0,1 (») S0 £ 5p)

5) Jlns MMITyJIbCHBIX CUCTEM C 33/IaHHBIMH CTPYKTYPHBIMU CXEMaMH U IUCKPETHBIMU

nepenaTouYHbIMU pyHKIUAME HaiTi Buj curnanoB y(mT) (T=0.01)

o1



by

us

A 4

v

Wi(p)

—>®—> )

W3(p)

A

W3(p)

A

a.)

—>®—> Wi(p)

T_ W2(p)

A

v

v

Ws(p)
6.
Xy X X
—» WD » Wi(p)
y
W3(p) |e Wa(p)

Puc.1. CTpykTypHBIE CXEMBI UMITYJILCHBIX CUCTEM

B.)

A
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5 WO » Wi(p) » W2(p) >
Y Wa(p) |e
a.)
— 1D » Wi(p) >

L

W;3(p) 4T

6.)

bl

4

_,{2}_. o
T— Wa(p)

A

Ws(p)

Wi(p) |—

A

B.)

Puc.2. CTpykTypHBIE CXEMBI UMITYJIbCHBIX CUCTEM
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No | Cxema | T, UD [Tepenarouynbie GyHKIIMHU 3B€HBEB, BXOSAIINX B
n/n | CAY cocraB CAY
Ne | Ne| ¢ Wi(p) Wa(p) W3(p)
puc.
1 la A 0 2 10 6
N 1+0.8-p 1+1.5-p
2 la [A | T 7-(1+0.1-p) 10 2
1+0.3-p ;
3 16 b | O 1.5 10 2
" 1+0.2-p
4 16 b | T 2 3 5
p 1+0.1-p 1+ p
5 IB Al O 7 2 0-@+p)
0 1+5-p
6 IB A | T 7 0-(+2-p) 3
1+ p 1+3p F
7 2a | O 5:0+07:p) 2 10
P 1+0.7-p
8 2a b | T 5 7 10 -(1+0.8-p)
; 1+0.7-p
9 20 Al O 5-(1+0.1-p) 10 2
1+0.5-p N
10 20 A| T 1 10 5
1+ p 1+5-p
11 2B B |0 5-(1+0.5-p) 2 10
p 1+2-p
12 2B B | T 5 2 2
1+0.1-p p

CxeMsbl 3aMCHICHUA UMITYJIbCHOT'O 3JICMCHTA
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6)

7)

1)

17 1c I
X X" X
— 1 > W, (p) » e’ —
A Wd)(t)
1
t
(0] T -
‘ a.)
X X
w5
X X
— 1 eP® | 5

6.

J1J1st IpUBEICHHOTO BHIIIE 3a1aHus TOCTPOUTH rojorpadbl (ADX) IUCKPETHBIX Pa30MKHYTBIX
CUCTEM U IIPOBEPUTH UX 10 MPHUOIMKEHHOH Popmyrte (8.46).
JJis TpUBEICHHOTO BBIIIE 33aHUSI IIOCTPOUTH JIOTAaPHU(PMUIESCKHE aMIUTHTYIHBIC YaCTOTHBIC

XapaKTepUCTHKH Pa30MKHYThIX cucteM (JIAUX).

9.12. IlpakTuKyM o riaase 9
Haiitu nuckpetHoe mpeodpaszoBanue Jlamnaca ot pynkuun: cos(wt + @)
[IpencraBum cos(wt + @) Kak AEHCTBUTENBHYIO YacTh OT SKCIIOHEHTHI, T.€. B BUJIE:
Refe/@t+o)).
Torna nus Beipaxkenus cos(wmT + @) nerko 3anucarb Re{ej (me+(p)}’ U3 Yero cleayeT, yTo

AUCKPETHOC I/I306pa)KCHI/IC Io Hannacy MOXXHO 6y):[eT INOJIYYHUTD KakK HeﬁCTBHTCHBCYIO 4acCTb

Hp606pa3OBaHI/I$I 1o Hannacy OT 3KCIIOHCHTHI, T.C.

oo o [o9]

. . . ) . cosp + jsing
jlomT+¢@) ,—pmT _ ,j@ jomT ,—pmT _ ,j@ -mT(p—jw) _ —]
e e =e e e =e e = -
1-— e—pTe]wT
m=0 m=0 m=0

cos@ + jsing

1—ePTcoswT — je PTsinwT

_ (cosp + jsing)(1 — e P coswT + je P sinwT)
B (1 —ePTcoswT)? + (e PTsinwT)?




beps B mociaeaHeM BbIPaKEHUU JEHCTBUTEIIBHYIO YacTh, [OJIy4aceM:

cosp—e PTcoswT cosp—e PTsinwTsing _ cosp—e PT (coswT—¢)
1-2e PTcoswT+(e PTcoswT)2+(e PTsinwT)?2  1-2ePTcoswT+e~2PT

D{cos(wt + )} =

2) HaiiTi HayanpHBIE 1 KOHEYHBIC 3HAUSHHUS CUTHAJA 110 €ro JUCKPETHOMY I/I3J'I6pa)KCHI/IIO

2pT —mpT

—pT -

b, +b,e +b,e +..+b_ e
- pT -2 pT —npT

l1+ae " +a,.e +..ae ———

1 2 n ;e m=n=2

b, =2, b, =1,5, b, =2, a,=-1,5, a,=0,9

X (p)=

Berurcienus nposenem no= gopmynam npenensHoro nepexoaa (9.14) u (9.15):

2+1.5e PT42¢72PT lim (ePT—1 2e2PT115ePT+2
1-1.5e~PT40.9¢=2PT =~ PPN opT 7 o2pT_15epT40.9

X(0)=lim, (1 — e~PT)

2+1.5e PT42¢72PT
1-1.5e-PT+0.9¢—2PT

X(0)=lim, o (1 — e7PT)

3) IIpeobpa3oBaTh CTPYKTYPHYIO CXEMY U HAWTH BbIpaskeHus st curHainoB X (p), X;.x(p)

> W2(p)
X(1) XBoIX(1)
P O—O—{ [ o N
W5(p) wap)
W4(p)

IIpesxie YeM 3amuCchIBaTh COOTHOIIEHU MEXKy CUTHAIAMH Haii[ieM IepeJaTouHble PyHKIHHU
HapaieIbHbIX COSAUHEHUH U 3aMEHUM MX TTOAXOISIIMMI PHOHIATOYHBIMU (QYHKIHMAMU

Wi, (p) = Wi(p) + W2(p)

W3,(p) = W3(p) + W4(p)

X(1) XBbIX(1)

XBx(1) O O ﬁ W 1(p) S

'y

W5(p)

W 34(p)




HpeI[CTaBI/IM HMHy.HLCHBIﬁ 9JICMCHT COCAMHCHHUECM UACAIIbHOI'O UMITYJILCHOT'O 3JICMCHTA C

(bopmMHpoBaTenIeM UMITYIIBCOB H IepeHeceM (OpMUpPOBATENh Yepe3 y3ell TakK, Kak MoKa3aHo Ha

PHCYHKE:
1 2 X(1) X*(t) XBbIx(t)
XBX&» O—»O—> 1 W g (p) W 12(p)
W g (P)W5(p)
W 34(p)

3anuiieM paBeHCTBA OTHOCHTENLHO curHanoB X(t) u X*(t) B uzobpakenusx 1o Jlammacy:

X(p)=Xux (p)- W 34(p) W ¢ (p) W 12(p) X*(1)- W ¢ (P)WS(p) X*(1)

[Ipeobpasys 3To BeIpaxkeHHe, puUMeHsisi D- mpeoOdpa3oBaHue JIETKO MOTyYUTh:

X*(P)=X*5x (P)- (W 34(p) W g (P) W 12(p))* X*(1)- (W g (P)WS(p))*™ X*(1)

Otkyaa ciaeayert, 4To

Xpx (D)
X*(p)=
(p) 1+ (W34 (@IW pu(@IW12(0))*+ (W (0I)W5(D))*

U3 cxemsl crienyer, 4to X5, (p) = (qu (p) - le(p)) - X*(p), oTKyna cieyer, 4To

(Wou@ywi @)’ _
1+ (W3, W g @W12(0)) +W 4 W5 @)

X;bIX (p) = X*BX(p)

4) HaiiTu TUCKPETHYIO NIepeIaTOuHY0 QYHKIIUIO MIPH HIeaTbHOM (hOpMHpPOBATEIIC UMITYIIBLCOB JUIS

2

p(1+p)(1+5p) (T1=0.1)

W(p) =

OHpe,[[eJ'I}ITB AUCKPETHYIO NNEPCAATOUHYIO q)YHKI_[I/IIO 6y,[[eM 10 CXEME, HpeHCTaBHeHHOﬁ B pasaciic

8.4, nnist yero HaleM MepBOHAYAIEHO BECOBYIO (DYHKIIMIO CHCTEMBI B COOTBETCTBUU C (hOpMYIIOn

paznoxenns: w(t) = ?ﬂ%emt, n=3, B(p)=2, A(p)=p(1+p)(1+5p)=5p°+6p°+p,
A’(p)=15p*+12p+1, p=0, p;=-1, p,=-0.2.

Boruncianm W(t)=§e°'t + %e_t + %e‘o'm =2 —25e7 %% +0.5¢7t.

Torna w[mT] = (2 — 2.5e7%2™T 4+ 0.5¢~™T) - 1[mT]

Wcnone3ys auckperHoe npeolOpazoBanue Jlamaca, noay4yum:

W (p) =Y _o2e Pl — 25y e 02mT.g=pmT 4 (5% % e ™Ml .g=PmT



Bocnonb3oBayBmuch GpopmyIioit cyMMbl OECKOHEYHO YOBIBAIOIIEH T€OMETPHUYECKON IPOTrpeccuu

2 2.5 0.5
e—pT 1—e—PT.p—0.2T 1—e—PT.e-T

bo + boq + boq? + boq>® + .= 1b_—°q (9<=1), nonyunm W* (p) = -

5) JIsst MMITYJIBCHBIX CHCTEM C 33J[aHHBIMHU CTPYKTYPHBIMH CXEMaMHU M JMCKPETHBIMH

nepenaroyHbiMu QyHKIHsME HaliT Bu curHanoB y(mT). (T =0.01)

Wcxonnas CTPYKTYypHas cxema I/IMHyHLCHOﬁ CAYnu BBIXOJHOM CHUTHANI HUMITYJIbCHOT'O 3JICMCHTA

—'®—> o W,(p)
Xy & x X, 7€}
W, (p)
t
y |-
Ws(p) < g
T =0,01
W, (p)=k, k, =2 T,=01
W (p)= —2 < -3
1+p-T,
w,(p)- = K, -5
p

[TpeoOpasyem K BULY, IPEACTABICHHOMY HIDKE M MOTyYUMOIYYUM OJYYHM THUIIOBYIO CTPYKTYPHYIO
cxemy umnyiabcHoi CAY

(] W, (p)+W, (p))- Wi (p) |

Xy X Xp

w, (p)

A 4

y

3amnuiieM BeIpaykeHHUE Ul HEMPEPhIBHOM MepelaTOYHON (QYHKIIUU Pa30MKHYTOH CUCTEMBI:

W, (p)=W,(p)+W,(p))-w,(p)= [kl+k—2}k_3: KKy o Kerky
2 p p p-L+p-T,)

(k, +k,) -k, +k, -k,-T,-p
p-(L+p-T,)
Takum oOpa3om, ICHO, YTO KOAP(GUIUEHT YCUIICHUS PA30OMKHYTOM HENPEPHIBHON CUCTEMBI PaBEH

k, = (k, +k,) k,=25.

[lepenaTounas ¢pyHKIuUs 3BeHa (OPMUPOBATEIIS:

p-T

l1-¢e
w,(p)=
p

[lepenaTouHas GyHKIMS NPUBEIECHHON HEMPEPHIBHON YaCTH:

58



[(k, +k,) k, +k, -k, -T,-p]
Wml(p):W{ﬁ(p).W”(p):(1_e—p~T).|( 1+ 2)2 3+ 1 s ) p
L p -1+ p-T,) ]

[Tpumensist tuckpeTHOe MpeodpazoBanue Jlamnaca K nociegHeMY BEIPaKEHUIO, TOTYYUM JUCKPETHYIO

nepesaTouHyr QYHKIMIO pa30MKHYTOH UMITYJIBCHOM CUCTEMBI:

[ ]
CetT oLk k) ok, T etk kT, e” LKk T e’ |
- pT | T pT T |
e e 1 e -1 -—
L ( ) ep'T_eTz —l
[ [ 11
Wl T . T T, (6”7 1) || ky-(k, +k,)-(b,-e"" +by)
p(p)— s % T + z'|_T2+ T + ToT T
e’ -1 e’ -1 . — ) -
L I e’ —e M (e®T —1)-(e?T —e ™)

* 1 0
W=k, - (k, + k) — -
a,-e +a,-e’ +a,
rme
T
]
b, = T,le T o1le T b, = 0,004
k, +k, k J

0 2 b, = —0,003339
kk1+k2 :
a, =1
[,
alz—Le 2+1J a, = -1,905
T
=
a, =e a, = 0,905

[lepenarounyro pyHKIMIO paccMarpuBaeMoil UMIynbcHOM CAY B pa30MKHYTOM COCTOSIHUU
MOYKHO OIIpEJIeIUTh Ha OCHOBE BECOBOM (DYHKIIMHU MPUBEIEHHON HENPEPhIBHON YacTH w , (t),

COTJIACHO CIICAYIOIIECMY COOTHOIICHHIO:

W;(p): z W (I -Tu)-efp"'T

1=0
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kK, (o e) 1y (t-e) -k, -k {—T .10(t_T)+(t_T).lo(t_T)nz.e(t%.lo(t_r)}

Takkak w,_(1-T)=w, (t)‘l:”u , TO:
. ” ) T.e"7"
Wo(p)=Sw, (1-T)e ™ =k -k, . —+k, -k,
1=0 (e —1)
[ T, -e"" T e’ T, -e"" 1 e’ ot
|_epT 1+ pT 2 ’V|_k1.k3 pT 2 B
| N ("™ -1) g7 _e /| " 1)
[ T, T.ef" o T,-e"" 7PAT—|
—k, k- e "7+ —e "1 - — e |
L e’ -1 (epT _1) e P’ —ei%2 J

[ocne mpeoOpa3oBanyii, MOMYIMM HCKOMOE BBIDAKEHHE ISt W (p), COBIAIAIONIEE C PaHee

0.00429 -e®" — 0.003339

p-T

-1.905 -e” +0.905

TOJy4EHHBIM, T.€. W, (p) = 25 - —, —
-e

6) Iocrpouts rogorpad (ADPX) quCKpeTHOU HepeaaToOuHON GYHKIIUU U €ro MPUOIKEHHOES
3Ha4YCHUE.
l'omorpad UMITyIbCHOM Pa30MKHYTON CHCTEMBI TIOCTPOUM JBYMS CIIOCOOAMH:

TOYHBIM (HEMOCPEACTBEHHO MO HAlJICHHOHN paHee mepeaaTouyHoN (QyHKIUN)

MPUOIMKEHHBIM — 110 (hopmyIe:

. ® ” _ _ . (0)
Wp(ja}): ZWW(M}_J"‘)O 1)+
2. . 2
W B IPUOJIMKEHUN:
* . : - - W)’lll(o)
W, (jie)= 2w, (jo - o, 1) =,
2. ., 2

B ¢opmyre craButcs 3HaK «+», €M B IPUBEACHHON HEMPEPBIBHOMN YaCTH CUCTEMBI OTCYTCTBYET

3ara3blBaHuC, U «-» - B IPOTUBHOM CJIy4ac. B namem ciry4dac w (0) =0



Tonorpader i w /(j-w) uw , (jw)

W, (J a))

.
N

~_ \\
Im{e) T~ w(j-0)
\\

Refe} ——— -0

Wl*; (j . a)) — rojorpad, oCTpOeHHBII TOYHBIM METOJIOM;

W b (j . a)) — rogorpad, MOCTPOCHHBINA O MPUOIMKEHHON (popMyIIe;
W

e (j . a)) — rojorpad npuBeJeHHON HENPEPHIBHON YacTH.

A)

o
N

]
06 e

Kak Buano u3 pucyska 10, ronorpagsl UMITyJIbCHON pa30MKHYTONH CUCTEMBI, IOCTPOEHHBIE TOUHBIM U

HpI/I6J'II/I)K€HHI>IM METOJ0M COBIIAJAarOT.

YucaeHHbIe 3HaUCHUS AMIUIUTYIHO - (1)2130BBIX XapaKTCPUCTHUK HMHy.]'ILCHOfI paSOMKHYTOﬁ CHUCTCMBEI,

IMOCTPOCHHBIX TOYHBIM U HpI/I6J'H/I)KeHHBIM METOJaMU:
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0 0

0 -0.372-0.634i 0 -0.372-0.633i

1 -0.144-0.256i 1 -0.143-0.256i

2 -0.092-0.16i 2 -0.091-0.159i

3 -0.073-0.115i 3 -0.072-0.114i

4 -0.064-0.088i 4 -0.063-0.087i

5 -0.059-0.07i 5 -0.058-0.069i

nowo 6 -0.056-0.057i 0 6 -0.055-0.055i
Wp(ﬂ.) ’ 7) =7 -0.054-0.047i( * Wnp(l_G Y 7 -0.053-0.045i
8 -0.053-0.038i 8 -0.051-0.037i

9 -0.052-0.031i 9 -0.05-0.03i

10 -0.051-0.025i 10 -0.049-0.024i

11 -0.051-0.019i 11 -0.048-0.018i

12 -0.05-0.014i 12 -0.048-0.013i

13| -0.05-9.215i"10-3 13 -0.047-8.654i°10-3

14| -0.05-4.562i"10-3 14 -0.047-4.274i°10-3

15 -0.05 15 -0.047+2.821i'106

7) Tloctpouth JIAUX TUCKPETHOTO 3BEHA PA30MKHYTON CHCTEMBI C MIEPEIaTOYHOM HYHKITHEH:

0.00429 -e®" — 0.003339

W (p)=25-
g e¥"T —1.905 -e"" +0.905

p-T

o : _ 1+v
3aMeHUM B 9TOU GyHKIMHU e’ Ha NPUOIMKEHHYIO popmyay e’ =
1

T .
, a3aTeM V Ha E]W, W-

1+v
0.00429 -

— 0.003339
nicesoyvacrora. [locie 3amen noirygaem w p*(v) =25. ; 1-v M TI0CJIE
1+v) 1+v
. , —1.905 - + 0.905
1-v) 1-v

678v—829v%4151

T .
. Ioncrasnsas - jw, rne T=0.01, nomyyaem:
v(152400+760) 2

npeoOpazosanus W, (v) =

678-j-0.005-w + 829 (0.005-w)? + 151
0.005 - -w - (15240 - 0.005 - j - w + 760)
N nmocne npeobpazoBanHus:

39.74 - ((0.0117 - w)? + 2-0.0117-0.958 - j - w + 1)
w-(G—01-w)

Wy (w) =

Wy (w) =

Ha ocHoBanumu MOJIYYCHHOI'O BBIPAKCHHA 3alIMChIBAEM BBIPAXKCHUC IJIA nepez[aTOqufI q)yHKHI/II/IZ

L(w) = 201g(39.74) — 20 Ig(w) + 201g(+/(1 — (0.0117w)?)2 + (2 - 0.0117 - 0.958 - w)?

— 20Ig(+/1 + (0.1w)?)

Takum o6pazom, JIAUX BeITISIUT ciienyronmM 00pa3oM (Ha pUCYHKE TTOKa3aHa

rpanuyHas yactota Wy, =2/T=200):
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L(w)

80

40

7

20

Lg(w)

0.01 0.1 1 10 100 1000 w

10. Ananu3 umnynvcuovix cucmem

(3nambv: nonsmue ycmoiiuusocmu, Heobxooumvie u O0OCMAMOYHbLE YCILOBUSL YCMOUHUBOCMIU,
Kpumepuu ycmodqueocmu auCerl’l’ZHle cucmem, pasiudambs NOHAMUA Kadecmea stCermelx
cucmem; ymMems: paziuyams Hauoboaee yOooubie 011 NpUMeHeHUs Kpumepuu yCmoudugocmu u
aHaiulza kavecmea ducxpemnbzx cucmem, é1aoems. npuemamu nOCMpOEeHUAX XapaKkmepucmuk
0ucxpemﬁb1x cucmem OJisi AHATU3A ycmofwueocmu u Kkadecmea npoyeccos 6 Hux)
10.1. [ToHsiTHE YCTOMYMBOCTH, HEOOXOAUMBIE U J0CTATOYHbIE YCJIOBUA YCTOMYMBOCTH
CornacHo (1)I/ISI/I‘ICCKOMY NpeaACTaBJICHHUIO, HUMITYJIbCHAasd aBTOMATHUYCCKasd CHUCTEMa yCI’I’tOZ;llLIGCl
TOrJa U TOJIBKO TOr'Ia, KOrJga €€ pCakiuus Ha OrpaHUYCHHOC BXOJHOC BO3,Z[6fICTBPI€ OrpaHHYCHaA. Ecnm xe
peaKknu-d PIMHyJ'ILCHOfI CHCTEMBI XOTs OBI Ha OIHO OrpaHUYCHHOC BXOJHOC BOBI[CI‘/’ICTBI/IG HC OrpaHHYCHA,
TO TakKasa CUCTEMaA HGYCTOP'I‘IHBa.
Bocnonb3zyeMcst 3TUM omnpeneneHueM g YCTaHOBJICHUSI YCJIOBUM ycTOMYMBOCTH. CHUrHaim Ha

BBIXOJ€C HMHy.]'IBCHOﬁ CUCTCMbI MOJKHO MPCACTABUTH KaK
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X, [MT 1= % wlITIx, [(m-1T1,
1=0

rae X . [IT ] — BXOZHOH CHIHAl CHCTEMBI; W[IT ] — BecoBas (ummynbcHast mepexomHas) (QyHKIUS

UMITYJTbCHOM CHCTEMBI B JUCKPETHBIC MOMEHTHI Bpemenu [T (I =0...m).

HpeI[HOJ'IO)KI/IM, YTO BXOJHOC BOSHeﬁCTBHe Ipu JIFOOOM 3HAUYEHUHU apryMmMeHTa OIrpaHU4YCHO:

X [MT ]‘ <M misBcex m>0. (10.1)

TOFI[a, Y4YUTBIBAA, 4TO a0COJIFOTHOE 3HAUYCHHE CYMMBI HE IIPEBOCXOJIUT CYMMY a0COJIIOTHBIX 3Ha‘leHHfI,
MMOJIy4YumM

m
X, [mT ]‘ <y ‘W[IT ]‘xgx [(m—1T]
1-0

, 1IN

m
x ImT]<M Eo wiT ). (10.2)

VYBenuuuB BEpXHUU MIPENIET CYMMBI JI0 oo , MBI JIMIIIb YCUJIUM HEPAaBEHCTBO. Takum 00pa3oM,

X [mT ]‘ <M ; ‘W[lT ]‘ npu m=0,1,2.. (10.3)

8bIX
1=0

Hmnynvcnas cucmema ycmouuuea, eciu pso, cmosiwyuti 6 npasou yacmu (10.3) cxooumes, m.e. eciu

5 ‘W[IT ]‘< o . (10.4)
1=0
Takum 00pa3om, UMIYyJIbCHAs CHCTEMa YCTOMYHMBA, €CIIM PN JUCKPET €€ WUMITYJIbCHOW TMEepEeXOaHOU
(GyHKIIMN a0COJIFOTHO CXOJIUTCS.

Jlerko nokasath [3], 4TO abconromuas cxoOuMocms OUCKpem UMNYIbCHOU NepexooHou GyHKyuu
A67151emcsl He0OXOOUMbBIM U OOCAMOYHBIM YCI0GUEM YCMOUYUBOCINU UMNYTbCHOU CUCTEMbL

MoxHO ckaszaTh, uTO BecoBas (yHKuus, mpencraBieHHas Ha puc. 10.1.a cooTBeTcTBYeET
ycroitunBoii, Ha puc.10.1.6 — He#TpanbHO#, a Ha puc. 10.1.6 — HeycroitumBol cucreme (Kak

HENpPEepbIBHOMN, TaK U UMITYJILCHOM).
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w(t), wliT] w(z) wliT] wiE), wii T]

Puc.10.1. BecoBbie pyHKIIMH a- YCTOWYNBOM, O- HEUTPAIbHOM, B- HEYCTOMYUBOU CHCTEM
JluckpeTHass mepenatouHas (YHKIUS 3aMKHYTOM WMITYJIBCHOH CHCTEMBI TpencTaBiser coboit D-
npeoOpa3oBaHue BECOBOU (yHKIINU:
plT

W, (p)= X w,lll Je”
=0

* (v
Eciu m3BecTHO BBIPAXKCHUC JIA VV3 (p) m KOpHH p, 3HaMCHATC/Isl IIPOCTBIC M JCHUCTBHUTCIIBHBIC, TO

coryiacHo gopmyie oopaiieHus

B (py) b, (I-DT

w[IT ] = D_l[W:(p)j:z T
Py

(10.5)

"3 (10.5) cnenyert, uto psaa (10.4) 6yaer cxoquTbes, €Ciid KOPHU P, YpaBHEHUS A" (e PT )=0
OyayT JexaTh cjeBa OT MHMMOHM ocH. To ke caMoe MOXHO CcKa3aTh U B Cly4yae KOMIUIEKCHBIX KOpHEH
[1,2]. ®opmyina oOpaiieHus B 3TOM Cirydae OyIeT CIIOXKHEE.

Takum 06pa30M, HMITYJIbCHAsA CUCTEMaA 6y,I[CT ycmoﬁtmea TOJBKO TOTI'Ja, KOrjga BCEC IIOJIFOCBI

%
W, (p) OyayT pacnoyiOKeHbl B JIEBOH MONYIJIOCKOCTH KOMIUIEKCHOH MmitockocTu. MmynbcHas cucrema

HaxXOOUTCA Ha cparnuye ycmozllmeocmu, €CJI XOTS OBl OJIMH U3 €€ MOJIOCOB JIEXKUT HAa MHUMOM OCH. Ona
HeyCI’)’ZOZZHMBCl, €CJIU XOTS OBl OJIMH U3 €€ IIOJIIOCOB JIXKUT B npaBoﬁ YaCTH KOMILJIEKCHOM IIJIOCKOCTH.

PaCCMOTpI/IM KOpHH p, . B cBs3u ¢ TEM, YTO KOpHH BXOIAT B IMOKA34TCJIb CTCIICHU DKCIIOHCHTBI

p,T

e , OHH SIBIIOTCS MEPUOINICCKUMH [0 MHUMOM OCH ¢ mepuogoM @ . Ilycts p, = —a, + jg, ,

TOT 1A =-a, + jB, + jo k, ne k=12 TOXKE SBJIAETCSI KOPHEM MOJMHOMA A*(e T ) B
pit ka - v J v J 0’ pa| L p
IUIOCKOCTH P, Tak xak

27
~ : : . 27 1 :
e( a,+ i, )T +jo kT _CayiB)T eJT _ (e T isIT
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[lostoMy ypaBHeHHe A (e PT ) = 0 wumeer OecuuciieHHoe MHOXkecTBO KopHed (puc. 10.2). Kopuu,

(0] [0}
ACITOJIOKCHHBIC B ITIOJIOCEC HAaCTOT — —0 <w < —O , Ha3bIBAlOTCA OCHOBHBIMHU, U II10 UX PACIIOJIOKECHHNIO
2 2 ’

cienyer cyauth o0 ycroiunBoctd MCAY. OcHOBHbIE KOpPHHM IO CBOMM 3HA4YEHUSIM COBMAJAIOT C

KOPHSIMH HEIIPEPBIBHOU CUCTEMBI.

Jf* MOOCKOCTE P
L ] .
S

.
» j&]u/z
w

- -
[ ] D +
- - u'fmu//z

' .
- - J®y

Puc.10.2. PacnonoxeHune moII0COB UMITYJIBCHBIX CUCTEM B TUIOCKOCTH P

Ecin JUIs UCCIIEI0OBaHUS NCAY HCIIOJIb3YETCsI Z-nipeobpazoBaHue, TO
— _ . w w .
ePT 7 (™ PT - 771y u mnomoca wactor mo MHEMOi ocwm —TOS w < TO KOMIUICKCHOM

miockoctu P (puc. 10.2) orobpakaercss B OKPYKHOCTh STUHUYIHOTO PaJinyca B KOMITJICKCHOUW TUIOCKOCTH

* 3
Z. KopHM XapakTepUCTHYECKOrO YypaBHEHUS A (z) = 0, Jexalge B JEBOH TMoiynosioce, OyayT

pacIoa0KeHbl BHYTPU OKPY>KHOCTH, @ KOPHH, JIEKAIIUE B MPABOI MOIYIIOIOCE, — BHE OKPYKHOCTH

(puc. 10.3).

Puc.10.3. PacnionoskeHre MOTOCOB UMITYJIBCHBIX CUCTEM B TIOCKOCTH Z

66



W3 BbINIeCcKa3aHHOTO CTAHOBSTCS O4YCBUIHBIMH HGO6XOI[I/IMI>IG U  JOCTATOYHBLIC YCJIIOBHA

YCTOMUUBOCTU 6 niockocmu Z. VMIynbcHas cucTeMa ycmouuuéad, €ClIH BCe ITONI0CAa €€ TUCKPETHOU

o *
nepenaToyHo QyHKIMH (KOPHH XapaKTEPUCTUUYECKOrO MOJMMHOMA A (z) ) Jie)aT BHYTPH OKPYKHOCTH

CAUHUYIHOI'O paanyca. I/IMHy.]'IBCHaH CUCTCMa HAXOJUTCA Ha cparuye ycmoﬁuue;ocmu, €CJIM XOTs OBl OIHH

* v
IIOJIIOC z,, JICKUT Ha OKPYXHOCTH CAMHUYHOTO paauyca. I/IMHy.HBCHaH CUCTCMaA Heycmoudusa, €CIN X0TA

*
ObI OJIUH IIOJIFOC Z,, JIC)KUT BHEC OKPYKHOCTH €AUHUYIHOI'O paanyca.

Ecmu crenenn XapaKTEPUCTHYCCKOI'O YpPaBHCHHA BCIIMKaA, OIPEACICHUE €TI0 KOpHCfI ABJIACTCA

HEINPOCTOH 3a1aueH.
10.2. AnreOpandeckuii Kpurepuii ycroiuuoctu I'ypBuna

Kpurepuii ['ypBuiia no3Bosiser OeHUTh yCTOWYMBOCTh 3aMKHYTBIX U PA30MKHYTBIX CUCTEM
NCAY. Ucxoanoit napopmanmeit A IpUMEHEHUS] KpUTEPUS SBISIOTCA KO3 PHuimeHTs

XapaKTEPUCTUYECKOT0 YPABHEHHUSI COOTBETCTBYIOLIEH CUCTEMBI:

p-n-T " p-(n-1)T .

A*(p)=an e +a e Pn=2)T p-T : (10.6)

n-1 an_2 ...+al-e +a0

Haubonee mpocToil myTh mosydeHHs] alreOpandeckoro KpUTepUsi YCTOMYMBOCTH HWMITYJIbCHBIX
CHCTEM COCTOHT B CBEJCHHH ITOH 33Jaui K YK€ M3BECTHOH (HOPMYIHPOBKE anredpandecKoro KPUTEePHs
JUI  HENPEpBIBHBIX cHCTeM. Y HenpepblBHBIX CAY KOpHM XapakTEpUCTHUECKOTO YpPaBHEHHS
pacnosararoTcs Ha Bced KOMIUIEKCHOW mockocTd. B MCAY ocHOBHBIE KOpHU XapaKTEPUCTUYECKOTO

YpaBHEHUs Jie)KaT B OrPAHMYEHHOM IO MHHMOM COCTaBJISIIOIIEH IMOJ0Ce KOMIUIEKCHOM IUIOCKOCTH

w [0
P (jTOZ Im P > — jToj. UroO6sl MOXHO OBUIO HPUMEHHUTH (OPMYIUPOBKY  KpHUTEpHS,

L

2] 2]
UCIONIE3YEMYIO JUIsl HETIPEPBIBHBIX CHCTEM, HEOOXOIMMO Tojiocy j—— = Im P > — j—— «pacTsHyTb»
2 2

Ha BCHO MHUMYIO OCb B OCCKOHEUHBIX npeaciiax. I[J'I}I peuicHusA JTOM 3aJa4yu B XaPaAKTCPUCTHYCCKOM

* pT T .
ypaBHeHUH A (e P ) BHayajie IPOBOJUTCS 3aMeHa e PT Z, a 3aTeM NpUMEHseTcs OuIuHelHoe
peoOpa3oBaHuUE :

1+v
. (10.7)
1-v
[Ipu sTOM
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joT

z-1 e -1 T
v = = — = jtg —. (10.8)
z+1 GloT 2
B pesynbrare XapakTepucTHUECKOe YpaBHEHHUE PEACTABISIET IOJMHOM MEPEMEHHOH v :
*o n n-1
A (v)=Apo +A v .o+ Av+ AL (10.9)
Koapduuumentsr A, i = 0,n ONpPEACISIOTCA C Y4ETOM KO3 PHUIMEHTOB & MOJIMHOMA A*(e pT ) u
11 . i=0, pen y4 11 i

npeobpaszoBanus (10.8).

@y @y

N3 Beipakenus (10.8) cnexyet, 4TO TOUKU + jT U — j B IJIOCKOCTU P OyayT Jiexarhb B

OCCKOHEYHOCTH B IUIOCKOCTH v, TOYka o =0 cOOTBeTCTBYeT Touke Jo =0 ruiockoctd P .

ITonmoxurenbpHas MOJIYIIOJIOCAa MPEBPATUIIACH B ITOJIOXKUTCIIBHYIO ITOJYIIIIOCKOCTH » , 4 OTpHULATCIbHAA

MOJIYII0JIoCa - B OTPUHATCIIbHYIO IOJYIUIOCKOCTH U . CHGHOB&TGHBHO, €CJIM B HCXOAHOM IIOJIMHOMC

* *
A (z) cnenatp 3ameny (10.7), To oTHOCUTENbHO KOI(D(PUIIMEHTOB MOITYYEHHOrO MOJIMHOMA A (v)

MOKHO IPUMEHHUTDH U3BECTHYIO ()OPMYIIMPOBKY KPUTEPHS Uil HETIPEPHIBHBIX CHCTEM.

Hmnynocnaa cucmema ycmotivusa, eciu 6ce onpedenumenu lypeuya A,

cmenenb Xapakmepucmuieckozo ypasnenus, oorouie nyia (A, > 0)

cmenenu noJIUHOMA maxdce dovuLe HYJIA.

i=1...n, 20e n -

u Koapuyuenm npu cmapueni

OHpeIleJII/ITCJII/I prBHua COCTaBJIAOTCA 110 Ta6JII/IIIC, KOoTOpasa CTpPOUTCAd Ha OCHOBAaHUH

*
KOB(I)(I)I/II_II/ICHTOB noJuHOMa A (U) TakK K€, KaK IJIsI HCIIPEPBIBHBIX CUCTEM, U UMCCT BUM:

An—l n-3 An—5 An—7

An n-2 An—4 An—6

0 n-1 An—3 An—5 An—?
0 An An—2 An—4 An—6
0 0 An—l An—3 An—5
0 0 Ap Ani2 An,4

Onpenenurenst A, (QOPMHPYIOTCS IyTeM OTYCPKUBAHUS i

MIPEACTABICHHON BBIIIIE TaOIUIIBI

A An—l n-3
A = A A, =| N1t ~n-3 A.=| A
1 n-1 2 A 3 n n-2
n n-2 0
n-1

CTOJIOIIOB.

Hnst

CTPOK Hu |

An—5
An—4'

An—3
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Paccmotpum npumenenue kpurepus ['ypBuna s ananusza ycroiunBoctu UCAY nepBoro, BToporo

" TPETHETO MOPAAKOB.

1. XapakTepucTH4ecKoe YpaBHEHHUE MTEPBOTO MOPSIKA UMEET BU/T
* T
A(p):alep +ag =a;z+ag=0.

ITocme COOTBeTCTBYIOHICﬁ IOACTaHOBKH

1+ a1(1+u)+a0(1—u)
+ag = =0
1-v 1-v

AT ()= a,

VcaoBue YCTOI‘/'I‘II/IBOCTI/I PIMHy.TIBCHOﬁ CHUCTCMBI IICPBOTO IMOPAJAKaA 3aIIUIICTCA KaK

a1+a0>0, al—a0>0.

2. XapakTepuCTHYECKOE YPaBHEHHE BTOPOTO MOPSIKA:
* 2 pT T 2
A (p)=a,e P +a1ep +ag=a,z +a;z+ap=0.

[Tocne moacranoBku (9.8) umeem:

A*(u)zaz {1_0} +a11_u

+ aO = 0,

* 2 2
A (U):Azl) +A10+A02(a2—a1+ao)U +(232—230)U+(az+al+ao)20.
VYcnosue ycroiunBoctu MCAY BTOporo nopsiika:

a2+al+a0>0, a2—a0>0, a2—a1+a0>0.

3. XapakTepuCTHUUYECKOE YpaBHEHHE TPETHETO MOPSIKA UMEET BU]I
* 3 2
A (z)=az3z +a,z +a;z+ag=0.
[Tocne moacranoBku (9.8), momyuum:
* 3 2 3
A (U): Agl) + Azl) + All)+ AO = (a3 —a2 +al—ao)l) +
+(Bag —a; —a +3ao)02 +(3ag +a, —a; —3ag)v +(ag+a, +ag +ag)=0

Nwmeem ycnosue ycroitunBoctu MCAY Tperbero nopsaka:

ag —a, +a; —ag > 0; 3ag —a, —a; +3ap > 0; 3ag +a, —a; —3ag > 0;
0; 2 2 0
ag+az+al+ao > U ao —aoaz‘i‘alag—as >

AHaJIOrMYHO MOTYT OBITH MOJTYYEHBI YCIOBHS, KOTOPBIM JOJIKHBI YIOBIETBOPATH KOAPPUITUEHTHI
XapaKTEePUCTHUYECKOTO TOJIMHOMA UMITYJIbCHOW CHCTEMBI 0o0Jjiee BBICOKOTO MOpSAIKA Ui TOTrO, YTOOBI

o0ecreynTh ee YCTOMYMBOCTh. 3aMETHM, YTO JJIsS aHAJIM3a YCTOMUMBOCTH MMIYJIBCHOM CHCTEMBI MO €€
XapaKTEPUCTHIECKOMY TIOJMHOMY A (V) MOYHO HCIOJB30BaTh U Kputepuit Payca, chopMymupoBaHHBbIii

AJI1 HCIPEPBIBHBIX CUCTEM.
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10.3. YacTOTHBIC KPUTEPHH YCTOMYUBOCTH

YacToTHBIE KPUTEPUH YCTOMYMBOCTH I103BOJIIOT aHAJIU3UPOBATH YCTOMYMBOCTH CHUCTEMBI IIO €€

YaCTOTHBIM XapaKTEpUCTUKaM. B OCHOBE YaCTOTHBIX KPUTEPUEB YCTOMUMBOCTH JICKUT HPUHYUN
apaymenma, TO3BOJSIONIMIA CyIUTh 00 YCTOMYHMBOCTH CHCTEMBI IO MOBeaeHuio rogorpada A(jm)

(romorpada Muxaiinosa). [IpuHiun aprymeHTa MMO3BOJSET BBIAICHUTh, KakuM OyneT mpupalleHue

joT

19 o *
apryMEHTa XapaKTEPHCTHYECKOTO IOJMHOMA HCCACIyeMOM HMITYJIbCHOW CHCTEMBI A (e ) IpHu
“o “o )

W3MEHCHMH YacTOTHl B JMAla30HE — — <@ <~ W B JuanasoHe O<w < - W3BecTHO, YTO

* i o
MOJIUHOM A~ (e JoT ) MOJKHO MPEJICTaBUTh B BUJIC IPOU3BEICHUS COMHOXKHUTEIICH:

* joT * N joT p,T * N joT
A (e )=a, ] (e —e’V )=a,[] (e -17,), (10.10)
v=1 v=1

rae p, ,z, - KOpHU XaAPAKTCPUCTHYUCCKOI'0 IIOJHMHOMA HMHy.]'IBCHOﬁ CUCTEMBI B IINIOCKOCTIAX P H Z

COOTBCTCTBCHHO.
PaccmoTtpum mpupaiienue aprymenta kaxmoro comuoxkutens (9.10) A arg (e JoT _ z,) s
w 0]
- Oep< 0O
JIBYX CIIy4YaeB:
1) Z,, JICKUT BHYTPH OKPY’KHOCTH €AUHUYIHOI'O paanyca,
2) z,, JEKHUT BHE OKPYKHOCTH €ANHUIHOTO PaJIyca.
“ “9 joT
HpI/I U3MEHCHHUN YaCTOTbl @« OT -— T pi(e} T BCKTOpD € - Zv B TIICPpBOM CJIy4dac
MOBEPHETCS Ha yroll 27 , a BO BTOPOM — Ha YroJ, paBHbIi 0 , uro cienyer u3  puc. 10.4.
Y _ e fad”
al _
J ¢z J e} z,
i
/ Jjal / fn I ;
-1 i S
= V=0 =0
= > >
@, | + @, | +
= — z, @& = — z
2 2 '
3T 3T
B = m=—
2T 2T

Puc.10.4. [TpuHIIMT aprymMeHTa Uit UMITYJIbCHBIX CHCTEM
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Takum o0pazom, eciu N KOpHEH XapakTepUCTUYECKOTO IMOJMHOMA HCCIEAYeMOH HWMIYIbCHOM

CUCTEMBbI JIeKaT BHYTPHM OKPYXKXHOCTM €IMHMYHOIO paauyca, TO I[pHUpaALIEHUE aprymeHra

* * T
A arg A (jo)=2znu Aarg A (jw)=2n— (mocinegHee paBeHCTBO CJIEAYET U3 TOTO,
—-—<w<— O<ow<——
2 2 2
v * v
YTO XapaKTEPUCTUUYECKUUN NOJIMHOM A (@) ¢ JCHCTBUTEIBHBIMH KOdhDHUIIMEHTAMU HMEET

KOMIUICKCHO-COTIPsDKEHHBIE KOpHH). [IpuBeeHHOE BBINIC SBISICTCS MATEeMAaTHYECKOW (hOPMYIUPOBKOM
MPUHIUIIA apryMeHTa. ['eoMeTpuueckoll HMHTepIpeTanuell NpUHIMIA apryMeHTa CIYKUT Kpumepuil
Muxatinosa.

Kpumepuii  ycmouvuueocmu Hatikéucma T03BOJSET CYAUTh 00 YCTOWYMBOCTH 3aMKHYTOM

UMITyJT5CHOM CHUCTEMBI M0 AaMIUTUTYJHO-4aCTOTHOW XapaKTepucTHkKe, wuiau roxorpady HaiikBucra
(v (v * -
Pa30MKHYTOH ~MMIYIbCHOH —cucTeMbl W (j@). I[Ipu »stom AUX wMoxeT OBITh MOCTPOCHA

BKCHepI/IMeHTaHLHO.
[lo aHajmorum c KpuTepueM Uil HENPEPBIBHBIX cHUCTEM  CPOpMHUPYEM  (QYHKIIHIO

* -

B (jo)

* b

F*(ja)):1+W;(jw). C yderoM paBeHCTBa W;(ja)): rae B*(p),D*(p) -

D (jo)

PT .
IIOJIMHOMEI OT € creneHe Mu N (M < N) COOTBETCTBEHHO, MOYHO 3aIMCATh

B™(j@)+D (jo) _ A (jo)

F (jo)= . .
D (jw) D (jw)

(10.11)

Jis  cucteMbl ¢ eIMHWYHOW oOpaTtHO# cBs3pio umcnutens (10.11) mpencraBnser coOoi

XapaKTEePUCTUYECKUI TOJMHOM 3aMKHYTOM cucTeMbl. Haiigem mnpupaiieHue aprymeHTa BeEKTOpa

* . @
F (jo) pu U3MEHEHUU YacTOTHI B JIMara3oHe O<w < —:
2

A arg F*(ja)): A arg (B*(ja))+D*(ja)))— A arg D*(ja)).

w w w
0<a)<7O 0<a)<70 O<a)<70
2 2 2

[TockonbKy MbI HHTEpECYEMCSl YCIIOBUSMU YCTOMYMBOCTH 3aMKHYTON CUCTEMBI, IIPU BBIITOJIHEHUU

(3 * - v (3

KOTOPBIX BCE N KOpPHEH XapaKTepUCTUYECKOTo MOoJUHOMA A ( jw) JIeXaT B JEBOM YaCTH KOMILICKCHOM
IJIOCKOCTH, TO B COOTBETCTBUHU C IIPUHLUIIOM apryMEHTA JUIsl UMITYJIbCHBIX CUCTEM

Aarg A (jo)=7zn.

10}
0<a)<7O
2
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Jlist onpeesieHyst IpUpalieHus apryMeHTa Bekropa D *( j®) paccMOTpUM TpH Ciaydas:

1. Pazomknymas umnyibcHas cucmema ycmouyuéa, T.. BCe N KOpHEH ee XapaKTepuCTUYECKOTo
MOJIMHOMA JISKAT BHYTPU OKPYXHOCTH €IMHUYHOTO paauyca. Torga B COOTBETCTBUH C IPUHIUIIOM
apryMeHTa
* -
Aarg D (jo) = zn,
@0

O<w<—
2

*
a mpupaiieHue apryMmenTa yHKu F  ( jo) OyIeT paBHO HYJIIO B COOTBETCTBUH C BBIPAKEHUEM

* * *
Aarg F (jow)= Aag A (jow)- Aag D (jw)=zn-zn=0
[0} w (2]
O<a)<70 0<a)<7O O<a)<7O
2 2 2
['eomeTpryeckass MHTEpIIPETAalUsS 3TOro ciydas npencrtaBieHa Ha pwuc.10.5.a, rme mokazaHo

* @0
ABUIKCHHUC BCKTOpPA F ( ja)) IIpu UBMCHCHHUHN Y4CTOTHI B J1UAIIA30HC O<w<—. CYMMapHBII/I erJ'I
2

*
nepemenieHust paBeH Hymo. [lis storo romorpad F (jw) HE JODKEH OXBaThIBaTh TOYKY Hadala
- * - * -
koopauHat (0, jO). UroOs momyuuts romorpad W (jw), HY)KHO CABUHYTh KpuBylo F (jw) Ha
* -
enuHuily BieBo (Ha —1). Torga ycnoBHe OTHOCHUTENBHO HYJIEBOrO NpupalleHus aprymeHra F (jo)

* *
MOXHO chopmyupoBaTh U oTHOCUTENBHO W (jew) Tak: rogorpad W ( jo ) He JOIDKEH OXBaThIBAThH

TOouKy ¢ Koopaunatamu (—1, jO) (puc. 10.5.6).

j-“ W; U

/

)
ey
7 w=0
-1.""-‘-//
o

-

) - &)

Puc.10.5. T'onorpader F - (jo) W b * (jw)
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CrnenoBarenbHO, HOpMyTUPOBKA KpUTEpUs ycTounBocTH HalfkBucTa s 3TOrO ciy4asi TaKoBa:

Ecnu pasomxnymas umnynscnas cucmema ycmouduga, mo 0si YCMOUYUBOCMU 3AMKHYMOU UMNYIbCHOU
cucmembl  HE0OX00UMO U OOCMAMOYHO, 4MOObl  AMHAUMYOHO-YACMOMHASL  XAPAKMEPUCTUKA
PA3OMKHYMOUL CUCTEeMbl He 0X8AMblEALd MOYKY ¢ KOopouHamamu (-1, jo) .

2. Paszomknymas umnyibcHas cucmema neycmouuusa u | KopHe# ee XapaKTepHCTHUYECKOTO YpaBHEHUS
JIe)KaT BHE OKPY)KHOCTH €IMHUYHOTO pajnyca (COOTBETCTBEHHO N — | KOpHEH Jie)kaT BHYTPU €IMHUYHON
OKpy>kHOCTH). [Io mpuHIIMITY aprymMeHTa

Aag D (jo)=rx(n-1).

W
O<w <70
2

[Ipupamenuie aprymenta pynkuuu F *( jo) MOXeT ObITh HalJICHO U3 BBIPAXKCHHUS:

Aag F (jo)= Aag A (jo)— Aag D (jo)=nrz-(n-Dz =zl

w w w
0<w<70 0<a)<70 0<a)<70
2 2 2

['eomeTpuyeckasi HHTEpIpETAIHs ATON cUTyaluu npeacrasineHa Ha puc.10.6. [Ipeanonoxum, 4ro

XapaKTEPUCTUYECKUI MOJMHOM Pa30MKHYTOM MMITYJbCHOW CHCTEMBI UMEET JBA KOPHSA BHE €OUHUYHOU

OKpyxHOCTH, T. €. | = 2. Ha puc. 10.6.a npencrasinen rogorpad ¢yHKIIU F'(jo), w KOTOPOW

®
M3MEHEHUE apryMEHTa IIPU M3MEHEHHH 4YacTOThl B aMana3zoHe 0 < o < 70 paBo 27 — (I — gucno
2

KOpHEH, JeXalluX BHE €IUHUYHOW OKpYXKHOCTH), a Ha puc. 10.6.6 - romorpad coorBercTByrOUICH eit

q)yHKuI/II/IWp (jo)=F (jo)-1.

Fo)
.,

~,

a) =)

@ 74
1

Puc.10.6. T'omorpadsr F * (jo) W p* (jo)
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* .
3ametum, 4to romorpad F (jw) OXBarblBaeT TOYKY C KOOpAMHATaMU (0, j0) OJWH pa3 B
(3 * -
MOJIOKUTEJILHOM ~HAmNpaBieHUHU (IIPOTUB YACOBOW CTPENIKM), aHAJOTMYHO Trojorpad W, (jo)

OXBaThIBaCT TOUKy ¢ koopmuHatamu (—1,]j0) B MOJOXUTENFHOM HANpaBICHUH OIWH pa3. Takum
o0pa3oMm, 3aMKHyTasi HMIyJIbCHas cCHUCTeMa YycTonWdmBa. DOpMyITUpOBKAa KpPUTEPUS YCTOMYUBOCTH
HaiikBucTa /11 3TOrO Citydas ClIeAyIONIast:
Ecnu pazomknymas umnynocnas cucmema Heycmouduea u ee xapakmepucmuyeckuii nonunom umeem |
KOpHell, NexCawux 6He OKPYHCHOCMU eOUHUYHO20 paouyca, mo Ojsi YCMOUYUBOCU 3AMKHYMOU
UMNYTILCHOU cUCmeMbl He0OX00UMO U OOCMAMOYHO, YMOObl AMNIUMYOHO-YACMOMHAS XAPAKMEPUCTUKA
PA30OMKHYmMOU cucmemvl  oxgamuléaia mouxy c¢ koopounamamu (=1, j0) 6 nonoscumenrvrom
“0 “0

Hanpagnenuu (npomue uacoeoii cmpenku) | pas npu usmenenuu yacmomsl 8 Quanazone — - <@ <=

| @
u E pas npu UsSmMeHeHuu vacmonivl 6 ouanasone 0 < @ < 70 .

3. PazomKHymas uMnyIbCHAs CUCMeMAd HeUmpanbHa, N €€ XapaKTePUCTUYECKUH MOJIMHOM HMEET v

HYJIEBBIX KOPHEH, T.€. €€ KOMILJIEKCHBIN KOA(P(MUIIMEHT YCHUIICHHUS UMEET BUT

B (jo)

W (jo) = — .
p *
@17 _1)V b, (jo)

*
AMIuTyaHO-(a30Bask xapakTepucTuka W D (jo) Tpu MaNbIX © HadyUHAETCS B OECKOHEYHOCTH. MOYKHO

*p

D (jw) yCTOMYMBOW Pa3OMKHYTOH

*
paccmarpuBath W, (jo) xak mpenen HeKOTOpod ¢yHkIuu W
VMITYJIbCHOW CHUCTEMBI, T. €.:
* -

B (jo)

. .
-1+ 5)D; (jo)
Torga momoOHO TOMy, Kak 3TO OBUIO CHIEIaHO JAJsi HENPEPHIBHBIX CHCTEM, MOXHO IIOKa3aTh, YTO

W4
p

W, (jo)= lm W:’B(ja))z lim

N p—0 el

*
roxorpadsr W p (jo) BW (jw) oTnuyaroTcs APYT OT Apyra AYroil 6ECKOHEYHO OOJIBIIOTO pagnyca

JUIMHON [V , IPOBEACHHON K JEWCTBUTEIHHOW OCH M HA3bIBAEMOW «JIOMOJHEHHEM B OECKOHEYHOCTH

(puc.10.7).
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Puc.10.7. T'omorpad W ; (jo)
DopMynMpOBKaA KpUTEPUS YyCTONYMBOCTH HalkBUCTa U1 JAaHHOTO Cilydas CIEeYIOIas:
Ecnu pasomknymas umnynvchas cucmema HeumpanvbHa U ee Xapakmepucmudeckuti NOIUHOM umeem v
HYJIe8bIX KOPHell, MO 0Jisl YCMOUYUBOCMU 3AMKHYMOU UMNYIbCHOU CUCTEMbl He0OX00UMO U 0OCMAMOYHO,
umodvl  AMIIUMYOHO-()A308a5 XAPAKMEPUCTIUKA PAZOMKHYMOU UMNYIbCHOU CUCTeMbl 8Mecme ¢

«00NOIHEeHUeM 8 OECKOHeUHOCMUY He 0X8ambléana moyky ¢ koopounamamu (=1, jO) .

CpaBHeHHE YCTOMYMBOCTH HEMPEPHIBHOW U COOTBETCTBYIOIICH €l UMIYJIbCHOW 3aMKHYTBIX
CHUCTEM TIOKa3bIBa€T, YTO BBEJCHHWE HMITYJIHLCHOTO JJIEMEHTa B OOJBIIMHCTBE CIIy4aeB YyXy/IIAET
YCTOMYMBOCTh CHUCTEMBI, IPU STOM YBEJIMYEHHUE BPEMEHHM AHUCKpeTu3aluu (Tepuojaa KBaHTOBaHUA) T
MNPUBOJUT K YXYIUICHUIO JAMHAMUYECKUX CBOWCTB 3aMKHYTOM MMITYJIbCHOM cucTeMbl. [loaToMy mpu
MPOEKTUPOBAHUM HMITYJIbCHBIX CHCTEM CTpPEeMsTCsl BbIOpaThb T HaMHOTO MEHBIIE MHHHMAIbHOU
MOCTOSIHHOM BPEMEHU HEMPEPHIBHON YaCTH CUCTEMBI [4].

[Ipu »TOM, Kak OBUIO OTMEUEHO B TPEABIAYIIMX TJIaBaX, JUIsl BXOJHBIX CHUTHAJOB C OTPAHHMYECHHBIM

CIICKTPOM HMITYJIbCHad CHUCTEMa BCIACT cebst MPAKTUYCCKN KaK HEIPEpbIBHAd CHCTEMa C nepenaTquoi/'I

1
@YHKHHeﬁi Wlp(p):_wp(p)
T

B HekoTOphIX Ciydasx BBEACHHE MMITYJIbCHOTO JJIEMEHTA B 3aMKHYTYIO CHUCTEMY YJIyUIlaeT ee

YCTOMYMBOCTh. JTO MPOUCXOAUT B TEX CIydasX, Korjaa rogorpad HempepblBHOH Pa3OMKHYTOM CHCTEMBI

Wp(ja)) IIPU  BBICOKMX YaCTOTAaX MMEET CYIIECTBEHHYIO YacTh, pACIOJIOXKEHHYI0 B IIPaBOU

IMOJIYIIJIOCKOCTH. Taxkumm XapaKTCPUCTHUKAMHA o6naz[a}0T CUCTCMBI, COACpIKaAIEC OJICMCHTBI

3aras/ibIBaHusl, paclpeIeIeHHbIE TapaMeTphl, PE30HAHCHBIE KOHTYPHI U T.I1.[3].
10.4. IIpsiMble MOKAa3aTeJM Ka4eCcTBA YIPABJIEHUA B UMITYJIbCHbIX CHCTEMAX

Kauecmeom pabomvl umnynbCHOU cucmembvl aGMOMAMUYECKO20 YNPAGIeHUs Ha3bIBACTCS
KOMIUIEKC TpeOOBaHMH K €€ MOBEJACHHWI0O B YCTAaHOBHMBIIEMCS U MEPEXOJHOM pexUMax OTpabOTKH

3aJJaHHOTO yTIpaBJjstouiero BoznedcTBus [4]. Omenka kadecTBa pabOThl UMIYJIBCHBIX U IU(PPOBBIX
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CHCTEM HE OTJIMYACTCS OT OLECHKH B COOTBETCTBHUH C METOIUKOM, pa3paOOTaHHOW I HEMPEphIBHBIX
CHCTEM

Kak u B ciyqae HenpepbiBHBIX CAY npsimbie nokazamenu kauecmea CUCTEMBI ONPEACISIOTCS 10
MEPEXOTHON XapakTepucTuke cucreMbl N[MT ], KOTOPYIO MOKHO MOJYYHUTh SKCIIEPUMEHTAIBHBIM HITH
pacuetHbIM myTssMu (puc. 10.8).

Bpems  pecynuposanus t,  CIYXHT OCHOBHOH XapaKTEPUCTHKOH OBICTPOJICUCTBUSL CHUCTEMBI U

OIIPEIeNIICTCS TICPUOJIOM OT MOMEHTA IMOJIa4l BXOJHOTO BO3JCHCTBHS /10 MOMEHTA, KOTJa OTKJIOHCHHE
byukum h(t) wmm h[MT ] or ycraHoBuBIIErocs 3HAa4YeHHS HE BBIXOIUT 3a MpPEIEIbl HEKOTOPOit

3aJJaHHOW 30HBI * A: h[mT ]-h <A, tme A 3amgaercs oObuHO B mpexenax (3 - 5)%

ycT

YCTaHOBHUBIIETOCS 3HAYEHUS hyCT = h(x).

Tounocms cucmemsbr Ah OIPCACIIACTCA OIHI/I6KOI7I, NI OTKJIOHCHHEM YCTAHOBUBLICTOCSA 3HAUCHUA

OT 3aJIJaHHOI0O 3HAa4YeHUs h 300

nepexoHol GyHKuuu h yer

Ah = , (10.12)

Puc.10.8. [lepexoanpie GQyHKIMH HEMPEPHIBHON M UMITYJIBCHOM CHCTEM

Xapakrep HEepeXOoJHOro IpoIecca MOKET ObITh anepuoandeckuM hq[MT ] u KosnebaTenbHBIM
ho[mT ]. KonebatenbHslii mpouecc ho[MT ] xapakrepusyercs (puc.10.8):

1) maxcumanvuvim nepepecyruposanuem o %:
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max hyc

o= —— " 100 % ; (10.13)
h

ycT
2) 6pemeHem OOCMUNCEHUSL NePB8O2O MAKCUMYMA Ty

3) uucnom xonebanuti N 3a BpeMsi peryIupOBaHHsI ty -

[TomuMO mpsAMBIX TIOKa3aTelIed KadecTBa CYLIECTBYIOT KOCBEHHBIC II0KA3aTENM, KOTOPBIE
IIO3BOJISIIOT CYJIUTh O KaYeCTBE 3aMKHYTOM CHCTEMBI 10 HEKOTOPBIM I1IapaMeTpaM IPYruX XapaKTEPUCTUK
NCAY, ne mnpuberas K TOCTPOCHHIO TEPEXOJIHBIX XapakTepUCTHK. KOCBEHHBIMU IOKa3aTeNsIMHU
ABJIAIOTCS. HEKOTOPBIE BEJIIMYUHBI, XapAKTEPU3YIOIUE YNAJCHHOCTb 3aMKHYTOM CHCTEMBbI OT I'DaHUIIBI
yCTOMYMBOCTHU. 110CKOIBKY TaKyr0 IpaHHIly MOXKHO yKa3aTb JJI PA3JIMYHBIX XapaKTEPUCTUK CHCTEMBI B
94acTOTHOW 00JacTu M B 00JacTH KOpPHEH, TO KOCBEHHBIC NOKA3aTelM KayecTBa MOXHO DPa3JeUTh Ha
YaCTOTHBIC U KOPHEBBIE.

Yacmomuvle Memoowvl anaiu3a Kayecmeda UMnyIbCHbIX cucmem OCHOBAHbI Ha aHanu3e rojporpada

Pa30MKHYTON UMIYJIbCHOM cuctembl, T.e. ADX (puc.10.9).

LT W

Puc.10.9. KocBenHbIe moka3arein KauecTBa CHUCTCM, OIPCACIISICMBIC T10 FO,ZLOFpEl(i)y

Kocsennvimu  nokasamenamu kavyecmeéa, ONPEHENSEMBIMH 1O 20002paq)y  pa3’oMKHYmMouU
UMNYTbCHOU CUCTEMDb, SIBISIOTCS:

1) 3anac ycmouiuusocmu no amniumyoe
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* * A *

2) 3anac ycmouuusocmu no ¢gasze
*
Yy =7+ p (a) c) )

*
rIe o, - 4acToTa cpes3a, Mpu KOTopod A (@) =1, T.e. aMIUIMTYJHO-4aCTOTHAs XapaKTEPUCTUKA

Pa30MKHYTON UMITYJIbCHOM CUCTEMBI PaBHA €AUHULIE;
3) cmenenw konebamenvHocmu, KOTOPAs ONPEEISIETCS 10 aMIDTUTYAHO-9aCTOTHOM XapaKTepHCTHKE

3aMKHYTOW CUCTEMBI:

*

W

3. Max
M = ————.
*
W, (0)
C ONpCACIICHHBIMMU  BBIIIC  IIOKA3aTCIIMU  Ka4€CTBA  CBA3AaHO  IIOHATHUC l’lpedeﬂbHOZO

K03 puyuenma ycuieHus CACTEMBI Kyp — TaKoro KO3 (UIIMeHTa YCHIICHUSI PAa30MKHYTOH MMITYJIBCHOU

CHUCTCMBI, IIPX KOTOPOM 3ariac yCTOfI‘IPIBOCTH 0 aMINIMTYyJA€ CTAHOBUTCA paBHbBIM HYIIIO, T.C. 3aMKHYTas
HUMITYJIbCHAasA CUCTEMA HAXOAUTCS HA I'PaHUIIC YCTOﬁQHBOCTH.

Ecnu u3Becren kodddunuent ycunenus pazomkuyrod MCAY, mis koTopoii moctpoeH roporpad

*
1 U3BCCTHO 3HAYCHHUC A” , TO BCJIMYMHA knp OIIPCACIIACTCA:

k
knp:—.

*
v

A

Onpeodenenue ycmoudugocmu u noxazameneu Kauecmea nO N02APUPMUYECKUM UYACTOMHBIM
Xapakmepucmukam pasoOMKHYmMou uUMnyaibcHou cucmemsl. Kak TOKa3aHO paHee, IOCTPOEHHE

J'IOFapI/I(i)MI/I‘leCKI/IX YaCTOTHBIX XapaKTCPUCTUK pa3OMKHYTOﬁ HMHyTILCHOfI CUCTEMBI C )IPICKpGTHOfI

*
nepenaTouyHo QyHKuMen W, (p) TPOM3BOAMTCA C TOMOLIBIO OunuHEeHOTO TpeoOpa3oBaHusd, T.€.

3aMeHOH
L PT _1+v 2-1 eloT -1 itg &7
= = y V = = N = —_—
1-v z+1 eloT 11
. * _*
JoT v e 1+ jo
NN e = = ,
* %
l1-j—o 1- jo
* 2  wT —* oT
re o = _I_—tg — IICEBIOYACTOTa;, @ = 1g —~ OTHOCHUTEIIbHAS IICEBA0YACTOTA.
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'““'9]|M

201gk ; A

.  |201gk

lgow = lgxlr

1
L=201gA, . AL= EUlgI::- 0

x

im

2
Puc.10.10. KocBeHHble mokaszareny Ka4ecTBa, OnpeAessieMble 1Mo Jorapu(pMUIECKUM YaCTOTHBIM
XapaKTEPUCTUKAM
3ameTuM, 4TO OWIIMHEHHOE MpeoOpa3oBaHHE (3aME€Ha Z TMPUBEJCHHBIM BBIIIE BBIPAKECHUEM)

oT
SIBJISIETCS] PUOIMYKEHHBIM, TIOTPEIIHOCTh 3TOr0 IIPeodpa3oBaHus Maja MpPU MajbIX 3HAYCHUS - (npu

2 *
9TOM TIpaHHUYHBIM 3HAYCHUCM ABJLICTCA 4YaCTOTa @ = T—), o3TOMY U HOCHT Ha3BaAHUC

nceB104acToThl. [loce BeImenpuBeeHHOTO MPeodpa3oBaHus CTPOSTCS JIOTapu(PMUIECKIE aMIUTUTYIHO-
gactotHble (JIAUX) u ¢asouactorHeie (JIOUX) xapakTepuCTHKH HO TEM XKe IMpaBuUjiaM, 4TO H
COOTBETCTBYIOLIHE JOrapu(pMUUECKUE XapaKTEPUCTUKU HEITPEPBIBHBIX PA30MKHYTBIX CHCTEM.

[To mocTpoeHHBIM JOTapU(MUUYECKUM XapPAKTEPUCTUKAM MOXHO CYAMTh 00 YCTOWYMBOCTH
3aMKHYTOM MMITYJIbCHOM CHCTEMbl M OIpENENsATh 3amachl YCTOWYMBOCTH IO aMILTUTyae Hu ¢asze
(puc.10.10).

Ecnu nmeercs BO3MOKHOCTD BBISICHUTH PACIIONIOKEHHE KOPHEH XapaKTepUCTUUECKOTO YpaBHEHUS
Ha KOMIUIEKCHOM TUIOCKOCTH, TO 3TO IO3BOJISET ONPEAEIUTH €I1€ OJUH KOCBEHHBIN MOKa3aTeNlb KauecTBa

paboter UCAY, xapaktepusyrommii ee OBICTpOAeiiCTBHE. DTOT TMOKa3aTellb HA3BIBAETCS CMeneHbio

yemouuusocmu, 0003HaYaeTcs A, U ONpEIeNnseTcs Kak MUHUMAIbHAs JCHCTBUTENbHAS 4acTh U3 BCEX

KOpHEN XapaKTEepUCTUUECKOr0 YpaBHEHUS (puc. 10.11).
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Puc.10.11. KocBeHHbIe MOKa3aTeau KauecTBa MO0 KOPHSAM XapaKTePUCTUYECKOTO YPaBHEHUS

10.5. CucTEeMBI ¢ KOHEYHOM JJINTEJIbHOCTHIO MEPEX0HOI0 mpouecca
B o6miem ciiydae, nepexoJiHbIe MPOLECChl B yCTOMYMBON UMITYJILCHOM CUCTEME MTPOTEKAIOT
HCOTPAaHUYCHHO JOJITO. OI[HaKO B OTJIMYUC OT HCIIPCPBIBHBIX CUCTCM BO3MOKHBI TAKHUC YCIIOBUS, IIPH
KOTOPBIX NEPEXOTHOM MPOLECC ATUTCS KOHEYHOE BPeMsl. Dmo 803MOIHCHO 8 MOM Cllyyae, K020a 8eCO8as.
(UMnyIbCHAS NepexoOnas) QyHKYUS 3AMKHYMOU UMNYIbCHOU CUCeEMbl 00pauaemcs 8 HoJlb 3d
HeKomopoe KOHeuHoe Yucio makmos 1.
CornacHo opmyIe JUCKPETHOTO TpeoOpazoBaHus

W (p)= Y w,[me T (10.14)
1=0

U3 (10.14) BuanO, uTO w3[IT ] oOpaTtuTcs B HOJb 32 KOHEYHOE BPEMsI, €CIIM CyMMa OyZIeT UMETh

*
KOHEYHOE 4YHMCJIO 4WieHOB. B TumoBom cioydae W, (p) mnpeiacraBisgeT coOOM OTHOLIEHHE JBYX
IIOJIMHOMOB:

W*( pT ) bmeme +bm_1ep(m_1)T ..+ Dby B*(e pT )

e = =

3 * .
anepnT + an_lep(n_l)T +..+ag A (e T

YacTHOE OT JaelIeHUs ABYX IIOJIMHOMOB B O6H_IGM ClIydac UMeECT OCCKOHEYHOE YHCIIO CaracMbIX:

B (e IOT) T 2 pT
P :co+cle_p +Coe P +c3e_3pT + . (10.15)
A (P

[TosTomy cormacuo (10.15) w,[IT ] Gyzxer uMeTh GECKOHEUHOE YHCIIO OPAUHAT, OTIUYHBIX OT HYJS, TaK
kKak W, [0]=cy, w,[T]=c;, wW,[2T]=c¢c,, .. U TIEPEeXOAHBIM IpouecC B  TEUYCHHE

OECKOHEUHOTr 0O BPEMCHH YCTAaHABJIMNBACTCA.

OpHako, eclii XapaKTepUCTUYECKOE YpaBHEHHE 3aMKHYTOM CHCTEMbI COAEPKHUT BCErO OJIHO

* T pnT B (ePT)
cmaraemoe A (e )=a,e , TO Y4aCTHOE OT JelleHHs — ——  GyleT UMEeTh OrPaHUYEHHOE
*

)
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YHCIIO WIEHOB, a W, [IT ] - orpaHM4eHHOE YHMCIO OPJAMHAT, OTIMYHBIX OT HyJd. ClenoBaTesbHO,
YCJIOBUEM HAJIMYMS NEPEXOAHOTO MPOIEcCca KOHEYHOM JIIUTENbHOCTH B 3aMKHYTOM MCAY siBiisiercs:

ap#0, a ,=a ,=..=38,=0.

Ananmuz ITOKAa3bIBAC€T, YTO TaAKHEC CUCTCMbI o6naz[a10T OECKOHEYHOI CTENEHbBIO YCTOﬁqHBOCTH.

10.6. OnleHKa TOYHOCTH OTPAOOTKH 3a1a10111eTr0 BO3eiiCTBUSI 3AMKHYTOM
HMILYJIbCHOW CHUCTEMOU

TouHOCTH 3aMKHYTBIX HMITYJIBCHBIX CHCTEM, KaK W HCIPCPBIBHBIX, OIPCACIIACTCA OMH6KOﬁ,
BOSHHKaIOHIeﬁ B CHUCTEMC IIpU OTpa6OTKe CTCIICHHBIX BXOJHBIX CHI'HAJIOB, OIIMCBIBACMBIX (bYHKHI/IHMI/I

t4 . . .
BHIa —' . PaCCMOTpI/IM TOYHOCTHL CHUCTCMBI TaK HA3bIBACMOHU THIIOBOHU CTPYKTypBI, HpeI[CTaBJICHHOI/I Ha
u!

puc. 10.12.

x¢(2)

Xex (1) C 2 x(£) i X (f); W (o) W (o) IGMI(:)

K TakoMy Buly ¢ TOMOIIBIO CTPYKTYPHBIX MPEOOPA30BAHUI MOKHO MPUBECTH OOJIBITUHCTBO 3aMKHYTBIX

Puc.10.12. CtpykTypHas cxema UMITyJIbCHON CHCTEMBI

HUMITYJIBCHBIX CUCTCM.

Hpe,[[HOJ'IO)KI/IM, YTO HCHUPCPBIBHAA IIEPCAATOTHAA (I)YHKI_[I/IH pa3OMKHYTOI7I CHUCTCEMBI UMCCT BU

Kby P™ +b, 1 p™ T tbpt1)

W, (p) =Wy (p)W,(p)= ,

n n
pv(anp +a,_1p +..+a;p+1)

rae k — ko3 QUIUEeHT yCuiIeHns pa30MKHYTON CUCTEMBI; V - Pa3HOCTh MEKY YUCIOM MHTErPUPYIOLIUX

n AUQPepeHInpyIOIUX 3BEHbEB B PAa30MKHYTOW CHCTEME W, (p), HaspiBaeMas TIOPSAIKOM HIIH
CTENEHbIO acTaTh3Ma CHCTEMBI 10 YIPABICHUIO. 3aMETUM, YTO MOPSAOK acTaTU3Ma paBeH Pa3sHOCTU

pT

qucIa MHOKUTENEH Tuna e —1 B 3HaMeHaTelle U YUCIIUTENE TUCKPETHOW MepelaToOuHON (pyHKIHMH

W, (p).

OIJ_II/I6Ky BaMKHYTOﬁ HMHy.]'IBCHOﬁ CUCTCMBI IIpU 0Tpa6OTKC YIIPABJIAOIICTO BO3JICHCTBUS MOXHO

HalTH o popMynam
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_ T x * x X (p) 1
Xyer = Im (' —DW, (p)X (Pl W, (p)=——= —,
0
P= X oo () 1+W, (p)
rge X ox (p), X (p) - OUCKpeTHbIE W300pakKeHHs 3aJArOIIET0 CUTHAjla W CUTHANA OIIUOKU I10

* *
ynpasiennio; W, (p),W, (p)- OMCKpPETHBIC IIEPEIATOYHBIC (YHKIUHM PA3OMKHYTOM CHUCTEMBI H

nepenaTouyHoi GpyHKIMY o OMKOKE OT 3a/Ia0IIEro CUrHaia.
JuckperHas mnepenaToyHas (YHKIHS PA30MKHYTOM CHCTEMbI, MMEIOIAs V HHTETPUPYIOIIMX

3BCHBEB, OyJIET UMETh BH/]I

W*( ) (bnepnT +bn_1ep(n_l)T +...+b0) B*(p)
p = =
p _ *
(e pT —1)V (a,e pnT +a_ e p(n-1)T + o+ ao) A (p)
tﬂ
JluckperHoe n300pa’keHre CTEMEHHOT0 BXOAHOTO CUTHAa —— TOPSIIKA 4 MOKHO MPEJACTaBUTh B BUJIC:
ul
* THe pT
G (p)= R, (p);
(e pT 3 l)ﬂ +1
R =1 R =1;
0(P) X 1(P) . (10.16)
Rg(p)=—-(epT +1); R3(p)=——(e2pT s aePT +1);
2! 3!
1
Ry(p)=—(3PT 111e2PT 1116 PT 1y
41

BeipaxxeHne il NPOM3BOJBHOTO 4 mpuBeaeHO B [2]. 3amerum, uto R, (0) =1 s BCex L.

Omnbka 3aMKHYTOI\/’I CHUCTCMEBI 110 YIIPABJIAIOIIEMY BO3JICHCTBUIO MOXKET OBITh HaliieHa U3 BBIPAXKCHUA:

X im (e PT 1) ! e R, (p)
Oycr = - * ' U -
p—> 0 B (p) (ePT —p#*t
1+ T .
1%
e” -0 A (p)
[0 vV o> u;
|
0 v < U,
_ (epT _l)v+1 T,uepT 1
= lim - T il R,(P)=4 = mpu p=v( >1);
p—>0 B e -1 k
(epT _l)v+ *(p) ( ) I )
A (p) 11+ #=viv="0)
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Cnenyer OTMETUTb, YTO HAJIEHHOE BBIPAXKEHHE COBNAAAECT C AHAJIOTMYHBIMH BBIPAKECHUSIMU
omMOOK MO YNpPaBICHUIO B 3aMKHYTOH HeNpepblBHOW cucteme. OmuOKy 3aMKHYTOW HMITYJIbCHOM

CHUCTCMBI 110 BO3MYIIAIOIIEMY BOS,Z[CI‘/'ICTBI/IIO CJICOYET UCKATh I10 (bopMyne

i 07T gy K (W2 (p)

p—>0 1+W, (p)

XOyCT

[IpuBeneM okoHYaTeNnbHYIO (OPMYITy OLIMOKH 10 BO3MYIIAIOIIEMY BO3JEHCTBUIO, AHAJOTUYHYIO

BBIBEJICHHOU paHee JIJisl OTUOKH 110 yIPaBICHUIO:

[0 vV > u;
| 0 v < U,
ko
XOyCT = — u = V(V > 1),
|k
k
2 u=v(v=0)
{1+k

e VvV - TNOpsAgoK (CTemeHb) acTaTU3Ma CHCTEMBI IO BO3MYIIECHHMIO, DPABHBIM Pa3HOCTH YHCIA

UHTErpupyomux 1 auddepeHuupyoIux 3BeHbeB B nepeaaTouHoil ynkuuu W4 (p) , T.€. JexKamux 10

pT

TOYKH IPUITOKCHUA BO3MYIIAKOIICTO BO3II€fICTBPI$I, WJIM MHOXKHUTEIICH THIIa € — 1 B 3HameHarene u

*
YUCIIUTeNle JUCKPETHON nepenaTouHoi Gynknuu Wy (p).

*
Cnenyer ormeTuTs, 4ro BelpaxkeHue (X , (p)W, (p)) o3Hayaer: CHa4ana HaJl0 NEPEMHOKHUTH

HCIIPEPBIBHBIC I/1306pa)KeHI/I}I, a 3aT€M OT HNPOU3BCACHUA NICPEXOJUTH K JUCKPETHOMY I/I306pa)l(eHI/II-O 1o

Jlamnacy.

10.7. BbiBOABI
B riase NMOKa3aHoO, YTO B OCHOBC IOBCACHUA )II/ICerTHOi/i CUCTEMBI JICKHUT €€ BecoBad

(yHkuus, ec;1u BecoBasi pyHKIUsI BO3BPaINaeTcs B HCXOAHOE COCTOsIHUE (HYJIeBOe), TO cHCTeMa —
YCTOH4YMBA, €CJIH NMEPEX0JIUT B HOBOE COCTOSIHUE, TO HEHTPAJIbHA M €CJIM YXOJAUT OT Hero, To
HeycToiiunBasi. Takum o0pa3oM, yCTOHYMBOCTH MOKHO MPOBEPUTH, M0JaBasi HA BXO/ CHCTEMBI O -
¢yHKkuu0 (nau ee npudIANKeHne). ITO — AKTUBHBIN IKCIIEPUMEHT.

Ho npoBenenne akTHBHOIO IKCIIEPUMEHTA He Beeraa y100HO 1 BMeCTO Hero npeajiaralrcs
KpHUTEepHHU YCTOIMYHBOCTH, OCHOBAHHbIE HA AHAJIM3E XaPaKTePUCTHK cucTeM: (ajiredpauveckue)
He00X0AUMBbIE U 10CTATOYHBIE YCJIOBHS YCTONYNBOCTH, KpUTEepHuil ycroitunBocTu I'ypBua
(XapaKkTepuMCTHYeCKHI OJIMHOM CHCTEMBbI), (4aCTOTHBbIC) KpuTepuii MuxaiyioBa, KpuTepui
HaijikBucTa, N03B0JIsIIOIINE NTEPeBeCTH U3BECTHBIC KPHEPHH U3 HENPEePbIBHOM 00J1aCTH B

JAHCKPETHYIO.

83



KauecTBoO JAUCKPETHBIX CUCTEM ONPEACIACTCH AHAJTOITHYHO KAaYeCTBY HENMPEPBLIBHBIX CUCTEM,

HO MMEIOTCSl H3MEHEHHs B COOTBETCTBYHOIIUX opMyJiax (I OIMOOK AUCKPETHBIX CHCTEM).

B AUCKPETHBIX CUCTEMAX ITOABJIACTCH HOBOC KAY€CTBO — KOHECYHOEC BPpEeMH NMEPEXOAHBIX IPOLECCOB,

T.€. , 3@ KOTOpPO€ MpouecC B CHCTEME 3AKAHYUBACTCH.

10.

11.

12.

13.

10.8. Bonpocsl

Kakyto xapakTepucTUKy HaJ0 CHSTb, JJISl TOTO YTOOBI CYAUTh 00 YCTOHYMBOCTH Pa3OMKHYTOM
CHCTEMBI, 3AMKHYTOW CHCTEMBI?

Kakoii moimHoOM HY>XKHO UCCIIEZIOBATh JUIS TOTO YTOOBI ClIeNaTh CYKIEHUE 00 YCTPOHYMBOCTH
Pa30MKHYTON JUCKPETHON CUCTEMBI, 3aMKHYTOM TUCKPETHOM CHCTEMBI 110 KpuTepwHio I 'ypBuia?
MO>HO JI1 BOCTIONIB30BaThCs (hOpMYIHUPOBKOM KpuTepHs ['ypBuILla, MpeoKEeHHOH I HeMPEPhIBHBIX
CHCTEM, KaK 3TO MPOAEIaTh?

Kakoii monmHoM Hy>XKHO UCCIIEZIOBATH JUIS TOTO YTOOBI ClIeNaTh CYy:KJIEeHUE 00 YCTPOHYMBOCTH
Pa30MKHYTOH JUCKPETHOW CHCTEMBI, 3aMKHYTOW TUCKPETHON CUCTEMBI M0 KpuTeputo MuxaiinoBa?
Kakas noacTaHoBKa MO3BOJISIET BOCIIOIB30BaThCSI KPUTEPUEM YCTOMUMBOCTH MuxaiinoBa Jyisl aHaiu3a
JTUCKPETHBIX CUCTEM?

Kak nomxken Bectu ce6s rogorpad MuxaiinoBa, chopMyIUpOBaHHBIN AJIsI AUCKPEUHBIX CUCTEM IS
yCTONYMBOM CUCTEMBI 1-T0, 2-T0, 3-TO TOPSAIKOB?

Chopmynupyitte kputepuil ycroitunBoctr HaiikBrucTa /7151 yCTOWYMBBIX 3aMKHYTBIX JTUCKPETHBIX
CUCTEM.

Chopmynupyitte kputepuil ycroitunBoct HailkBrcTa 17151 HEYCTOMYMBBIX 3aMKHYTBIX JTUCKPETHBIX
CUCTEM.

Cdhopmynupyiite kpurepuit yctoitunBocTi HalikBucTa Ui HEUTpaIbHBIX 3aMKHYTBIX JUCKPETHBIX
CUCTEM.

[Iepeuncinre mokasaTeny Ka4ecTBa JJIs 3aMKHYTBIX JUCKPETHBIX CHCTEM allepUOANYECKUX,
Kose0aTeIbHbIX.

Kakoe ycrnoBue Hajio UIMETh B BUJy ITPU ONIPE/IEICHNUH OIMOOK B TUCKPETHBIX CUCTEMaX
ChopmynupyiiTe Kputepuil ycroiunBocTy HailkBucTa 111 yCTOWYUBBIX 3aMKHYTHIX TUCKPETHBIX
CUCTEM.

ITo kako#t popmyiie onpenensercs: craThueckas, KHHeTH4ecKasi OolIMOKa 3aMKHYTOM JUCKPETHOM
CHCTEMBI?

B kaxom ciyyae B IMCKpETHOM 3aMKHYTOM cucTeMe B MpoIiecchl OyAyT 3aKauyuBaThCS 32 KOHEUHOE

BpeMs?
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10.9. 3anauus

1. Tlo 3amaHHO# TUCKpETHOM MepenaTOYHON GYHKYHH Pa30MKHYTOM CHCTEMBbI OINPEEIUTh

YCTONYMBOCTh 3aMKHYTOM CHCTEMBI, TOCTPOUB €€ BECOBYIO (DYHKIIHIO:

,pT
b, +be

W, (p)= -
1+ ae

bo:]., b1:0.3, a;=-0.85.

pT

,pT
b, +be

pT

W,"(p)= -
1+ ae
bozl, b1:-0.3, a;=-0.85.

,pT
b, +be

W," (p)= -
1+a.e

bo:O, b1:-0.3, a;=-0.85.

pT

,pT
b, +be

pT -2 pT

W," (p)= -
l1+a.e +a,e
bo:]., b1:0.3, a;=-0.85; a,=1.

,pT
b, +be

pT -2 pT

W™ (p)= .
l1+a.e +a,e

bo:]., b1:0.3, a;=-0.85; a,=2,0

,pT
b, +be

pT -2 pT

W™ (p)= .
l1+a.e +a,e

bo:]., b1:0.3, a;=-0.85; a,=2,2

pT

pT

* b, +be *r o b, +be
M/p (p): - pT - pT VVp (p)_ - pT - pT
(1+ae J(1-e ) (1+ae J(1-e )
b():l, b1:0.3, a;=-0.85. b():l, b1:0, a;=-0.85.
* bO +b1e—pT " bo +ble*PT
M/p (p): - pT -2 pT VVp (p): - pT -2pT
1+ a,e +a,e l+ae +a,e

b():l, b1:0.3, a.=0; a,=2,0

b():l, b1:-0.3, a,=0; a,=2,0

2. HJ’IH JAUCKPETHBIX MEPCAATOYHBIX q)YHKI_II/Iﬁ Pa3OMKHYTBIX CUCTCM, 3aAaHHBIX B IIPCABIAYIIICM

3a/laHnuH, OIIPCACIUTDb YCTOﬁHHBOCTB 3aMKHYTBIX CUCTEM II0 BBIITOJIHCHHUIO H606XO,Z[I/IMBIX u

JIOCTaTOYHBIX yCJIOUN ycToitunBocTH (B Z o0nactu).

3. Tlo 3amaHHO#M MUCKPETHOW NepeaaTouHon (YHKIIMHA PAa3OMKHYTOW CUCTEMBI OTIPEACTUTh

YCTOMYMBOCTb 3aMKHYTOM CHCTEMBI IO KpuTepHio [ ypBuna:

1+ 0.6e7PT + 0.9¢—2rT

W (n) = 0.5e~2PT ooy 1+ 0.5e7PT
» (P) = 1—1.7ePT + 0.2¢—2rT W (p) = 1—1.7ePT 4 0.7¢~2rT
W (o) = 1—23e7PT W (o) = 1—0.5e7PT 4+ 0.7¢7%PT
p \P) = 0567 1 0.8e-2PT p\P) = T 8e-pT 4 0.8e-20T
o 1+23e7 o —2.5¢ 7T
Wo' () = 55T 1 0.8e-27 Wo'P) = T 707 1 09027
o 1+23e7 o 0.5ePT
Wo'(P) = G5 v 0.8e 207 Wo' ) = T 2e v 07627
i} —2.0e7PT . 0.5 — 2.5¢7PT
W, (p) = W, (p) =

0.5 + 0.6e7PT + (0.9¢~2rT

4. Tlo 3a1aHHON AUCKPETHOM MepeaaTouHol (yHKIIMKA Pa30MKHYTOM CUCTEMBI OTIPEIEIUTh

YCTOMYMBOCTh 3aMKHYTOM cucTeMBbI 1o kputeputo HalikBucTa u npeenbHblil koaduirent

yemnenust (T=0.01):
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. 0.5e~2PT . 1+ 0.35¢7PT
Wo'(0) = T 7ewr 1070207 Wo'(0) = T-17eo7 0350207
i 1—13e7PT . 1—0.5¢7PT
Wo'(P) = 5567 1 0o 27 Wo'(P) =TT ge o7 + 0.8e 27
. 1—23e7PT . —2.5¢7PT
Wo'(P) = 5567 1 0o 27 Wo'(0) = T3 1797 1 0.90 27
. 1+ 23e7?T . 0.5¢7PT
W (p) = —0.5e7PT 4+ 0.8e—2PT W (p) = 1—2.2e7PT 4+ 0.7¢—2PT
i —2.0e7PT i 0.5 — 2.5¢7PT
W (0) = T30 6e77 1 L6027 W (P) = 05 T 0,607 1 0.9¢ 27

5. Jlnis cxeMm ¢ JUCKpeTHOH mepeaToOYHON (QyHKIMEH pa30MKHYTON CUCTEMBI, 3aJaHHOH B 11.4
3aJJaHHs, OTIPEICIUTh CTATHUECKYIO U KHHETHYECKYIO OITMOKH B 3aMKHYTOM TUCKPETHON

CHUCTEMC.

6. s cxeMm ¢ JUCKPETHOH MepenaToYHoN QyHKIMEH pa30MKHYTON CHUCTEMBI, 3aIaHHOH B 11.4
3a/IaHusl, IOCTPOUTD MEPEXOIHOM Tpoliece (PEaKIrI0 Ha €IMHUYHYIO CTYIIEHYATYI0 (PYHKITUIO)

¥ HalTH IOKa3aTeJIM KauyeCTBa CHCTEMEIL.

10.10. IlpakTukym no riaase 10
1. Tlo 3agaHHOM AMCKPETHOM MeperaTouHOl PYHKYHU pa30MKHYTON CUCTEMbI ONPEIECIIUTh

YCTOWYMBOCTh 3aMKHYTOM CHCTEMBI, TOCTPOUB €€ BECOBYIO ()YHKIIHIO:

—pT
1+e "

Wy, (p)= - -
1-1.7-¢ +0.8-¢

3anuieM BeIpa)kKeHHE JUIs [TepelaTOuHON PYHKIIMY 3aMKHYTON CUCTEMBI:

pT 2 pT

W () = W, (p) 14e 7 056’ +05.¢”
3 (p)_ = T 2T _2p7

1+W,,*(P) 2-0.7-e " +0.8-e" e’ _0.35.¢” +0.4

pT

Paznoxkum W,"(p) B psia u HaiizeM KOO(Q(UIUEHTHI IPH CTENEHAX e ' , TEM CaMbIM HaiJIeM BECOBYIO

dyskmo w,*[mT]:

0,5 0,5 | 1 -0,35 04
0,5 -0,175 0,2 0,5 0,675 0,03625 -0,25731 -0,10456  0,066328
0,675 -0,2
0,675 -0,23625 0,27
0,03625 -0,27

0,03625 -0,0126875 0,0145
-0,2573125 -0,0145
-0,25731 0,0900585 -0,102924
-0,1045585  0,102924
-0,10456  0,036596 -0,041824
0,066328  0,041824
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Taxum oOpa3oM HaiiieHHass BecoBasi (PYHKIIMSA 3aMKHYTOM HCCIIETyeMON CUCTEMbI UMEET OpMHATHI:
0.5; 0.625; 0.03625; -0,25731; -0.10456; 0.066328..., T.e. SBHO 3aTyXaeT, U 3aMKHyTas cHCTEMa
SIBJISIETCS] YCTOMYUBOIA.

2. Jlng mpenpliyliero 3aJaHMs  ONpPENesIUTh  YCTOMYMBOCTh 3aMKHYTOHM CHUCTEMBI IO

HEO0X0IMMOMY U AOCTATOYHOMY KPUTEPHUIO YCTOWIUBOCTH (B Z 061acTh).

W, (p) = W, (p) 1+e ™ 05.¢*" +05.¢"
s \P)= * - -7 “opr 2T pT

1+W (p) 2-0.7-e +0.8-¢e e -0.35-e" +0.4

pT

3anuiiem nepeaaToyHyro (pyHKIHIO B Z-00JaCTH U IPOU3BEIEM IOJCTAHOBKY: Z = e

05-2°+0.5-2

I[lepenaTounas GpyHKIMA 3aMKHYTOM CHCTEMBI 3anumiercs B Bune: W, (p) = P —
-0.35 -z+0.

(0.175 — 0.60776228905716090012i °

Bolupcnss KOpHM Z, monyuum . Zi = \ 0175 + 0.60776228905716090012i T KOpPHM JI€KAT B
2

OKPY’KHOCTU CAUHUYIHOTO panycCa, 4YTO T'OBOPUT 00 YCTOﬁqHBOCTH CHCTCMBI.

3. OmpenenuTs YCTOHYMBOCTD 3aMKHYTOH CHCTEMBI 110 Kputeputo ['ypBuma:

pT

o # l1+e
B kxauecTBe pa3oMKHYTOIi cucTembl BosbMeM W,™ (p)=
-pT -2pT
1-1.7-e +0.8-¢e
. pT  1+v
3amnuiiemM NepeaaToOuHyro Q)YHKI_II/IIO 3aMKHYTOU CUCTEMBI U CACIA€M IIOACTAHOBKY: Z = € = .
1-v
[Ipu 3TOM MOTyyUM nepeaaTouHyro (PYHKIIHIO 3aMKHYTOU CHCTEMBI:
X W (p) 1+e ™ 05-e°" +05.¢"
VV3 (p) = * = —pT —2pT = 2pT pT
1+Wp(p) 2-0.7-e +0.8-e e -0.3-e +0.4
U, ucnions3ys nporpammy Mathcad:
l+v 2 1+ v
0.5-(1 ] +0.5- 1
W3(v) = — -
1+ v 2 1+ v
-0.35- + 0.4
I —-v 1 —-v
W3() 0.57142857142857142857v + 0.571428571428571428:
iv) =
v2 + 0.68571428571428571429v + 0.6
A3 = v2 + 0.68571428571428571429v + 0.6(
B xapakrepucthueckoM TMONHMHOME BCE KOIPMOUIIMEHTH — TOJIOKHUTEIbHBIC, YTO TOBOPUT 00

YCTOWYUBOCTU 3AMKHYTOW CHUCTEMBI.
4. Tlo 3a1aHHOMN AUCKPETHOM MepeaaTouHol QyHKIIMHU Pa30MKHYTOM CUCTEMbI OIPEAETUTh
YCTOMYMBOCTh 3aMKHYTOM cucTeMBI 110 Kputeputo HaiikBucra u npeaenbHblil koadduireHT

ycunenus. lIpexe Bcero onpeaennm yCTOM4uBOCTh PA30MKHYTON CUCTEMBI, JUJIS1 YETO
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BOCIIOJIB3YCMCs H606XOHI/IMBIM 1 JOCTATOYHbIM YCIIOBUCM yCTOfI‘{PIBOCTI/I B o0JacTu Z, a UIMCHHO,

3aIucaB MepeaTOYHyI0 (YHKIUIO PA3OMKHYTOM CUCTEMBI B TNIOCKOCTH Z:

pT 2pT pT

1+e e +e
Vl/p*(p): —pT -2 pT = 2pT pT
1-1.7-¢ +0.8-¢ e -1.7-¢e" +0.8
2
2 +1z

W, @==

z"-1.7-2+0.8
Brerauciss KOpHH 3HAMCHATCIIA, HaXOANM:

z - 17 -z+ 0.8

(0.85 — 0.2783882181415010961 1i \

\ 0.85 + 0.27838821814150109611i )

2 2
0.85 + 0.27838821814150109611 =

0.8
Takum 06p330M, Pa3OMKHYTas1 CUCTEMA YCTOﬁqHBa H JJIs1 CY>KACHUS 00 ¢ 3aMKHYTOﬁ CHCTCMbI

HYXHO nocTpouTh rogorpad ADX pazomknytoi cucrembl. ADX

p-T
l+e
Wp(p) = — .
1-17-¢ ' 108 P
wi=0.0.1.. =
~10 30
Im(Wp(j-w))

Re(Wp(j-w))

Takum o6pasom, mcrmoas3yst Mathcad, ctpoum rogorpad, mo KOTOpOMY OIpEEsissieM, YTO 3aMKHYTast

cucTeMa yCcToitunBa (MIOCKOJIbKY rojorpad He 0XBaThIBaeT TOUKY ¢ KoopauHaTamu (-1; jO).

88



5. Jlns cxeMm ¢ JUCKpeTHOH mepeaToYHON (QYHKIMEH pa30MKHYTON CUCTEMBI, 3alaHHOH B 11.4

3aaHusd, OMPCACIIUTb CTATUICCKYIO U KUHCTUYCCKYTO OIIIMOKH B SaMKHYTOﬁ CHUCTEMC.

—pT 2pT T
1+e " e’ tef

W," (p)= -
P 1-1.7.¢ " +08-e°" e _17.¢" 108

Crarnyeckas omuoOKa — 3TO OI_HI/I6Ka, BO3HHKAIOIIAA B CUCTEMC IIPpH BOSI[CI;'ICTBPII/I Ha BXOZC C,HPIHI/I‘IHOI;'I

CTymeH4aToi PyHKUMH, T.€. Xz = 1[mT], umerorueii uzoOpakenue o Jlamiacy B BUIE:

*

1
xi[pl = T 3anuieM JUCKPETHYIO MepeaaTounyto GpyHkuuio no Jlammacy OTHOCHTENBHO CUTHATIA

1 1 1-1.7e PT+0.8e~2PT _ 1-1.7e7PT+0.8e2PT

oummbku: W' (p) = g =

1+

l+e

T 2pT

1-1.7-e " +0.8-e”

Jlnst pacdeTra cTaTHYECKOW OMMOKH BOCTIONb3yeMcst (hopMymoi

o T 1-1.7¢ PT+0.8¢-2PT+1+e—PT = 2-0.7¢—PT+0.8e—2PT"

_pT —pT _ZpT
i (epT 1)W*(p)X *(p) lim l-e 1-1.7e + 0.8e 1
Xyer = - = '
yeT X 6x - pT - pT -2pT - PT
p—0 >0 =P 2-07e P to08e P 1-e P
1
Takum O6pa30M, O4YCBUOHO, YTO XyCT = —
21

Kunernueckas omnbka — 3T0 OI_HI/I6Ka, BO3HHKAOIIAsA B CUCTEME IIPpU BO3JEUCTBUU HA BXOJC JTUHEHHOTO

BO3pACTAIOIIETO CUTHANA, T.€. Xz, = mT, uMmeroniei nzoopaxkenue 1o Jlamiacy B Buje:

Te PT

X lpl = ey - 3anuieM JUCKPETHYIO MepeAaTounyro (yHkuuio mno Jlammacy OTHOCHUTENHHO

1 _ 1-1.7e"PT+0.8e=2PT

1
CUTHaJIa OIITHOKH: Wy (p) = - =
1+W; 1ie

1-1.7-e " +0.8-e

1+

pT 2pT

1-1.7e"PT+0.8¢~2PT
2-0.7e"PT+0.8e2PT"

st pacueTa KUHETUUECKOM OITMOKH BOCIIOJIb3yeMCsl (POPMYIIOM:

oT T 1-1.7ePT+0.8e~2PT+14ePT

- pT - pT —-2pT - pT
im (e pT 1)W*(p)x *(p) iim 1-e 1-1.7e + 0.8e Te
X = — = .
yer X 6x - pT - pT - 2pT 2
P=0 P20 = PT 5 57e” P s08e P — pT
(1-e )
Jlerko BBIYUCTUTD, YTO 3HAYCHHE KUHETUYECKON OIMOKU PaBHO X =

yCcT

AHaJIOrMYHO MOXKHO paccuuTaTb OIIMOKH I10 BO3MYIIAOIEMY BO3JCHCTBUIO.

11. Cunmes umnynscnovix cucmem

11.1 ITocTaHOBKA 3a1a44 CHHTE3a U CIIOCO0 peau3alui KOPPEKTHPYIOIIEro

ycTpoOiicTBa
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Ecmu umnynecHass CAY HeycToiiunBasi Wiy He 00JIajaeT HEOOXOJWMBIM Ka4eCTBOM, B KOHTYP
CHUCTEMBI MOKHO BBECTH KOPPEKTHUPYIOIINE 3BEHBS, KOTOPHIE MO3BOJISIIOT AehOPMUPOBATH YaCTOTHYIO
XapaKTePUCTUKY PA30MKHYTON CHCTEMbI >KeJaTelbHBIM 00pa3oM U TeM CaMbIM OOECHeUuTh 3aJaHHbIC
MOKa3aTeIn KauecTBa.

Koppektupytomue 3BeHbss (K3) wmoryr OBITh BKIIOYCHBI B OCHOBHOW KOHTYP CHUCTEMBI
MOCJIeIOBATENbHO, MApaICIbHO WIIM B BUJE I OOPAaTHOM CBSA3M OTHOCHUTEIBHO KAaKOT0-THOO 3BEHA
CUCTeMBl. B MMIyIbCHBIX CHCTEMax BO3MOXHBI JBa BapuaHta peanusanud K3. OHO MoOxeT ObITh
BBEJICHO B HEIPEPHIBHYI0 YacThb CHUCTEMbl M pEAIM30BAHO KaK aHajJoroBoe 3BeHO. B atom ciyudae

CTaBHUTCS 3aj1a4a jkeiaaeMoro 1eopMUpPOBaHMS YACTOTHON XapaKTEPUCTHUKU HEMPEPhIBHON MPUBEAEHHON

gactu W, (p) . OTa 3a7a4a peraeTcsi MET01aMi KOPPEKLIMH HEPEPBIBHBIX CUCTEM.

Hpyroii Bapmant peanuzaimun K3 1mdpoBoii. B 3TOM ciaydyae ypaBHEHHE JAWHAMHKH
KOPPEKTHPYIOLIEr0 3BEHAa BOCIPOM3BOAUT LU(GPOBOE  BBIYUCIUTENBbHOE YycTpoiicTtBo. OHO Bcerga
npucyrcTByeT B uudpoBbix CAY, U M03TOMY 3TOT BapUaHT KOPPEKUUHU SBJISIETCS IPEINOYTHTEIbHBIM
umenno g LCAY. Ecmu npu stom ILICAY 1o cBoMM JIWHAMHUYECKHM CBOWMCTBAM SIBJISIETCS
UMITyJIbCHOM, mnapameTpel nudpoBoro K3 ompenensitorcss mMerogamMu cuHTe3a MMITYJIbCcHbIX CAY.

CJ'IGI[OBaTeJ'IBHO, 3aa4a CHUHTC3a HMITYJIBCHBIX CHCTEM CBOJUTCA K OIPCACICHUIO Hepe,uaTquoﬁ

dynkuwau W ¥ (p) WM 4ACTOTHOM XapakTepucTHKU W .~ (j@) KOPPEKTUPYIOLIETro 3BeHa, MPH KOTOPHIX

3aMKHyTasg cucTeMa oOnanana Obl 3apaHee 3aJaHHBIMH CBOWCTBAMH, OTPAXAIOUIMMHU TPeOOBaHMSA
TEeXHUYECKOro 3afaHusd. K HHUM MOXHO OTHECTH 3aJaHHOE 3HAYCHME IEepeperyaupoBaHUs, OLIMOKH B

YCTAHOBUBIIEMCS PEKHUME, ACTATU3M, KOHCUHYIO JJIMTCIIBHOCTD MIEPEXOAHOI'0 IIponecca U T.A.

11.2. YcaoBue ocymectBUMOCcTH M rpydoctu UCAY

[Tpu pemenun 3amaun cuHTe3a MCAY HeoOXoauMo oOecrneyuTh YCIOBUE OCYIIECTBUMOCTU
KOPPEKTUPYIOILIEro YCTPOMCTBA U yCI0BHE rpydoocTu ckoppekTupoBanHoit UCAY.

Pemenue 3amaun cuHTE3a nepefaroyHor (YHKIMU IU(PPOBOro KOPPEKTUPYIOLIETO YCTPOHCTBA
paccCMOTpPUM Ha IpUMEPE, KOIZla KOPPEKTHPYIOLIEE YCTPOWMCTBO  BKIIOYAETCA IIOCJIENOBATEIBHO C

MpUBEAEHHON YacThIO, KaK MOKa3aHo Ha puc. 11.1.

X*(p) Y(p) T Y ()

W@ > b oW e s

G(p) X(p)

B 1

\ 4

A

Puc.11.1. IlocienoBaTenbHast KOPPEKIUS
v *
st aTOTO Cciydas nepegaTouHas PyHKIUS 3aMKHYTOM CUCTEMBI OTHOCUTENBHO Y = (p) HMEeT

BU:
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L+ W, (oW ™ (p)

I[lycTh MbI XOTHM DEaNn30BaTh HEKYIO 3a[aHHYI0 IEPENaTouHylo QyHKIuo K ,*(p) MyTéM BhIGOpa

K*(p)=

w " (p). Torna na ocuosanuu (11.1) nepenatounas GpyHKIMs KOPPEKTUPYIOIIETO 3BEHA ONPEJIENIETCS B

dhopwme:
WK*(p): :- K3 ip) :Q*(p) K3 ip) ’ (112)
W, (p)1-K, (p) P (p) 1-K, (p)
r/:[eWH*(p):P*—(p).
Q (p)

Koppektupyromee 3BeHO W, .~ (p) MOXKET ObITh PEaln30BaHO MPAKTUYECKU, €CIH CTENEHb

YUCIHUTCIIA 6y,I[eT MCHBUIC CTCIICHU 3HAMCHATCIIA.

HazoBéM mopsinikoM mepenatoyHoll pyHKIHUM N pa3HOCTh CTENICHEW 3HAMEHATEINsT W YHCITUTEIIS.

% o
[lepenatounyto QyHKIUIO W, (p) MOXKHO pealu3oBaTh, €clid €€ IOpsAAOK HeoTpuuareieH [2,3].
CnenoBarenbHo, Ha ocHoBanuu (11.2) mepBoe yciaoBHE OCYHIECTBUMOCTH TPeOyeT, YTOOBI MOPSIOK

3aJJaHHOH TepeaaTouyHol GYHKIUHU n, OBbLI HE MEHBINE MOPSIKA MEPEIATOYHON (QYHKIUN MPUBEIEHHON
4acTy n .
3 2 Ny (113)

* .
Eciu ;" (p) CONCPIKHT 3BEHO 3alla3/bIBAHUs CO BPEMEHEM 3ana3biBatus 7 = s, T !

n

PT(p) 5T
* e
0 (p)

T0 cornacHo (11.2) koppekTupyroiee 3BeHO UMEET NepeaTOuHY0 (PYHKIIHIO:

o (p) =

01" (p) T K(p) (11.4)
P (p) 1= K3 (p)

*
OTCIO,I[a BHAHO, 4YTO w JOJIZKHO O6€CH€‘{I/ITL CXKICHHUE Ha S
k P

W (p)=

0 NepruoaoB IMOBTOPCHUS, YTO

*
¢Gusnueckn HeBO3MOXKHO. [lo3TOMY BTOpOE yCIOBHE OCYIECTBUMOCTH W, .~ (p) TpeOyeT, 4TOOBI NpH

* o~
HaJIMYUM 3BEHA 3amas3jbplBaHus B W, (p) OHO OBLIO BKIIIOYEHO B MEPENATOUHYIO (YHKIUIO 33JaHHON

CUCTCMBI.
-ps T
K, (p)=Ky" (ple 0 . (11.5)
Torma KOppeKTHpYyIOLIee 3B€HO He OYIET COMEPKATh JIEMEHTA YIPEK ICHHS:
% *
0, (p) K
WK*(p): l* > s T (116)
P (P) 1- K * ( )e p 0
31 p
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Obecrieunth mnpakThyecku ToyHOEe paBeHCTBO (11.2) w (11.6) HEBO3MOXHO W3-3a HATUYHS

MIOTPEUIHOCTEM, BBI3BAHHBIX HEIOCTOSHCTBOM I1APaMETPOB IPUBEAEHHOM 4YacTH. Ecim mpu Mamblx
* *

BapHalMsaXx napamMeTpoB W (p) u W (p) HOTPEIIHOCTAX U3MCHCHHC IICPEMCHHBIX, XapaKTCPU3YIOIIUX

COCTOSIHME CHCTEMbI, OyqyT Takke Majbl, TO TaKyl CHCTEMY Ha3bIBalOT 2pyboi. Herpybas cucrema
HepaboToCocOOHa, TaK KaK HE3HAYMTEIbHOE U3MEHEHHE [1apaMeTPOB 3BEHbEB BEJIET K HEOTPaHUUEHHBIM
W3MEHEHMSIM BO BPEMEHHU IIEPEMEHHBIX COCTOSHUS CUCTEMBI.

st Toro utoOnl 3amkHyTast UCAY Obina rpy0Ooii, Hellb3s AOMYyCKaTh COKPAIICHHSI TIPABBIX HYICH

o * (V) *
U [I0JII0OCOB IEPEJATOYHON (QYHKIUH W ;~ ( p) IIpU IOMOLIM IepeaaToYHON QyHKIUU W .~ (p) COIIACHO

BeipakeHuto (11.1). Tlpu HanuMuMM HETOYHOCTH PABEHCTBA COKPAIIAEMBIX MHOXKUTEICH IMOSBISCTCS

HeycToHunBocTh. Takum 06pa3oM, yciioBre rpy6ocTH TpebyeT, 4ToObl nepenarounas Gynkius W .~ (p)

HE coJepKaylia HyJeWd M TOJIOCOB, OJIM3KMX K TPABBIM TOJIOCAM M HYIISIM TepelNaTOYHON (YHKIUHU

3 . o
W (p) TPHUBEACHHON YaCTH CHCTEMBI.

Kak cnenyer u3 (10.2), Ans BBINONHEHUS 3TOTO YCIOBUS HEOOXOAMMO M JOCTATOYHO, YTOOBI

3a/laHHas mepenaToyHas QyHKIUsS K 3* (p) comepxxaja IpaBble HYIU IMOIUHOMA P *(p), T e. IIpaBLIE

HYJIA WH* (p),al-kK 3* (p) coxepkana Obl IpaBble HYJIH MOJIHMHOMA Q *( p), T. €. IpaBble HOIIOCHI

wL*(p) [3.

11.3. OCHOBHbBIC YPABHEHUS aHAJIUTHYECKOI0 CHHTE3a

VYpaBHeHHs] CHHTE€3a JOJDKHBI OOECHEeUUTh CHHTE3 OCYIIECTBUMON U paboTOCmOcOOHOIM

VMITY/TbCHOM CcHCTeMBI. JI7s COCTaBIEHHs ypaBHEHMS CHMHTe3a MpPEACTaBMM dYHCIuTens P*(p) wu

% o . o
3HameHaTenb Q * (p) mepemaTouHoi GyHKIUH W I *(p) MpUBEAEHHON YaCTH CUCTEMBI B BUJIE

P (p)=P, (PIP-"(P) : Q*(M=Q, (PQ-"(p) , (11.7)
rae P,*(p) m Q,"(p) - MHorouneHsl nepemenHoil e”’ , comepxamme nesbie kopun; P_*(p) n

Q _*( p) - TO e, COIEepXKalllMe MpaBble KOPHU MOJIUHOMOB P *( p) u Q *( p). Takoe pazbueHue
Ha3bIBaeTCs (paKkTopU3aLneH.

[Ipu HaMM4MKU B MPUBEAEHHON YaCTH CHCTEMBI 3ala3/IbIBAHUS MOJMHOM YUCIUTeNs ¢ yuétom (11.7)
MO>KHO TPEJCTABUTh:

« " " —ps T
P (p)=P, (p)P_"(ple O
COFHaCHO YCHOBI/DIM OcyH_IeCTBI/IMOCTI/I nu pa6OTOCHOCO6HOCTI/I, 3aJaBacMast Hepe)laTO‘lHaﬂ (I)YHK]_[I/IH

* * o 6o .
K, (p) HMHOTOYWICH 1 — K, (p) OCYHICCTBUMOM M TPyOOH CHCTEMBI JOJKHBI UMCETh BU/I:

92



—ps T M *(p) N (p)
K (p)=P " (ple 0 —= 1=K, (p)=0_"(p)——, (11.8)
G (p) G (p)
rae M *(p), N *(p),G*(p) - MHOrO4ICHBI MepeMEHHOM ePT crememeii n,, ,n,, un COOTBETCTBEHHO,

M ' N

*
KOTOpbIE IIPU CUHTE3€ MOoAJIexaT onpeaenennto. O4eBuHo, MOAMHOM G~ (p) SBISETCA 3HAMEHATEIeM

nepenaToyHoi GpyHkuuu K 3* (p).

CxutagpiBaeM IpaBbl€ U JIeBbIE YacTu BelpaxkeHUi (11.8) u monyyaem nepBoe noJMHOMUAIbHOE

YpaBHEHHE CUHTE3A!

% " s T % % s T
P (M () +0_F(pre O N (p)=G*(pre’ O, (11.9)

% *
KOTOPOE IMO3BOJISIET ONPEAEIUTh MHOTOUIEHBI M " (p) 1 N " (p) .

B psane cimyuyaeB s yiydllleHUs MEPEXOIHOTO Mpoliecca MO YIPABIAIOIIEMY BO3JIEHCTBUIO

o *
(curHana Ha BXOJI€ HENpPEPBIBHOM 4acTH) TpeOyeTcs B BBIDAXKEHUM Juli K, (p) BKIIOYHTH BECh

* * *
nojauHoM P " (p), a B BeIpaxeHun A 1 — K, (p) - Becb onuHOM Q ~ (p) . IIpu BeIONHEHUH 3TOrO
YCIIOBUSI U OTCYTCTBUU 3aI1a3bIBAaHUS B UCXOJIHOM CUCTEME UMEEM BTOPOE YPABHEHUE CUHTE3A:
% %k 3k % sk
P (p)M (p)+Q (p)N (p)=G (p). (11.10)
Korna x umMnynbcHOM cucTeMe MmpeabsBiseTcs TpeOoBaHNe HYJIEBOM OUIMOKU B YCTAaHOBUBILIEMCS

* T
peXHMe, TO HOMMHOM Q “(p) HOIDKEH COIEpkKaTh B KAYECTBE COMHOKHMTENA aBydwineH (e”’ —1)" , rme

v - HHACKC aCTaTu3Ma. 9T0 6YI[€T UMECTh MCCTO, €CJIN

0% (p)=0,%(p)e’T —1)".

TOrJa rojiygacMm TpeTbC YPaBHCHUC CUHTEC3a CUCTEMBI C ACTATU3MOM IICPBOI'0 MOPAIAKA:

P (p)M *(p)+ 0" (p)e?" ~DN"(p)=G"(p). (11.11)

Bce TPU YpAaBHCHHUA CUHTE3a UJIN UX KOM6I/IH8.I_II/II/I MOTYT CIIY)KUTBH JJIS1 CHHTE3a CUCTCMEBI C

pnT

o *
KOHEUYHOU JUTUTEIbHOCTHIO IEPEXOHOTO MPOLECCa, €CIIU MONOKUTE G (p) = e [3]. s sToro

ciydasi chopMUpyeM 4eTBEPTOE ypaBHEHHE CHHTE3a!

P* ()M *(p)+Q_"(p)N"(p)=e?T : (11.12)

Bo Bcex ypaBHEHUSIX CHHTE3a HEU3BECTHBIMH SBJISIOTCS KOI(PHUIIMEHTHI TOTUHOMOB M *(p) uw N *(p)

M*(p):m0+mlepT +...+m

*
N (p)=n0+nlepT+...+nn e N
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Ot K03(PPUIMEHTHI OINpPEeNeNsoTCs W3 CHCTEMbl alreOpanyeckKuX YpaBHEHHH, KOTOPYIO MOXKHO

COCTaBUTb Ha OCHOBAHWU YPAaBHEHUS CHHTE3a, NPUPABHUBAS CyMMY KO3()(UIIMEHTOB MpaBOi U JIEBOM

YACTH €ro NpH OAMHAKOBBIX cTeneHsX e P! . [Ipu 9TOM CTeleHb STHX MHOTOUICHOB JOJDKHA OBITh 3aaHa
U3 YCIIOBHS DPAa3pelIMMOCTH CUCTEMbI alreOpanyecKuX YpaBHEHHH M (U3NYECKOH peaan3yeMOCTH
nepeaTouHbIX QyHKIUH.

Jns pa3pemyMoCTH YpaBHEHUH CHHTE3a HYXHO, YTOOBI YHCIO ypaBHEHHUH, MOJIY4aeMbIX W3
YpaBHEHHH CHHTE3a OTHOCUTEIHHO KOA(PPHUIMEHTOB HCKOMBIX MHOTOYJICHOB, ObLIO ObI HE 0OJIbIIE YnCIIa

3TuX Kod(¢unuentoB. Ecnu yucio ypaBHeHHMH MEHbIIE, TO CIEAYeT 4acTh K03((uIueHTOB 3a1aTh

o *® %
UCXOJs U3 PU3NIECKUX cooOpaxeHuit. Ynciao KodPPUIMEHTOB MHOTOUIICHOB M  (p) U N (p) paBHO
UX CTENCHSM, YBEIMUCHHBIM Ha €AMHULY, T.€. n;, +1 U n, +1 (c yu€tom cBoOogHOrO wieHa). Yucmo

ypaBHEHHMii, KOTOpOe MOXHO IMOJNYYMTh M3 ypaBHEHMs CHHTE3a, PaBHO CTENEHHM MHOrodleHa G (p),

yBEJIMUYEHHOH Ha €MHUILY, T.€. n + 1 . PACCMOTPUM BOIPOC pa3pelIMMOCTH U PEaTn3yeMOCTH Ha IpUMepe

YETBEPTOrO YPaBHEHHUs CHHTE3a. Y CIOBUE Pa3pEIIIMOCTH YeTBEPTOTO yPaBHEHHS CHHTE3a HMEET BHUJI
n+l<(ng, +)+(n +)—>n<n, +ng +1. (11.13)

N3 ycinoBus ocCcymecTBUMOCTH K 3*( p) st derBéproro ypaBHenus (11.12) ma ocHoBanuu (11.8)

CIIEIyET, UTO

n,+n, <n : (11.14)
Kpowme toro, u3 (11.8) oueBuHo, 4yTO
ng_+ny =n. (11.15)
U3 cootnomenuii (11.14), (11.15) HeTpyaHO ONpeNEIUTh OMYCTUMBIE CTENIEHH MHOTOWIEHOB M “(p) 1
N*(p):
Ny 2Ng_ —1 ng=n, -1, (11.16)
Jliist 9eTBEPTOTO ypaBHEHHS CHHTE3a KOPPEKTHPYIOIIEe 3BEHO HMEET MePeIaTOYHYI0 (PYHKIIHUIO
* *
M (
WK*(P): (p:Q—I— p)' (1117)
N (p)

le/IMep. PaCCMOTpI/IM CHUHTE3 IIponecca KOHEYHOH IJIMTEIIhbHOCTH. 3aL[aHa nepeaaTouHasd

¢bynkuus pazomknyroit UCAYVY:

P (p)  1,84(e?T +0,718)

w*(p) = :
0% (p) (e?T —1)e?T —0,368)

% o
HpI/IHI/IMaeM NOoKa3aTeiib CTCIICHU XAaPAKTCPUCTHYCCKOTO YPAaBHCHUA I(3 (p) CUHTC3UPYCMOUN CUCTCMBbI

n= nQ = 2 . CocraBisem YpaBHCHHUEC CUHTC3a HAa OCHOBAaHUU I-ICTBépTOl"O YpaBHCHMUA:

1,84 (ePT + 0,718 )M “(p) + (e?T —)N¥(p)=e2PT.
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Ucnone3ys cootHomenus (11.16), 3amaém n), =0, ny =1.

Torma M “(p)=my, N (p)=nie?’ +n,. HoncraBmsem wmHorownems: M *(p) u N*(p) B

ypaBHEHHE CHHTE3a, IPUPABHMBAEM KOS()(QUIHMEHTHI IIPH OJIUHAKOBBIX CTECHEHAX e Ty olnpezesieM

HEM3BECTHBIE KOAPHHUIMEHTH M . ,N . U N

0o MM
1,84 -0,718 my —ngy = 0;
1,84mgy +ny —ny =0;
ny=1 mg=0316; ny=0,418 .
Teneps Ha ocHoBanuu (11.17) MOkHO 3anucaTh NEPEAATOYHYIO (YHKIIMIO KOPPEKTUPYIOIIETO 3BEHA:
0,316 (e?T ~ 0,368 )
pT '

*
We (p)=
+ 0,418
OnrtumanbHas iepeaToyHast QyHKIHS 3aMKHYTOH CHCTEMBI HIMEET BHL:

e

M"(p) 0,58 (e?" +0,718)
* B 2 pT '
G (p) e”?

W3 Beipaxkenus s K 3* o (p) crenyer, uTo nepexoanas pyHkuus h [IT ] AMEET

K, (p)=P (p)

OonT

KOHEYHOE BpeMs yCTaHOBJIEHUA paBHOE 2T = nT
r[0]=0; A[T]=0,582; K[2T]=1.

11.4. CuHTE3 KOPPEKTUPYIOLIUX YCTPOUCTB Ha 0cHOBe JIAUX

Panee Oplm paccMoTpeHbl 4YacToTHble xapakrepuctuku WMCAY wu  BBeneHO MOHATHE
MAaTE€MaTHYeCKOW aMIUIMTYAHO-4aCTOTHOM xapakTepucTuku JIAUX, kortopas CTpOUTCA OTHOCUTEIBHO
TICEBI0YACTOTH @ . BBITO TOKA3aHO, YTO B TOM caydae npoueaypa nocrpoenus JIAUX HCAY ne
SBJIIETCS CIIO)KHOM M aHajoruuHa mnpoueaype mnoctpoeHus JIAUX HenpepbIBHBIX CHCTEM. ITO
MIOJIOKEHHUE TO3BOJIIET CTaBUTh Bompoc o0 ucnoib3zoBaHuu JIAUX i pemieHus 3ajaud CHHTE3a B
UMIYJIbCHBIX cucTemax. Pemenne 3agaun cunte3a B UICAY MoxeT ObITh IPOBEACHO IBYMs ClIOcoOaMu:
1) BBeneHueM KOPPEKTHPYIOUIMX YCTPONCTB B HENPEPBHIBHYIO YaCThb CHUCTEMbl B COOTBETCTBUH C

METOJIMKOMN, U3BECTHOW U3 TEOPUHU HENPEPbIBHBIX JIHMHEHHBIX CAY;

2) BBeneHueM KOPPEKTHUPYIOIIUX O3JIEMEHTOB B JMCKPETHYK) 4YacTh CHCTEMbl B BHJE JUCKPETHBIX
GUIBTPOB (pEeaqM30BaHHBIX B BBIYUCIUTENBHOM YCTpoWcTBe). Vcmonb3yeM METOOUKY CHHTE3a
HMMITYJIbCHBIX CUCTEM I10 JIOTApU(PMUUYECKIM YACTOTHBIM XapaKTEpUCTUKaM Ha MpUMEpPE, N3II0KEHHOM
panee. Ilpu stoM paccmorpum Tpu moaxona: 1) IlocnemoBarenbHast koppekuus 1o JIAUX
HENPEPBIBHOW PA30MKHYTOM CHUCTEMBl M pealu3alus KOPPEKTUPYIOILEr0 YCTPOMCTBA B BHJE
HEMPEPHIBHOTO KOPPEKTUPYIOIIET0 YCTpoiicTBa; 2) mocienoBaTenbHas Koppekius mno JIAUX

HerepLIBHOﬁ pa30MKHyTOI7I CUCTCMbI H pCajin3alusd KOPPCKTUPYIOIICTO yCTpOﬁCTBa B BHIC
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IucKpeTHoro ¢uibTpa; 3) mocienoBarenbHas koppekuus mo JIAUX uMmynbcHOM pa3oOMKHYTOM

cucreMbl. Mccnenyemas ciucrema rpejcTtaBieHa Ha puc. 11.2.

100
[Tepenarounast GyHKIMS pa30OMKHYTOM HEMPEPHIBHONW CUCTEMBI UMeeT Bua W D (p)=—"".
P+ p)
IToctpous J0rapu(pMHUUYECKYIO aMIUIMTYIHO-4aCTOTHYIO XapaKTEPUCTUKY UCXOJHOU

HEKOPPEKTHPOBAHHON pa3oMKHYTOM cUcTeMBbI Lyc(m), sxemaemyro ckoppektupoBannyo JIAUX Lcx(m) u
pasHoctHyio JIAUX Lo(o0)=Luyc(®)-Lck(®), paBHyto JIAUX HenpepblBHOIO KOPPEKTHUPYIOIIETO
ycrpoiictBa  Lgy(®w)  (puc.10.2), BOCCTAaHOBMM  HENPEPBIBHYIO  IMEPEIATOYHYIO  (DYHKIIUIO

1+ p)l+2p)
(1+10 p)(1+ 20 p)

T0CJIEI0BATENbHOTO KOPPEKTHPYIOLIEro yCTpoiicTa B Buae W (p) =

Jns ompenenenusi BUAa AUCKPETHOTO (UIBTPA, PEATM3YIOIIEr0o KOPPEKTHUPYIOIIEEe YCTPONCTBO
W,y(p), BOCTIONB3yeMcst TPUOIMKECHHBIM TIPEACTABICHUEM OIIepaTopa Z-npeodpa3oBaHus Yepes OnepaTop

T .
HENpephIBHOro NpeobpaszoBanus Jlamiaca. J{jist 5TOro mpeacTaBuM SKCoHeHTy €' B Buje psana Teitnopa

T
. T
p 1+ p—
pT e 2 2 2z-1
Y OTPAHUYUMCS JIBYMS WICHAMH PA3JIOKEHUS: Z = € = ~ ,Torma p = — .
) T . T Tz+1
_p— o
L(w) e 2 2
A
\
| Lhc
40

v

10

Lo=Lky
Puc.11.2. Koppexnus no JIAUX (1 u 2 myTh)

[Toncraisiss mocnenHee BbIpakeHHE B (OpPMYITy A7 HETPEPHIBHOM MepeaaToyHON (QYHKIHMU

KOPPEeKTHPYIOWEro ycrpoictea W, (p) MOTy4aeM HCKOMBIA (GHIBTP. 3aMETUM, YTO Ty MOJACTAHOBKY

MOKHO BhIoJIHUTH B Mathcad criexyrornum o6pazom [12]:

T :=0.1

1 (1 + 2 -1
(+p) (17 P) substitute ,p = z 96

2
Wky (p) := =.
(1+10-p)-(1+20-p) T z+ 1



2

x 0,0107 z“ - 0,01983 z + 0,00919
W, (z)= » 1781131
z~ -1,985 z + 0,9851
w*(‘l) 0,0107 —0,01983 z 1 +0,00019 z 2
Z =
Ky

1-1,985 2 10,9851 2 2

Peanuzarus 31oro ¢uiabrtpa BO3MOXKHA B IM(POBOM BBIYMCIUTEIBHOM YCTPOWCTBE JMCKPETHOW YacTH
CHCTEeMBI B BUJIe peKyppenTHoro cootHotnenus Y[IT]=0,0107x[IT]-

-0,01983x[(I-1)T]+0,00919x[(I-2) T]+1,985y[(I-1)T]-0,9851y[(I-2) T],

rae X[IT] u y[IT] — curnHansl Ha BXoJie ¥ BBIXO/E QUCKPETHOTO (puibTpa B | -biii BpeMmeHH. JlomycTiumyro
00J1acTh BBIMICONMCAHHOIO MPEOOPA30BaHUsI MOYKHO OINPEICIUTh B YacTOTHOH oOmactu. Kpurepuem

OLIGHKHM SIBJIIETCSI TOXKJIECTBEHHOCTh (C JONYCTHUMOM IOTPEIIHOCTbIO) YacTOTHBIX XapaKTEPUCTHUK

HETPEPHIBHOTO U TUCKpeTHOro (puibTpa. B yacToTHOM o6nacTy MpuOIMKEHHOE MPEICTaBICHHE UMEET

1+ ja)T—
a)Tz

BUJI DKCIIOHECHTHI. eJ HOFpeH_IHOCTB 9TOIr0 Hp606p330BaHI/I${ Majla IIpd MaJlbIX

1- jo —
J 2

T 2
3HAUYCHUAX @ ? . FpaHI/ILIHBIM 3HAYCHHUEM SBJILACTCA 4HAaCTOTA @ g = —.
T

[Mepenatounast QyHKIMS UMITYIBCHOW Pa30MKHYTOM crcTeMsbl (puc.11.3)

HHUD
() —x() Fx*® y(t) Xp(t)
4 o Wiy ® ) .
_—
Puc. 11.3. Ctpykrypnas cxema UICAY
100 —e PT z-
(rnew,, (p)= Sy Ve (9= 1T,T =0.1, Wyy (2) = Tl)),

MOJKET OBbITh MOJIyUYeHa CIAEAYIOLUIMM 00pa3oM:

1-e PT 100 ePT _1 100 ePT _1

W, (p)=Wgy (p)W,, (p)= : =
P o p p-(L+p)  ePT p?.a+p) e

— — 100 100 100
PacknaneiBasg W (p) Ha IPOCTBIE IPOOH, TTOTYUUM: W (p) = - + ,

p2 P 1+p

OTKY/1a HaliJIeM BECOBYIO (PYHKITHIO v_v(t) = (100 -t-100 +100 -e*t) () .
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[lepexons B OUCKpPETHYIO 00JacTh, T.€. TMPOU3BOAS TMOJCTAHOBKY t=nT , MOJYy4YUM:
w(nT ) = (100 -nT —100 +100 -e "' ).1(nT )

[IpeobOpazys w(nT ) 1o TUCKPETHOMY TpeoOpa3oBanuto Jlarmmaca, momydum:

pT

—* 100 -T -e~ 100 100 oT —
W (p)= 5 — - —— , WIH, 3aMeHsIs e =Z
Q-e "H)" @-e ) @a-e P e
—=* 10-z 100 -z 100 -z
W (z)= - + , U3 KOTOPOTO TTOJIy49nM:
(z-1) (z-1) (z-e ")
. z-1 —= 10 100 -(z -1)
W, (2)=——W (2)= -100 + ———=.
z z-1 (z—e 1)

VYnpouias nociegHee BIpakeHHe, MOJYyYUM IUCKPETHYIO MepeIaTOuHy0 QYHKIIUIO PA30OMKHYTOM

CHUCTCMbI, KOTOpast UMCCT BU

. 0,4678 +0.4837 e P!
Wy (p)= T 2pT
0,90484 —1,9048 e P' +1,0e“P

Jisa  mocTpoeHus 10 Hed JorapuMUYECKOW aMIUIUTYIHO-YaCTOTHOM  XapaKTepUCTUKU

T
1+ p—

T 2 o o

IPOU3BENEM IIOACTAHOBKY € LA ——, 4TO TIO3BOJIUT TMEPEeUTH K MNPUOIMKCHHON
T
1-p—
2

HENpephIBHON NepeaTOuHON (QyHKIUU:

- 2383 — 1171 p — 0,9954 p° 2383 (1+ 8358 10 p)(1— 4,997 -10 ~2 p)

W =
o (P) (1+ 237 ,9p)(L+1,005 p)

14238 ,3p + 238 ,5p°

3aMeHUM B BbIpaykeHUU 1t W P (p) p Ha jo ¥ MOTYYIMM KOMILIEKCHBIH KO QHUIMEHT yCHIICHHS:

- 2383 (1+ 8358 -10 % jo)(1- 4,997 -10 2 jo)

W (jo) = _ _
(1+237 ,9jw)(1+1,005 jo)

[TocTpouM acCUMNTOTHYECKYIO JIOTapU(PMHUUYESCKYIO aMIUTUTYIHO-YaCTOTHYIO XapakTepucTuky Luc(m) mo

HaiinenHo# QyHkiuun W 0 (jo) B 3aBUCHMOCTH OT YacTOThI  (KOTOpasi B JAHHOM CIIy4ae B JHAMa30He
2 .

gyactoT 0<® <— COBHAJaeT C TIICEBJOYACTOTOM) HW3BECTHBIMH M3 TEOPUH HEMPEPBIBHBIX
T

ABTOMAaTU4YCCKUX CUCTEM MCETOJaMU [13] U TPOBCACM II0 Hel MOCJICAOBATCIIBHYO KOPPCKIUIO,
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AQHAJIOTUYHYIO IIPEJCTaBICHHOM paHee. He mnpuBOAsS NPOMEXKYTOYHBIX BBIYMCICHUN, IIOKaXeM
pe3ysbTaThl OCTpoeHU Ha puc.11.4.

Jlerko Buaeth, uro JIAUX, mocTtpoeHHas 1Mo NMpHOJMKEHHOW MepeaaToOuHON (YHKIUH, OTIMYAETCS OT
JIAYX HECKOPpEKTUPOBAHHOM CHCTEMbl Ha HHU3KHX U BbICOKMX (Oompmmx 2/T) wdacrorax.
KoppexkTupytoiee ycTpoilCTBO HE OTIMYACTCS OT BBIIIE HAHJACHHOTO M MOXET OBITh pealn30BaHO Kak
HENPEPBIBHOE M KaK JHUCKPETHOE KOppeKTupymouee YycTpoilcTBo. OueBHJIHO, YTO JAaHHBIM MeETO.
NPUMEHUM, KOTJa BEIWYMHA TepruoJa KBAHTOBAHUS OIpPEIENseT IPaHUYHYI0 YaCcTOTY MPHUOIMKEHHOTO

peoOpa3oBaHus o . 3a MpelejaMH CpeHero YacToTHoro quana3zoHa JIAUX.

g

A L(a))

o=2/T

407

207 \

0,01 0,1 1 \ 10

V%

Puc.11.3. Koppexkius o JIAUX (3-uit nyTs)

11.5. Cnucok JquTepaTypbl

1. Hpmmkun 5. 3. Teopus TMHEHHBIX UMITYJIBCHBIX cucTeM. M.: @usmarus, 1963.

2. Hpmkun 5. 3. OcHOBBI TeOpUK aBTOMaTHUYeCKOro yrpasineHus. M.: Hayka, 1977.

3. Teopusi aBToMaTH4eckoro ynpapienusi. Y. 1. / Ilog pex. A. B. Herymmn M.: Beicias 1mikona,
1976.?

4. HBanos B. A., FOmenko A. C. Teopuss IUCKpETHBIX CUCTEM aBTOMATUYECKOTO yINpaBieHUs. M.:
duzmarusz, 1983.

5. Kyo Bb. Teopus u npoextupoBanue UPpoBbIX cucteM ynpasieHus. M.: MammHocTpoenue, 1986.

6. MukponpoieccopHble CHCTeMbl aBTOMaTH4Yeckoro ympasjenusi. / Ilom pem. B. A.
beccekepckoro JI.: MammHoctpoenue, 1976.

7. Beccexepckuii B. A. Iludpossie aBromatuueckue cucremsl. M.: Hayka, 1976.
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11.

12.

13.

14.

15.

16.
17.

18.
19.

20.

21.

22,

Mukponpouneccopubie aBTOMAaTHYecKHe cHCTeMbl peryaupoBanus. / Ilom pex. B. B.
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12. Hepemeuubte COCMOAHRUA 6 UMNRYIBCHbBLX cucmemax

B O6II_ICM cIydac BCC TIICPEMCHHBIC, C KOTOPBIMH CTAJIKHUBACTCA MCCICHOBATCIIb CHUCTCMbI

ABTOMATHYECKOTO YIIPABIICHHS NIPU CHHTE3€ M aHaJIM3e, MTOIPa3ISIIAIOTCS Ha TpU rpymsl (puc. 12.1):

¢ BXOAHBIC NICPECMCHHBIC UJIM BXOAHBIC BO3JICHCTBUS U i (t), FCHCpUPYEMbIC CUCTCMAaMH, BHCIIIHUMU

110 OTHOIICHHUIO K I/ICCJ'ICI[yeMOI\/'I;
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® BBIXOJHBIC NEPEMEHHBIC Y, (t), XapAKTEPU3YIOUIME PEAKLMIO CHCTEMBI M €¢ IOBEICHHE NPH

3aJaHHbIX BXOOHBIX BO3IICI>'ICTBI/I$IX;

® IEPEMCHHBIC COCTOSHHMS HIM INPOMEXKYTOUHBIC IIEPEMEHHBIC X, (i), XapaKTepH3yiouue

JUHaAMHWYECKOC “BHYTpeHHee” IIOBCIACHHUC I/ICCJ'ICI[YCMOFI CUCTCMBbI U , KaK IIPaBUJIO, CKPBITBIC OT

HaAOJIIOaTENA.
CAY
u, Y1
__ - > > T
u . xl s x2 D) K D) xn 5 y
- > >
- - >
um y k

Puc.12.1. [TlepemeHHbIE COCTOSHUSI MHOTOMEPHON CUCTEMBI

Bce mnepeuncrneHHble NepeMEHHbIE B OOIIEM Cilydae SBISIOTCS BEKTOPHBIMU BEIMYMHAMMU.
MHO€eCTBO BCEX 3HAUEHUN, KOTOPOE MOXKET MPUHATH BEKTOP, 00pa3yeT HEKOe MPOCTPAHCTBO, IOITOMY
MOKHO TOBOPUTBH O IIPOCTPAHCTBE BXOJHBIX M BBIXOJHBIX IEPEMEHHBIX U O MPOCTPAHCTBE COCTOSHHUU
CUCTEMBI. BEKTOP IIEPEMEHHBIX COCTOSHUS CUCTEMBI XapaKTEPU3yeT COCTOAHUE cucTeMbl. CylECTBYET U
Apyroe ompeseseHne 3Toro repMuHa. CoCTOSHUE CUCTEMBI MOXHO paccMaTpUBaTh KaK MUHUMAJIbHYIO
UHPOPMALIMIO O CHCTEME, HEOOXOIMMYIO JUIS OIpPENEeNICHUS BBIXOJHOW IEPEMEHHOM MO HM3BECTHOM
BXOJTHOH.

[TonsiTHE NEPEMEHHBIX COCTOSIHUS MO3BOJAIOT npencraButh onucanue WCAY B Buae cucremsl
Pa3HOCTHBIX YpaBHEHUI NEPBOI0O NOPSAIKA, KOTOPbIE B OOIIEM Cyyae UMEIOT BUIL:

©l+0r]= £ Gur L aur

(12.2)

yt+ 1) ]= o (x[T 1 ulIT ],

rae f @ - mahdepeHnupyembie GyHKIHH.
JInis TUHENHBIX CTallMOHAPHBIX UMITYJIbCHBIX CUCTEM YPAaBHEHMSI COCTOSIHUSA OYAYT JTMHEHHBIMU:

x[(+1)]=A - x[T ]+ B -ulIT]
(12.2)
yli+1)r]=cC -x[iIT |+ D -uIT ]

BLI60p MNEPEMEHHBIX COCTOAHUA CUCTEMBI HCOJHO3HAYCH U 3aBUCUT OT THUIIA pemaeMoﬁ 3aga4u 1
HUCXOJHBIX JAaHHBIX, Ha OCHOBAHHMU KOTOPBLIX OIPCACIAIOTCA TCPEMEHHBIC COCTOSAHMA. Yucno
MNEPCMCHHBIX COCTOAHHA PABHO CTCIICHU PA3HOCTHOI'O YpPaBHCHHA WJIM CTCTICHU XapPAKTCPUCTUUCCKOTO

ypaBHEHMS NEPeaaTOuHON (DYHKIIHH.
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Onucanne MCAY B mnepeMeHHBIX COCTOSIHUA YAOOHO sl HU(POBOTO MOJICIHUPOBAHUS U
MCCIICIOBAHMSI CUCTEMBI C TIOMOIIIBIO BHIYUCIUTENBHON TeXHUKU. OCHOBHBIMU 3JIEMEHTAaMH OJIOK-CXEMBI
MozeupoBaHus TUCKpeTHOU CAY SBISIIOTCS YCHUIIMTEIBHOE 3BEHO, CyMMAaTOp, 3BEHO 3a7iepkku (33) u
HEJIMHEWHBII mpeoOpa3oBaTenb, €cliM cucTeMa HeJIuHeiHas. biok-cxeMa, COOTBETCTBYIOIIAS CHUCTEME

ypaBaenuii (12.2), npeacrasnena Ha puc. 12.2.

=

UlT] ey B8 = 33 c —)@—-} y[IT]

Puc.12.2. Cxema MHOTOMEPHOI UMITYJILCHOIM CUCTEMBI B TPOCTPAHCTBE COCTOSTHUI

12.1. IlpeacraBienue JuHeiHbIX oHOMepHBIX UCAY B npocTpaHcTBe COCTOSIHMIA
CYH_IGCTByeT HECKOJIBKO CIIOCOO0B MOJIYUCHH OIIMCaHUA NCAY B MNEPEMCHHBIX COCTOSHUA. O,Z[I/IH

nu3 CHOCO6OB - HA OCHOBAHUHA pa3HOCTHOFO ypaBHeHI/Iﬂ, Korga nMeEeCcTCsda OAMH BXOJ U OAWH BBIXO. HyCTI)
Pa3HOCTHOC YPABHCHUC Nn-ro nopsiika UMCCT BU
v+ m)T )+ a,_y[l+n-DT]+... +a,_y[IT |=uliT] (12.3)
O0603HauUNM:
xi[iT ]= y[iT ],
x1 [0 +DT]=x,[iT ]= y[(Z+ DT}
xo [0+ DT )= x3[i7 ]= [+ 2)T ] (12.4)

X, 1 l+DT])=x,[Ir]=y[(l+n-DT]

TOrJa
X [+ DT )= p[(U+ mT]=~a,_1x, [T ]-a,_rx,_([IT ]~ ... = agx [IT |+ u[IT ] (12.5)
ManI/H_ILI MOJIYYCHHOTI'O OIMTMCAHNA UMCIOT BU:

0 1 0 0o - 0 0

0 0 1 0o - 0 0
A = . B= ;: C=]1 0 0 0

0 0 0 0 - 0

—ay —ap —az —ay o —dp_ 1

IIpumep. MmnynecHas cucrema 3ajaHa pa3HOCTHBIM YPABHEHUEM
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y[(1+2)T [+ 3y[(1+ )T ]+ 5y[IT |= u[IT ]

ITpencraBum onucanue MCAY B nepeMeHHBIX COCTOSTHUS:
x [T =y}

x[(1+ DT )= x, [T |= pl(1+ DT

Xo [(L+ DT )= =3x,[IT |- 5x;[IT |+ uliT ]

Omnucanue MCAY B mnepeMEHHBIX COCTOSIHUSI MOKHO IOJYYHTh Ha OCHOBAaHHMM JHCKPETHOM

nepenatouHoil ¢yHkiuu. Ilycte mmeercs mepegarodHas (YHKIUS ~ CHCTEMBI C OJHHM BXOJHBIM
BO3JEHUCTBUEM U OJJHUM BBIXOJIOM:

k T %k
W*(p):P (p) _bye™ +b .+by Y (p)

*
-tay U (p)

m—1¢€

3 —_
0O (p) anepnT +an_lep(n I)T +..

(12.6)

*
XapakTepruCcTUICCKOE YpaBHEHHE CHCTEMBI (3HaMEHaTellb mepeaaroynoi Gpynkiuun) Q (p) =0

*
HUMEET MPOCThIe KOpHH, Tipr 3ToM N> M Torma W (p) MOKHO pa3ioXUTh HA MPOCTHIC APOOH:

*
* n P
wi(p)= % (2y) ,
) * pT r,T
v=10 (py)e” —e V) (12.7)
rje n— cremeHs; "V - KOPHH XapaKTePHUCTUUYECKOTO YPaBHEHHS.
Torna
* n c, *
rip)=3T ———U (p)
v=tePT _ Py (12.8)
[IprMeM TUCKPETHOE M300paKeHNE TEPEMEHHON COCTOSHHUS ¢ HHIAeKcoM “Y B opme
v (p)
*
X, (p)= —pT
Pl —efv (12.9)
ITepeiinem k opurnHany Beipakenun (12.9) u no6aBum opuruHan BeipaxeHus (12.8):
r,T —
x, [(+D)T)=e"V x, IT]|+uliT] wu v=1,n;
n
yirl= Teyx, [(+1)7T]
vel (12.10)

Cucrema (12.10) sBisiercst ommcanueM B mepeMeHHbIX coctosiHus WCAY, koropas 3amaHa
nepeaarouHoi ¢pynkuueit (12.6). Matpuisl KO3PPHUIUEHTOB UMEIOT BUJI:
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p. T

e 1 0 0 0 1

p.T
0 e 2 0 0 1
_ p,T _ _
A=| o 0 e 3 0 ; B=p ; C=pc, ¢, C, Ch
T

0 0 0 e ePn 1

CootHomenne (12.8) mo3BONSIET BBECTH JPYrod BapuUaHT JUCKPETHOTO H300paKeHHS
MIEPEMEHHOMN COCTOSHHS:

U (pe,

F
X, (p)= "
14

epT

e (12.11)
[Tepeiinem k opuruHanmy BeipaxeHus (12.11), nobaBum opurunan Beipaxkenus (12.8) u momyunm
onucanue MCAY B nepeMeHHBIX X, [IT ]COCTOSIHI/ISI B (popMe HecKoJIbKo oTiinuHou oT (12.10):

xv[(l+1)T]=epVTxV[lT]+ cvu[lT] mpu VvV =1,_n;

yir]= £x [+

v=1 (12.12)
JlJ1st aTOTO ONMCaHMS:

p. T

e 1 0 0 0 ¢y
p.T
0 e 2 0 0 C,
_ p,T . _ . _

A=, 0 3 . 0 . B=le,| : C=f 11 .. g

0 0 0 e Pt Cn

12.2. Onucanue MHOTOMEPHBIX TUCKPETHBIX CHCTEM B MPOCTPAHCTBE COCTOSIHUIA.
PaccmorpuM  oaMH W3 COCOOOB  TPENCTABIICHUSI, 3aKIIOYAIONIMICS B 3aMEHE TepBOM

HpOI/I3BOI[HOI71 — KOHEYHOMU Pa3HOCTLIO IO BO3paCTaHusd, T.C.3aMCHC!

dx _ )? Ax = x[n+1]—x[n].
dt T
TakuM 06pa3oM, HENPEPBIBHOE MPEICTABICHUE B IPOCTPAHCTBE COCTOSIHUI: {f =Ax+Bru
pa3om, Herpep p pocTp y=Cx+D-u
x[n + 1] = Agx[n] + Bq - 4[n]

y[n] = Cx[n] + D -u[n] ~ rie Matpuilbl Ay, Bq umeror

MOKHO 3aMCHUTH JUCKPCTHBIM! {

BUI:
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agq aip o Qqn Ta11 +1 Ta12 Taln

A=|%1 Gz Gl g | T Tap 1o T |
Ap1 Qnz  ** Qun Ta, Tay,, o Tay, +1
B;=T-B.

12.3. Moaejin MHOTOMEPHBIX JTUHEHHBIX THHAMHUYECKHX CHCTEM
MO,Z[CJ'II/I, HCHOHBSyeMBIe JJIA OIIMCaHUuA MHOFOMepHBIX J'IPIHeﬁHBIX JUHAMHUYCCKUX CUCTCM, MOT'YT

OBITH MOJIyYEHBI U3 COOTBETCTBYIOIIMX OJHOMEPHBIX IyTEM Iepexoja K MaTpUYHbIM ypaBHeHUsM. [Ipu
3TOM KaXAas MOJETbh XapaKTepu3yeTcs HaOOpOM LENbIX YHWCEll, ONPEACISIOMNX CTPYKTYPY MOJIEINH,
KOTOpBIE Ha3bIBAIOTCS CTPYKTYPHBIMHU HMHIAEKCaMH. OT 3THMX MHAEKCOB 3aBHCHUT YHCJIO OLIEHUBAEMBIX
[1apaMeTpPoB.

PaccMoTpuM OCHOBHBIE KJIacChl MOJENEH, HCIOJIb3yEeMblE [UIsI ONMCAaHUS MHOIOMEPHBIX
JUHAMHYECKUX CHCTEM, IIPU 3TOM C MOMOILBIO HEKOTOPOTo MPeoOpa3oBaHMsI BCET/1a MOYKHO MEPEUTH OT

OJIHOT'O KJIacca Mojelled K Apyromy. By,ueM CUMTaTh, YTO HCCICAyEMas CHCTEMa MUMECT P BXOIOB, (

BBIXOOB U ITOPAIOOK N .
I/ICHOHBB}/CM CJICOAYIOIINC 0003HaYEHHUS:

u(k) — p MEpPHBIA BXOJAHOW BEKTOp B MOMEHT BpeMeHuKk;
y(k) — g MEPHBIA BBIXOJIHOH BEKTOpP B MOMEHT BpeMeHH K ;
z — omneparop capura (y(k +1) = z-y(k)).

12.2.1. Moaeab B BHjie MATPHIIbI NIePeIaATOYHBIX (DYHKIM
[Mpu nHammuuum B MCAY HeECKOJNBKHX BXOJOB U = {u 1 p} U BBHIXOJIOB Y = {yl,...,yg}

nepeaarodyHasd Q)YHKIII/H[ MNpeaACTaBIACTCA B  MATPUYHOM  BHUAC. Kamnmﬁ OJICMCHT MaTpUIlbl

w ; (p) ()= 1_g = 1_p ) TIpeICTaBIsieT cOOOM mepeaaTouHyro (PYHKITUIO MEKIY j -M BBIXOJIOM H i -
M BXOJIOM:
Wi (p) = ———

u."(p)

Jns mepexoga K OMNMCAHMIO B IEPEMEHHBIX COCTOSIHUS HAa OCHOBAHMM MATPUYHOW MEPEeAaTOYHOU
(QyHKIMU COCTaBIISIEM CHCTEMY YPaBHEHHMH, B KOTOPBIX BCE Y, (p)PEICTABIAEM 4Yepe3 BXOJIHBIE

MIepEeMEHHbIE:
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Yy (p) = Wi (DL (p)+Wia (PWsa (P)+ .o + W, (DU, (p):

Ya' (p) = Way ()1 (P)+Was (P)Us (p)+ . + Wy, (p)U, (p):

Y (P) = W (DU (D)4 W0 (P (p) 4o + W (pIU. (). (12.13)

*
[lepenarounsie QyHKIUH W i (p) mpencTaBisieM B BHIE CyMMBI ApoOeil M 3aTeM W3 aHaim3a BCeX

*
BBIpaXEHUH 3a7aeM popMY TUCKPETHOTO MPeoOpa3oBaHUs ISl KaXI0H EPEMEHHOM COCTOAHUS X  (P)

X1 (p)= Al[epT ,U_*(p)J;

(12.14)
Yucno X : (p) paBHO YMCITY BapUAHTOB Pa3IMUHBIX JIIEMEHTAPHBIX IpoOeil cpenu Bcex Y ;( p).

[lepexonum k opuruHanam Beipaxkenuit (12.14), yro mo3BosseT HaMm mnonyuuth omucanue MCAY B
MepeMeHHbIX cocTosiHUA B hopme (12.2).

[Tpumep. Marpuunas nepenarounas pynkuus UCAY nmeer Bug

epT 1

Pl v 1) ePT +2) (ePT +2)

*
W (p)=
eZpT

4
(Pl s 1) ePT +3)

[IpoBoauM pa3iiokeHHE 3JIEMEHTOB MATPHIbl HAa MPOCThIE APOOM M COCTABJISIEM CUCTEMY YpaBHEHHM

—%

OTHOCHUTENBHO DJIEMEHTOB BeKTOopaY (p):

* 1 % 2 % 1 *
Y (P)=—T—U1 (P)+T—U1 (P)+T—U2 (p)
et +1 et +2 et +2

* 0,5 * 4,5 * * *
Y, (P)=T—U1 (P)+T—U1 (p)+Uy (p)+4U, (p)
et +1 et +3

Ha ocnHoBannm aHanmnsa 3TUX ypaBHCHI/Iﬁ IMPUHHUMACM:
%
Uy (p)

* k
e’ +1 e

* % %

2U; (p)+U, (p) * 45U (p)

: . 2 ; Xs(P)Z—Tl
T 5 et +3

HepeXOJII/IM K OpUTHMHATY U ITOJIydac€M OIIMCAHHUE CUCTEMBI B ICPEMEHHBIX COCTOSHHS:
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X [+ 1T ]= —x kT ]+ u k7] Kok + )T J= =20, [T [+ 2u (kT ]+ u [kT |
x3[(k +1)T )= —3x3[kT ]+ 4,5u1[kT |

y kT = -x kT ]+ x kT ] y, KT J= 0.5x [k ]-x, [kT |+ u [kT [+ 4u,, kT }
-1 0 0 10
11 0 0 0
A=0 -2 0 ; B=2 1| ; C= . D= .
05 0 -1 1 4
0 0 3 0 45

MHoroMepHasi AWHAMUYECKas CHCTEMa TOpsAIKa N  MOXET OBITh ONHCaHa C TOMOIIBIO
[EepeIaTOYHON MaTpULbl W (z) :

y (k) = W (z)u(k)

(B} (2) ]
rae W (z) = Wi (2)] gy p = | .
| A (2)
gxp
Ajj (z), Bjj (z) HOIMHOMBI OT Z:
ni
Aj(2)=ag; +a, 32+ + a2 ! Ny <N
B (z)=b, +b z+..+b 7z " m. <n
ij 0,ij 1,ij mij i) LA [

CTpyKTYpHBIMU MHAEKCAMH, XAPAKTEPU3YIOIUMHU IEPEJATOYHYI0 MATpPHUILY, SIBISIOTCS MOPSAKU
YUCIIUTENS U 3HAMEHATEISI KaKI0T0 2JIEMEHTA MaTPHILIBI.
OTO mpeACTaBICHUE UMEET CIECAYIOIINE XapaKTePUCTUKU:
e 1npocras (puzndYecKas HHTepHpeTaLns;
® CIUHCTBEHHOCTb IPEJCTABIICHUS;
e KOHEYHOE YMCJIO IapaMeTPOB;
® [I0JIHOE ONMCAaHUE IMHAMUKHU (TIPU HYJEBBIX HAYaJbHBIX YCIOBHSIX);
e HEIMHEHMHOCTh MOJIENM MO MapaMerpaMm (B CHIy JIpOOHOM paluOHAIBbHOCTU BBIPAXKEHUH aJs

nepeaaTouHbIX QYHKIUI).

12.2.2. Mojaeab B BUjie MMIIYJIbCHOI nepexoaHoil GyHKIMM
OpnHoMepHast TMHAMUYeCKas CUCTeMa MOXKET OBbITh MPECTAaBIICHA B CIICAYIOLIEM BUJIE:

y(k)= 3 w(j)u(k — j) —BO BpEMEHHOM 00acTH;
j=0

o0

y(k) =W (z)u(k) — B oneparoproii hopme, rae w (z) = S w(j)z I .

j=0
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MHOFOMepHaH JUHaAMHUYCCKasd CHCTEMaA TaKXKC MOXKET OBITE nNpeacTaBjicCHa CICAYIOIIHUM

0ECKOHEUHBIM PSIOM:
-1

rme M O*M 1+ — QO x p MaTpulbl, 3JEMCEHTbBl KOTOPBLIX HAa3bIBAIOTCA MAPKOBCKHMMH IapaMeTpaMu
CHUCTCMBEI.

XapakTEPUCTUKU MOJIEIIN:

® CIMHCTBEHHOCTbH IIPE/CTABIICHNUS,
® JIMHEWHOCTSH 110 IIapaMeTpaM;

® TCOPCTHYCCKU OECKOHEUYHOE YHCIIO nmapaMeETpoOB.

12.2.3. IlpencraBjieHHEe CHCTEMbI B IPOCTPAHCTBE COCTOSTHUIA
I[I/ICerTHaH CHUCTEMaA OIIMCBIBACTCA C IOMOIIBIO ypaBHeHI/Iﬁ COCTOSHUSA CIICAYIOIIUM 06pa30M:

(w(k +1) = Fw (k) + Gu (k)
Ly (k) = Hw (k) + Ku (k)

rue

W (k) —n MepHBIH BEKTOp COCTOSHHS,

F — nxn cucreMHas MaTpula;

G — Nxp pacupeenuTeabHas MaTpuLa;

H — gxn BbIXOJHAs WIN U3MEPUTENbHAS MaTPULIA;

K — gxp maTpula OpsMoi CBSI3U BX0/1a-BbIX0/1a.

Ha6op marpun{F, G, H, K} Ha3siBaeTcsl peanuzanmeil. ITo NpeacTaBIeHUE HESTUHCTBEHHO, TakK,

MIPUMEHUB Heocoboe Tpeodpa3zoBaHue MOA00US
x(k)="Tw (k),

ITOJIyYUM DKBUBAJIECHTHYIO CUCTEMY YPABHEHUU COCTOSTHUSA:

x(k +1) = TFT “'x(k) + TGu (k)
y (k) = HT “'x(k) + Ku (k)
HJIn
(x(k +1) = Ax (k) + Bu (k)
%[y(k) = Cx (k) + Du (k)
Peanmaunﬂ, HMComiass HaWMCHBIIYIO pPasMEPHOCTH CUCTEMHOU MaTpulbl, HA3bIBACTCA
MHUHHMAaIbHOH. Peanusanus saBisieTcss MUHUMAJILHOM TOT/Ia M TOJIBKO TOTr[a, KOrJa CHUCcTeMa HalJromaeMa

U yIpasisiema.
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Ot npexacraBieHUss CUCTEMBl B IPOCTPAHCTBE COCTOSIHMM MOKHO NEPEUTH K ONHUCAHUIO B BUIC

MapKOBCKHUX ITApaMETPOB U NMEPEAATOUHON MaTpPUILbI
W (z)=C(zl - A) "B + D
HpeHCTaBHeHI/Ie B IIPOCTPAHCTBEC COCTOSIHHUI UMEET CICOAYIOIIUEC XapaKTCPUCTUKH:
® HCCAUHCTBECHHOCTD IIPEACTABIICHUSA,
® HEJIUHENHOCTD 10 napamMeTpam,
L IIOJIHOC OIIMCAaHUEC JUHAMUKHU CUCTCMBI,

¢ y100CcTBO ITU(POBOTO MOJICTHPOBAHHUSI.

12.2.4. ]IpoOHO-MAaTPHYHOE NPEICTABJEHUE
Hpobuo-marpuunoe npeacraieHue (AIIM) sBisieTcss nekoMmno3uiuen nepegaTouHol MaTpUllbl

W (z) nHa nBe mommHOMHANBLHBIC MaTpullbl P () u Q (z):

-1
W(z) =P "(2)Q(2),

rae P (z) — gxq HeBBIpOXKICHHAs OJMHOMHAIbHASL MAaTPULIA,

Q (z) — gxp mosMHOMHUATBHAS MATPHIIA.

{P(z), Q(z)}ua3piBacTcsi JIeBBIM JPOOHO-MATPUYHBIM TPEJCTABICHUEM, €r0 CTCIEHb paBHA CTCIICHH
OIIPEACTIUTENISA MaTPHULILL P .
Ucnonp3ys nesoe IMII, MOKHO 3anucars:
P(z)y(k)=Q(z)u(k),

OTKyJa BuUJHO, uTo JjeBoe JMII sBnsiercs pa3sHOCTHBIM YypaBHEHHEM OTHOCUTENIBHO BXOJHOTO U
BBIXOJIHOTO BEKTOPOB, T.€. Jeoe JIMII MoxHO cuntath 00001IeHNEM MoJiesiell OJHOMEPHBIX CUCTEM B
BUJIE pPa3HOCTHOro ypaBHeHus, uin ARMAX- mozeneil (aBroperpecun M CKOJB3SLIETO CPEIHEro) A
MHOTOMEPHOTO Cllyyas.

JAMII nmeet cneayromuye XxapakTEPUCTUKU:

e JIMHEWHOCTBH 110 IapaMeTpaM;

e KOHEYHOE YMCJIO [TapaMeTPOB;

® HEEJUHCTBEHHOCTb IPECTABIICHUS.

W3 aHanu3a pa3inyHbIX TUIIOB MOJI€JIel MHOTOMEPHBIX JIMHEHHBIX THHAMUYECKUX CUCTEM BUIHO, YTO
HanOosiee yIOOHBIM JUIsl UACHTU(UKAIIMKN SBISETCS TPOOHO-MAaTPUYHOE MPEACTaBICHUE, HEAOCTATKOM
KOTOpPOT'O SIBJISIETCS €r0 HEEAUHCTBEHHOCTb. OJTOT HENOCTATOK MOXHO IIPEOJOJIETh, HCIOJbB3Ys
KaHOHUYeckue (Gopmbl, O1arogapss KOTOPHIM MOKHO YMEHBIIMTH YHCIIO OLIEHWBAEMBIX MapaMeTpoB 3a

CYET IOSBIICHUS CTPYKTYPHBIX HYJIEH U €AMHULI.
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HEJMUHEWHBIE CUCTEMbI ABTOMATUYECKOI'O
YIIPABJIEHUA

13.1. IlonsiTHE 0 HEJIMHEHHBIX CHCTEMAX YIIPABJICHUS.
(3nams: ocnosnbie snemenmor CAY, komopwlie umeiom neauneinHoe Mamemamuieckoe onucanue,
obaacmu npumeHenus Memooos ¢pazo8ou NIOCKOCMU U 2aPMOHUYECKOU TuHeapuzayuy 0 paciema u
ananuza pabomul Henunelinvix CAY,; ymems naxooums ypaeuerus pazosvix mpaekmopuii u
2apPMOHUYECKOU TUHeAPU3aYUU U Ha UX OCHO8E NPOBOOUMb AHAIU3 PAOOMOCNOCOOHOCMU HeUHEUHbIX
cucmem, enadems NPUEMAMU ONpedeeHUs YCMOUYUBOCIU HeTUHEHbIX CUCEM PA3TUYHbIMU
Memooamu, onpeoenims Haaudue demoKoaieoanuUll U ux napamempos, Haxooumy YCio8Us Ux
omcymcmeusi.)

13.1.1.Knaccndmkaums HenMHEeNHbIX 3NEeMEeHTOB.
Cucrema aBromaruueckoro yrpanieHusi (CAY) oTHOCUTCS K KiacCy HEIMHEHHBIX, B TOM

cllydae, €CJId XOTsl Obl OJIMH AJIEMEHT 3TON CHCTEMBbI OMUCHIBAECTCS HETMHEWHBIM YpaBHEHHEM. JTO
03HAYaeT, YTO YKa3aHHBIM JIEMEHT UMEET HEIMHEUHYIO 3aBUCUMOCTb MEXKIY BBIXOTHOM (Xpyx) U
BXOJHOMU (Xpx ) BETUYMHAMH, KOTOPYIO HEJb35 JIMHEAPU30BATh IyTEM pa3iiokeHus B psija Teitnopa
B OKpPECTHOCTSIX paboueil Touku. Takyio HENUMHEHHYI0 3aBUCUMOCTb IPUHATO Ha3bIBaTh
CYILLIECTBEHHOW HEJTMHEUHOCTBIO.

K cyiecTBeHHBIM HEIMHEWHOCTSAM OTHOCSTCS, HAIPUMEP: TUCTEPE3UC C IIMPOKOMN NEeTNEMH,
HACBIIICHUE, HEIMHEWHOCTD TUIIA «CYXO€ TPEHUE», BCE PEJICHHBIC XapaKTEPUCTHUKHU.

Bce HenmmHeNWHbIE 2JIEMEHTBI MOXKHO pa3/IeuT Ha JiBa THIA:

1) ecrecTBEHHbIC HETMHEHHOCTH, KOTOPbIE IPUCYIIU PEATbHBIM 3JICMEHTaM CHCTEMBI,

2) UCKyCCTBEHHBIC (MM BBOJMMBIC) HETMHEHHOCTH, KOTOPbIE BBOSITCS B CHCTEMY C IIEITBIO:

a) KOMIIEHCAI[UH HEKOTOPHIX €CTECTBEHHBIX HEJTMHEHHOCTEN;

0) mpugaHWe CUCTEME HEKOTOPBIX CHEU(PHUYECKUX dYepT (Hanmpumep, HETMHEHHOCTh THIa
JBYXIO3UIIMOHHOTO HJEAaJbHOrO peje - I OOECledeHUss CUCTEMbl ONTHUMAJIbHOH IO
OBICTPOACHCTBHIO).

[IpuMeppl  HEKOTOpPBIX  CTaTMYECKUX  XAPAKTEPUCTHK  THUIIOBBIX  E€CTECTBEHHBIX
HEJTMHEWHOCTEH TpuBeeHbl Ha puc.13.1 , T1e Xgx- BXOJAHAS BEIMYMHA HETMHCWHOTO JJIEMEHTA , a
Xpux~ BBIXOJHAs BEJIMYMHA HEJIMHEHHOro »>JeMeHTa, Ha puc. 13.2 mpuBeneHbl NPUMEPHI
HCKYCCTBEHHBIX WJIM BBOJAUMBIX HEJTMHEWHOCTEH.

Kaxol  ecTeCTBEHHOM  HEIMHEMHOCTH IPUCYLl PEAJIbHBIA  JJEMEHT  CHCTEM
ABTOMATUYECKOTO YIPABIICHHUS.

Tak, HarIpuMep, HEJTMHEHHOCTh THITAa «HACHIIEeHue» - pruc.13.1a, mpucyma yCumuTeaTsHbIM
3JIEMEHTaM; HEJIMHEHHOCTh THIA «30Ha HEYYBCTBUTENBHOCTH C HachblmleHHemM» - puc.13.16,
npucyla >JIeKTPUYECKHMM MallMHaM; HEJIMHEHHOCTh Tuma «IodpT» - puc 13.1B, mpucyma
CHCTeMaM YIIPaBIEHUS AJIEKTPOIPUBOIOM; HEIMHEHHOCTh THIA «THCTepe3uc» - puc 13.1r

nmpucynia - 3JICKTPOMarHuTHbIM CUCTEMAM.
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13.1.2. CTpYKTYpHBIE CXeMBbI HEJTMHEHHBIX CHCTEM.
B cocrtaB HenuneitHoit CAY, Hapsay ¢ HEJIMHEHHBIMHU AJIEMEHTAMHU BXOJAT U JIMHEHHBIE

JJIEMEHTHI.

Jns ynporeHus pacuéra u aHaim3a paboTsl M00yio HenuHelinyio CAY npeacTaBisoT B
BUJIE CTPYKTYPHOM CXEMBbI, KOTOpasi CTPOUTCSI HA OCHOBE YPAaBHEHUH IMHAMHUKH, CBSA3BIBAIOIINX
BXOJIHYIO M BBIXOJHYIO BEIMUMHBI KXJ0T0 3jeMenTa. [Ipuyém uist Toro, 4To0bl OTINMYUTE APYT
OT JIpyra JUHEHHBIA M HEJIMHCHHBIA JIEMEHTHI, MMOCICAHUN TpaduuecKkr Ha CTPYKTYPHOM cXeMe

oTtoOpakaeTcs B BUJIE IPSIMOYTOJIBHHAKA, HO C IBOMHOM pamkoii. ( puc 13.3)

A XBLI )

X
X
X — ] XB;
0 . j 0 + <
a
0) 30Ha HEUYBCTBUTEIbHOCTH
a) HACBIICHUE C HACBHIIICHHEM

Y

A Xpur X

= X
%R 5% :

B) IIOPT

¥

Y

I') TUCTEpE3nC

Puc. 13.1. TunoBsle ecTECTBEHHBIE

ITpu maremarmdyeckoMm onucanun CAY 4YacTb ypaBHEHHMH SABIIOTCS JIMHEHHBIMH,
KOTOpPBIM Ha CTPYKTYpPHOH cxeMe OyIyT COOTBETCTBOBaTh JHHeEHHbIe 3BeHbs (Puc.13.3a) c
nepegarounoi pyukuuerr W(p), mpudem:

Y(p) =W() - X(p)

YacTh ypaBHEHMI OKa3bIBatOTCSl HEJIMHEWHBIMHM, KOTOPbIM Ha CTPYKTYpHOM cxeme OyayT
COOTBETCTBOBAaTh HEJIMHEWHBIE 3BEHbS CO CTATHYECKOM XapakTepucTukod f(X), mnpudeM
Y(p)=L{f(X)}, rne L- omepaTop HenpepsIBHOTO NpeodpazoBanums Jlammaca (puc 13.3 6).

PaccMoTpuM npuMepsl OJTy4eHUs CTPYKTYPHBIX CXEM.

[Tpumep 1.1: CocTaBuUM CTPYKTYypHYIO CXE€My JJisi T€HepaTopa MOCTOSHHOTO TOKa C

HE3aBUCUMBIM B036Y)K)IGHI/IGM nopu €ro pa60Te B PEXUME XOJIOCTOro XoJ4a, MaTeéMaTH4YC€CKOC
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OIMMUCAHUC KOTOPOro B YCTAHOBUBHICMCS PCIKHUME OHNPCACTIACTCA CICAYIOINUMU YPAaBHCHUSAMU B

orepaTopHoii hopme:

E;(p) = Ry ,(p) + wy - p - Py(p) (13.1)
O, (p) = L{f(ix)} (13.2)
Er(p) =C Wy CDB(p) (133)

rae E;(p) — uzoOpaxenue 3.1.C., IPHIOKEHHOE K I[eM OOMOTKH BO30YXaeHHS, R,- akTUBHOE
COIIPOTHBIICHUE LIETTM OOMOTKH BO30Yxk1eHUs; [;(p)- n300pakeHne ToKa 1ernu 0OOMOTKHA BO30YXKICHMUS,
W~ YHCIIO BUTKOB 00MOTKH BO30yxaeHusi; @, (p) - n3o0pakeHHne MarHUTHOTO MOTOKAa LIEMU OOMOTKH

BO30YKIEHHUS; W, —CKOPOCTb BPAILlEHUs SIKOPs FEHEpaTopa; ¢ - KOHCTPYKTUBHas nocrosHHas; E.(p) -

d
3.J.C. , CHIMAeMas C IETOK TeHEPaTopa - BRIXOJIHAs BEIMUMHA; P = —- — OIIEpaTop muddepeHIpOBaHUS.

A XBH A Xen
+B [ +B o
XB; — Xe
0 X a 0 + N
—B ——— ] _Ba
a) HIIeaNrbHOE 2-X MO3UITHOHHOE 0) 3-X MO3UIIMOHHOE peJie C HACHIIICHHEM U
peie 30HOW HEYYBCTBUTEILHOCTH
AX A Xpui
+B BBI -
x +B[*- —
— [ It
1] — A Xy — Xy
¢ a + | X i a $ C X
a a
- o B S— .

B) 2-X MO3UIIHOHHOE pelie ¢
THCTEPE3UCOM r) 3-X MO3UIIMOHHOE PEJIe C TUCTEPE3UCOM
Y 30HOW HEUYBCTBUTEIHHOCTH

Puc. 13.2. BBoauMmele HEMTUHEWHOCTH

CrpykTypHas cxema TIeHepaTropa IOCTOSIHHOIO TOKa, COOTBETCTBYIOIIAs 33JaHHOM CHCTEMe

ypaBaennii 13.1 — 13.3, npencrasiiena Ha puc. 13.4. 31ech y4Te€HO, 9TO:

I;(p) =1/ Ry~ [EB(p) — Wg'p* CDB(p)]
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X=X XO)| ) PV FYE) XXX gy [TV = YEP)

a) JInnefinoe 3BeHO 0) HenmuHuelinoe 3BeHO

Puc. 13.3

En(p) 1/R, I(P) L (ib)1|| Py(p) E: (p)

_[|| C'C()g ——————

P W

Puc. 13.4. CtpyKkTypHas cxema reHepaTopa IOCTOSIHHOI'O TOKa

HpHMepIZ CocraBuUM CTPYKTYPHYIKO CXEMY JABHUIATCIIA IIOCTOSAHHOI'O TOKa € HE3aBHUCHUMbIM

B030yxkaeHreM (JI1T) u sSKOpHBIM ympaBieHHEM JIsl Clydas, KOrJa HeJb3s mpeHeOpedYb MOMEHTOM

CyXoro Tpenus Ha Baiy jasurareis (Mg,). MOMEHT CyXxoro TpeHHUs - 3TO JONOIHUTENIbHBIA MOMEHT,

KOTOpbIH AercTByeT Ha Bany IIT BMecTe ¢ MOMEHTOM CONPOTUBIICHUS, IPUUEM

M., = =sign(w,) * My
rae sign — 3HaKoBas QYHKIIHSL.
Cratnueckas  xapakrepuctuka M., = f(w,) JUISL  UJI€AIM3UPOBAHHOTO  Cllydas

npejcTaBieHa Ha puc 13.5.

Puc. 13.5. Cratnyeckas xapakTepUCTHKA «CYXOTO TPEHUS»

Matematuueckoe onucaHue, KOTopoe onpesenser padboTy atoro snementa CAY BkirodaeT
B ce0s1 11Ba ypaBHEHUs: 1 — o€ ypaBHEHHE 3alUCBHIBACTCS OTHOCUTEIBHO 3.11.C. B IIeTH SKops. B

orepaTopHoi (hopMe OHO UMEET BU/I:

Ea(p) =R, Ia(p) +p-Lg- Ia(p) +C. - -Qﬂ(p) (13-4)
2-0e claraeMo€ B OTOM YPAaBHEHHMH IPEICTaBISET COOOM 5.1.C. CAMOMHIYKIMH, a 3-€

ciaraeMoe¢ — TIIpOTHBO- 3.4.C.; La—I/IHI[YKTI/IBHOCTB 00MOTKH SAKOPA; Ra — aKTHMBHOC

COIIPOTUBJICHUC LICIIU AKOPS; .Q,Z[(p) - I/I306pa)KeHI/IC CKOpPOCTH BpallICHUA Bajla ABUTATCIIA, Ce —

114



KOA(QPHUIHMEHT MPOMOPLUOHATBHOCTH MEXIAY HANpPSHKCHHEM Ha SIKOPHOH OOMOTKE M CKOPOCTBIO
BpAIlCHHS Baja ABUraTes.

BTtopoe ypaBHEeHME 3amUCHIBACTCS OTHOCHUTEIBHO MOMEHTA, pA3BUBAacMOr0 Ha Baly
nsurarens (ero uzobpaxenue no Jlammacy M, (p). Moment , pa3sBuBaeMblii Ha Bally JNBUraTeNs
pacxoayercsl : Ha NpPUIAHWE YCKOPEHHMS BCEM IMOJBHKHBIM YacTsAM, IPEOJ0JIEHHE MOMEHTa
conporusienus (M;) u momeHra cyxoro TpeHus (My,). OTHOCHTENBHO H300pak€HUH ITOroO

YpaBHCHHUC MMPEACTABIACTCA:

M,(p) = Cy-I,(p) =p-J] - Qap) + Mc(p) + My,(p) (13.5)
rae C, — K03(pGUIUEHT MPOMOPIIMOHAIBHOCTH MEXAY CKOPOCTBIO BPAIICHHS SJIEKTPUUYECKOTO

JIBUTATENII U MOMEHTOM CONPOTHBIICHHUS; | — MPUBEACHHBI MOMEHT MHEPIIMU BCEX MOJABUKHBIX
vacreit asurarens; M., = L{f(u) ﬂ)}
IMoncrasiss u3 ypasaenus (13.5) I,(p) B 1-oe, moay4nM ypaBHEHHE, HA OCHOBE KOTOPOTO

COCTaBJIIEM UCKOMYIO CTPYKTYpHYIO cxemy. CTpyKTypHas cxema npejcraBieHa Ha puc. 13.6.

Ea(p) 1/C, Q4(p)

F(Q) p-J

R,+L,-p H 1/Cy

M (p)

Puc. 13.6. CtpykTypHas cxema ABUTATEIS MOCTOSTHHOTO TOKa

U3 pucynkoB 13.4 n 13.6 BHIHO, YTO HEIWHEHHBIA DJIEMEHT MOXET HAaXOIUTHCS KakK B
MPsIMOM 1LIeNH, TaK U B LIENU 00OpaTHOM CBSI3M.

Hamnuue B coctaBe CAY HEJIMHENHOr0 3B€HAa OIPaHUYMBAECT BO3MOXHOCTb CTPYKTYPHBIX
npeoOpa3oBanuii. BeneacTBue Toro, 4To B HENMHEHHBIX CHCTEMax HE BBIMOJIHACTCS MPUHIIMIT
CYNEpHO3UIMH, TO 3TO HUCKIIOYAeT BO3MOXKHOCTb IE€PEMEIIEHUS HEIMHEWHOTO 3BEHa uepe3
CyMMHUpYIOIIUN 37eMeHT. HeBblmogHEeHHe MNpUHIMIA KOMMYTATUBHOCTH HE I03BOJISIET
nepeMenaTh (MEHATh MECTaMM) JIMHEWHBIN 2JIEMEHT Yepe3 HEIUHENHOE 3BEHO, T.K. IIOJIy4acMble

CHCTEMBI SIBJISIFOTCS HEOKBUBaJICHTHBIMHU (puc 13.7) .
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W) | P2 2w P we P

Puc. 13.7. nntoctpanys HEBBIIOIHEHUS IPUHIMIIA KOMMYTaTUBHOCTH

Han cTpyKTypHBIMU CXeMaMHU HETMHEHHBIX CHCTEM MOYKHO CIIENAaTh JHOObIE CTPYKTYPHBIC
npeoOpa3oBaHusl, €CITH HEIMHEHHBIN AJIEMEHT IPH 9TOM HE 3aTParkuBacTCsl.

[IpuMeHUTENPHO K HENWMHEWHBIM CUCTEMaM IIpaBUJIa IEPEMEUICHHS 3BEHA 4Yepe3 Y3el
pa3BETBIIEHUS] MOTYT OBITh COPMYITUPOBAHBI CIEAYIOIMIMM 00pa3oM: MPH MEpEeHOce y3ia IPOTHUB
(T0) HampaBJieHUs Mepeayll CUTHAJIa B MIEPEHOCUMYIO BETBb JOOABIISIOTCS MpsMble (0OpaTHBIC)

OII€paTOpPhl SJIEMCHTOB, PACIIOJIOKCHHBIX MCEXKAY CTapbiM W HOBBIM PACIIOJOXCHHUEM Y3Jia (pI/IC
13.8.)

y
2t J_L X f) —0on 7

f(x)

ﬁ W(p) Y fly) —>= W(p) f(y) —L=
X

f=1(z21)

6)

W-*(p)

}x

Puc. 13.8. IIpaBwmia nepenoca y3ia: a) IpOTHB HAPABJICHUS TIEpeIadn
CUTHaJa, 0) 1o HaIpaBIIEHUIO TIepelayn CUTHATIA.

KpOMC TOro, MOKHO IIPOBOIHUTL CTPYKTYPHBIC HpeO6p8.30BaHI/I$I HaJ HEIWHEHMHBIMHU

SJIEMEHTAMH, KOTOPBIC COCANHATIOTCA MMOCIICA0BATCIIbHO, IMapaJICJIIbHO U B LCTIb O6paTHOI\/'I CBs3H.
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[Mpu mocnenoBaTeIbHOM COCAMHECHUM HEIHMHEWHBIX 3BEHBEB TaK e, KaKk W JJIs
JMHEWHBIX 3BCHBEB, BBIXOJHAS BEJIMUYMHA OJHOTO 3BEHA SIBJISICTCS BXOJHOW BEITUYMHOW ISt
JAPYToro.

B kadecTBe mpumepa pacCMOTPUM JiBa IOCIEIOBATEIbHO COCIMHEHHBIX HETMHEHHBIX
anementa (puc. 13.9a), craTuueckue XapaKTEPUCTHKH KOTOPBIX Y; = f(x1) u y, = f(x3)
npezacraBieHbl Ha puc. 13.96. Takoe coeaMHeHHE HAMO 3aMEHUTh OJHOW 3KBHBAJICHTHOM

HEJIMHEHHON XapakTepucTiukon y = f(x).

X=X £ (x) 1Y% " f,(0) Y A 0 [
L

a) B)

y1=f1 (x1) y=f; (x2)

6)

Puc. 13.9. ITocnenoBarenbHOE COEAUHEHNE HETUHENHBIX DJIEMEHTOB

OKBUBAJICHTHYIO HEJIMHEIHYI0 XapaKTepUCTUKY OIpejaeseM rpa@uueckuM CIOCOOOM.
[TocTpoeHne OCyIIEeCTBIIAETCS B YETHIPEX KBAAPAHTAX W MOPSAOK HAXOXKACHUSA HKBUBAJICHTHOU

XapaKTepUCTUKH MPOWILIIOCTpUpoBaH Ha puc 13.10.
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AX2 AY1=
h fl(Xl)
< L
y=f |_ - 7
a
b
AY
A
> 2
—/— | ab
BCHOMOFaTeHBHaﬂ b a

npsMas

Puc. 13.10. [TocTpoeHne 3KBUBaJIEHTHON CTaTUYECKON XapaKTEPUCTUKHI
IPY T1OCJIEIOBATEILHOM COSAMHEHUN HEJTMHEHHBIX 3JIEMEHTOB

[Ipy mapajuiebHOM COCAMHEHUHM HEIMHEHHBIX JJICMEHTOB BXOJHBIMH BEIMYMHAMHU IS
HHUX SIBIISICTCS. OJIMH M TOT K€ CHIHAN, a BBIXOJHBIC BEJIMUYUHBI HEIUHEHHBIX 3JIEMEHTOB
CYMMUpPYIOTCS Ha cymmarope (puc.13.11a)

[Topsimok HaxOXKICHHs SKBUBAJCHTHOW CTaTHUECKOW xapakrepuctuku y = f(x) npwu

MapajuIeIbHOM COSIMHCHUN TPOMJLTIOCTPUpOBaH Ha puc. 13.11 6.

f1 (x) ke (%X1°)
X
X1~
f2 (x) Ky (x—X2°)
X
f2 (x2) Y2 X2
) ' f(x)
0) X
X;° X,"

Puc. 13.11. [TapannenbHoe coeAMHEHNE HETMHEWHBIX AJIEMEHTOB

13.1.3. Oco0eHHOCTH HeJJMHEHHBIX CHCTEM.
[To cpaBHEeHUIO ¢ MUHEWHBIMU cucTeMaMu HennHelHble CAY uUMEIT psii 0COOCHHOCTEH,

OCHOBHBIMH U3 KOTOPBIX ABJIAIOTCS CIICAYIOIINC:
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1. B HEMMHENHBIX CUCTEMAaX YCTOMYMBOCTh M KaYECTBO MEPEXOAHOIO MPOLIECCa 3aBUCIT HE
TOJILKO OT CTPYKTYPHOH CXEMBbI, TapaMeTpPOB 3BEHbEB (K03 (DUIIMEHTOB YCUIICHHUS U MTOCTOSIHHBIX
BPEMEHH), HO U OT BEJIMYUHBI BXOJJHOT'O BO3/IEHCTBHSI U HAYAJIBHBIX YCIIOBUIA.

2. nuHaMu4deckue cBoucTBa HelmHEWHBIX CAY 3aBUCST OT BUJa HEJIMHENHOCTEH U MecTa
UX PacIOJIOKEHUS B CTPYKTYPHOU CXEME.

3. 17 HENMHEHHBIX CHCTEM MEHSETCS U IMOHATHE YCTOH4MBOCTU. [Ipm mccriemoBaHuM
HenmHeHbIX CAY roBOpAT HE MPOCTO 00 YCTOMYMBOCTH, a 00 YCTOHYMBOCTH OIPENCIEHHOTO
COCTOSIHMS, MJIU IBUJKEHUS B CUCTEME IIPU OTKJIOHEHUU OT UCXOAHOIO PEKHUMA.

JI11 HEeJIMHENWHBIX CUCTEM B CBA3HM C 3TUM BBOJATCA IOHATHUA : YCTOMYMBOCTHU «B MAJIOM»,
«B OOJIBLIIOM» U « B LIETIOM.

YCTOMUNBOCTh «B MaJlOM» - 3TO YCTOMUMBOCTH HenuHEeHHOW CAY mpu odeHb MalbIX
OTKJIOHEHMSIX OT ITOJIOKEHHS PaBHOBECHS.

YCTOMYNBOCTD «B OOJBIIEM» - 3TO YCTOWYUBOCTh HelMHEHHON CAY mpu orpaHuYeHHbBIX
OTKJIOHEHHSIX OT I10JIOKEHUS PAaBHOBECHSI.

YCTOMUMBOCTh «B LEIOM» - 3TO YCTOWYMBOCTh HenuHeiHoM CAY mnpu mro0bIx
OTKJIOHEHMSIX OT ITOJIOKEHHSI PaBHOBECHSI.

B 3aBucuMOCTH OT BeIMYMHBI BXOJHOTO BO3JICHCTBUSA OJIHA U Ta XKE CUCTEMAa MOXKET ObITh
YCTOHYMBA «B MAJIOM» U HEYCTOIYMBA «B OOJbIIEM» OJHOBPEMEHHO.

4. B HETMHEWHOW CHCTEME MOXET CYIIECTBOBATh TAKOM PeKUM €€ pabOThl, KOTJa Ha BXOJ
CUCTEMBl HE IIOJAETCs HHMKAKUX BO3JCHCTBUN, a Ha BBIXOAE CYLIECTBYIOT HE3aTyXarollue
KoJIeOaHUS C MOCTOSIHHOM aMIUTUTYIOU (A,) M 9acTOTOH (wy). DTOT peKuM paboOThl HAa3bIBACTCS
aBTOKOJIE0AaTEIbHBIM.

5. Tak Kak pe3yJabTaT HECKOJbKHUX BO3ACHCTBUI HA HEIMHEHHYIO CUCTEMY HE PAaBEH CyMMe
pe3yJIbTaTOB Ka)J/J0ro M3 HUX B OTJEIBHOCTH, TO MEPEXONHOM mporecc B HenuHenHoW CAY
HeJIb3sl IPEJICTABUTh B BUJIE CYMM CBOOOJHOM M BBIHYKJIEHHON COCTABISAIOUIMX. DTO 3HAUUTEIILHO
3aTpyJHSET aHAJIU3 YCTONYUBOCTH HEJIMHENHBIX CHCTEM.

Hns HCCIEA0BaHUSA HEJIMHENHBIX CUCTEM UCIIOJIB3YIOT AHAJIUTHUYECKUE,
rpadoaHaIMTUYECKUE U YUCTICHHbIE METO/Ibl. [IepBble MPUBOAST K MOJYYEHUIO TOUHBIX PELICHUH,
BTOpBIE M TPEThU K MPUOIMKEHHBIM.

M3 TOUYHBIX aHAJIUTUYECKMX METOJOB PACCMOTPUM METOJ KYCOYHO-aHAIUTHUYECKHUN

anmnpoKCUMaIUH ¢ TOMOIIbIO (ha30BOM MIIOCKOCTH.

13.1.4. Bonpochl # 3a124u
1.1. O6bsicHHTE, TOUEMY HETHHEHHBIM dJIEMEHTOM SIBIISIETCSI:

a) BHCKTpI/I‘-ICCKI/Iﬁ JABHUIaTCJib IIOCTOAHHOI'O TOKA,

0) yCWJINTENb CUTHAJA,
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B) TEPMOPE3UCTOP.
1.2. Ompenenute BHUJ BBIXOJHOIO CHUTHaja ISl HEJIMHEHHOTO JJIEMEHTa THIA JIO(T, €clu
BXOJHOM CHUTHall HMMEET CHHycOMJanbHyr ¢opMmy. OObSICHUTE, IOYEMY C YBEIUYEHUEM
aMIUTUTY/bl BXOJHOIO CUTHaJa YMEHbBINAETCsS BIMAHUE HEJIMHEHHOro sjieMeHTa Ha (opmy
BBIXOJHOT'O CUTHAJIA.
1.3. Ha BXOJ HEJIMHEHHOro 3J€MEHTa CO CTaTUYECKOM XapaKTEpUCTHKOW, MPEICTAaBICHHON Ha
puc.13.1 nocrynaer curian X,, = A * sin wgt,
N300pa3uTte 11 KaXI0T0 HJIEMEHTa, KaKoi BUJ OyJIeT UMETh BBIXOJHOM CUTHAI.
1.4. DnexkTpoMalIMHHBIA YCWINTENb BKJIIOYAaeT B ceOs JBa IOCIEJOBATENBHO COEIUHEHHBIX
HEJIMHEWHBIX 2JIEMEHTOB, CTATUYECKHE XapaKTEPUCTUKH KOTOPBIX IIPEACTaBICHbI Ha puc.13.1a, B.
N300pa3ute BUI BBIXOJHOTO CHTHAJIA 3JIEKTPOMALIMHHOTO YCHIIUTENS, €CJIM Ha BXOJ YCHUIIUTEIS

MOCTYMNAeT CUTHAJ BUJA Xy = A * Sin wyt,

13.2. UccaenoBaHue HeJIMHEHHBIX CHCTEM Ha OCHOBe MeTo/Aa (a30B0Oil IVIOCKOCTH.

13.2.1. ®a3oBLIe TPACKTOPHH.
CocTosiHME CHUCTEMBbl aBTOMATHUECKOTO YIPABICHUS B JIOOOW MOMEHT BPEMEHU MOKET

OBITh OXapaKTEPU30BAHO 3HAUYCHUSMH PAacCMAaTPUBAEMOW mepeMeHHoi u (N-1) ee MPOU3BOIHBIX,
rzie N — MOpsIOK ypaBHEHHS, KOTOPOE OMHCHIBAET paboTy cUcTeMBbl. i1 pacCMOTPEHHS CHCTEMBI
N-ro TopsKa HEOOXOJMMO HCHOIb30BaTh N-MEPHOE MPOCTPAHCTBO, cojAepikaiiee N oceit
KOOp/MHAT.

Ecnu B TaHHBII MOMEHT BPEMEHH 10 YKa3aHHBIM OCSIM OTJIOKHUTH 3HAUCHUS IIEPEMEHHON U
(n-1) ee Mpou3BOAHBIX, OyAET MOJIyYeHA TOUKA, OTOOPAXKAIOIIAs COCTOSTHUE CUCTEMBL. Y Ka3aHHOE
IIPOCTPAHCTBO Ha3bIBaeTcs (Ha30BBIM, a TOUYKA, COOTBETCTBYIOLIAs COCTOSHUIO CHCTEMBI B
($a30BOM MpPOCTpaHCTBE, — M300paxaroeil TOUKoil.

[Ipu ycraHOBHBIIEMCS pPABHOBECHOM COCTOSIHUM CHCTEMBI HW300pakaromias TOYKa
HaXOJUTCS B TIOKoe. Bo BpeMs mepexoJHOro mpoliecca IepeMeHHas U €€ IIPOU3BOIHBIE B KaXKIbIN
MOMEHT BpeMEHM OyJyT HUMeThb pa3JIM4Hble 3HA4YEHHs, YTO COOTBETCTBYET MEPEMEIEHUIO
n3o0pakaroie TOYkd B MpocTpaHcTBe. Kaxomy orpesieieHHOMY MepexoJHOMY Ipoleccy B
CAY B (da30oBOM TMpOCTPaHCTBE COOTBETCTBYET OIpEAEICHHAasi TPAaeKTOpUs JIBUKEHUS
n300pakaroIei TOUKH, KOTopasi Ha3bIBaeTcs (Da30BOM TpaeKTOpHUEH.

HauanbHoe nosiojkeHue M300pakarolieil TOUYKU OmpesenseTcss HadalbHbBIMH YCIOBUSIMH.
IIpu paBHOBecHM CHCTEMBI, TOCJIE€ OKOHYAHHUS IEPEXOJHOro IMpoliecca, BCE MPOU3BOJHBIC
paccMaTpuBaeMoi MepeMEeHHON paBHBI HYJT0. Todku (ha30BOro MpoOCTpaHCTBA, COOTBETCTBYIOIIHE
TOMY COCTOSIHUIO CHCTEMbI, Ha3blBalOTCd 0COObIMU. COBOKYHMHOCTh (Da30BBIX TPACKTOPUH,
MOJTyYEHHBIX JIJIsl BCEBO3MOXKHBIX HAYaJIbHBIX YCJIOBHM, BMECTE C OCOOBIMU TOUYKAMHU Ha3bIBAETCS

q)aSOBLIM MMOPTPECTOM CHUCTCMBI.
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Haubonee narmsinHo ¢a3oBble TPaeKTOPUU MOTYT OBITh MPEACTABICHBI IJII CUCTEM 2-TO
dx
MOpsAZIKa B KOOpIMHATAX X (MepeMeHHasi BEJIMYMHA) — OTKIIAABIBACTCS 1O OCH a0CIHCC U Fri %4

(cxopoCTh U3MEHEHHS IEPEMEHHOI BETMYMHBI) — OTKJIABIBACTCS [I0 OCH OP/IHHAT.

Metox ¢a30oBOi MIOCKOCTU SIBISETCS MPUHIMIHAAIGHO TOYHBIM METOIOM HCCIIEIOBAHUS
HeNMHEeHHbIX cucteM. OH JaeT MmojHyo WH(GOPMAIMIO O AMHAMHKE CHCTEMBI — O BO3MOXHBIX
COCTOSIHUSIX, ITOJIOKEHUSAX PABHOBECHS, IBUYKEHUS U UX YCTOMUMBOCTH.

IIpu »TOM mnpexnmnonaraercs, YTO CHCTEMa AaBTOMATHYECKOTO YIPABICHUS SABIACTCS
ABTOHOMHOW — BCE€ BHEIIHME BXOJHBIC BO3JEHCTBHs PaBHbI HYJIIO. B 3TOM ciydae cocTosiHuE
ABTOHOMHOM CHCTEMBI aBTOMATUYECKOTO YIpPaBJICHUs HAa (a30BOU IIIOCKOCTH B KaXKIBIH MOMEHT
BPEMEHU OIPEJEIIAETCs MT0JI0KEHUEM N300pakaroIiell TOUKH.

Meton (}a30Boil MIOCKOCTU SABISETCS OCHOBHBIM METOJOM HCCIIEJOBAaHMUS HEITMHEWHBIX
CUCTEM aBTOMAaTUYECKOTO YIpaBJeHUs 2-r0 mopsaka. B  HEKOTOpeIX ciydasx MOXKHO
anIpOKCUMHUPOBATh CHUCTEMBI BBICOKOTO MOPSAKAa CUCTEMON 2-ro MOpsiiKa C 3KBUBAJIEHTHBIM
3ara3/bIBaHUEM, YTO HECKOJIBKO pacIliupsieT 00J1acTh MpUMEHEHHs MeTo/ia (pa30Boii MIIOCKOCTH.

@Da30BbIl MOPTPET JAET NOJHOE MPEACTABICHUE O JUHAMUKE HEIMHEWHON CUCTEMBI 2-TO
MOPSIAKA IIPU AETEPMUHUPOBAHHBIX BO3JEHCTBHAX, BKIKOYAs TOYHOCTh, YCTOMYNBOCTh U KA4ECTBO
IIPOLIECCOB.

[Tpu n300pakeHnK nporeccoB Ha (pa3z0BOM MIIOCKOCTH YpaBHEHHE 2-T0 HOPsAKA 3aMEHSIOT
9KBHMBAJICHTHBIM YPaBHEHUEM | -ro mopsaka.

IlycTe HenuHEHas aBTOHOMHAs CHCTEMa ABTOMATHMYECKOI'O YIIPABICHHS OIMCHIBACTCS

¢ depeHIMaTbHBIM YPaBHEHUEM

&x = fx, V) (13.6)

rne f(x, V) — HekoTopas HeuHeHHas (PyHKITHSL.

YroObl M300pa3uTh ABMKEHHE N300pakarolleld TOukn Ha (a30BOM MIIOCKOCTH, ONPEIeTUM

ypaBHeHHE (a30BbIX TpaeKkTopui. [ 3Toro o603Haunm
dx

Torma u3 (13.6) momyuum:
av
&= V) (13.8)

Pazmenmum  ypaBaenue (13.8) m (13.7) momyunm muddepeHImanbHOe ypaBHEHHE (a30BBIX

TPAEKTOPHUI:
AR L) (13.9)
dx \4 '

da30BbIe TPaEKTOPUH (IOPTPETHI) MOTYT OBITH MOCTPOEHBI TPEMSI CITIOCOOAMMU:
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1) HemocpeICTBEHHBIM pCIICHHEM HCXOJHBIX  TU(GEpeHIMATbHBIX  YPaBHEHUH, KOTOpBIC
omnuckiBatoT paboty CAY- ypaBHenue tuna (13.6).

2) Ilyrem pemenus auddepeHraIbHOro ypaBHeHHsT (a30BbIX TPACKTOPHI — ypaBHEHHE THIIA
(13.9).

3) Ha ocHOBe MeTO/1a H30KJIHH.

13.2.2. Bo3sMo:xHbIe BWILI (ha30BLIX NOPTPETOB H THILI 0COOLIX TOYEK.
®dazoBbIe MOPTPETHl HETUHEHHBIX CHCTEM OTJIMYAIOTCS OOJBIIUM pa3sHOOOpazueM, 4eMm (a3oBbic

MOPTPEThl JIMHEHHBIX cucTeM. OJIHAaKO THUMBI OCOOBIX TOYEK JMHEHWHBIX M HEJIMHEHHBIX CHUCTEM
COBIAJIAOT.

Jluneitnoe auddepeHnrnanbHOe ypaBHEHUE SBISETCS YaCTHBIM  CIy4yaeM  HEJIMHEHHOTro
muddepeHnanbHOro ypaBHeHus. J{is nuHeldHbIxX nudQepeHanbHbIX ypaBHEHUN TaKKe CIPaBeINBBI
METOJIbI, KOTOpPBhIC TPHMEHSIOTCS W Ui HEIWHEHHBIX cucTeM. Pacrnonaras (a3oBBIMH MOpTpPETaMH
JUHEUHBIX CHUCTEM, MOXHO HX HCIOJB30BaTh JJIsl aHAJIM3a HEJIMHEHHBIX CHUCTEM aBTOMATHYECKOTO
yIpaBICHUS.

[Ipenmonoxxkum, uro pabora HekoTopoit CAY omnmchiBaeTcs JTUHEHHBIM nuddepeHnaibHbIM

YpaBHEHHUEM 2-TO MOPAJIKA:

d?x

S+ 2dwy T+ wdx =0 (13.10)

ITycte X 1 % = I ¢a3oBbie koopauHaTel. Torma ypaBaenue (13.10) mpumer Bu:
V4 2dweV + wdx =0 (13.11)
VYpasuenue (13.11) sBnsercs auddepeHUnanbHBIM ypaBHEHUEM (a30BbIX TPACKTOPUN s
nunerinon CAY, onucekiBaemoit ypaBaenuem (13.10).
Xapakrepucruueckoe ypasHenue aist (13.11):
p? + 2dwep + w3 =0

KopHu xapakTepucTu4ecKoro ypaBHEeHHUS:

P12 = —dwg /((dwy)? — w?) = we(d £v/d? — 1

B 3aBUCHUMOCTH OT BCIINYHUHBI KO3(1)(1)I/II_[I/ICHT3 d BO3MOXHBI CICAYIOLIUE CIIyYan:

1-ii ciyyaii: d=0 — cOOTBETCTBYET KOHCEPBATHBHOW CHCTEME - 3aTyXaHHS HET:
P12 = twg
[Toctpoum (pa3oBble TPa€KTOPUM HA OCHOBE pEHIEHHs UCXOIHOTO U depeHInaibHOro
YpaBHEHHS.
x(t) = Ay - coswyt + A, - sinwyt = A - sin(wgt + @) (13.12)

AMH.III/ITy)Ia A 3aBHCHUT OT Ha4aJIbHBIX YCHOBHﬁ.
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V(t) = % = Awg cos( wot + @) (13.13)

U3 (13.12) u (13.13) nomyqaem:

x ) %4
1= sin(wot + @) ; Aoy = cos(wyt + @).

ITocne BO3BCJICHHUA B KBaAPAT U CJIOKCHUSA MMOCICIHUX OBYX Bblpa)KeHI/II\/'I, NMCECM.

x2 v?

+
A2 AZ'(DOZ

=1 (13.14)

Coornomenue (13.14) onpenensier Ha (a30Boii MIIOCKOCTH CEMENCTBO uHIICOB (puc. 13.12),
npu 3ToM X(t) mpeicTaBaseT He3aTyXaole TAPMOHUIECKUE KOJICOaHHsI C aMIUTUTYIOM A, 3aBUCSIIEH OT
HaYalbHBIX yciaoBHid. [Ipy pa3HBIX HAYABHBIX YCIOBHX MOJy4aeM CEMEHCTBO IEPUOAHMUSCKUX

mponeccoB pa3H0171 AMIUIMTY/bI, HO C paBHBIMHU IICPUOJaMHU; UMEEM PABHOBCCHUC TUIIA LICHTP.

X(t)

ANMVA VY

gf
.

a) 0)
Puc. 13.12. ®a3oBelii moprper (a) u nepexoanoii mporecc (6) mpu d =0

[Toctpoum (ha3oBbie TPa€KTOPUH BTOPHIM clIOCOOOM Ha ocHOBe ypaBHeHus (13.11), kotopoe

COOTBETCTBYET UM. M3 3TOr0 ypaBHEHUS NOJIy4aeM:

2
v _ Q0 : AN VdV + welxdx =0

dx v
P€IH€HI/I€M IIOCJICTHECT O ypaBHeHI/Iﬂ SABJIACTCA:

VZ  we?x? ¢
5 °2 =3 WM VZ+we?-x?=c.

rae C — INOCTOSAHHAA MHTCIPHUPOBAHUSA, OIIPCACIACMasd Ha4aJIbHBIMU YCIIOBUSMHU.
[Ipnv=0,x =4
we? x2+0=c=wy? A4%; V2 + wo? - x% = wy? - A%

x? V2
WIH YO 1, 4ro cooTBeTCTBYET pe3yibraty (13.14).
oz

Kak Buaumm, ykasaHHOW cucTeMe TpU JIIOOBIX HadalbHBIX YCJIIOBUSIX COOTBETCTBYIOT
NepUoINIecKre ABIKEHHs, BOKpYT coctostaus V=0, X=0. 3a HCKITIOYEHNEM TOTO €INHCTBEHHOTO CIIyJas,
KOTJ]a HAYaJIbHBIE YCIIOBUS COOTBETCTBYIOT COCTOSIHUIO PABHOBECHSI.

[Toctpoum (ha3oByr0 TPaeKTOPHUIO 3-UM CIIOCOOOM — Ha OCHOBE METO/Ia H30KJIHH.

123



M30knuHa - 9TO TEOMETPUUYECKOE MECTO TOUEK Ha (Da30BOM TUIOCKOCTH, TI€ KacaTeIbHBIE K
($ha30Boil TPACKTOPUN UMEIOT OJJUHAKOBBIM HAKIIOH.

YPaBHCHI/IC H30KJIMHBI B JAHHOM CJIy4daec 6y/:[eT HUMCTDb BUA:

2dwoV+wg2x

" = a = const; npu d=0 momy4mnm:

2
w
V=-—"2x,
a

T.C. B JAHHOM CJIy4ac€ NU30KJIMHa IMPEACTABIACT coOon MNpsAMYIO JIMHHIO, ITIPUYCM

@0’ k=t
——x=k= a
a g

O - YT'OJI HaKJIOHa K OCH a6cuncc.

B Ta6unuiie 13.1 npuBeaeHbI H30KIUHBI, COOTBETCTBYIOIINE Pa3HbIM 3HAYCHUSIM K.

Tabmuma 13.1

Ne U30KIJITMHEI 1 2 3
A 0 1 -1
a

\%

Puc. 13.13. [Toctpoenue ($ha3oBoii TpaeKTOPUH Ha OCHOBE METO/1a U30KJINH

Takum oOpa3om, ans gaHHOoro ciydas (d=0) Hayago KOOpAWHAT SIBIASETCS O0COOOW TOUYKOM
(paBHOBECHS) TUTIA «IIEHTP», KOTOpas SIBJISETCS aCUMITOTUYECKH HEYCTOWYMBOMW. [[BKeHHME B JaHHOM
CUCTEME NEPUOJINYECKOE, TAPMOHUYECKOE U SBISETCSA aCUMIITOTUYECKH HEYCTONYHUBBIM.

[lo ananoruu co ciydaem 1, MOKHO pacCMOTPETh KPaTKO M JAPYTHe CIydau, COOTBETCTBYIOLIUE
Pa3IMYHBIM MapaMeTpaM U KOPHSIM XapaKTEPUCTHIECKOTO YPaBHEHHSI.

2-i cIrydait: 0<d<1; KOpHHU XapaKTePUCTHIECKOTO YpaBHEHHSI
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piz=axjf ,upuuema<0;p > 0.
®a30BbIe TPACKTOPUMU MPEICTABISAIOT COOON CKpydMBAaIOIIMECs K Hayaldly KOOPAMHAT CIHMpaIH
tuna crimpanu Apxumena (puc. 13.14 a). [TonoxeHne paBHOBECHUS aCUMITOTHYECKH ycToiunBo. Ocobast
TOYKA Ha3bIBACTCS «YCTOWUYUBHIN (pokyc». KpuBbie mepexoaHOro mporecca JUisl 3TOT0 Ciaydasl mpu ABYX
HayaJIbHBIX YCJIOBHSAX M300pakeHbl Ha puc. 13.14 6. JIroOol U3 mMpoIeccoB SBISICTCS aCUMIITOTUYECKH

YCTONYUBBIM.
Vi X(t)
Xo2 [F~

\ N
\ V4 N

N oo Nt
/ \\\ z’l\/ \._,
0)

Puc. 13.14. ®azossie Tpackropui (a) u mpouecc (0) mpu 0 <d <1

Xo1

B) 3-i ciyuwaii: d>1; KOpHH p1=04; p2=0 - JACUCTBHUTENIbHBbIC W oTpHuuaTeibHbie (01<0, 0,<0)
n300pakaronias Touka ABUrasich 1Mo (a3oBOM TPACKTOPHM CTPEMUTCS B Ha4ajJO KOOPAMHAT MPH JIIOOBIX
HavYabHBIX yciaoBusx x (puc.13.15a).

K ¢}a30oBbiM TpaekTopusM B 3TOM cCilydae OTHOCATCS U JIBE€ IpsIMbIC, ONperesieMble KOPHAMHU
XapaKTEePUCTHYECKOTo ypaBHeHus. JI000il mpoliece B TaKoi CUCTEME SIBIISICTCS yCTOWYMBBIM (puc. 2.40).

Oco06ast TouKa Ha3bIBACTCS «YCTOMUUBBIN y3€T».
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X(t)

X021

o

Xo34

a) 0)
Puc. 13.15. ®a30Bbic XapaKTEPUCTUKH (a) U TIepeXoaHO# mporiece (0) mpu d >
r) 4-it ciyyaii: -1 <d <0;
KOpPHH D1y = a jf
Kak BumHo u3 dazoBoro moprpera (puc. 13.16 a), m3zoOpakaromias TOYKa JABHKETCS, II0

TPaCKTOPHUH THUIIA paCprqHBammeﬁc;I CIIUpAJI, YTO COOTBETCTBYCT HGYCTOﬁqHBOCTH — I[IpoIecC B TaKoM

cucreMme sBisgercss HeyctonuuBbIM (puc.13.16 6) IlonoxeHue paBHOBECHS SBISETCS HEYCTOWYUBBIM.

Ocobast TouKa Ha3bIBACTCS «HEYCTOMUMBBINA (HOKYCH.

\/ X(t)

Xo14

Xo02

6)

Puc. 13.16. ®a3oBsie TpackTopui (a) 1 nepexoaHoi nponecc npu —1 <d <0

) 5-i cayuaii: -0 < d < -1; KOpPHH P1=04; Pr=0p; Oy U Op — JACHCTBUTEIbHBIC W TOJOKHUTEIbHBIE.
N3o0paxaromiasi Touka ABMXKETCS MO PaCXOAIIMMCS M3 Hadana KOOpAWHAT (a30BBIM TPACKTOPUSIM (PHC

13.17a). Bce mpotiecchl, COOTBETCTBYIOIIUE TOMY CIIydYaro Takke - HeycToiuuBsie (puc. 13.176). meem

0COOYIO TOUKY THIIA «HEYCTOWYUBBIN y3€I».
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X(t)

X039

X029

i

Xo1

a) 0)
Puc. 13.17. ®a3oBbic TpaekTopuu (@) ¥ MEPEXOAHO mporiece mpu — 0 < d > —1

e) 6-if ciyuail — paccMaTpUBaeTCsl ypaBHEHHE, KOT1a KOO GUIIUEHT MPH X SBISETCS OTPULIATEIbHBIM,

T.C.:

d%x
dt?

+ 2dwo o — wo?x = 0 (13.15)
Torna xapakrepucTuieckoe ypaBHeHHE OYyIeT paBHO:
p? + 2dwep — we’x = 0,
KOPHHU KOTOPOTO OMPEACISIOTCS BEIPAYKEHUEM:
P12 = Wo(—d £Vd? +1;p; = ai;p, = —ay,
T.€. JCHCTBUTENbHBIC, HO Pa3HBIX 3HAKOB.
N300pakatomias ToUKa JIBUKETCS 1O (a30BbIM TPACKTOPHUSM, NPe/ICTaBIeHHBIM Ha puc. 13.18a.

HMmeeMm HCYCTOIZQHBOC IMMOJIOKCHUEC PABHOBCCHS. Tum oco0oit TouKu «CCOITION. Hpoueccm HJIsA OTOIrO

cirydasi mpesictaBieHsl Ha puc 13.186.
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Puc. 13.18. ®azosble TpaekTopu (a) U MepexoHoit mpouecc (6) mpH o < 0

B yactaom ciiyuae ipu d = 0 ypaBuenue (13.15) npunumaer Bun:

d*x 5 0
— —wolx =
dt?
U3 KOTOPOro MoNydaeM ypaBHeHHe (a30BbIX TPAEKTOPHIL:
x? V2
1

A2 wy2-A? -
T.€. (pa30BBIC TPACKTOPHUH MPEICTABIISIIOT COOOM CEMEHCTBO THIIEPOOI.
[Tpu A=0 umeem:

wex?2 —=V?2=0
otkyma V = wg*x u V= —wg * X — IB€ aCUMIITOTHI.

®a3oBbIE TPACKTOPUHU U MMPOLECCCHI IJIA 5TOI'0 Cliydas NpCACTABJICHBI HA pUC. 13.19.

0
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x(t

Xo

P,
( T

V= _
V= 6
a)

Puc. 13.19. ®azoBble Tpackropuu (a) 1 nepexonnoil mpouecc (6) npu o, <0 1 d =0

13.2.3. CBoiicTBa (pa30BLIX TPaeKkTOPHii. OCco0bLIe TOYKH U TPACKTOPHM.

OTMeTHM HEKOTOpbIe CBOMCTBA ()a30BbIX TPACKTOPHIA.

1)
2)

3)

4)

Bpewms Ha pa30Boii TIIOCKOCTH OTKIIAABIBACTCS BAOJb TpackTopuu (puc 13.19a).
N3obpaskaromnias Touka nepemMemaeTcs no Gpa3zoBoil TPaeKTOPUH B BEpXHEH MOIYIUIOCKOCTH, T/Ie
V>0 B cTOpOHY BO3pacTaHusi X: cCieBa-HampaBo. B HmwkHe#ll mnomymiockoctd, rae V<0,
n300paxaroiasi TouKa nepemMeIaeTcsi B CTOpoHy yMeHsblnenus x (puc. 13.190).

[Tpu V=0 kacarenbHas K (a3z0Boii TPACKTOPHH 00pa3zyeT MPsIMOM yroJi ¢ OChIo abcuuce.

Kaxnoii Touke (a30BOM TpaeKTOPUH COOTBETCTBYET CBOE OmpejeiieHHOe 3HaueHue dv/dX. Dto
O3HauaeT, 4To (ha30BbIC TPACKTOPHH HA IUIOCKOCTH HE TMEPECEKAITCsl, 38 UCKIFOUCHUEM OCOOBIX

TOYCK.

d?x

=0 dx 0
F = n E = OOIHOBPEMCHHO,

av
OcoOBIMH TOYKAMU SIBJISIIOTCS TaKHE TOYKH, B KOTOPBIX E =

o av 0
T.e. 0coOBIe TOYKU Ha (1)330BOI/I IIJIOCKOCTU SABJIAKOTCSA TOYKaAMMU PABHOBCCHUSA CUCTEMBI d_ = 6 910
X

o3HayaeT, uto V=0, T.e. Bce 0coOble TOUKH Ha (Pa30BOI TIIOCKOCTH JIKAT HA OCU aOCITHICC.
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t | <<

. = | =
a) §

Puc. 13.20. Nmttoctpanus croiicts (1) u (2) pazoBsix
TpaeKTOpHil

OcoOble TOYKH MOTYT OBITh yCTOMUYUBBIE, T.€. (DU3MUYECKH peann3yeMble COCTOSIHHS - B CUCTEME
CYLIECTBYET PaBHOBECHOE COCTOSIHHE, COOTBETCTBYIOIIEE STUM TOUKAM. DTHUM TOUYKAM COOTBETCTBYET
YCTOMUYMBOE COCTOSIHUE PAaBHOBECHUS — K HEMY CXOJATCS BCe (Da30BbIE TPACKTOPHH.

HeycroiiunBsie 0ocoOble TOUKH, T.€. GU3NYECKH Hepeamu3dyeMble. ECTh TONBKO MaTeMaTH4ecKoe
npenacrasienue. M3 HeyctoitunBoii 0co00oi Touku Bee (ha30BbIe TPACKTOPUU PACXOJISATCS.

Kpome ocoOwix Touek mnpu wuccinepoBanun CAY c¢ momomipio (a30BOM IUIOCKOCTH, MOXKHO
BBIJICJIUTH B 0COOBIE (ha30BbIE TPACKTOPHH.

VYcraHoBuBIIEMYCS JBUKEHHUIO B HeslMHENHOM CAY C MOCTOSHHOM aMIUIUTYJIOM M MOCTOSHHOMN
4acTOTOU - pekuMy aBTokonebanuii (puc 13.21a), Ha (a30BOM MIOCKOCTH COOTBETCTBYET 3aMKHYTas
dazoBas TpaekTtopus (ocobasi QazoBasi TpaeKTOpusi), KOTOpasi Ha3bIBACTCS MPEAETbHBIM IUKIOM
(puc.13.216). Kak BumHo w3 pwuc.13.21 kaxmoil Touke kpwBoi X(t) COOTBETCTBYeT CBOS TOYKa Ha
3aMKHYTOM (pa30BON TPaeKTOPHH.

[TpenenbHBIN LMK Ha3bIBA€TCSl YCTOMUMBBIM, €CJIM BCE (Da30Bble TPAEKTOPUHU CTPEMSATCS K HEMY
(puc. 13.21a). VYcroiiuMBOMYy MpeaeNbHOMY IIMKIY COOTBETCTBYIOT YCTOHuUuBBIE ((U3HYECKH
peanu3yemMbie) aBTOKOJICOaHUsI.

Kak BugHo m3 puc.13.21a, 31ech Bce (a30oBbIC TPACKTOPUU MPHOIMIKAIOTCS K YCTOMUUBOMY
IpeeNbHOMY LUKIY. OTOT (a30BbIi MOPTPET COOTBETCTBYET HEYCTOWYMBOW cHcTeMe, T.K. B HeH
HEYCTOWYMBOE paBHOBECHOE cocTosiHMe. Ho cyliecTByIOT ycToiuuBbIe aBTOKOJIE0aHUs U B 3TOM cucteme

€€ MOKHO Ha3BaTh yCTOMYMBOM aBTOKOJIE0ATETLHON CUCTEMOM.
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X(1)
1 5 \Y 0
¢x(0
0 4 \ 0 5 X
3 2

@)}

a)

Puc. 13.21. [Ipouecc (a) u da3oBas Tpaekropus (0) IpeaeIbHOTO

[IpenenpHBIA LMK Ha3bIBAETCS HEYCTOMYMBBIM, €CIIM BCE (ha30BbIE TPACKTOPUU PACXOIATCS OT
Hero (puc. 13.216). TakoMy mnpeaensHOMY ITUKIY COOTBETCTBYIOT HEYCTOWYHBBIC, T.C. (DHU3MUECKU
Hepeanu3zyemble KosneOaHus (MX HaOmonaTh B cucteme Henb3s). Kak BumHo u3 puc.13.216, ecnu Bce
HAYalbHBIE YCIOBUS HAXOASATCS BHYTPU MPEAETIbHOrO LMKIIA, TO Bee (ha30Bble TPACKTOPUU CTPEMSTCS K
Hayany koopauHaT. @a3oBas Touka (0 B Hauaje KOOPJAMHAT SIBJISIETCS yCTOMYMBOM TOUYKOM. DTa cucrema
YCTOMUMBA «B MaJlOM» - JIBIKCHHE M300pa)Karolledl TOYKM, HA4YaBIEeCs BHYTPH IPENEIBHOTO IUKJIA,
CTPEMUTCS K TOUKE YCTOWYMBOro paBHOBecus. C APyroil CTOPOHBI, 3Ta CUCTEMA SBISETCS HEYyCTONYUBON

«B OoapmIOM». Tak Kak 3a MpeACIIbHBIM HUKIIOM ITOJTYYACTCA pacxonamnﬁcx Imponecc.

N il
NSy RNy

6) a)

Puc. 13.22. IlpenenbHble IUKIBL YCTOWYMBBIN () © HEYCTOHUMBBIH (0)

Kpome npenenpHOro nukia k ocoobiM (a3zoBbIM TPAEKTOPUAM OTHOCUTCS €l 0/IHa, KOTopast
Ha3bIBaeTCs cernapaTrpuccoil. O1o ¢azoBasi TpaeKTOpHsl, KOTopas pa3aeinseT (pa3zoByro MIOCKOCTh Ha
o0acTy ¢ pa3MnYHbBIMU TUIaMU JBHKeHUs. [Ipumepamu cenaparpucce aBistoTcs npsmeie «Pi» u «Poy,

npeacTaBieHHble Ha puc.13.17a. Onu pa3aensior Gpa3oBylo MIOCKOCTh Ha YeThIpe 001acTu
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C Pa3HbIM XapaKTCpPOM ABHIKCHUS.

13.2.4. Ipumenenne MeToaa (ha3zoBoii MJIOCKOCTH IS PACYETa HeJUMHEeHHBIX CHCTEM.
Hcnonp3oBanne Merona (a3oBOM IUIOCKOCTH PAacCMOTPUM Ha MPHMEpPE PEabHOH CHCTEMBI

aBTomaruyeckoro perynupoanus (CAP) temnepatypsl. CTpyKTypHas cxema 3TOH CHUCTEMbI UMEET BUJ,
npescTaBleHHbll Ha puc.13.23, Ha KOTOPOM BBEJEHBI CIEIYIOIIUE O003HAUYEHMs: Xy - YIpAaBIsroLIce
BO3JIEICTBUE; X, - pEryjlupyemas BEIUYUHA; Xo=Xy-Xp=X — OTKIOHEHHE DPEryJUpyeMOW BEIUYHHBI OT
3aJlaHHOTO 3HAuYeHHMs; f(X) - cTaTHYeCKas XapaKTepUCTHKa HelnuHeHHoro anementa. Ilpu x, = 0 umeem

ABTOHOMHYIO CUCTEMY.

Xo f(x) y 5

p(l+ pT)

(X

Puc. 13.23. CAP temneparypsr

Haiiném ypaBaenue ¢a3oBbix TpaekTopuii. M3 cTtpykrypHoii cxems puc.13.23 nmeem:
= _ - :
Xp(P) = =X(p) = s L))

T p®-X() +p-X(p) = —Ki - L{f(0)};
T-Z+ 24K - f(x) = 0;
Takum oOpazom , matemaruueckuM onucanueM CAP, npencraBienHoi Ha puc.13.23, sBnsercs

muddepeHnnanbsHoe ypaBHeHue 2-oro nopsaka. s ynpomienus BBenéM nojactaHoBky t = T - T, Torna,

¢ yu€rom Oe3pasmepHoro Bpemenu 7 = t/T, mocieHee ypaBHCHUE IPUBOINUM K BUIY:

d?x . dx
F+E+K-f(x)—0 , l"I[eK—Kl'T
O6o03Ha4ast ax _
av dt
MOJTY4UM — =V -K - f(x) (13.16)

Ha ocnoBe ypaBuenus (13.16) npuném Kk HICKOMOMY YpaBHEHHIO (ha30BbIX TPACKTOPHIL:

av _ _ VK (13.17)
dx v )

JlanHOe ypaBHEHHUE sBIseTCS HEMUHEHHbIM auddepeHnnanbHbBIM ypaBHeHHEeM. Kak H3BeCTHO,
peleHre HelMMHEeHHbIX AU depeHnanbHbIX YpaBHEHUH 3aTpYAHEHO.

IIpeanonoxum, 4YTO CTaTUYECKas XapaKTEPUCTHKAa HEJIMHEWHOrO0 JJIEMEHTa HMEET BHJ,
npenacTaBieHHbId Ha puc.13.24. Takas HenuHelHas 3aBUCHUMOCTb HOCUT Ha3BaHUE KYCOYHO-JIMHEHHOM
XapakTepucTukH. Kak BUJHO U3 pUCYHKa, CTaTUYECKas XapaKTepHCTUKa uMeeT 3 obnactu (yyacTka), Ha
KOTOpBIX €€ MOYKHO paccMaTpuBaTh Kak JHMHEWHyo. [loatomy mia uccrnenoanus HenuHenHo CAY c
MOJOOHBIMU CTATHUECKUMU XapaKTEPUCTUKaMU MOXHO HCIIOJIb30BaTh METOJ KYCOYHO-TMHEWHOMN
anmpokcuMaruu (Meton mnpunacoBbiBanus). CyTh MeTola KyCOYHO-JIMHEHHOW —ammpOKCHMAIUU

3aKJII049acTCA B TOM, YTO Ha KaAXIOM YY4aCTKE KyCO‘-IHO-J'IPIHGfIHOfI XapaKTCPUCTUKHU HEJIUHEHHOI O
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3JIEMEHTA PEIlAIOTCs JUHEHHbIe TuddepeHIaabHble ypaBHeHus, onucbiBaomue padbory CAY Toinbko
Ha 3TOM y4yacTKe. 3HaYeHHe KOOpAMHAT JUIs (pa30BOM TPaeKTOPUHU B KOHIIE pACCMAaTPUBAEMOI0 Y4acTKa

SABJIIFOTCA HAYaJIbHBIMHA YCIIOBUAMM IJIs1 CICAYIOMIETO y4aCTKa (baBOBOI\/’I TPACKTOPHUHU.

+B 1
| oGacTh
—a X

I 7 Il o6nacte

Puc. 13.24. CtaTnueckasi XxapaKTEepUCTUKA HEJTMHEUHOTO AJIEMEHTA

Jnist cucremsl, npesnctaBienHon Ha puc.13.13, ypaBHenue (azoBbIx TpaekTopuil s 1-oro u 3-

Or0 y4aCTKOB CTaTUYECKOH XapaKTepUCTUKH, H300pakeHHo Ha puc.13.24, Gyner paBHO:

dv _ —VEKf(x)

- S (13.18)

({34

puuéM 3HaK “+” oTHOCUTCS K 1-0i1 oOsacTu: 3HaK “-” oTHOCUTCS K 3-eii 00JacTH.
Jiist 2-o1i 00macTH, Tie CTaTHYecKast XapaKTepUCTUKa paBHA HYIIO, ypaBHEHHE (a30BOH
TpaeKTOpuu OyJer:

av _
= =1 (13.19)

Jns moctpoenust ($ha3oBoil TpaeKTOpUHM BbIOMpaeM YAOOHBIM MacmTad MO OCH OpPAMHAT U OCH
abcuucc. [To ocu abcmuce macmtad BbIOMpaeM B €QMHHIIAX 30HBI HEUYBCTBUTEIHLHOCTHU; pa3Mep 30HbI

HEYYBCTBHUTEIbHOCTH ONPEICIISACTCS OTPE3KOM paBHbIM 2 - a , (puc.13.25).
4
[To ocu opauHAT - MacITad B OTHOCUTEIBHBIX €IHHHAIIAX —5- Hocne ompenencuus macmTaba,

Ha (a30BYIO IUIOCKOCTh HAHOCSATCS IMHUM MEPEKTtoYeHns. JINHUM NepeKkIoueHust — 3TO NpsMble JTUHUN
Ha KOTOPBIX MPOUCXOAMUT IMEPEKIIOYEHHE IBMKEHUS H300pakarolieldl TOUYKM C OJHOIO YpaBHEHHs Ha
apyroe. JINHUM NEepeKIFOUYeHNs] ONPENEISIOTCS UCXOAS U3 CTATHUYECKOW XAPAKTEPHUCTHKU HEIMHEWHOIO
aneMeHTa. [{ns paccmarpusaemoit CAP temneparypbl ypaBHEHHE JTUHUI IEPEKITIOYCHHUS x = *a,
T.€. 3TO JIB€ MPSAMbIE MPOXOJAlIMe Ha (Ha30BOM MIOCKOCTH MapajljieIbHO OCH OpAMHAT M OTCEKaloIIue Ha
ocH a0CIHCC OTPE3KU +a, (puc.13.25).

[Toctpoum (pazoBbie TpaeKTOpHH C TOMOIIbIO METOAA U30KIMH. M300pasum Ha (azoBoit
av . .
IJIOCKOCTH ToJie M30KIuH. O003HaYNM = C =tga , rae o - yroa HaKJIOHA KacaTelnbHOU K (a30oBOii

TPACKTOPHUU OTHOCUTCIIBHO OCH X.

HOJ'Iy‘II/IM YPaBHCHUC U3O0KIINH: JJIA 1-oro u 3-ero Y4aCTKOB, UMCCM:

VEB-K FK'B
C=- ; otkynra V=——
v 1+C
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o=0 i
26,5° IR i
45° / | . —71
05 T\
649 / / I |
/) 13\
M |
N A NCLo M x
R R NGB
64°

/ 45°
/ 26,5°

71°

o=0

Puc. 13.25. [Toctpoenue ($ha30BbIX TPACKTOPHUI 0 METOAY U30KINH

[TocneaHee COOTHOLIEHHUE IpENCTaBIsET cO00 ypaBHEHHE NPSMBIX, HapaieIbHbIX OCH X, T.€.

HU30KJIMHAaMHM ABJIAKOTCA TIPSAMBIC ITApaJlJICJIbHBIC OCH X. Ka)KI[OMy sHaueHuo C COOTBCTCTBYCT CBOs
14 .
InpsMasd, a TaKKEC o 1 E PGSYHBTaTbI BBIYHCJICHUH IIPCACTABIICHBI B Ta6J'II/II_Ie 13.2.

Tabmuna 13.2

C 0 0,5 1 2 -2 -3
a 0° 26,5° 45° 64° 90° -64° -71°
|4 7l 7 2/3 +1/2 +1/3 0 +]1 +1/2
KB

CrnenyeT HamOMHHTB, 4TO B TaOymie 13.2 BepxHUI 3HAK OTHOCHUTCS K 1-0i 001acTH, HIKHUN
3HAK - K 3-€ii 00JacTH.

Jns 2-oro yuactka cornacho (13.19) nomyuaercs:
Z—Z=C = —1; OTKyJa o = - 45°,
T.€. BO 2-0ii o0nactu ($a30BOil MIOCKOCTH M300pakarolasi ToukKa JBUKETCS MO MPSMOM JIMHHUU, KOTOPast
MMeEET HAKJIOH K ocH adcice = - 45°.
[Tocie »TOro HaHOCHM ITOJIE€ U30KJIUH: Ha 1-OM yyacTKe MPOBOJMM JIMHUIO - |, Ha KOTOPOW HaKJIOH

KacaTeabHON K (pa3oBoil TpaekTopuu paBeH 0°; 3aTeM MPOBOJMM HPAMYIO JHHUIO Yepe3 -%: M Ha Hel

134



HAaHOCHUM ULITPUXH, ONpEAEIAoIMe HAKIOH 26,5° u 1.4. Ha 2-0M yyacTke M30KJIMHBI PacHOJIOKEHBI 110/
HaKJI0HOM -45°, (puc.13.25)

bepém HavanpHOe 3HaYeHHE HU300paxaromieil Touku Mo ¢ koopaunaramu V(0)=0 u x(0) = 3,5+
a;, nzo0pakaeM JIBIWKeHHE e€ Ha 1-oM yuacTke ¥ T.1. Kak ToiapKo M300pakaromiasi TOYKa IMOMANacT Ha
0Tpe30K [-a ; +a], To manpHelinnee e€ ABMKEHUE MpPEKpaIlaeTcs. DTOT OTPE30K HA3bIBACTCS OCOOBIM
OTPE3KOM HIIM OTPE3KOM DPABHOBECHSI CHUCTEMbl. B 3aBUCUMOCTH OT HAYaJIBHBIX YCIOBHM, OCTaHOBKA
nporiecca IBMKCHUST M300pakaronieid TOYKH 10 (a30BOil TPaCKTOPUH MOXKET MPOU30UTH B JTFOO0H TOUKE
Ha OCH abciucc Ha oTpeske [-a ; + a].

Ecnu BO3pMEM npyrue HavanmbHbie yciaoBus - Touka Mo {V(0); x(0)= - 3-a}, To Tpaekropus
JBIDKEHUS €€ M300pakaroleld TOYKU TmpeacTarieHa Ha puc.13.25. M3o0pakaronias Touka, IBUTasICh 10
HEl, B KOHEYHOM UTOT'€ TAK)KE MPUXOHUT Ha OTPE30K PaBHOBECHSI.

Ha ocnoBe uccnenoBanus azoBoro noprpera CAP Temmeparypbl MOKHO YTBEPKIATh:

1. aBTOKOJICOAHHE B PACCMATPUBAEMOM CUCTEME HE BO3HHUKAIOT;

2. npH JIIOOBIX 3HAYCHHUSAX TApaMETPOB CHCTEMBbI M JIFOOBIX HadalbHBIX yciaoBusix CAP
yCcTOWYMBA B OOJBIIOM. 37I6Ch MBI UMEEM 3aTyXarolIUd mepexonHbiid mpouecc. [Tpuuém, yem Oombime
30Ha HEYYBCTBUTEIBHOCTH, TE€M OBICTpee 3aTyxaeT MNepexoAHblii mpomecc. Ho BMecte ¢ sTum
YBEIUYMBACTCS OMIMUOKa cUCTeMbl. HelIMHEMHOCTh TUIA WICANTBHOTO TPEXTO3ZUIIMOHHOTO peje ¢ 30HOM
HEYYBCTBHUTEIIBHOCTH BHOCHT IOTpemHocTh B pabory CAP u cucrema NpUXOAMT K PABHOBECHOMY
COCTOSIHUIO TIPY 3HAUCHHSIX OLIMOKH, ONPEIeIIeMOl 30HOH HEUYBCTBUTEILHOCTH.

[Toctpoum  (a3oBble  TPACKTOPUHM I pPAcCMAaTPUBACMOW  CHUCTEMBI MYyTEM  PEIICHUS
muddepeHImanbHbIX ypaBHeHwi 1 pazoBoi Tpaektopuu (13.18) u (3.19).

Hns 1-oit u 3-eit obnactu muddepenunanbaoe ypasHenue (13.18) mpeobpasyem crienyromum

oOpa3om (3HaK ““ + ” oTHOCHUTCS K 1-0if 0b6macTH, 3HaK ““ - k 3-eif obnactu):
vdv p
—_——— = X
V +K-B

Heckonpko npeo6pa3yeM AAaHHOC K TpaAUIIMOHHOMY BHUNY, y,[[O6HOMy IJIL PpCIICHUA. Z[J'IH 9TOro

HpI/I6aBI/IM M BBIUTCM B YHUCJIIUTCIIC OJJHO U TOXKE CJIaracMoc:

tK-B-dV+ K-B-dV—-V-dV _

ViK-B dx
[Tocre rpynmupoBaHust 2-0ro0 U 3-€ro YWICHOB YHUCITUTEINS, TIOTYIHM:
iK-B-dV—(V-KiB)-dedx
V+K-B
dx =—dV + V;f_B dv WIH
x=—-V+K-B-In|[V+K-B|+(, (13.20)

rac C1 - IOCTOAHHAA UHTCTPUPOBAHN:, OIIpCACIICMad Ha4YaJIbHbIMA YCIIOBUAMMU.

Il 2-o¥ obmactr u3 quddepennuanbHoro ypasaenus (13.19) momyaaem:
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x=-V+G( (13.21)
rae C, - HOCTOSTHHAS HHTETPUPOBAHNS, OTIpeieNisieMast i3 Ha4albHBIX YCIOBUIL.
Bun ¢a3oBbIX TpaekTopHii, mocTpoeHHBIX Ha ocHOBE Bhipaxenuid (13.20) u (13.21), nzobpaxen

Ha puc.13.26, koTopbie HIESHTHYHBI ()a30BBIM TPACKTOPHUSM, IIOCTPOCHHBIX 110 METOTY U30KJIKH.

1 1 1 1
—-5a —4a -3a 2a

Puc. 13.26. ®a3zoBble Tpa€KTOPUU HA OCHOBE PELLICHUS
b depeHIIHaIbHbIX YPaBHEHUH

13.3. UcciienoBaHue ITMHAMUKH peJIeHHBIX CHCTEM.
CrpykTypHasi cxeMa HccieyeMol HEeNMHEHHON cucTeMbl mpeacraBieHa Ha puc.13.27, npuuem

TUHEIHasT 4acTh CUCTEMBl COCTOMUT M3 JBYX MOCIEAOBATENbHBIX BKIIOUYEHHBIX HHTETPATOpOB; f(X) —
CTaTUYECKasl XapaKTePUCTUKA HEJIMHEHMHOTO 3JI€MEHTa; BHEITHEE BO3ACHCTBUE OTCYTCTBYET. Onpenenum
ypaBHEHHE (Da30BBIX TPACKTOPUIA.

CornacHo CTpYKTYpHOI cxeme, n3o0pakeHHoi Ha puc. 13.27, umeem:

d%z

L= fo; z=x;
XL Fx) =0 (13.22)
ez T/ (X) = '
O603HaYNM % =V (13.23)
2
Torpa ZTJZC = % , ¥ ¢ ydeToM 3toro ypaBHeHue (13.22) mpumer BuA:
av _ —F0) (13.24)
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Pazgenmum (13.24) na (13.23), Torma:
av f&) .
—= - WIH
dx %4

VAV = —f(x)dx (13.25)

VYpasuenue (13.25) sBusiercss ypaBHeHUueM (pa3oBbix TpaekTopuid st CAY, mpencraBieHHON Ha

puc. 13.27.

f(x)
ot 2] L] 2 [-2 B =
Ak s
@ T O C g
— -—1 -B 6)

Puc.13.27. CtpykrypHas cxema peneiinoit CAY (a) ¢ HEOJHO3HAYHOM
XapaKTepUCTHKON HETMHEWHOTO AyeMeHTa (0)

B 3aBucumocTH OT BHAA CTAaTUYECKOW XapaKTepUCTHKH f(X) mMoidy4daem pa3iudHble (a3oBbIe
TpaekTopuu. PaccMOTpuM cuCTEMy aBTOMAaTHYECKOTO YIpaBICHUS MPU CIAEAYIOIMIMX CTaTUYECKHUX
XapaKTEPUCTUKAX HEIIMHEUHBIX JIEMEHTOB:

1) WneansHoe 2-X MO3UIMOHHOE PEJie; CTAaTUYECKas XapaKTepUCTHKa MpeCTaBlieHa

Ha puc 1.2a. AHaIUTHYECKUN BUJ yKa3aHHOM XapaKTEPUCTUKH OMPEAENseTCS COOTHOIICHHUEM

(13.26).

+B, x>0
y=f(x)=70,x=0 (13.26)
—B, x<0
CornacHo CTaTHYECKON XapaKTEepUCTHUKE, Ha ()a30BOM MIIOCKOCTH UMeeT aBe obnactu: B 1-it odmactu (X >

0) umeem f(X)= + B u ypaBHenue (azoBoii Tpaekropuu ¢ yuerom (13.25):

2

v
VdV = —Bdx ; 150305 7=—B-x+Cl;
C]_ — IIOCTOsAHHAA I/IHTCFpI/IpOBaHI/Iﬂ, OHpC)IeJ'IﬂeMaﬂ HadYaJIbHBIMH YCJ'IOBI/HIMI/I.

U dazosas tpaekTopus npu x>0 npeacrapisier co0oi ceMencTBo napadot.

Bo 2-i1 ob6mactu (x<0) u f(X) = -B u cornacuo ypasaenuto (13.25):

2

VdV = Bdx ; wnm VT =B-x+C,; rne C,=const.
[Tpu x < 0 momyyaem Tak)ke CeMeCTBO Mapado, MpUYeM JIMHUEH MEepeKITIOYeHHS SIBISETCS OCh
opauHat (a3oBoit miockoctu. HecMoTpst Ha To, 4TO (ha30BbIE TPACKTOPUU SBISIOTCS 3aMKHYTBIMU, OHU
HC ABJIAIOTCA MPCACIIBHBIMU ITUKIIaMHU.
CemelicTBO (pa30BBIX TPaeKTOPU, COOTBETCTBYIOIIMX JAHHOM CHCTEME, IPEJCTaBICHO Ha pUC.
13.28a. B cucreMe HaOMIOMAIOTCSA HE3aTyXalolUe TEPUOJINYSCKUE KOJICOaHUS M MMEET MECTO 0cobast

Touka THna neHtp. [lepexoHoil nporecc B 3TOM cucteme mpeacTasieH Ha puc.13.2806.
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Puc. 13.28. ®a30BbIii TOPTPET CUCTEMBI C 2-MIO3ULIMOHHBIM UCATBHBIM peie
(a) u mporiecc B 3ToM cucreme (0)
Ecnu 661 HauanbHble yenoBus ObutH X=0 1 y=0, To Ha (a30BOl MIOCKOCTH MOSBHUIACH OBl TOYKA
x=0, v=0 1 MbI OBI CKa3aJI1, YTO CUCTEMA SBJISICTCS HEYCTOHYMBOM.

2) 3-X TO3WIMOHHOE peje C 30HOH HEYyBCTBHTEIBHOCTH, CTATHYECKas XapaKTEPUCTHKA 3TOTO
HEJIMHCWHOTO DJJIEMEHTa IMpejacTaBieHa Ha puc. 13.2 0. AHaIUTHYECKUW BHJ YKa3aHHOU
XapaKTePUCTHKH Onpeessiercs: cootHomerueM (13.27):

+B,x > a

y=f(x)=40,—a<x<a (13.27)
—B,x < —a

CornacHo ctatuuyeckoil xapakrepuctuke puc.13.2 6 Ha (a3oBoii mIockocTu uMeeM 3 00JIacTH, KOTOpbIe
OTIPECIISIOTCS JTMHUSIME TTEepPeKITfoUeHNs. JIMHUM TiepekiitoueHuss Ha (pa3oBOi TUIOCKOCTH MPEICTABISIOT
coOoli mpsiMble JTUHUM X = *a, mapamienbHble ocu opauHat (Puc.13.29). B 1-it m 3-ii oOmactsx

ypaBHEeHHsI (Pa30BBIX TPACKTOPHIA OMPEIEISIFOTCs, cooTHOMmeHHeM (13.28):

2

Z=FBx+Ci; (13.28)
MIPU ATOM 3HAK «-» OTHOCHUTCS K 1-i 00y1acTu, a 3HaK «+» K 3-it obnacTy;

C1 — MOCTOSIHHASI UHTETPUPOBAHHUS, ONpe/elisieMas U3 HavadbHbBIX YCI0BUil. Da30BBIMH TPACKTOPUSIMH B
9THX 00MacTsx 1u 3 ABNArOTCS MapaboIIbI.

Bo 2-i1 o6nactu f(X)=0 u ypaBHeHus (a30BbIX TPACKTOPUI MPEICTABISIOT cOOO0 MpsMbIE JINHUM,
napajutensHbie ocu abcnuce. Ha puc. 13.29 uzo0paxen (a3oBblid MOPTPET CUCTEMBI JUISI 3TOTO CITydas.
da3oBble TPACKTOPHM HMMEIOT 3aMKHYThIA BHI. JIMHAMHKa CHUCTEMBI XapaKTepH3yeTCs HaTUYUueM
NEePUOAMYECKUX TPOIECCOB, MapaMeTPbl KOTOPBIX 3aBHCAT OT HAYAIBHBIX YCIIOBHH, U, CIEIOBaTEIbHO,
9TH KoJeOaHWs He SBIAIOTCA aBTOKoJeOaHMsMHM. B naHHOW cucteme cymiecTByer OecKOHEYHOe

KOJIMYECTBO OCOOBIX TOYCK, OIIPCACTIACMBIX UX NPUHAJIC)KHOCTHIO OTPE3KY [-a ;T (1]. OTta COBOKYITHOCTb

0COOBIX TOYEK €CTh OTPE30K paBHOBecHUs. 11 Haj0 roBOpUTh 00 YCTOHYMBOCTH OTPE3KA PABHOBECHSI.
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Puc. 13.29. ®a30Bblii TOPTPET CUCTEMBI C PEJI€ C 30HOM HEUYBCTBUTEIBLHOCTH ()
U TIpoliecc B 3Toi cucteme (0)

3) 2-X NO3UIIMOHHOE PeJie C THCTEPE3UCOM; CTATUUECKAs XapaKTePUCTHKA ITOTO DJICMEHTA
IpejcTaBieHa Ha puc. 1.2 B. AHaIUTHYECKas 3aBUCUMOCTD JJIsl 3TOM XapaKTEepUCTUKH
omnpeensercs cootHomenuem (13.29):

—B,x<a , Yo = —B

+B,x = a

+B,—a<x<a, Yo = +B
—B,x < —a

y=f(x) = (13.29)

Iie Yo- 3HAYCHHUE BBIXOJHOW BEJIMYMHBI HEIWHEHHOTO OJJIEMEHTa JI0 BXOAa B 30HY
HEOJTHO3HAYHOCTH.

CornacHo cratndeckoi xapaktepuctuke (puc. 13.2 B), Ha (a30BOii MIIOCKOCTH HMEEM 2 00JIacTH,
KOTOPBIE OINPEIENSIOTCS JTHHUAMHU MEPEKIOYCHUsIMU. [lepBasi JTHHUS MEPEKIIOYCHUs UMEET YpaBHEHUE
X = +a npu V>0; BTOpas JUHUS INEPEKIIOUYEHUsS UMeEeT ypaBHeHue x = —a npu V<0, T.e. JUHUH
NEepeKIIoYeHusT HaxoJsaTcd B 1-M M 3-M KBaapaHTax (a3oBOM IUIOCKOCTH. YpaBHEHHUsS (a30BbIX
TPaeKTOPUH TPEICTABISIOT co0OW ypaBHeHHs mapabon aHamorudnbie (13.28). M3o0paxkarorias Touka ¢
TEUEHHEM BPEMEHHU TepeMeNaeTcss M0 TPACKTOPHM THIIa pacKpyduBaromieics crupanu (puc.13.30a),
cocrosien u3 coBokynHoctu nmapa6on (13.28). IIpomece x(t) COOTBETCTBYIOIMINI 3TOMY CIy4aro MOKa3aH

Ha puc. 13.30 6. Kak BunHO, cucrema sBisieTcs HEYCTOWYMBOM.
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Puc. 13.30. ®a3oBas TpaekTOpUsi HEIMHEUHON CUCTEMBI C 2-TIO3ULIMOHHBIM
pelie ¢ TUCTEpEe3rcoM (@) U TpoIecc B 3Toi cucreme (0)

4) 3-X TMO3WIMOHHOE pejie ¢ THCTEPe3MCOM M 30HOM HeuyBCTBUTENIbHOCTH. CTaTnueckas
XapaKTepUCTHKA ATOrO JIEMEHTa UMEeT BUJ, MpeACTaBlIeHHbIH Ha puc. 13.2 1. AHanmuTH4eckoe

BBIP@KCHUE, COOTBETCTBYIOIICE ITOM Xapakrepuctuke, umeet By (13.30):

( +B,x > c

+B,a<x<c¢Yy,=+B
0,a<x<cy,=0

y=f(x) =+ 0,—a<x<a (13.30)
0,—c<x<-—-ay,=0

—B,—c<x<-—-a,y,=-B

\ —B,x < —c

CornacHO CTaTHYECKOM XapaKTepUCTHKE Ha (a30oBOM IUIOCKOCTH OYyIeT UMETh MECTO TpHU
o0nacTu, KOTOpbIE pa3feleHbl MEeXIy co0oil nuHusAMH mepekmoueHus. [lpu V > 0 (BepxHsas
MOJTYTUTOCKOCTh (Pa30BO# TUIOCKOCTH) JIMHUSAMH TIEPEKITIOUEHHSI SBISIFOTCS TPSMBIC, MapalieIbHbIE OCH
opauHat: X = —a (x<0) u x = +c (x>0). IIpu V < 0 — HIKHAA TOTYMIOCKOCTh (Pa30BOM TIOCKOCTH
JTUHUSAMH MEePEKITIOYeHHS IBIAIOTCS: X = —¢ (x<0) u x = +a (x>0).

B 1-i1 u 3-i1 obmactsax (a30BBIMM TPAEKTOPUSIMU CHCTEMBI SIBJISIOTCS Napaboiibl, a BO 2-0i
obmactu ¢a3zoBble TPACKTOPUM MPEICTABIAIOT MpsIMble JTUHUU, MapajuielbHble ocu abciucc ¢azoBoii
mwiockoctd. Ha puc. 13.31 a, 6 mpencraBieHsl ¢Ga3oBbIi MOPTPET M TMOKa3aHbl MPOIECCHI,
xapakrepusyromiue padbory ganHoit CAY. U3 pucyHKoB BUIHO, YTO paccMaTpyuBaeMasi CUCTEMa SIBISIETCS
HEYCTOWYHMBON TpU JIOOBIX HAYaIbHBIX YCIOBHAX, T.€. JWHAMHKA JaHHOW CHUCTEMBI XapaKTEepPH3YeTCS
COBOKYITHOCTBIO pacxosmuxcs mporeccoB. OcoOeHHOCTIMH (Da30BOro moprpera JUlsl JaHHOH CHCTEMBbI
ABIISIETCSA HAIMYME OECKOHEYHOT0 MHOKECTBAa OCOOBIX TOUYEK Ha oTpe3ke [-C;+C]. B aToii cucreme oTpe3ok

PaBHOBCCHUSA HGYCTOﬁqHB.
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Puc. 13.31. ®a3oBas TpaeKTOpUs HEITMHEHHON CUCTEMBI C 3-TIO3UITMOHHBIM
pere ¢ TUCTEpe3ncoM (a) U mpoIiecc B 3Tol cucreme (0)

13.4. MeToabl CTAOWIN3AIUMN HEJIMHEHHBIX CHCTEM C pesIeHHBIMH 3JIeMeHTAMU.
Bce HenuHeliHbIe CUCTEMBI C peﬂeﬁHHMH QJICMCHTaMU, paCCMOTPCHHBIC B IPCAbLAYLIEM pa3JaciIc,

KaK TOKa3aHo, SIBIISIOTCA HEyCcTONMYMBBIMU. [l03TOMY BO3HMKAeT BOMPOC, CBSI3aHHBIM ¢ obOecriedeHHeM

YCTOWYMBOCTH UX PAOOTHI. B OCHOBHOM UCHONB3YETCS JIBA METO/IA CTAOMIIH3AIMH HETMHEHHBIX CHCTEM C
pENEHHBIMU 3JIEMEHTAMH.

1. Crabunuzanusi HEJIMHEHHBIX CHCTEM C pEJIeHHBIMU 3JEMEHTaMHU IMyTeM XapaKTepa U3MEHEHUs

(ha30BbIX TPACKTOPUH. DTOT METOJ 3aKII0YAETCS B TOM, UTO OJMH U3 HMHTETPATOPOB HA CXEME PUC.

13.27a oxBaThIBacTCS JKECTKOH OTPUIIATSIIBHON 0OpaTHOW CBSI3bI0 ¢ KOI(PPHUIMEHTOM Tepenadu

a (puc. 13.32). B pe3ynbTare BMECTO HHTETPUPYIOLIETO 3BE€HA MOJIydaeM MHEPIIMOHHOE 3BEHO:

1 1
/p _p K
- a .
1+ a1 > 1+T:-p

X‘f(x) 1_ z i yA
p p

Puc. 13.32. Koppekuusi HENTUHEHHOW CUCTEMBI ITyTeM
W3MEHEHHUS XapaKTepa HHTETPaIbHBIX KPUBBIX

Wi(p) =

C YUYCTOM €IIC OAHOTO UHTCTpAaTOpa MOJIydacM, 4TO NIepeaaToIYHasn (pYHKI_II/ISI JIMHEHHOM 4aCTH:

_ _ K
W) = o (13.31)
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T.e. IPUIIUIM K cXeMe Ha puc. 13.23, 11t koTopoil ypaBHeHHE (a30BBIX TPACKTOPUI ONIpeeNsIeTcs
BeipakeHusimu  (13.20)-(13.21). Ilpuuem ObUTO TMOKa3aHO, KOTAAa CTaTUYECKas XapaKTCPHCTHKA
HEJIMHEHHOTO  JJIEMEHTa MPEJACTaBIsAe€T 3-X MO3UMUMOHHBIA  pElEeHHBIM  3JEMEHT C  30HOU
HEUYYBCTBUTEIBHOCTH, TO TPH JHMHEHHOW dYacTH, ompenenseMor cootHomenuem (13.31), da3oBbie
TPACKTOPUU UMEIOT BUJI CXOSIIMXCS K OTPE3Ky paBHOBECHUS [-a ; + a] pu J10ObIX HAYaJbHBIX YCIOBUSAX.

PaccMOTpUM  HENMHEWHBIA 3JIEMEHT THIMA 3-X MO3WLUOHHBIM HEIWHEWHBIA 3JIEMEHT C
TUCTEPE3UCOM U 30HOM HEUYBCTBUTENIBbHOCTHU (puc. 13.276). B nutepaType nmoka3zaHo, 4To NpH 3aJJaHHBIX
napaMmerpax CHUCTEMBI, XapaKTep CXOAUMOCTH (Da30BBIX TPACKTOPHH K OTPE3KY PABHOBECHUSI MOXKET OBITh

pPa3IMYHBIM B 3aBUCUMOCTH OT BeJIU4YHHBI ructepesuca. [lycts 3agansi: Ky, T, B, a.
c—a
O603HaunM — = A - OTHOCHUTENbHAS IIUPUHA THCTEpe3nca, mpuueM A mensercs ot 0 mo 1. [pu

A=0 (a=C) crarMyeckas XapaKTEPHCTHKa, NpeACTaBJIeHHas Ha puc. 13.270, npUHUMAET BH[
n3o0paxeHHoi Ha puc. 13.33a. IIpu A=1 (a=0) cratmdeckas xapaktepuctuka puc. 13.270 npuHHMaET

BUJI, IPECTaBICHHbIN Ha puc. 13.33 0.

A TGO A F
+B +B
—C X —C ¢ T X
Cc - Cc -
a) )

Puc. 13.33. Bux ctatnueckux XapakTepUCTUK HEJTMHEMHOIO 3JIEMEHTA MpU
KpalHUX 3HAYCHUSAX OTHOCHTEIBbHOU IUPUHBI riucTepesuca A (A=0 u

B nutepatype mokazaHo, 4TO MpPH OMPEIEICHHBIX 3HAYCHUSIX MapaMeTpOB HEIMHEHHOW CHCTEMBI
aBromaruyeckoro ympasienus (K, T, B) cymectByer kputnueckoe 3HaY€HHE OTHOCHUTENHHOM IIMPHUHBI
TUCTEPE3UCA Ay IPU KOTOPOM:

1) Ecnmu A< Akp, TO BCE IIPOLIECCHI CXOMATCS K OTPE3KY [-C; C], HO YCTOWYUBBIM Oy/IeT

TOJILKO OTPE30K [-a ; + a]— k HeMy U OyAyT CXOIUTCS BCE TOUKH;

2) Ecmm A >\, TO B CHCTEME YCTaHABIMBAIOTCA aBTOKOJEOAHMs; MPU Pa3IUYHBIX

HAYalbHBIX YCIOBUSAX (Da30BbIE TPACKTOPUH OYAYT NPUOIMKATHCS K MPeNeIbHOMY IUKITY,

KOTOPOMY COOTBETCTBYIOT 3TH aBTOKOJIOaHMsI, MPUYEM IapaMeTpbl aBTOKOJIeOaHUM He OyayT

3aBHUCETHh OT HAYaAJIbHBIX YCJ'IOBI/II\/JI.

2. Crabunuzanust penedHbIX CHUCTeM IyTeM HW3MEHEHHMsl XapakTepa MpsIMbIX
MIEPEKIIIOUECHUS.

PaccMOTpUM HEIMHENHYIO CHCTEMY, COCTOSINYKD M3 JBYX MHTETpaTOpOB, NPUYEM OJUH W3

MHTErpaTOpOB BMECTE C HEIMHEWHBIM 3JIEMEHTOM OXBaThIBAETCS KECTKOH OTpULIaTeNIbHON 0OpaTHOM

CBsI3bIO 110 cKopocTH (puc. 13.34).
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Puc. 13.34. Koppekuusi HEITMHEHMHOW CUCTEMBI ITyTEM
M3MEHEHUS XapaKTepa JUHUHN MePeKITIOYCHUS

CoriacHo CTpYKTYpHOU CXeMe, MaTeMaTHYECKOE OMMCAHUE CUCTEMbl MOXKHO MPEJICTABUThH B BUJIE

(0] (1410)11150,¢ COOTHOIICHHI:

X =—Z
_ d?’z
Y= e

y = f(0)
ka=x+a%

(13.32)

OTKy,Z[a IMOJIYy4YHM, YTO YPABHCHHUC (1)330BI>IX TpaeKTOPI/Iﬁ 6yz[eT HUMCTBb BHU:

W _ _9@
== (13.33)

a) Ecam crarnueckas XapakTepUCTHKAa HEJIMHEHHOrO d3JIEMEHTa MPEACTaBisieT Cco0oil
JIBYXTIO3UITMOHHOE HleabHOE pene (puc. 13.2 a), To nepekiiroueHue ero 0yaeT NpOuCXoauTh MPH:

+B,0 =0
0@ ={1p <0

B sToMm ciiyuae nmuHUS niepekITtoueHUs He OyIeT COBIAIATh C OChIO OPAMHAT Ha (a30BOM
IUIOCKOCTH. Y paBHEHHE MEPEKI0YeHHsI OyIeT MPEACTaBIATh OO0 MpsAMYIO:
c=x+a-'V =0,
KOTOpasi HaKJIOHEHa K OocH abciucc ($a3oBOM MIOCKOCTH MO YriaoMm arctg(— %). Jlunusa nepexnroyeHus

nenuT (a3oByIO IUNIOCKOCTh Ha JIBe 00aacTh: 1-as o0aacTh BbIIIE JUHUU NEPEKIIOUEHUS, a 2-ast 001acTh —

Hike. Da3zoBrIMU TPACKTOPUAMHA 6y,ZLYT napa60m>1
VZ

—=+B'x+C,
> X

3HAK «—» OTHOCHUTCS U1 1-0i 065acTh; 3HaK «+» — 1iis 2-0i 00nacTH.

@da30BbIif mOPTpPET A 3TOro ciyyas n3oOpaxkeH Ha puc. 13.35, U OH COCTOUT M3 OTPE3KOB
napa6on. Kak BuiHO n3 puUCyHKa, €CliM M300pakaromasi Touka He HaXOAWUTCS Ha JIMHUU TEPEKII0UCHUS
(npsimast MN), TO oHa 10 JOCTHXKEHHUS 3TOM MpsMOii OyzeT ABUratbes o oAHoM u3 napadosn. Kak Tonpko
n300pakaromias To4YKa rnepecever JUHHUIO NMEePEeKIIOYeHHs], TO OHA BHOBb MONANAeT HA OJHY U3 (ha30BBIX
TpPaeKTOpUH, COOTBETCTBYIOLIEH Napaboie, KOTOpas HalpaBlieHa B CTOPOHY JIMHUM MEePEKITIOUeHUs], ITOKa
He mepecedeT ee. [locne mepecedeHust OHa OMATh OKaXKeTcsl Ha (pa3oBOM TpaeKTOPHH, HANPAaBICHHOW B
CTOpOHY JIMHHH TIepeKioueHus. M3o00paxkaromas Touka He CMOXKET YHUTH C JMHUHW MEPEKITIOYCHHUs, HO

OHa HC€ CMOXET M OCTaTbCA Ha OJHOM MCECTC, T.K. dX/dt BO BCCX TOYKaX CYHICCTBYCT. I[BI/I)KCHI/IC
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n3o0pakaromed TOYKM OydyT MpPEACTaBIATh KOJNECOAHUS OTHOCHTENBHO JIMHUHM TEPEKITIOUEHHS C
OCCKOHEYHO MaJioi aMIUTUTYI0M M OECKOHEYHO Majioil 4YacToTOH. B IeiCTBUTENBHOCTH, TaK Kak
peneiHbIil 3JeMEeHT MEepeKIYaeTcss U3 OJHOoro mnosioxxkeHus (— B) B apyroe nosoxenue (+ B) He
MI'HOBEHHO, @ C KOHEYHOH CKOPOCTbIO MEPEKIIOYEHHUs, TO 4acToTa He OylneT OECKOHEYHO OOJbILOH, a
amruTya OeckoHeyHo Mainoi. [Ipu moctmxeHnu nm3o0pakaroield TOUYKOH JMHUU MEPEKII0YeHUsT OHa
OyZleT CKOJIb3UTh IO HEW, ABUrasiCh K IMOJIOKEHHIO paBHOBecHs. TakoW pexuM pabOThl HAa3bIBACTCS

CKOJIB3AIIIUM PCIKUMOM.

M V

X
S5

Puc. 13.35. Ckonp341muii pexxum

6) CraTuueckoll XapaKTepUCTUKON HENMHEHHOro 3jeMeHTa sBisfeTcs 3-X MO3ULIUOHHOE peie C
30HOW HeYyBCTBUTENBHOCTH (puc. 13.20). YpaBHeHHe (a30BBIX TpPACKTOPHA OyleT HMETh BHI
ananornunbiid (13.33). M300paxaromas Touka, ABUTasich Mo (Ha30BOW TPACKTOPHH, OyIET MPOXOAUTH TI0
TpéM obnacTsam. [Ipudyem B 1-oif u 3-eit o6nacTsax ¢Gpa3zoBoi MIOCKOCTH (A30BBIMU TPAEKTOPUIMHU OyIyT
ABIATHCS Mapaloiibl, a BO BTOPOIl o0sacTH M300pakarolias ToOUuka OyJaeT MmepeMelarbes Mo MPsIMbIM

napaJjisiIeJIbHbIM OCH 8.6CI_II/ICC. Tak kak cTaTuyeckas XapaKTCPUCTHUKA (p(O') ONpeacirsICTCS COOTHONICHUCM

(13.34)

+B,0>a
p(c)={0-a<o<a (13.34)
-B,0 <-a,
TO JIMHUSMU TIEPEKITIOUEHUS OyIyT MpsSIMbIE:
x+a-V=]|al

yroJl HAKJIOHa KOTOPBIX K OCH abCIUCC ONpeensieTcss 3HaKOM KO GHUIIMEHTA KECTKON 0OpaTHOH CBA3H.
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Puc. 13.36. [Ismxenue nzoopaxaronieit Touku rpu a) o> 0, 6) a <0

[Ipn a < 0 nBmwKeHUE N300pakaromield TOYKH Ha (a30BOHM IUIOCKOCTH OyIET OCYHIECTBIISTHCS
coracHo (a30BOM TPACKTOPHUH, MPEIACTABICHHOW HA puc. 13.31a U UMEIOMIMIA BUJ PacCKPyIHBAIOIICHCS
CIHpaJIH, T.€. MPOIecC OYAET PACXOASIIIMCS.

[Ipn « > 0 nuHUM TIepeKIOYeHUs W (a3oBas TPACKTOPHS JBIDKCHUS W300pa)Karolleld TOYKH
n3o0paxena Ha puc. 13.316. @a3oBasi TpaeKTOpPUS UMEET CIUPATICBUIHBINA 3aKPYUHBAIOIIHIICS XapaKTep.

JIBrKkeHne n300pakaroieil TOYKH CTPEMHUTCS K OTPE3Ky paBHOBecus [—a, al.

13.4. Bonipocskl 1 3a1a4u
2.1. Tlo ¢a30BBIM TpaeKTOpHUsM, MpeACTaBIeHHBIM Ha puc.13.36a, 6 KayecTBEHHO MOCTpOITe

BPEMEHHYIO XapaKTEPUCTHKY.
2.2. Kakue THIIBI 0COOBIX TOYEK M COOTBETCTBYIOLIME UM (Da30Bble TPAEKTOPUU BO3MOXKHBI MPU
UCCIIEIOBAaHUM JIMHEHHBIX CHCTEM BTOPOrO MOpPsAIKa METOJIOM (a30BOM IMIOCKOCTH? YKaKuTe
YCIIOBHSI BOBHUKHOBEHUS PAa3JIMYHBIX BHJIOB JIBUKECHUSI.

2.3. Yto Takoe nuHUM TepekmoueHus? Kak momyduTh ypaBHEHHS JIMHUN TEpEeKIIOYEHUs B
¢azoBoit miockoctu? Hamummure ypaBHeHMs JnuHUM nepexmoueHus st CAY, cTpykTypHas
cxema KOTOpOH mpejcraBieHa Ha puc.13.27a, a cTaruyeckas XapaKTepUCTUKAa HEIMHEHHOIo
aJIeMEHTa UMEET BUJI, n300paxxeHHbI Ha puc.13.330.

24. Nlna CAY, cTpykTypHas cxeMmMa KOTOpOH mpejcTaBiieHa Ha puc.13.27a, a craTudeckas
XapaKTepUCTHKA HEIMHEHHOr 0 3JIeMEeHTa UMEET BHJI, U300pakeHHbIN Ha puc.13.276, kayecTBEHHO
HOCTpoiiTe (ha3oBbIe TPAEKTOPUH AJIs CIIydaeB: a) A< AKp; 0) A >A,

2.5. J1ns ¢a3oBbIX TpaeKkTopuid 3a1aun 2.4 Ka4eCTBEHHO OCTPONTE BPEMEHHbIE XapaKTEPUCTUKU.
2.6. lns pa3oBbIX TpaeKTOpHH, MpeacTaBIeHHbIX Ha puc.13.22 u 13.25 ka4uecTBEHHO MOCTPOUTH

COOTBECTCTBYIOIIME UM BPEMCHHBIC XapaKTCPHUCTHUKHU.
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2.7. Mnsa venuneiiHon CAY, npencraBieHHON Ha puc.13.27a co cTaTMuecKOl XapaKTepUCTUKON
HD y = f, (x,) Ha puc.13.96 onpeaenure: a) ypaBHEHUE JIMHUHA MEPEKITIOYCHHS; 0) YpaBHCHHE
¢azoBbIxX TpaekTopwuii. [locTpoiiTe kKaueCTBEHHO ()a30BYIO TPACKTOPHIO.

2.8.YKaxuTe ycJIOBHs BO3HUKHOBEHHUS CKOJb3sIIero pexkuma B HenuHeiHoit CAY. Kakoil Bua
(ha30BbIX TPACKTOPHI U MEPEXOIHBIX MPOIECCOB COOTBETCTBYET ATOMY PEKUMY?

U TIEPEXOJIHBIX MPOIIECCOB COOTBETCTBYET ATOMY PEXKUMY?

13.5. Hccnedosanue HeuHERHBIX CUCHEM MENOOOM 2APMOHUYECKO20 bananca

13.5.1. lIpeanochIJIKH METOAA
MeTon rapMOHHMYECKOro OanaHca (FapMOHUYECKOW JIMHEApU3alMK) HCIOJIB3YeTCS  JUIS

uccnenoBanuss HemuHeWHbIXx CAY, KOTOpbIE ONUCHIBAIOTCS, KakK MpPaBWiIo, IU(QepeHIraIbHbIM
YpaBHCHUCM BBIIIIC 2-10 IopsaKa. 9T10T METOL HUCCIICO0BaHUA ABJISACTCS HpI/I6HI/DK€HHBIM
rpadoaHaIUTHIECKUM MeToAoM. llpuyem, dem Bble mopsaok auddepeHnnanbHOro ypaBHEHUS,
KOTOpOE OMUCHIBAET JIMHEHHYIO yacTh CAY, TeM TouHee METO/I.

Meto rapMOHUYECKOH JIMHEApU3AI|H [TPH UCCIICAOBAHIH HEJIMHEHHON CHCTEMBI TTO3BOJISIET aTh
OTBET Ha CJICAYIOIINE BOTIPOCHL:

1) cymectBytot Jin B uiccieayemoit CAY aBTOKOJICOaHUS WK HET;

2) eciiv aBTOKOJIe0aHHUs CYIIECTBYIOT, TO YCTOWYMBBIC OHU HJIH HET.

[To3BosieT onpeaeauTh MapaMeTphbl aBTOKOJICOAHUH U YCIIOBUE OTCYTCTBHS aBTOKOJICOAHUH B TEX

ClIydadax, Korjga OHU HCKEJIAaTCIIbHBI.

%(P) Wi (p)
Henuuennsrii JInneiinasa
SJIEMEHT qacThb

Puc. 13.37. Moaens Henuuelinoit CAY npu uccneaoBaHun
METOJIOM TapMOHUYECKOTo OanaHca

CrpyKkTypHas cxema HCCIeIyeMOH CHCTEeMbl NPUBOAUTCS K BHJY, NPEACTABICHHOMY Ha
puc.13.37, rne X, (p) — usoOpaxenue mo Jlammacy BXOAHOTo yHpapisiomiero curHana; X,(p) —
BBIXOJTHOW peTyIUpyeMblii curHal; f(X) — craTHueckas XapakTepUCTHKa HelTMHeHoro snementa; W, (p)
— mepenarouyHas Qyukuus nuHeitHOW wactu CAY. Ilpenmonaraercs, 4To B JaHHOW CHUCTeME IMpHU
OTCYTCTBUM BHEIIHEro BO3JEHCTBHSA X, (t) =0 Ha BXOA HENIMHEHHOTO dJIEMEHTa IOCTyMaeT

FapMOHI/I‘-ICCKI/Iﬁ CHUTHAJI BUJa

x(t) = A-sinwt, (13.35)
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T.. B pacCMaTpUBAaEMOH CHCTEME CYIIECTBYET NEPUOJUYECKUN PEKUM — PEKHUM aBTOKOJIEOAHHH ¢
aMIUTUTYJ0N A M 4aCTOTON W.

Curnan x(t), mpoxoas uepe3 HEIMHEHWHBIH HIEMEHT, MCKa)XaeTcs TaK, 4YTO Ha BBIXOJE
HEMMHEHHOro »sneMeHTa curHan Y(t) OyneT HeCHHYCOMAANbHBIA, HO nepuoandeckuii. CreneHb

MCKQ)XEHUS BXOJHOT'O CUTHAJIA HETMHEHHOTO AJIeMeHTa Toka3aHa Ha puc. 13.38.

y -
+B y +B / \
-a X 271:—(11
a o1 01 o-t
-B B -
X e
(051
TT—0l
< ,,,,,,,,,,,,, 27'5—0(1
\\
o-t

Puc. 13.38. [IpoxoxkeHre TapMOHUYECKOTO  CHUTHaJIa yepes
HEJIMHEHHBIN 3JIEMEHT

Curnan y(t) B oOmeM ciydae COJICPXKHUT B CBOEM COCTaBE BECh CIIEKTP TapMOHHYECKHX
cocraBisironux. llpenmomaraercs, 4To 3TOT CUTHAI, NMPOXOAS 4Yepe3 JIMHEMHYIO 4YacTh CHCTEMBI C
gacToTHOW Xapakrepuctukor W, (jw.) u sBisromeiics GuiabTpoM HU3KUX YaCTOT, PUIBTPYETCS 10 TaKOH
CTEIIEHU, YTO CUTHAJI HA BBIXO/I€ JIMHEHHOW YaCTU MOKHO BHOBb CUATATh CUHYCOUIAJIbHBIM.

Tak Kak CUrHaJ Ha BBIXOJE HEIMHEHHOIO 3JIEMEHTA SIBIIACTCS IEPUOAUYECKUM, TO €ro MOXKHO

IpeAcTaBUTh B BUzE psga Oypse:

y(x) = y{Asinwt} =Y, + Z Yo - sin(kwt) + Z Yk * cos(kwt),
k=1 k=1

rae Yo 1 Yy, — koaddunnentsl paznoxenus B pag Oypoe, Yy — mocTosHHas cocTapistonias, KoTopast st
CUMMETPUYHBIX CTATUYECKUX XaPAKTEPUCTUK HEIIMHEWHBIX 3JIEMEHTOB PaBHA HYIIIO.

Koadduuuents! psaa @ypbe onpenenstores no Gopmyaam:

21
1
Vo = - j Y(Asinwt) - sin(kat) d(wt) (13.36)

0
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27T

1
Yir = ;f y(A sin wt) - cos(kwt) d(wt)

0

["apmoHMuecKkas JTuHeapu3aIs 3aKIIYaeTcs B TOM, 4TO HenuHehHas ¢yHkuus y = f(x) —
CUTHaJ Ha BBIXOJIE HEIMHEHHOTro 3JIeMEHTa, 3aMeHsieTcsl QyHKIMEH, B KOTOPOH paccMaTpUBaeTCsl TOJIbKO
1-as rapMoHHKa W TpeHeOperaroT BCEMH BBICIIMMU TapMOHHMKAMH, MPH YCIOBUHU, YTO BBIMOJIHSIETCS
runore3a GuiabTpa — TMHEHHAS 4acTh 00JagaeT GUIbLTPYIOIIMMHI CBOWCTBAMHU.

BrimonHenue 3Toil TUIOTEe3bl SBISAETCS HEOOXOIUMBIM YCIIOBHEM FapMOHUYECKOHN JTMHEAPU3alnH.
[Ipn BBIMOJHEHMM OTOW THUIIOTE3BI CBSI3b MEXJY CHUTHaJaMu HEIWHEHHOW cuctemsbl (puc. 3.1)
OTIpEEISAETCS] COOTHOIICHUSIMHU:

x,(t) = Ay -sin(wt + @);  x(t) + x,(t) = 0.
[Tocneanee BoipaxkeHue ¢ yueroMm (3.1) pacniagaercs Ha JBa:
A=Ay @ =T.
DT ypaBHEHHS HOCST HAa3BaHUS YpaBHEHUI rapMoHUYecKoro Oananca (rapmoananca). [Tpuuem 1-

0€ ypaBHEHHE BhIpaXKaeT OaJIaHC aMILTATY/I, a 2-0¢ — O6ananc (a3 rapMOHUIECKUX KOJIeOaHUH.

13.5.2. JKBUBAJIEHTHBIH KOMILIEKCHBII KO GUIMEHT YCHIeHUs HeJTUHEHOro 3JieMeHTa

B pesynabprare rapMOHHYECKOW JIMHEApU3allMd CHTHAI Ha BXOJE HEJIMHEWHOro sjiementa 7y (t)
MMpEACTAaBIACTCA B BUAC TAPMOHHUYCCKOI'O CUTHaJIa, UMCIOIICTO TOJIBKO I'YIO rapMOHHKY:
y1(t) = Y4 - sinwt + Yy, - cos wt,

rae Y.q u Yy, ¢ yuerom (3.2) onpenensitoTcsi BBIPRXKESHUSMHU:
1 2
Y = EJ y(A sin wt) - sin wt d(wt);

0

2T
1
Y1 = ;J y(A sin wt) - cos wt d(wt).
0

Beipaskenne uist y; (t) MOKHO Tiepernucarh CIeyoImM 00pa3om:

Y. (A Y. (A
M-A-sinwt+L)-A-w-coswt.
A A w

VUuTBIBas, YTO MPOHM3BOIHAS MO BpeMeHH or curHama x(t) pasaa x()(t) = A-w-coswt, us

yi(t) =

MOCJICAHECTO COOTHOIICHUS MMOJIYYHUM:

b(A
y1(0) = g(4) - x(t) + % - x (1),

Dt0 ypaBHeHHUE ABNIsSeTCA AU(hepeHIMaTbLHBIM ypaBHEHHEM HETHHEHHOT0 JIEMEHTA.
Tak kak x(t) = A - e/®t, 1o x(V(t) = jwA - e/®t,
torma y,(t) = g(A) - x(t) + +jb(A) - x(t).
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Otxyna y,(t) = [g(A) + jb(A)] - x(t), nmm

y1(t)
x(t)

Y Y
= g(A) +jb(A) = —=+j—F (3.37)

Wiy (4) = 1

Xapakrepuctuka Wyy(A) Ha3bBaeTCsl KBUBAJICHTHBIM KOMIUIEKCHBIM KOI()(UIIUEHTOM YCHIICHUSI
(OKKY) HenMHEHHOro 3JeMEeHTa — 3TO €CTh 3allMCaHHOE B KOMIUIEKCHOHM (popMe OTHOIIEHHE NepBOii
rapMOHHMKH BBIXOJHOTO CHTHAda K BXOJHOMY TapMoOHHYecKoMy curHany. Bemuuunasr g(A) u b(A)
Ha3bIBAIOTCS KO3 dHIIeHTaMy rapMOHHYECKOH JTIHHEapU3aIIUH.

C yderoMm BhIpaxkeHudl miss KodpduunuentoB psga Dypbe KOIPOUIMCHTH TaPMOHHIECKOM

JIMHEAPU3AIUN OIPEIEIISIOTCS COOTHOMICHUSMHE:
21T
g(A) = %f f (A - sin wt) sin wt d(wt)
0
(3.38)
2
b(A) = %f f(A-sinwt)coswt d(wt)
0

Monynbs 5KBHBAJICHTHOTO KOMIUIEKCHOTO Koddduimenta Wyy(A) u apryMeHT OnpenemnsioTcs

yCOOTBECTCTBCHHO, U3 CICAYIOIIUX BBIpa)KeHPIfIZ

\' Yczl + Ykzl

Wia(4) | = Vg2(4) + b*(4) = 4

Y1

Py = arctg —_—
cl

C yueTom 3TOrO MMEEM:
Wi (4) = Wi (A)| - e/7¢H.
Kak BugHo wu3 Belpaxkenus (3.37), OKKVY HenuHelHoro »siemeHta, B oOIIeM, SBISETCS

KOMILUIEKCHOW BEJTUYUHOMU.

13.5.3. MeToauka onpejiesieHHsl IKBUBAJEHTHOI0 KOMILJIEKCHOT0 K03 duIIHEeHTa YCHIeHUs
HEJIUHEHHOI0 3JIEMEHTA
Metonuky onpenenenus DKKY paccMoTpuM Ha KOHKPETHBIX TPUMEPAX.

[Tpumep 3.1. Heo6xonumo onpenenuts IKKY my1st HenmMHEHHOTO 371eMeHTa, MPEICTABIISIONIETO
co00i1 TPEXIMO3ULIMOHHOE peJie C 30HOM HEUYBCTBUTEIBLHOCTH, CTATUYECKAs! XapaKTEPUCTHKA KOTOPOTO

n3o0pakeHa Ha puc. 3.3.
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Puc. 13.39. Onpenenenne DKKY HenmHelHOro 351eMeHTa C OAHO3HAYHOM CTaTUYECKOM
XapaKTePUCTHKH

Ha sToMm ke pucyHKe CTpOUTCS BXOJHOM M BBIXOJHOW CUTHAJIbI HEJIMHEHHOTO DJIEMEHTA.
AHaIUTUYECKUE COOTHOLIEHUS JIsl CTATUYECKOM XapaKTEPUCTUKN UMEIOT BUJ:

+B,x = a

y=fkx)=40,x<|al
-B,x <-a.

Ha Bxo/1 HEeTMHEHHOTO 3JIeMEHTa MmocTymaeT curuai x(t) = Asinwt, A > a.
VuuteiBas Beipaxenue (13.38) u mwmroctpaiuio, npejacTaBicHHy0 Ha puc.13.40, ompemenum
neiicTBuTeNnbHYyI0 cocTaBisonyto st OKKY g (4):

4-B

_ 4 (m/2 ) . _ 4 (m/2 . _ 4B . /2 _
g4) = — o, f(Asinot)sinwtdt = TL’Afal Bsinwtd(wt) =— (=coswt)|q,” = —

CoS Q1.
13 puc. 13.40 BuzaHoO, uTO:
. . a
A-sina; = a; OTKyJa sina; = -.

C Y4Y€TOM 5TOI'0 IMOJTYyUUM:

A PR
g = — [1- P2

Mpuwumas cocrasisionias OKKY b (A) Oyner pasua:
1 r2m
b(A) = ﬁfo B coswtd(wt) =

27‘[—0_’1

B . , - . .
— [sin wtlgfz + sin wt |g o Slnwtl,?’riza — sinwt |§n
2

B . . .
=— [smg- sina, + +sin(mr — ay) —
2

. I .3 . . . 3 _
sin— — sinsm + sin(mw + @) — sin(2w — ay) + +sinsm =0
OKOHYATETFHO UMEEM:
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0, A<a
(3.39)

Wys(4) = g(A) +j-b(A) =< 4B / o\ 2
H3 gla) + ] il 1—(2),A>a

Ha puc. 13.40 npuenen rpaduk 3aBucumoctud DKKY paccMOTpeHHOTO HETMHEHHOTO AJIeMEHTa

rapMOHHUYCCKOro CurHalia. Ero ecme Ha3pIBamoT

=B.

OT OTHOCHTEIILHOM AMIIMUTybl  BXOJHOI'O

HopmuposanasiM DKKY, rie o603HaueHo A =

alx
QW

)

Torga u3 (13.39) nmomyuum:
. 4-Bra VA2 —a? 4-B =
Wys(4) = . =—=+A%2 -1
o (4) T A-a A mTA?
OmnpenenuM 3Ha4YeHHE OTHOCHTENbHOH ammutyasl A, mpu kotopoit DKKY mocturaer csoero

(13.40)

AKCTpPEMaNbHOrO 3HaueHus. JlJig 3Toro Haijaem MpOU3BOJHYIO OT BblpaxkeHHs (3.6) oTHOcUTENbHO A U

IIPUPABHSAEM €€ K HYJIIO.

— _r - 1 1 _ _
dWys(A)  4-B|A%-Y(a2-1)224-(A2-1)224| 4-B (—A%+2)
— = — = " —_— — = 0
AY T A3(A%2 — 1)1/2

dA T

otkyna Ay = V2;a Wys(4) = ? :

W, (A)

A
bO AUl A

Y a
0 a \/2_

Puc. 13.40. Hopmupoannsiii OKKY nns 3-mo3uiimonHoro
pene C 30HOI>1 HCHYBCTBHTCHBHOCTH

|

ITpumep 3.2. Heobxomumo onpeaenuts DKKY 1 HenmuHEHHOro siieMeHTa, MpeaCcTaBIsIoNnero coooi

ABYXTIO3UINUOHHOC PEJIC C TUCTCPEC3UCOM. Crarnyeckas XapaKTCPUCTHKA HEJIMHEWHOI0 »JIEMEHTa

npencrasieHa Ha puc. 13.41.
Cornacuo BeipaxeHusM (3.38) u puc. 13.41 nomyunm neicTBuTENbHYIO cocTaBistonryto JKKY:

N . qi . gi — L (P _p.gj . o1 p |
g(h) = n:AfO y(A - sin wt) smwtd(wt)—m[fo B - sinwt d(a)t)+fqo1 B

] =

. 2 .
sinwt d(wt) + fn:_:ol— B -sinwtd(wt) = :%4 [cos a)1:|f1 — cos a)t|71r+(p1 +cos wt|7 gy,

% [cos @1 — cos 0 —cos(m + ¢;) + cos @, +cos 2w — cos(m + ¢4)] = :;A [cosp; — 1+ cosq, +

cos @, + 1+ cos (pl]] = :—j * COS ¢4
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Puc.13.41. Onpenenenue SKKY HenuHeitHOTO 1eMeHTa C HEOJHO3HAYHOM CTaTUYECKOM
XapaKTEePUCTUKH

Ha ocHoge puc. 3.41 umeem:

2 . 2
a = A -sin @,; oTKyna sin ¢, = %; CosS @, = fl —%, T.e.g(4) = % /1 —%_

[To ananoruu ¢ 3tum, MEuMas coctapisitomas JKKY Oyzner pasHa:

2T
1
b(A) = ﬂf y(A - sin wt) - cos wt d(wt)
0

Wnu ¢ yuerom puc.3.41 6yaem uMeTh:

_ 1 . @ . T+ . 2 _ B .
b(A) = E[_B ‘sinwt|yt + B - sinwt|, T — Bsmwt|n’iq,1] =— [—sin¢g; +
: : : : . 4B . 4Ba
+sin 0 — sin ¢; — —sin@; — singp; —sin0] = ——sing; = ——=.

Ha ocnoBe mpuBeneHHbIX mpuMepoB 10 onpeneiacHuio DKKY HenmnHeWHBIX 3J1eMEHTOB MOXKHO

yKa3aTh Ha HEKOTOPBIE €r0 CBOICTBA.

1. Ecnu cratuyeckas XapaKTepUCTUKA HEJIMHEHHOTo 3JeMEHTa SBISETCS OJHO3HAYHOH, TO B
BeIpakeHuH 11 DKKY oTcyTcTByeT MHMMAas COCTaBIIAOLIAS.

2. Ecim OKKY sBisiercss KOMIUIEKCHOW (DYHKIHMEH, TO COOTBETCTBYIOIIMN €My HEeTWHEHHBIH
JJIEMEHT UMEET HEOTHO3HAYHYIO CTATUYECKYIO XapAKTEPUCTHUKY.
B nopapnstoiieM OONBIIMHCTBE pealbHbIX HETMHEWHBIX JIEMEHTOB CIIPaBEAJIMBO U 00paTHOE
YTBEPKICHHUE.

3. Ecnmu HenuHeWHbIM 37eMeHT sBisercs Oe3blHEepUUOHHBIM 3BeHOM, To OKKVY sBnsercs

(GyHKIMEH TONbKO aMIUTUTY/Abl BXOJJHOTO CUTHAJIA.
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B nuteparype nokasaHo, 4TO €CJIM HEJIMHEHHBIHN 37I€MEHT HE SBISETCS Oe3bIHEPLIMOHHBIM 3BEHOM,
To cooTBeTcTBYyIOmU emy DKKYVY sBrsercst QpyHKIMed HE TONBKO aMIUIUTYIbI BXOAHOTO CUTHAJa, HO U

(byHKIMEH ero 4acTOTHI.

13.6. OnpenesieHue CBOOOIHBIX MEPUOANUYECKUX KOJIeOaHUI MeTOAOM

rapMOHMY€CKOro O0asanca.
CtpykTypHyto cxemy HenuHedHod CAY, mnociie TrapMOHUYECKOW JIMHEapHU3alllMd, MOKHO

NPEJCTaBUTh B BHJIE HA U300paykeHHOM puc. 13.42.

Lt PO wae) sl

Puc. 13.42. CtpykrypHas cxema jiuHeiHOH CAY
1ocje rapMOHUYECKOH JTMHeapu3auu

Ha ocHoBe naHHOH CTPYKTypHOH cxeMbl MaTeMaruueckoe omnucanne CAY MOXKHO 3amucath
CJIeIyIOLIEl CUCTEMOM ypaBHEHUI:
i) = 31(8) - W,(jw)
x(t) = —x,(t)
y1(t) = x(t) - Whs(4).
[oncraBnss mocnenoBaTenbHO Yy (t) U3 TPEThETO ypaBHEHHs B HepBoe u X,(t) u3 BTOpOro

YpaBHEHHUS B [TOJIyYEHHOE MepBOe, Oy/1eEM UMETh:

W,(jw) - Wys(A) +1 =0 (13.41)

B nmanmHOW cucreme ypaBHenwit x(t) = A-sinwt, e 4 ¥ @ — aMIUIUTyJ1a W YacToTa
aBTOKOJIEOaHMI, KOTOPBIE, KaK Mpearnoaraercs, umeroT mecto B CAY.

VYpaBuenue (13.41) npexacrasiser coOoil aApyryro (GopMmy 3amUCH YpaBHEHUS TapMOHUYECKOTO
OanaHca. OTO ypaBHEHHUE aBTOKOJIeOaHUH.

PemiennemM naHHOTO ypaBHEHHs SIBISETCS aMIUTUTYAa W YacTOTa aBTOKOJICOAaHWH Ha BXOJE
HEJIMHEWHOTO 3JIEMEHTA.

Yacto pemenue ypaBHeHus (13.41) HaxonmsaTt rpadoaHaIUTHUYECKUM CIIOCOOOM, MPEATIOKEHHOTO

Tonbagap6om JI. C. [lns storo u3 ypaBuenus (13.41) nomyqaem:

1

Walo) =~ @
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O0603HaYMM TIPaBYIO0 YacTh 3TOr0 BeIpakeHHUs yepe3 —Z(A). Uacrto xapakTepucTHKa s
H3

—Z(A) Ha3bIBaeTCs WHBEPCHBIM KOMIUIEKCHBIM KO3((UIIMEHTOM YCHJICHHS HEIMHEHHOrO 3JIeMEHTa,
B3SITOTO CO 3HAKOM «—».

Jns  pemieHuss Bompoca O HAJIMYMM B PAacCMaTpPUBAEMOW CHCTEME aBTOKOJeOaHWH, Ha
KOMIUTEKCHOU TIocKocTH ctpoutcss ADPUX (romorpad) mwumueitnonn wactm W, (jw). Ha ostoit ke
KOMILJIGKCHOW TUIOCKOCTH CTPOUTCS XapaKTEePUCTUKA sl HenuHeiHoro anemenTa —Z(A). Wimroctpanus
3TOro nokazana Ha puc. 13.43. Kak BUIHO U3 yKa3aHHOTO PUCYHKA, XapaKTEPUCTUKH JIMHEHHOMN 4acTH U
HEJIMHEWHOTO 3JIeMEeHTa NepeceKkaroTcs B ABYX Toukax 1 u 2. [lepeceyenne xapakTepuCTHK B ABYX TOUKaX
yKa3blBa€T Ha TO, YTO B CHUCTEME CYILIECTBYIOT aBTOKoJe0aHUs C TapaMeTpaMu (aMIUTUTYI0M U
4acTOTOM): B Touke 1 — Agq; wgq, B Touke 2 — Apy; wy,. He Kaxnoe u3 HaWIECHHBIX pPEIICHUMA
COOTBETCTBYIOT YCTOWYMBBIM aBTOKOJICOAHUSAM, T.€. TAaKUM, KOTOpPbHIE B CIlyuyae BapHallMH MapaMeTpOB
CAY, BbI3BaHHBIX KPaTKOBPEMEHHBIM BO3MYILIEHUEM, BOCCTAHABIMBAIOTCA.

B Hacrosimee BpeMmsi OTCYTCTBYET KakOW-THOO TOYHBIM METOJ OIpEAeieHHs] yCTOMYHMBOCTH
aBTokonebanuii. Ilpennoxkennsnii JI.C. Tonpadapbom kpuTepuii ompeneneHus YCTOWYHMBOCTU
aBTOKOJICOAHUH SIBISIETCS HEOOXOOMMBIM yclioBHeM. Ho Kak moka3aim MHOTOYHCIICHHBIE HCCIEIOBAHUS
peansHbix CAY, KpuTepuii B OOJBIIMHCTBE CITY4aeB SBISIETCS M JOCTATOYHBIM.

DopMyTUPOBKA KPUTEPHS: €CIIU MEepPEeMelIaThCsl M0 XapaKTEPUCTUKE HEIMHEHHOro JIeMEHTa B

HaIlpaBJICHUU YBCIIMYCHUS aMIIIUTYIbI A, TO OJId YCTOﬁqHBOCTH INCPUOAUYCCKOIo pCHICHHA Tpe6yeTc;1,
1

yroOsl ADUX swunueitHo#t uactu cuctembl W, (jw) He oxBaThiBaga romorpad T
H3

Z(4),

COOTBETCTBYIOIIETO OOJNBUIMM 3HAYEHHUSIM aMILTUTYIbI 4. DTO COOTBETCTBYET TOMY, YTO XapaKTEPHCTHKA
HEJIMHEWHOT0 3JIEMEHTa BBIXOUT U3 00JIaCTH, OXBaTbIBAEMOI1 roorpadom JUHEHHON YacTu.

N Hao0OpOT — TOYKa MepeceueHus XapaKTepucTHK, rae — Z(A) Npu yBeIWYEHUH aMIUTUTYIbI 4
BXOOUT B 00macth, oxBarbiBaemoir romorpadom W, (jw), COOTBETCTByeT HEYCTOWYHBBIM

aBTOKOJICOAHUSIM.
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v

Puc.13.43a. AD®X cucremsl B ciiyyae BO3HUKHOBEHHUSI aBTOKOJICOAHUH.

v

Puc.13.436. ADX cucreMsl B ciIydae OTCYTCTBHAE aBTOKOJICOAHHIA.

Hns puc.13.43a Touka | COOTBETCTBYET HEYCTOHYMBBIM aBTOKONEOAHUAM (Agi; Wg1) —
(U3HYECKN HEPEeATU3yeMbIM, a TOYKA 2 — YCTOHYMBBIM aBTOKOJICOAHUSAM ¢ mapameTpaMu (Ayz; Wkz), T.C.
(bu3NYecKn peaan3yeMbIM U HaOII0aeMbIM.

Ecin XapakTepHCTHKM JIMHEWHOM YacTM W HEJIMHEHHOIO JJIEMEHTa HE IIEPEeCceKaroTcs, TO B
paccMaTpuBaeMoOil HEJMHEHHON cucTteMe aBToKoseOaHus OTcyTcTBYIOT (puc. 13.436). U cuctema c
YCTOWYMBON JTMHEMHOMN Y4acThIO OyeT YyCTOWYUBOIA.

PaccMoTpuM mpumepsl — omnpeaeneHre aBTOKOJIeOaHUM M MX IapaMeTpoB € MOMOUIbIO METOoJa
rapMOHUYECKOT0 OayaHca.

[Tpumep 3.3. MccnenoBath ycTOMYMBOCTh COCTOSIHUSL paBHOBecus HenuHeitHoH CAY meronom
TapMOHHMYECKOTO OajlaHCca, CTPYKTYpPHas cxema KOTOpod mpejacraBieHa Ha puc. 13.37. Cratudeckas
XapaKTePUCTHKA HEJIMHEHHOTO AJIeMeHTa — 3-X TO3UIIHOHHOE pelie C 30HOW HEYYBCTBUTEIHHOCTH (pHLC.

13.39), a yiuHeitHas YacTh UMEET MePeIaTOYHYI0 (QYHKIIUIO
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Wa®) = S e

Ucxonusie naunbie: K= 0,82 ¢t T=0,05c¢;a=0,25; B=110.
JlaHHYIO 3a/1a9y MOYKHO PEIIUTH ABYMSI CITIOCOOaMHU.
Pemrenue 1-bIM crmoco60M: BOCIIOIB3YyEMCSl YPaBHEHHEM FapMOHHYECKOT0O Oajanca
Wi (4) - W, (jw) = —1.
IToctpoum A®UX nuueitnoit yactu cucteMbl W, (jw). CoriacHO CTPYKTYypHO# CXeMme,

BeIpakeHue 111 ADYX MokeT ObITh MPEJCTABICHO B BU/IE:
K

W,(jw) = —————;
W) = T T

CoOOTBETCTBEHHO, MOAYJb A(w) ¥ apryMeHT @ (w) KOMILICKCHOTO KO3(pQHUIIMEHTA YCHICHHUS

W,(jw) paBHbIL:

A(w) K (@) = — =~ 2+ arctg(T - w)
w) = ; pw)=—=-2- - w).
w1+ (wT)?)? v 2 g

Wnu, nocne nocTaHOBKY 3HaYeHUM 11 mapamerpoB K u 7' umeem:

0,82 .
w-(1+0,0025-w?)’

3agaBasch 3HaueHHEM @ OT 0 g0 o0 1o BepaxkeHusMm a1 A(w) u @(w) crpoum ADPUX

Alw) = p(w) = —90° — 2arctg (0,05 - w).

nuHeitHoi yactu uccnenyemoit CAY. Ee Bug npeacrasnen Ha puc. 13.7.

Breipaxenue qiigs DKKY HenuHeitHOro 351eMeHTa, Kak OKa3aHo paHee, paBHO:

4B 2
Wys(A4) =— /1—% WIN

1 _ TA? 1
Whs(4) 4B \J4Z —qZ

ITocae IOACTAaHOBKH YHCICHHBIX 3HAYCHHI s a "1 B, MOJIYYHM:

1 TA? 1
Wis(4) 440 [a2 —0,0625
3anaBasch 3HaueHUSAMHU aMmIUIUTYIbl 4 oT A = a = 0,25 510 ©0, CTPOMM XapaKTEPUCTUKY

HEJIMHEWHOI0 3JIEMEHTA Ha TOH XK€ KOMILIEKCHOM IIJIOCKOCTH, YTO U VVH(](D) Tak kak BBIPAXKCHUC IS

1
Whs(4)

HC COICPIKUT MHHUMOM COCTaBJ'IHI-OH_IeI\/’I, TO OHa 6y,[[eT coBmagarb C OTpHHaTeHLHOﬁ

BEILIECTBEHHOW IOJYOChIO KOMIUIEKCHOM IUIOCKOCTH M TNPU HW3MEHEHWU AMIUIMTYAbl 4 B YKa3aHHBIX

npezenax coaep uT aBe BeTBu. Ha puc. 13.44 sta XxapakTepucTHKa MOKa3aHa MyHKTHPOM.
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*]

V\in(j(ﬂ
_____ TA_’____ _____Ao W= +
2 A 0
—1Wy»(4)

o—F

Puc.13.44. Onpenenenue napameTpoB aBTOKOJICOAHUIA.

U3 puc.13.44 Buano, uro xapakrepuctuka W,(jw) u — MMEIOT JBE TOYKHU IIEPECECYCHUS.

Wy (4)
DTO0 03HAYAET, YTO ypaBHEHUE rapPMOHUYECKOT0 OanaHca UMEET J1Ba MEPUOANUYECKUX PELICHHUS:
Xo1 = Ag1 *Sinwg - t u Xo2 = Agy " Sinwy " ¢,

Ao, Agz — aMILIUTY/Ia aBTOKONEOAHUI; w, — uX yacTota. Yactota wy = 20 ¢~! onpexnensgercs u3
YCJIOBHSI: PaBEHCTBO HYJ0 MHUMO# cocraBistomeit W, (jw), 1160 u3 Beipaxenus ¢(w) = —90° —
2arctg(w - 0,05) = —m. [loacrasss 3HaYeHUE W, B Beipaxenue st moayias W, (jw), onpenensem ero
3HaYEHUE B TOUKE MEPECEUYCHHUs XapaKTepucTUK. M3 ycloBHs paBeHCTBA B yKa3aHHOW TOYKE MOMYIA
XapaKTEPUCTUKUA JMHEHHON 4YacTH MOJYJI0 XapaKTEPUCTHUKH HEIMHEWHOTO SJIEMEHTA, TOoJydyaeM J1Ba
3HAYEHUS aMILTUTYIbI aBTOKoneO0anmii: Ag; = 0,257 u Ay, = 2,86.

st onpenienieHust yCTOMUMBOCTH MEPUOANYECKOTO PEIIeHUs UCTIoNb3yeM Kputepuii ['onbadapoa,
COTJIACHO KOTOPOMY TOJTydaeM, 4To KojeOaHus B Touke | sSBistoTCsa HeycToHunBeiMU. ClieZioBaTeIbHO, B
paccMaTpuBaeMoOi CHUCTEME YCTaHABJIMBAIOTCS aBTOKOJeOaHUsA ¢ amMIuuTynol A = 2,86 m yacToToi
wo =20 c 1 xy, = 2,86 -sin 20 - t.

Pemenne paccMoTpeHHOM 3a1aun 2-bIM CIIOCOOOM, B OCHOBE KOTOPOTO JISKUT TOXKE YpaBHEHUE
rapMoHuueckoro Oamanca. Ho B ornuume ot 1-oro cmoco6a, 37€ch BOCIOIB3YEMCS HOPMHPOBAHHBIM

Wy5(A) = N - W, ( ) N =
H3 H30 ) '

Jlnst onpeiesieHust apaMeTpOB aBTOKOJICOAHHI pelIaeTcsi ypaBHeHHUE:

~Whao (%) = W
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C YUCTOM UCXOOHBIX JAHHBIX 3a/la4, ITOJTYUHUM!

1 2-T w T?

= — cwr+j | ———w?|, Ki=N-K.
NW,Go) kK Ok TR )™

OTa XapaKkTepuCcTUKa Ha3bIBAETCSl HHBEPCHBIM roorpadoM JUHEHHON YacTu.

N3mensisa yactoty w B npenenax 0 < w < oo, ctpouM nHBepcHYr0 ADPUYX nuHEHHON YacTu — y
Hee BEIECTBEHHAs YacTh MPH JIIOObIX YKa3aHHBIX 3HAUEHUSX w He Ooiblie Hys. Bun ee uzobpaxen Ha
puc. 13.45.

Ha »TOlf e KOMIUIEKCHOM IUIOCKOCTH CTPOHMTCS HOPMHUPOBAHHBIM Toporpad HEITWHEHHOTO

AJIEMEHTA, B3AThIN co 3HaKOM MUHYC: —Wy30 (g)
N3 pucyHka BHUIHO, 4YTO XapaKTEPUCTUKU Tmiepecekarorcsi. 3HauuT, B CAY cCylecTByrOT
aBTOKOJIeOaHMUS.
OnpenenuM aMILUTUTYy ¥ 9acTOTY aBTOKoJieOaHwid. [[si onpeneneHuss 4acTOThl aBTOKOJICOAHHIA

IIPUPABHSAEM K HYJI0O MHAMYIO COCTAaBIISAIOIIYIO HHBEPCHON XapaKTEPUCTUKHU JIMHEMHON YacCTu:

1 w T?
(———) =0; U ———wi=0;
N-W,(jw) Ky K

Im
1 -
OTKYJIa MONYHM Wy = — = 20 c7 L.

W3 BeIpaskeHus Uist w BUAHO: 1) yacToTa aBTOKOJIE0aHUIT olpeesseTcs mapaMeTpaMu JTUHEHHON
gacTu (TMOCTOSHHON BpeMeHu 1) M He 3aBUCUT OT XapaKTEPUCTHKU HETUHEHHOro 3JeMeHTa; 2) 4eM

0OJIbIIIE IOCTOSTHHAS BpCMCHHU T, TEM MEHBIIIE YaCTOTa aBTOKOJIEOaHUI Woq.

_ A 1/N -W ® +j

Wm(a} /N W, (o)

— \/2_2A21

WX Al 1 S SRR ©=0

Gl E +
/|

Y/

Puc. 13.45. Onpenenenue napaMeTpoB aBTokojebanuii mo nuBepcHoit Wi(jo) u
HopmupoanHoMy DKKY HD

Onpenenum amrumMTyay aBTokosiebanuii Aj. Ee mMoxxHO ompenenuTs aBymsi criocobamu: 1) mo
HalJIEHHOM 4YacToOTe w, OIpEAeNsAeTcs MOAYJb HWHBEPCHON XapaKTePUCTUKH JIMHEHHOM 4YacTu;
[IOJIyYEHHOE 3HAUEHUE IPUPABHUBAEM K MOJAYJII0 HOPMHUPOBAHHOM XapaKTEPUCTHUKU HEJIWHEHHOTO

9JICMCHTA, B3STOM CO 3HAKOM MHUHYC;, U3 TOJYYCHHOI'O YPaBHCHUA OHNpPCACIIEM aMIUIUTYOy
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aBToKosieOanuil. CornacHo 2-oMy crocoOy ornpenenseTcss BeIUYMHa OTpe3Ka Ha BELIECTBEHHOW OCH OT
TOUYKU TNEPECEUCHUSI XapaKTEPUCTHK JMHEHHOW YacTW M HEJIMHEWHOTro 3JeMeHTa J0 ocu adcimcce (pHuc.
13.45), n 3T0 3HaueHHE NEPEHOCUTCS] HAa MHBEPCHYI0 HOPMUPOBAHHYIO XAPaKTEPUCTUKY HEIMHEHHOTrO
anementa Wyso(A/a), nsobpaxennoit va puc. 13.40; mpoBoauM MPSMYIO JIMHHUIO MAPAUICIBHYIO OCH
abCImce — MMeeM JIBE TOYKH TEPECEUEHHMsI, B KOTOPBIX onpeneisieM Ay, /a u Ay, /a. Otkyna umeem Ay
" Apyy. YCTOHYHBOCTH aBTOKOJICOAHH OMpeemsieTcs HA00OpOT MO CPAaBHEHUIO C T€M, KOT/Ia UCIIOJIb3yeM
Wys(A): ycroitunBbie aBTOKOJECOAHHS COOTBETCTBYIOT TOW TOYKE MEPECCUCHUS XAPAKTEPUCTUK
JUHEHHOIO0 M HEJIMHEMHOIO 3JEMEHTOB, ISl KOTOPOM MpU YBEIMYEHUU AMILIUTYAbl A, IBUTasCh IO
XApaKTepUCTUKE HEJIMHEHHOro 3JEeMEHTa, OCYLIECTBIsAeTCs BXOJ B 00JacTh, OXBaTbIBAEMOM
XapaKTEPUCTUKON JuHeHHOW uwactu. M3 puc. 13.44 BuaHO, YTO TOYKE YCTOWYMBBIX aBTOKOJICOAHMIA
COOTBETCTBYET TOUKA 2.

[Tpumep 3.4. MccnenoBaTth yCTOMYMBOCTh COCTOSIHUSL paBHOBecus HenuHeiiHOH CAY meromom
rapMOHUYECKOro OayiaHCca, CTPYKTYpHas cxema KOoTopod mpezcraBieHa Ha puc. 13.37. Craruueckas

XapaKTEPUCTUKA HEJIMHEHHOIrO 3JeMEHTa 2-X TO3UIMOHHOE peiie ¢ rucrtepesucom (puc. 13.41), a

K

ST Ucxonnawie nannbie: K = 0,15 epad/pao; T = 25 ¢; a =

nuuneiinas yacte W (p) pasaa W(p) =

16, B = 24.

Pemenue: YpaBHCHHUE TapMOHHUYCECKOI'O OajaHca.
1

Wis(4) - W, (jw) = -1 HITH W,(jw) = Y

Wy3(4) = g(A) +j - b(A);

gy =22 [1- (%), b(a) = — 222,

m-A A mA?’

[Tocne npeoOpa3zoBaHuil, MOTydaeM:

1 _nA 1 (a)2+.7f'a
Wiy (A) 4B 4 4

Hcnonszyem HopmupoBanubiii DKKY  Henuueitnoro snementa Wyso(A) = N - Wys(A), e

N =2,
a
1 . _  mA a\? . T
TOFI[a —m——N'VVH(]W)——E 1—(;) _JZ
) K j-K-(1—jwT) K-T
W,(jw) = - , = — Ty 272
jo(l + jwT) w(1+ w?T?) 1+ w?T

a0ty - ReW,(jw) + jimW,(jw)
R Gy = — 35
Wa(j0) = =175 o7
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0,225

mW,(0) = = 071 1 62507
Tak kak ImMNW,(jw) = —g, to 1o rpaduky (puc. 13.46) moxuo nerko Haiith ReNW, (jw) =
—1,37. Torna,
~1,37 = A (3)2; oTkyna A =32,17;
4-a A
T 0,225

u w =~ 0,07c L.

4 w'(1+625w?2)’
CornmacHo kpurteputo l'onpadapba aBToOkoneOaHUs  SBISIOTCS  YCTOWYHMBBIMH, T.€. B
paccMaTpuBacMoil cucteMe OyleT MMETh MECTO YCTOMYMBBIA MepHoandecKuil mporece: x(t) = 32,17 -

sin 0,07 - t.

-w4=-0,785

Puc.13.46. Onpenenenue napamerpoB aBTokosie6annit B CAY ¢ 2-X NO3UIMOHHBIM
pelie ¢ TUCTEPE3UCOM.

13.7. Bonpocsl 1 3a1aun
3.1. U3o0pa3ure curnan Ha Beixoge HO s CAY, npencraBnennoit Ha puc.13.37, a craruueckas

xapakrepuctuka HD Ha puc.13.276. Paccmotpute cnydan: 1) a=0; c=5; B=10; 2) a=5; c=10; B=4.

3.2. Onpenenure OKKY mna HD, crathueckas xapakTepuUCTHKa KOTOPOTO IMpPEACTaBICHA Ha
puc.13.330.

3.3. Onpenenure OKKY mna HD, crarndeckas XapakTepuCTHKa KOTOPOTO MPEJICTaBIE€HA Ha

puc.13.276.
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3.4. Metogom rapmonundeckoro Oananca st CAY, npeacrasienHoi Ha puc.13.37 onpenenutsb
MaKCHUMaJIbHOE 3Ha4YeHHEe KOX(PQPUIMEHTa YCHIICHUS JIMHEHHON 4YacTH, NP KOTOPOM B HEJIMHEHHOM

CUCTEMCE 6y,Z[}’T OTCYTCTBOBaTB aBTOKOJ’Ie6aHI/IH JJIA cnyqaeB:
a)
w,(p) =
6)

W,(p) =

S(Lipip?) ) CTATHUECKad XapaKTEpUCTHKa HD na puc.13.39, npu stom a=2; B=4.

K
el craTudeckas xapakrepuctuka HO na puc.13.39, npu stom a=2; B=10.
3.5. Meronom rapmonnueckoro 6amanca st CAY, npeacraBieHHoi Ha puc.13.37 ompenenure

aMIUTUTYY U 9YaCTOTY aBTOKOJICOaHUI I CITydaes:
a)
w,(p) =
0)

W,(p) =

K
———————; cTatu4deckas xapakrepuctuka HD nHa puc.13.39, npu atom a=2; B=4.
p(1+3p+p?)

(repys’ CTATHYCCKAs XapaKTePHCTHKA HD na puc.13.39, npu stom a=2; B=10.
3.6. llna CAY, npencraBieHHor Ha pwuc.13.37, ompenenuTe CTENeHb IMOAABICHHUS JTUHEHHOMN

4acTbhiO 2-0i U 3-eif TapMOHUK (T.€. BBISICHUTE BBIMIOJIHACTCS JIU TUMOTE3a (GUIIbTpa) AJIs CIIy4aeB:
a)
W,(p) =
0)

W, (p) =

K
———————; craThueckas xapakrepuctuka HO na puc.13.39, npu stom a=2; B=4.
p(1+3p+p?)

Grep) cTatuueckas xapakrepuctuka HO Ha puc.13.39, npu stom a=2; B=10.

13.8. UccienoBanue ycToHuuBoCTH HeJIUHEeHHBIX CAY

13.8.1. Onpeneienre NOHATHSA YCTOMYMBOCTH 10 JIANyHOBY
Ha CAY B mpormecce ee pabOThl OKa3bIBAIOT BIMSHHE Pa3UYHbIE BO3MYILIEHUS, KOTOPHIC

OTKJIOHSIFOT CUCTEMY OT 3a/laHHOTO 3aKOHa JBIKeHus. Ecnu cucrema, mocie mpekpaiieHus: AelcTBUs
BO3MYILIEHUH BO3BpAILA€TCsl K UICXOJAHOMY COCTOSIHUIO, TO JIBH)KEHUE B CUCTEME SIBIISIETCS YCTONYHMBBIM.
Ecin xe mocine mpekpaleHuss AEWCTBHS BO3MYILUEHHH yNaJI€HHE CHUCTEMBI OT I€PBOHAYAIBHOIO
COCTOSIHMSI C TE€YEHHEM BPEMEHHU BO3pAcTacT M OTKJIOHEHHE €€ BBIXOAWUT 3a IpPEleNbl JOIYCTUMOU
o0acTu, TO ABUKEHHUE B CUCTEME SBJISIETCS HEYCTONYHBBHIM.

OyHIaMEeHTaNbHBIM BKJIaJ B pa3BUTHE TeOopUHU YycToiumBocTH BHec JlsmyHoB A.M. OOmiee
OIpeJie/IeHUe TOHATUS YCTOMYMBOCTH JI000M JAMHAMUYECKOM cHucTeMbl 1O JIAMyHOBY BBITJISAIUT

CIIEIYIOLIM 00pPa3oM.
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VYpaBHeHus nuHamMuku pa®otel HenuHeWHOW CAY N-ro mopsiika B HopMmanbHOW (opme Komm

Hp CACTABJIAKOTCA B BUC:
dx i
dt

= @i(x1, Xz, ., Xp), i=11n (13.42)

YcroitunBocte CAY ompenensieTcss CBOOOJHBIM JBUKEHHEM CHCTEMbl I10CJIE€ HA4ajJbHOTO
OTKJIOHCHHSI €€, BBI3BAHHOTO KakMM-IHO0 BoznericTBueM. Cucrema ypaBHeHui (13.42) ommceiBaer
paboty aBroHOMHOM CAY, T.K. QYHKIIUU (9; B PABOW YaCTH HE 3aBUCST OT BPEMEHHU.

Pemenuem cuctemsl ypaBuenuit (13.42) siBisieTcsi COBOKYIMHOCTh (DyHKIUN

{x1(©), %2(0), ..., xn (D)},
TaKWX, 9TO MPHU MOACTaHOBKE MX B cuctemy (13.42), oHU mHpeBpamaroT €e B TOXIECTBO. lIpu 3Tom

BBIITOJHAKOTCA HAYaJIbHBIC YCIIOBUA:

x1(to) = X10; X2(to) = X205 . Xn(to) = Xno, (13.43)

rae t = ty — NPOU3BOJIBHBI MOMEHT BPEMEHH, IPUHUMAEMBIN 33 HAYAJIbHBIN.

ITpu uccnenoBanuu ycroitunBoctu CAY BBOJATCS MOHATUS BO3MYIIEHHOTO U HEBO3MYILEHHOIO
IBUKECHUH.

HeBo3mymienHnoe aBmkeHHE — 3TO JI000€ ABIKEHHE (pemeHne cucreMbl ypaBaenuit (13.42) npu
HavyabHBIX ycinoBusax (13.43), Ha3HAUYEHHOE HCCIIEIOBATENeM JJIsl M3ydeHUs ero cBoicTB. O003HAUYMM
ero Kak:

x0 = (0, %3, ..., x0).

Hanpumep, 3TUM HEBO3MYIIEHHBIM JBH)KEHUEM MOXKET OBITh YCTAaHOBUBIIMICS MPOIECC B paboTe
CAY. Jlwoboe npyroe naBuxeHue (pelieHue) IO OTHOIIEHHWIO K HEBO3MYIICHHOMY HAa3bIBAETCS
BO3MYIICHHBIM.

CylecTBYIOT TMOHSTHSA: BO3MYILEHHsS JBM)KEHHs W Bapualud (OTKJIOHEHMs) BO3MYILICHHMS.
Bo3mymienust — 3T0 TO, 4TO MOPOXKIAET OTKIOHEHHE BO3MYILIEHHOTO JBUKEHHS OT HEBO3MYILIEHHOTO.
Hamnpumep, OTKIIOHEHHE OT 3aIaHHOM COBOKYITHOCTH HayallbHbBIX ycioBuii (13.43):

Axip = Xi0 — Xy,
rine Ax;y — BO3MYyILIEHHE.

OnenuBanue pakra BO3MYLIECHHS (Bapualus Ipolrecca JBUKECHHMS)

8x; = X; — Xj, i=1n
UTPAIOT CYIIECTBEHHYIO POJIb B ONPEACICHUN YCTOUYHUBOCTH.
HeBo3mylieHHOE JBM)KEHUE HA3BIBACTCS YCTOWYHMBBIM 10 JISTIYHOBY, €CiH Ui JTFOOOTO Hamepes
3agaHHoro0 € > (0, Kak Obl Majo OHO He OBLJIO, MOKHO yKa3aTh Apyroe umcio A > 0 takoe, mpu Bcex

Bo3MymieHusX |Ax;y| < A,i = 1,n, HaumHAsh C HEKOTOPOTO KOHEYHOTO BpeMeHH t =>t, Oymer
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BBITIOJIHATBHCS yCHOBI/Ie, COCTOAIIICEC B TOM, UTO BCIIMYHMHA BapI/IaI_[I/II/I JOBUXKCHUA 6yI[eT MCHbBIIIC BCJINYHNHBI
€
|6x;] < ¢, i=1,n.

Unu ApyruMH CIOBaMHM: BCErJIa MOXHO I0J00paTh 3aMKHYTYIO 0OIAacTh A, OrpaHMYHBAOIILYIO
HavyaJIbHBIC YCIOBHUS TaK, YTOOBI JBIKCHHE HE BBIILIO 3a MPEEIbl 3aJaHHOM 3aMKHYTOMH 00J1aCTH €.

HeBo3MyleHHOE JBIKEHNE HA3hIBAETCA ACHMIITOTHYECKH YCTOWUMBBIM, €CIIH:

th_)rg 5x;(t) =0, i=1,n.
HeBo3MyleHHOE JBIKEHNE YCTOHUMBO «B MAlOMy, €CJIU BEIUUMHA A Maja.
HeBo3MyIeHHOE IBIKCHUE YCTOWYHMBO «B OOIBIIOMY, €CITH BEIMYUHA A OTPaHHYCHA:
0<A<d< oo,
Ecnu BenuurHa A MOXET OBITH JTF000#, TO HEBO3MYIIIEHHOE JIBUKCHHUE HA3BIBACTCS YCTONYMBBIM B

LIETIOM.

13.8.2. IlepBolii MeToa JIAnyHOBa
ITepBolii Meton JIsmyHOBa MO3BOJISIET MCCIEAOBAaTh YCTOMYHMBOCTH HEJIMHEUHBIX CUCTEM «B

MaJIOM». CYTB MCTO/Ja 3aKJII049acTCA B TOM, UTO pacCMaTpuBaCTCA MOACIIb aBTOHOMHOM CAV, 3aJaHHOM

cucremolt ypaBuenuii (13.42). Henuneiinas ¢yHkIus B mpaBoit yacTu packiajsiBaercs B psia Teiinopa B

i > 9 d(x?+Ax;
TOYKE xo, KOTOpasi SIBJIsIETCA OCOOOM TOYKOM, OIpPEACNSIONIeH MOJI0KEHUE paBHOBeCHﬂ:% =
0 0 109i|_o 10¢;i|_o 199 0
(X1, 0, Xp) +——|x" - Ax; + ——|x" -Ax, + ... +——|x" - Ax, + B;
(pl( Loeee n) 110xq t 1! 9x, 2 1!8xn| n t
rae B; — oOCTaTOYHBIA 4YJIeH, COJIepXalluid OTKJIOHEHHS B CTEIEHU BbIIIE IE€PBO; x0 =
0 0. ; — 1
{x1, ..,xn}; i =1,n.
Ecnu npeneOpeus 0CTaTOUYHBIM YWICHOM, TO MOTYYHM:
d(Ax;)
l
T = ail - Ax1 + aiz " AXZ + + ain " Axn (1344)

VpaBuenus (13.44) Ha3bpIBalOTCS ypaBHEHMSMHU IE€PBOrO MPHUOIMKEHHS — B PA3JIOKEHHUU psijia
Teitnmopa ocTaBieHbl TONBKO JHUHEHHBIE wieHbl. Cuctema ypaBHeHui (13.44) emie HOCHUT Ha3BaHHE
JIMHEApU30BaHHON MOJIENT UCXOTHON HeMMHeHOo! cucTeMsl (13.42).

Eciu x° — Touka paBHOBecHs, TO CyTh pe3ylbTaTa, MOJIy4eHHOro JIATYHOBBIM, 3aKIOYAETC B
CIIEAYIOIIEM: €CIIM HEJIMHEHHas cucTeMa MOXKET ObITh MPUOJIMKEHHO MpeACTaBleHa JIMHEApU30BaHHBIM
ypaBHEHHEM OTHOCHUTEIbHO OTKJIOHEHHUH, TO B HE OCOOBIX cly4yasx 00 YCTOHYMBOCTH MCXOJHOMN
HEJIMHENHON CUCTEMBI «B MAJIOM» MOXHO CYJUTh IO CBOMCTBAM JINHEAPU30BAaHHON CHCTEMBI.

Jiss yCTOWYMBOCTH «B MajoM» TIOJOXKCHHs DPAaBHOBECHs JIMHEHHONW CHCTEMBI B HE OCOOBIX

clrydadax HCOGXOIII/IMO n  J0CTAaTO4HO, yTOOBI  BCE KOpHH XapaKTCPpUCTUUCCKOTO YpPaBHCHUA
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JMHEApU30BaHHOW MOJENH OBLIM JIEBBIMH — IIOJIOKEHHE PABHOBECHsS JTMHEAPU30BAHHON MOJAETH OBLIO
ACUMITOTUYECKH YCTOWYUBBIM.

He 0coOblii citydaii cOOTBETCTBYET TOMY, YTO XapaKTEPUCTUUYECKOE YpaBHEHUE HE UMEET KOpHEH
Ha MHUMOW OCH KOMIUJIEKCHOM IJIOCKOCTH; OCOOBIH citydait — X0Ts Obl OIMH KOPEHb Ha MHUMOM OCH.

Ecnn nuHeapu3oBaHHas CUCTEMA yCTOMUYMBA «B MajOM», TO YCTOWYHMBA «B MaJOM» M MCXOJHas
HEJIMHEHHAas CUCTEMA.

B o0co0pix ciaydasx cyauTh 00 YCTOMYMBOCTH JABIIKCHHSI CHCTEMBI IO YPaBHEHHUSM MEPBOTO
npubimxeHnus Henb3s. s OLEHKM YCTOWYMBOCTM HEOOXOJUMO YYMUTBHIBATH OTOPOILIEHHbIE IpU
JMHEapU3alyu 4aeHbl 00jee BBICOKOTO MOpsAAKa.

PaccMoTpeHHBIM METON JIMHEAapU3alyMu WIK NepBbld MeTo ] JIAIyHOBa IPUMEHHUM I CUCTEM, B
KOTOPBIX HEJIMHEHHass (QYHKIUS MOXeT ObITh pas3iiokeHa B pan Teiinopa, T.e. €ClyM HEIMHEHHOCTD
ABJIACTCS HECYIECTBEHHON. Eciin HenuHeHas XapakTepUCTUKA ABIIECTCS CYLECTBEHHOM, TO €€ HEJb3s
pa3noxuts B psja Teinopa. i1 uccienoBanust ycTOHUMBOCTH MOAOOHBIX CUCTEM MOKHO UCIIOJIb30BaTh

BTOpOH1 (1psiMoit) meTon JIsmyHoBa.

13.8.3. Bropoii (mpsamoii) Meroa JIsnyHoBa
Bropoii (mpsimoit) meron JlsmyHoBa sBIsieTCS OOIIMM METOJOM HCCIEIOBAaHHS yCTOWYHMBOCTH

JOOBIX HEMMHENHBIX cucTeM. OH J1aeT JOCTaTOYHOE YCJIOBUE YCTOWYMBOCTU PABHOBECHUS «B OOJIBIIIOMY,
T.e. €CIM YCIIOBUS METOJla HE BBIINOJHAIOTCA, 3TO HE 3HAYUT, 4yTo CAY sBisercss HEyCTOWYMBOU
TpeOyroTCsl AONOJIHUTENbHBIE UCCIEOBaHUA. B OCHOBe MeTola JieXaT JBE TEOPEMbl, IOCTPOCHHBIE C
MIOMOILBIO CHelUanbHbIX (QyHKIUM JlsmyHoBa. OTH (QYHKIMM AOJKHBI YIOBJIETBOPATH OINpPEICICHHBIM
TpeOOBaHUSM.

[Iycts ecth dyHkIms g(xq, ..., X,); A Hee BommoiHsercs ycnosue g(0,...,0) = 0 u BBOmSITCS
MOHSATHSL: 3HAKOOIIpeieJIeHHas! QYHKIMS ¥ 3HAKOIIOCTOSIHHAS (DYHKITHSL.

Oynkuus g(xq, ..., X,) Ha3BIBACTCS 3HAKOOIPENEICHHOW MOJOXHUTEIbHO, ecan g(x) > 0 npu
x # 0, ¥ 3HAKOOIpEIeNICHHON oTpHLaTeNbHO, ecin g(x) < 0 mpu x # 0. I[Ipu atom g(0) = 0.

Oynkiuus g(x) Ha3bpIBaeTCsl 3HAKONOCTOSHHOM, ONpeAereHHON MONoXUTeNnbHo, ecnu g(x) =0
npu x # 0, ¥ 3HAKOIIOCTOSIHHOM, OTIpeieIeHHON oTpHuLaTensHo, eciu g(x) < 0 npu x # 0.

[lyctes monens uccienyemoit HenuueitHon CAY mnpesacrtaBieHa B HopMaibHOM ¢opme Korm.
Torna popmynupoBka Teopem JIsnyHoBa crneayromas.

Teopema 1 (00 yYCTOWYMBOCTH TIIOJIO)KEHHsSI pPABHOBECHS): €CIM MOXHO  YyKasaTh

3HaKoomnpeaeneHnyo Gyakmuo V(xq, ..., X,) KOOpAWHAT CHCTEMBI TaKyl0, 4TO €€ IPOW3BOJHAS IIO
av .
BpeMeHH R = - B nuddepeHInaTbHBIX YPABHEHUSAX JBUKCHUSI TIPECTABISIET COO0N 3HAKOTIOCTOSIHHYIO

(byHKI_[I/IIO IMPOTHUBOIIOJIOXKHOTO C (byHKI_[I/ICI\/'I V 3HaKa, TO MOJIOKCHHUEC PABHOBCCHUA YCTOI>'I‘{I/IBO.
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Teopema 2 (00 acHMOTOTHYECKOM YCTOMUMBOCTH): €ciH, KpoMme Toro, ¢yHKuus R sBisercs
3HAKOONPEJEIICHHOM, TO MOJI0XKEHUE PAaBHOBECHSI SIBJISIETCS ACUMITOTUYECKH YCTOUUUBBIM.

OyHkuuu V, yIOBIETBOPSIONINE YCIOBUAM 1-0M WM 2-0M TEOpPEMbI, HA3BIBAIOTCSA (DYHKIIMSAMHU
JlanyHoBa.

OcHoBHOI TpoOJeMOil mpuMeHeHHs 2-0ro Meroaa JIsamyHoBa sIBISETCA TOUCK (PYHKUIUHU
JIsmyHOBa, T.€. pelIeHne Bompoca, Kakyro (GYHKIUIO V BBIOpPATh MPU UCCIICTOBAHIHA KOHKPETHON MOJIEH

HEJIUHENHON CUCTEMEIL.

13.8.4. Kputepmii adco.110THOii yeToiiunBocTH [lonosa B.M. 1 CAY ¢ ycTOlYMBOi#i JTHHEHOH
YacThbl0
CrpykTypHas cxema uccienyemoi HenuHeriHo CAY mpencraBieHa Ha puc. 13.47. Ilpu stom

IPEATONAraeTcs, 4ro X, = 0. AOCONIOTHON yCTONYMBOCTBIO HA3bIBAETCH YCTOMYHMBOCTH HEIMHEHHOM

CHUCTEMBI B ICJIOM, KOraa HEJIMHEHHAas XapaKTCPUCTHUKA IPUHAAJICKHUT K OIIPCACIICHHOMY KJIacCy.

W(p)

Puc. 13.47. CtpykrypHas cxema uccienyemonn CAY

[Ton kimaccoM HEMUHEMHBIX XapaKTEPUCTHK IOHUMAIOTCA XapaKTEPUCTHKH, PACHOJI0XKEHHBIE
MEXy IBYMsI IPSAMBIMU, KOTOPBIE IPOXOAAT Yepe3 Hayajlo KOOPIAUHAT B IEPBOM M TPEThEM KBaJpaHTax
KOOp/AMHAT KOOPAMHATHOM IJIOCKOCTH, MMEIOUIMX YIJOBble KOAIPOUIMEHTH K U Kpgy, a
JUHEapu30BaHHAs TakuM oOpa3som HemmueliHas CAY Oyaer ycroiumBoi (pumc. 13.48). Vrom,
o0pa30BaHHBIN ABYMS YKa3aHHBIMU NPSMBIMU Ha3bIBaeTcs [ ypBUILIEB yTOJI.

B 1946 r. M.A. Aiizepmad BBIIBHHYJI THIIOTE3y, KOTOpas 3aKIHYaeTcsi B TOM, YTO €CIIH
HEJMHEWHas XapaKTepUCTHKA JIEKUT BHYTpHU ['ypBHIlEBa yIila, TO MOJIOKEHUE PAaBHOBECHS HEJIIMHEHHOU
CUCTEMBI SIBIISIETCS YCTOMYMBBIM.

B pesynbrare mocienyromux HCCIEIOBAHUN CIPaBEAJIMBOCTh yKa3aHHOW TUIOTE3bl HE Oblia

MMOATBCPIKIACHA.
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f(x

Kmin'X

pd

0 X
arctgK,, arctgK,

Kmax”
Puc. 13.48. Onpenencuue ['ypBuiena yria.

Jlns uccnenoBanusi aOCOMIOTHOW YCTOMYMBOCTH HEJIMHENWHBIX CHCTEM MCIIOJIb3YETCSl YaCTOTHBIM
KpUTEpUN YCTOMYUBOCTH, KOTOPBIKA ObLT Mpe/iokeH 6oiarapckuM ydensiM B.M. Ilonoseim B 1959 r. On
JIaeT JOCTATOYHBIEC YCIOBUS aOCONMIOTHON yCTOMUMBOCTH HeMMHEHHBIX CAY.

[Mepenarounas ¢pynkuus aunerHoi yactu CAY (puc. 13.48) siBisieTcst yCTOHUUBOM.

W) =355 W(jw) = Re W(jw) + Im W (jw) = P(w) +jQ(w) (13.45)

XapakTepuctuueckoe ypaBHenue D(p) = 0 umeeT KOpPHH p;, Y KOTOPBIX OTPHIATEIHHYIO
NEUCTBUTENbHAS  YacTh; XapaKTEPUCTHKA HEJIMHEMHOTO »JJIEMEHTa SIBJISETCS OJIHO3HAYHOM M OHa
pacrojoXkeHa B CEKTOpE MEXJAYy OChbl0 abclMcC M KacaTelbHOM K CTaTHYECKOW XapaKTEepUCTHKE

HEJIWHEHHOI'0 dJIeMEHTa:

0 <k Te. I® e 10, K].

X

®opmynupoBka Teopembl [loroBa B.M.: myis Toro, 4ToOBl COCTOSIHUE PaBHOBECHS HEIMHEHHOM
CUCTEMBI ObUIO a0COIOTHO YCTONYMBBIM IPU YCTOMYMBOM TMHEHHON YacTH CUCTEMBI JOCTATOYHO, YTOOBI
1pH BceX @ = 0 BBIMOJIHAJIOCH CIEYIOIIEEe COOTHOIIEHHUE:!

Re[(1+ joq) - W(jw)] + > 0 (13.46)

rZie (- MPOU3BOJBHOE JEHCTBUTEIBHOE YUCIIO, YAOBIETBOPSIONIAs CICAYIOIIUM OTPaHUYEHUSIM:

1) ecnm cratuueckas xapakrepuctuka HDO f(x) craumoHapHas u OJHO3HayHasi, TO (-
IIPOU3BOJIBHOE ACHCTBUTEIBHOE YUCIO: —0 < q < 00,

2) ecnu xapaktepuctuka HD f(x) craumoHapHas ¥ HEOJHO3HAYHAs C MOJOKUTEIbHBIM
(maccuBHBIM) TUCTEPE3UCOM, TO —00 < g < 0;

3) ecam xapakrtepuctka HD f(x) cranmmoHapHas W HEOJHO3HAYHAs C OTPHUIIATEIHHBIM
(axTBHBIM) THCTEpE3UCOM, TO 0 < g < +oo;

4) ecim xapakrtepuctuka HD f(x) HecranmmoHapHas, 0JTHO3HAYHAS WJIM HEOJTHO3HAYHAs (Kpome
ciydaeB 2 u 3), o q = 0.
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Ha puc. 13.49 npuBeneHs! npuMepbl HEOJHO3HAYHBIX CTATUYECKUX XaPAKTEPUCTUK HETMHEHHBIX

AJIEMEHTOB C MMACCUBHBIM (2) M aKTUBHBIM (0) THCTEPE3UCOM.

pIO__ L.
L TN +B1- —
Sl 0 B e | I
=10 a C - 0=<— ¢ -
_¢_)_:’1""—B —’(T_ *----—B
a) 0)

Puc. 13.49. 3-x mo3unuoHHOE peJie ¢ TaCCUBHBIM () U ¢ aKTUBHBIM (0)

PaccmorpuM reoMmerpuyeckyro HHTEprpeTanuio kKpurepus IlonoBa. YuuThIBasg COOTHOLIEHUE

(13.45), Beipakenue (13.46) Oymer UMeTh BUI:

1 1
Re {(1 +jwq) - [P(w) + jO(w)] + E} = P(@) —q- @ Q@)+ >0 (13.47)
B paccmotpenne BBoauTCSI MOIM(UITMPOBAaHHAS XapaKTePUCTUKA JIMHEHOH yactu W™ (jw) :
W*(jw) = P (w) +j - Q" (w), npu4emM
P*(w) = P(w); Q' (w) =w:Qw)

Kownern Bextopa W*(jw) npu usmenernu 0 < @ < oo ONUCHIBACT KPUBYIO, KOTOPAsi Ha3bIBACTCS
MOU(UIIMPOBAHHBIM TOAOTPaOM JIMHEHHON YacTH.

C yderom 3toro, cooTHoteHue (13.47) B KpUTHYECKOM Cllydae IPUHUMACT BUJI:

* * 1
P*(w)—q-Q (w)+E=O (13.48)
D70 ypaBHEHHE MpsMOil B koopauHaTax P*, Q*, xoropas kacaercs xapaktepuctuku W*(jw).
1. .

ITpsmas (13.48) mpoxoAuT uepe3 TOUKY (_E; j+0) Ha BelECTBEHHOW OCH W IOJ YIJIOM HaKJIOHA,

oTpesieNiieMbIM BETMYMHOMN — . DTa npsAMas HaszbiBaeTcs npsmoil [lomnosa.

Q|-

Korna Bemonnsiercst ycnosue (13.47), moauduunpoBanusiii rogorpad iauHeliHoi yactu W*(jw)

JIEXKUT CIpaBa OT ITOU MPSAMOM.
Ortcroza crnenyer cieayromas reoMeTpuieckas TpakTOBKa KpUTEpUs: aOCOMIOTHON YyCTOWYMBOCTH

B.M. TlonoBa: s Toro, yToOb! nojoxeHus paBHoBecusit CAY ¢ ycToW4YMBON JMHEHHON 4acThIO OBLIO
. 1.
a0COJIIOTHO YCTOWYMBBIM, JOCTAaTOYHO Yepe3 TOUYKY (_E ;1°0) MOKHO OBUIO NPOBECTH MPIMYIO

[TonoBa Tak, 4T0OBI MOAM(PUIMPOBAHHBIA rogorpad JUHEHHOW YacTH pacroyiarajics crpaBa OT 3TOM

IIPSAIMOM.
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Puc. 13.50. Onpenenenue ycroitunBocTH 1o kpureputo Ilonosa

Ha puc.13.50,0 moka3aHbl ciaydau, KOTJia KPUTEpUd aOCOTIOTHON YCTOMYMBOCTH HE BBITIOJTHSACTCS,
a Ha puc.13.50B — xorya BemonHsercs. [lpu aTom Ha yrinoBoit ko3ddunment q nakiaona npsmoii [lomosa
HAKJIaIbIBAIOTCS CIEAYIONINE OTPAaHUYCHUS:

1) ecnmu cratmdeckas xapakrepuctuka HD f(x) cramuoHapHas ¥ OJHO3HAYHAs, TO YIJIOBOM
KO3 (QUIIUEHT (- TPOU3BOJIBHOE JIEHCTBUTEILHOE YUCIIO;

2) ecmu xapaktepuctuka HD f(x) craumoHapHas W HEOJHO3HAYHAs C TOJOKHUTEIBHBIM
(TaccuBHBIM) TUCTEpE3UCOM, TO Ipsmas [lonoBa qomkHa UMETh OTPUIIATENBHBIN HAKIIOH;

3) ecau xapakrtepuctka HD f(x) craumoHapHas W HEOJHO3HAYHAsS C OTPHUIATEIBHBIM
(aKTUBHBIM) THCTEpE3UCOM, TO mpsiMasi [lomoBa H0KHA UMETH MOTOKUTENbHBIN HAKIIOH,

0<qg<+w

4) ecnu xapaktepuctuka HD f(x) HecrammoHapHas, OJHO3HAYHAsI WK HEOJHO3HAuYHas (Kpome
ciyyaeM 2 u 3), To npsimas [lonoBa npoBoAUTCS BEPTUKAIBHO.

Henuneiinast xapakTepucTuka siBIsIeTCS HECTALlMOHAPHOM, €ClIi OHa SBJSETCS Takke U QyHKIuel
BpemeHnu t, T.e. f(x,t).

[Tpumep 4.1: crarnyeckas xapakrepuctuka HD Henmuneitnoit CAY (puc. 13.48) mpencrapnsier
co0oi 3-X MO3UIMOHHOE peje ¢ 30HOW HeuyBCTBUTeNbHOCTH pHc. 13.2 6, mpuuem B=10, a=2.
MouduipoBanHas xapakrepuctuka nuneitno vactu CAY W*(jw) wu3o00paxena na puc. 13.51a.

Onpenenuts ycroitunBocts CAY no kputeputo abcomoTHOH ycToitunoctH [Tonoaa.

Pemenne: K=10/2=5; Touka, depe3 KOTOpyi0 MJOJDKHA ObITh mpoBefeHa mnpsmas Ilomosa
1, .
orpeJesIgeTcst KoopauHaTaMu (— A 0) — ycnoBust kputepus ycroliunBocTH IlomoBa He BBHITOIHSIOTCS.

06 ycroitunBocti CAY HUYEro cka3aThb HENb3si— TPEOYIOTCS TOTIOJIHUTENIbHBIE YCIOBUS.

IIpumep 4.2: cratudeckas xapakrepuctuka HO Takas ke, kak B npumepe 4.1.

MonuduipoBannbiii rogorpad nuueliHoit vactu CAY W*(jw) uzobpaken Ha puc. 4.40. Onpenenutsb

ycroiunBocTh CAY 1o kputeputo abcomoTHol ycroitunoctu [lonoaa.
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1 .
Pemenue: npsamyro [lonoBa yepe3 TOUKy ¢ KOOpAMHATAMH (_E ;JO) mpoBecTH Henb3s. Y CIOBHUS

KpUTepus HE BBIMONHAIOTCA. [ cyxknenus o6 ycroiunBoctd CAY TpeOyrOTCS JONOTHUTEIBHBIC
UCCIIeIOBaHUSI.

ITpumep 4.3: cratuueckas xapakrepuctuka HD Takas ke, kak B npumepe 4.1.
MouduimpoBannsiii rogorpad nuHeiHoi yactu CAY W*(jw) uzobpaxen Ha puc. 4.48. Onpeneaursb
ycroitunBocth CAY 1o kputepuio abcomoTHON ycToiunBocTH [Tomona.

Pemenue: kak BugHO U3 puc. 13.50B, npsimyro [TormoBa MOXKHO TPOBECTH TaKMM 00pa3oM, YTOOBI
MoaubunupoBanueii romorpap W*(jw) nuHelHO# yacTH HaXOmWICS crpaBa OoT mpsiMoil. Cuctema

SIBJISIETCSI YCTOMYUBOIA.

13.8.5. Kpurtepuii a0conroTHoi veronuuBocTy [HonoBa aisg CAY ¢ HeYCTOHYNBOI M HEHTPAJILHO-
YCTOMYHNBOM JHHEHHOH YaCTbIO.
CrpykrypHast cxema uccienyemoi HenuHeiiHo CAY umeer BHJ, NPEACTABIECHHBIM Ha puC.

13.51. TIlpm oToM mpexamonaraercsi, 4YTO JIMHEHHAs YacThb SABISETCS HEYCTOWYHMBOH, T.C.

XaAPAKTCPUCTHYCCKOC YPABHCHUEC NMECT IIPABLIC KOPHH.

Puc. 13.51. JIuneitnast yacTh, OXBaueHHas kKECTKON 0OpaTHOM CBS3bIO

OxBaTUM JIMHEWHYIO YacTh KECTKOW 00paTHOM CBA3bI0 ¢ Ko duuuentom nepenauu r. [lomyunm
SKBUBAJICHTHYIO CXEMy, MpencTaBieHHyo Ha puc. 13.51. Cxewmsl, m3o0paxennsie Ha puc. 13.48 u puc.
13.51 gBAAIOTCS SKBUBAJIEHTHBIMU C TOYKH 3pPEHUS BXOJHBIX M BBIXOAHBIX CHUTHAIOB. MHMHHMAallbHOE
3Ha4yeHue Ko3(huImeHTa yCuIeHus MpornopLUUuOHANIBHOTO 3BeHa I BBIOUPAeTCs U3 YCIOBUS YCTOMYUBOCTH
nuHerHoN yacTu. Touky chema curHana 1 MOXHO TepEeHECTH U MOCTaBUTh niepea HD, B pe3ynbrare dero
MOJTyYHM MPeoOpa3oBaHHYIO CXeMy, H300pakeHHYI0 Ha puc. 13.52. Dta cxema sBIsSeTCS SKBUBAICHTHOM

cxeme puc.13.47.
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W(p)

Puc. 13.52. [IpeobpazoBannas cxema HenuHelHo CAY

Kak BuaHO, Ha HTOroBoii cxeme puc. 13.52 umeem, uto npeobpazoBanHas auHelHas yactb W (p):

W(p)

W = e

00 Y] W, (p) 2

Puc. 13.53. Urtorosas cxema HenuHenoit CAY
[TpeoOpaszoBanHas xapakrepuctuka HD onpeaensiercs COOTHOIICHHEM:
Vo) =f(x)—r-x wm
f(x)
X

Yno _ fO) r
X X

B mocnegnem BbIpakeHUH = K omnpenenser yrojl HakjJOHa KacaTebHOM K HMCXOJIHOU

cTaThyeckoil xapakrepuctuke HO.

C y4erom 3TOro HepaBeHCTBO

paBHOCI/IHLHO HepaBeHCTBy:
0< 20 gy

Tak kak mpeoOpa3zoBaHHasl JIMHEHHas 4YacTh ycToiumBa, TO Mo teopeme IlomoBa mosoxeHue
paBHOBecHs] TPeoOpa3oBaHHON cHUCTEeMbl abCOMOTHO ycroiunBo B yrie [0, K-r], ecnu BbimomHseTcs

HEpPaBEHCTBO:
Re[(1+) - q- 0)W,(jw)] +—>0 (13.49)
Ha ocuHoBanuu Boipaxenus (13.49) MoxHO cdopMynupoBaTh KpUTEpH aOCOIIOTHOM
YCTOWYUBOCTH, KOT' /1A IMHEHHAs YaCTh SBJIETCS HEYCTOMUYUBOM.
Kputepuit IlomoBa: s Toro, 4ytoObl MOJIOXKEHHE pPAaBHOBECHS HEIMHEMHONM CHCTEMBI C
HEYCTOMYMBOW JTUHEWHOHN 9acThIO OBIO a0COJIFOTHO YCTOMUYMBO B cekTope [I, K], mocTatouno, 4To0bI BCe

moJiroca  mpeoOpa3oBaHHON JIMHEHHON XapakTepuctuku Wy (P) MMeNnu OTpuUIlaTeNIbHbIE BEIICCTBEHHBIE
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YacTH | MpH BceX @ = 0 BoimoaHsuioch cootHomienue (13.49). Tlpu 3ToM ( yIOBICTBOPSET YCIOBUSAM
TeopeMsl [lomosa.

s reoMeTpudeckoi naTepnperanuu kpurepus [lonoBa KOMIUIEKCHBIH K03()(PULIMEHT yCHIIeHUs
peoOpa3oBaHHON TMHEHHON YacTH MPEICTABUM KaK:

W,(jw) = Fy(w) +j - Qu(w),
a MOAM(UIUPOBAHHBIM KOMIUIEKCHBIH KOA(h(GUIIMEHT YCUIICHUS TPeo0pa30BaHHOM JIMHEHHOM YacTH:
Wi (jw) = P*(w) +j- Q" (w),

npu4yemM

P*, (@) = F(w); Q" (w) =w-Q,(w)

VuaursiBast cootHomenune st W, (jw), us Beipaxkenus (13.49) nomyunm:
1
K—r

Ha ochHoBe »TOro BBIPpAXKCHUA MOXHO [JaTh CICAYOIIYIO TCOMETPHUYCCKYHO HHTCPIIPCTALUIO

P'y(@) —q-Q" (w) >~

KpUTCpus ITonoBa: nus TOro, YTOOBI IOJIOJKEHHUE PaBHOBCCHUA HEJIMHEHHON CUCTEMBI C HGYCTOﬁqHBOﬁ

. . 1.
JUHEHHONW YacThio ObUIO a0CONMIOTHO YCTOWYHMBBIM, JOCTaTOYHO, YTOOBI yepe3 TOouky (———;j-0)

K-1’
MOKHO ObUIO TpoBecTH mpsmyro I[lomoBa Tak, 4TOOB MOIM(UIKMPOBAHHAS AMIUIMTYAHO-(a30Bas
JaCTOTHAS XapaKTepPUCTHKa MpeoOpa3oBaHHON juHEHHONW uwact W, (jw) MONHOCTBIO pacmosaraiach
cripaBa OT 3TOM MPsIMOH, a xapaktepructrka HD nexana B cekrope [r, K].
Ha xoadduruent , onpenensioninii yroia HakJIoHa 3TON IPSIMON K OCH a0CIIUCC, HAKIIabIBAIOTCS
PacCMOTPEHHBIE BBIIIE OTPAHUYCHHUS ISl CiTydas YCTOMYMBOW JIMNHEHHON YacTH.

[Tpumep 4.4. Kakum ycinoBHsIM JOJKHA YIOBJIETBOPATH Xapakrepuctuka HD B HenmuHelHOM

cucteme (puc. 13.47), uToOb1 0Ha ObLIIa a0COIIOTHO YCTOMUMBOM MPY JTMHEWHOMN YacTH .
10
(lip+ D(Tp—1)

Pemenue: npeobpa3zoBanHas nepeaaToyHast QyHKIUSA TUHEHHON YacTu coraacHo puc. 13.52 Oynet

W(p) =

HUMCTBb BU:

10
(TyTyp% + (T, — T)p— 1+ 10r)

Wi (p) =

YroOrl mpeoOpa3oBaHHas JIMHEHHas 4acTh ObljIa yCTOHUMBOI 10 KpuTeputo I ypBuila Heo0X0AUMO
1 0CTAaTOYHO BBHITIOJTHEHHUE YCIIOBUH:
T,-T, >0, T,—T; >0, =1+ 10r > 0;
N3 mocnennero ycnmoBusi monydaeMm: I > 0,1. OTkyna crieayer: JJis BBITIOJHEHHs] aOCOTIOTHON
YCTOWYMBOCTH HEJIMHEWHAs XapaKTepUCTHKa JT0JKHA HaxonuThes B yrie [0,1;10].

Ecnu xapakTepucTHKa JIMHEMHON YaCTH HEJTMHEWHOW CUCTEMBI SIBIISIETCS HEUTPAIBHOM, TO:
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VYpaeaenne D;(p) = 0 mMeeT Bce KOPHU, PACIIONOKCHHBIC Ha KOMITJICKCHOM TUIOCKOCTH P CJIeBa
OT MHUMOU OCH.

B sTom ciyuae, 4TOOBI CIBUHYTH HYJIEBOM KOPEHB BIEBO, I MOXKET OBITH JTFOOOW CTETICHH MaJOCTH
(kpome r =0). YcimoBue BBINOJTHEHUS KpUTEpUs aOCONIOTHON YCTOWYMBOCTH: Xapakrepuctuka HO

JIOJKHA YIOBJIETBOPSThH YCIOBHIO:
f(x
™ e (0;K].
X
®dopMynupoBKa KpUTepUs aOCONMIOTHON YCTOWYMBOCTH ISl Clydas HEUTPaTbHOW JTMHEHHOMN

qacCTu: JIs a0COJIFOTHOM YCTOﬁQHBOCTH ITOJIOKCHUA PaBHOBCCHA JO0CTAaTO4YHO, YTOOBI

MOUGUIIMPOBAHHAS aMILTUTYIHO-(ha30Basi XxapakTepucTuka auHerHor yactn W (jw) sexana cripasa oT
. o 1, .
npsmoii [lonoBa, mpoBeneHHON yepe3 TOuKy (— - J0) , a xapakrepuctuka HO nexana 6s1 B cextope (0,

K], rae HikHsIs TpaHuUIla HE MOXKET COBIIJIATh C OChIO abciucce (X).
Ha yronm Hakiona mnpsmod IlomoBa HakIanbIBalOTCS OTPAaHUYCHUS, PACCMOTPEHHBIC JIJIS

YCTOWYMBOW JTMHEHHOMN YacTu.

13.8.6. HekoTopbie 00001IeHUsSI KPpUTEPUS aA0COaI0THOM veroiunBocTu [onosa

13.8.6.1. ITapaGonuueckuii kpurepuii [lonoaa.

[Tapabonuueckuii kputepuit [lonoBa 0ObeIMHSICT BCe TPH PACCMOTPEHHBIX CIy4Yasi YCTOWYUBOCTH
JAuHEeWHON uvactu. Ilpm 93TOM B OITOM KPUTEPUH UCIOJIB3YEeTCS OJHA XapaKkTepUCTHKA —
MoaubHIUpOBaHHbIA roporpad nuHeiHoN yactn W™ (jw). B To xe Bpems Bmecto mpsimoii [Tonosa
BO3HHMKAET HEOOXOJMMOCTh IOCTPOCHHUS Oojiee CIOKHOW KpUBOW — Mapadolbl, XapaKTepu3yeMoun

napamerpami (g, 1, K). XapakrepucTrka HEIMHEHHOTO 3JIEMEHTA yIOBJIETBOPSIET YCIOBUIO:

f()
r<——<K
X
@opMyJIUpOBKAa KpUTEpHUs: AJS TOro, 4TOOBl MOJOXEHHE pPABHOBECHsI OBLIO aOCOJIFOTHO
. . 1, 1.
YCTOMYMBO JOCTATOYHO, YTOOBI Ha KOMIUIEKCHOM IJIOCKOCTH 4epe3 TOYKH - 0) mu (_E; j-0)

MOXHO OBLJIO TPOBECTH TMapaboily Tak, 4dYTOObl MOAMGPHUIMPOBAHHAS  AMIUIMTYAHO-(ha3oBast

XapakTepucTuka JjuHeiHoi vacth W*(jw). Haxoammachk crpaBa OT MHpaBOil KacaTeIbHOW K 3TOM
. 1.
napabosie, IpoBeIeHHON uepe3 TOuKy (— rak 0).
['paduueckas wutocTpanus napadoIMuecKkoro Kputepus npuseaeHa Ha puc. 13.53. KacarenbHble

1 1 1 1
K Hapa60ne B TOYKax - ; u- E HUMCIOT, COOTBETCTBCHHO, HAKJIOHBI -E n +E " ICPCCCKAOTCA B TOYKE a.

Benuuuna r onpenensercs U3 yciIoBUs yCTOMUMBOCTU JJMHEWHOM YaCTH.
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+j-0 ()

0 +P (o)

Puc. 13.53. Ummroctparus napadoandecKoro KpuTepusi.
13.8.6.2. Kpurepuit Yo-Hapennpsr.

Kpurepuii Ho-Hapenapel ucnoab3yer TOKe IMOCTpoeHue, yTto M kpurepuid B.M. Ilomosa, HO
OTHOCHUTEJIBHO OOBIYHOW  aMIUTUTYJHO-()a30BOM  yacTOoTHOW  Xapakrtepuctuku W (jw), a He
MOIU(PHUIIMPOBAHHOKH. DTO, C OJHOW CTOPOHBI, YIPOIIACT TPEOOBAHMS, MPEABIBISIEMbIE K JIMHCHHOM
YacTH CHCTEMBI, HO C JPYroil CTOpOHBI, Xapakrepuctuka HD nomkHa ObITh MOHOTOHHO-BO3pAacTarollei
¢byHKLKEH U, KpOME 3TOr0, B HEKOTOPOM CEKTOpE J0JKHA HAXOAUTHCS HE TOJIBKO Xapakrepuctuka HO,
HO U ee mpousBojHas. IlocnenHue ycioBus O3HAYAIOT MpenbsBICHHE OoJiee JKECTKUX TpeOOoBaHUM K
xapakrepuctuke HO.

®opmynupoBka kputepus Yo-Hapennpsl: i TOro, 4toObl IOJOKEHHUE DPABHOBECHS OBLIO
. 1.
abCOIIOTHO YCTOWYMBBIM, JIOCTaTOYHO, YTOOBI uY€pe3 TOUKY C KOOpPAMHATAMU (_E; j+0). MoxHO

npoBecTy npsmMyto [lonosa mpu NpoM3BOIBLHOM YIUIE HAKJIOHA TaK, YTO aMIUIMTYAHO-(a30Bast 4acTOTHAas
XapakTepucTHKa JTuHeitHol yactu W (jw) nexana crnpaBa oT 3Toil npsmoii. [Ipu 3ToM JnHeHas JacTh
CHCTeMbI JIOJDKHA OBITh YCTOuUMBOM; xapaktepuctuka HD f(X) — cranmonapHas, oxHO3Ha4HAs
MOHOTOHHAs U BBIIIOJIHAETCS COOTHOLICHUE:!
0 < f(x;) — f(x1) <K
X27X

JUIs1 JTIOOBIX 3HAUCHHH X, X > X;.

Xapaktepuctuka HD sBIsieTcs CEKTOPHOM, PACIOJIOKEHHON MEXAY OChIO aOCITUCC W TPSMOH,

o o f(x
ABJIAIOILEHCS KacaTesbHOM K Xapakrepuctuke HO: 0 < % <K.
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13.8.6.3. Kpurepuii ['enura.
DTOT KPUTEPHIl MO3BOJIIET HCCICNOBATh YCTOMYMBOCTH HE OJHOTO KOHKPETHOTO MOJIOKCHHS

paBHOBECHs, a OTpe3Ka paBHOBECHS, OIPEAETIIEMOro 30HON HEUyBCTBUTEIBHOCTH. B kpurepuu
paccMaTpUBAIOTCA CEKTOpPA, B KOTOPBIX HAXOMATCS BETBU HEIMHEHHOM XapakTepucTuku. IIpsimele,
OTpaHUYMBAIOIINE CEKTOp, MPOBEACHBI HE Yepe3 Hayalo KOOpAMHAT, a 4Yepe3 KpalHHe TOYKUA 30HbI
HeuyBCTBUTEIBHOCTH (puc. 13.54). Kpurtepuii naet cyxaeHue 00 yCTOMUYUBOCTHU MOJIOKESHHSI PABHOBECHS
IIPU OTPAaHUYECHHBIX HAYaJbHBIX YCIOBHSX, T.€. OH OMpENEsieT YCTOMYMBOCTh «B Oosbiiom». [Ipu sTom
npsmas [lormoBa nomkHAa MMETh HEOTpUIATEIbHbIA HakJIOH. K paccMmarpuBaeMoi xapakrtepuctuke HO
MIPEIBSABISIOTCS TPEOOBAHMS OJHO3HAYHOCTH U CTAIIMOHAPHOCTH.

®opmynupoBka kpurepus I'enmura A.X.: nycTb Bce KOPHU 3HAMEHATEINsl JIMHEHHOW YacTH Jiexar

B(p)
p-D1(p)’

XapaKTCPpUCTHKA HO YAOBJICTBOPACT YCJIOBHAM OJAHO3HAYHOCTHU U HAJIMYHUA 30HBI HCUYBCTBUTCIIBHOCTU

cleBa, 3a MCKIIIOYCHHEM OJHOro, paBHOro Hymwo, t.e. W(p) = npudeM lim,_, pW (p) > 0;

f(x)=0 mpu a; < x < a, ; a BHE 3TOr0 OTPE3Ka JIGKHUT BHYTPH CEKTOPOB, 3AIITPUXOBAHHBIX PHLC.
13.55, 1.e.
0<f(x) <K-(x—x3), X > X,
K-(x—x;) <f(x) <0, X < X
[Ipruem xapaktepuctuka HD ynoBieTBopsier YCIOBUIO HemioTHoro mnpuieranus f(X)

OrpaHM4uBarOIInX CCKTOP MOJIYIIPAMBIM, T.C.

JyIRx—fG)ldx =0 w [0 [f() — Kx]dx = oo,
f(X)
K (x—ay)
ai 0 X
a
K (x—ay)

Puc. 13.54. Unmoctpanus ycnosuit uis HD B kpurepuu ['enura

1 .
Torna, €CJIN YCpEC3 TOYUKY (_E;] : O) MOKHO IMPOBECTHU TIPSAMYIO C HCOTPHULATCIBHBIM HAKJIOHOM

Tak, 4TOOBbl aMIUIMTYAHO-(a30Basi YaCTOTHAsl XapaKTEpUCTUKAa MOAU(DUIMPOBAHHON JIMHEHHOM YacTH

W*(jw) Haxommmach crpaBa OT 3TON MPSMOW, TO IMPHU JIFOOBIX OrPAaHUYCHHBIX HAYAIBHBIX YCIOBHSX
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nponeccel B CUCTCMBIL 6y,Z[YT 3aKaHYMBATBCA B MOpCACiiax OTpE3Ka, COOTBCTCTBYHOUICTO 30HC
HCYYBCTBUTCIILHOCTH.

13.8.6.4. Kpurepuii Llpimkuna
Kpurepuii L{pinknHa — yCTOWYUBOCTD «B LIEJIOM» OTPE3Ka PAaBHOBECHUS Ul CUCTEM C PEICHHBIMU

(pa3pbIBHBIMU ) XapaKTEPUCTUKAMHU.
Kputepuii Lpinkuna 1.3. pemraet 3a1aqy yCTORYMBOCTH HEJTMHEUHBIX CUCTEM, KOTJIa HEJIMHEHAS
XapaKTepUCTHKA SBJSETCS IMOO OHO3HAYHOMU, 100 HEOAHO3HAYHOM, HO 0053aTeNbHO pelieiiHas ¢ 30HOU

HEUYBCTBUTEIBHOCTH. [Ipu 3TOM JIMHEHHAs 4acTh SBJISAETCS HEUTPATIbHO-YCTOMYHBOM:

B(p)
p-Di(p)

®opmynnpoBka Kputepus LIpIIKWHA: €cliM NpH YKa3aHHBIX YCIOBUAX HA JIMHEMHYIO 4acTb U

W(p) =

o 1.
xapakTepucTuky HD MOXHO NMpoBECTH Ha KOMILIEKCHOM IJIOCKOCTH 4Ye€pe3 TOUKY (—;; j - 0) mpsimyro

[ToroBa Tak, 4T0OBI MOIU(HUIMPOBAHHAS AMIUIUTYIHO-(A30Basi YaCTOTHAS XAPAKTEPUCTHUKA JIMHEHHOMN
yactu W*(jw) Haxoauiack crpaBa OT TOH MPSIMOM, TO TOYKH, COOTBETCTBYIOIINE OTPE3KY PaBHOBECHS,
OyAyT YCTOWYMBBI IPU JIOOBIX HAYaJdbHBIX YCIOBHSX. IIpn 3TOM Ha yriioBod KOA(pQHUIMEHT HpsMOi
HAaKJIQJ(bIBAIOTCS T€ K€ OIPAHMYECHHUs, YTO M B Kpurepuu llomoBa mis ciaydas yCTOMYMBOW JIMHEWHOH

qacCTu.

13.8.7. Bonpocs! 4 3a1a4u
4.1. Onpenenute ycroitunBocTh HenuHeltHOW CAY, npencraBieHHol Ha puc.13.48 no kpurepuro

abcomoTHON ycroitunBocTH. CraTnueckas xapakrtepuctuka HD mzobOpaxkena Ha puc.13.40 (a=2; B=1),

JIMHEWHas nepcaarodHas Q)YHKHI/ISI HUMCCT BUA:

_ B _ 10 .
a) W(p) - D(p) - (1+p)-(1+0,5'p)’
B 50
6) W) ==

D(p)  (1+4-p)-(1+2-p)-(1+0,p)’
4

_ B _
B) wp) = D)  (52-p2+5p+1)-(1,252p2+0,0125p+1)

4.2. Onpenenute KpuTHYECcKoe (MIpeiesIbHOE) 3HaUeHUe Ko UIMEHTa YCUIICHHS, TPU KOTOPOM

HenuHelHble CAY 3anaun 4.1 sBnsitoTCA aOCOTIOTHO YCTONYMBBIMHU.
4.3. Onpenenure, B KaKkOM YIJie JOJDKHA Jie)KaTh CTaTUYeCKas XapaKTepUCTHKA HEJIMHEHHOTro

anementa CAY, mnpexacraBieHHod Ha puc.13.48, uroObl  oHa Obl1a aOCOMIOTHO YCTOWYMBOM.

B(p) _ b
D(p) agp?+arpta,

[Mepenarounast GpyHKIus TuHERHON yactu W (p) = (bg, ag,ay,a, >0).

4.4. B wemuueninoir CAY (puc.13.48) W (p) =%=£. Omnpenenute SBISETCS JIK

paccMmaTrpuBacMad CUCTEMaA a0COJIFOTHO YCTOﬁQHBOﬁ, €CJIN CTAaTUYCCKAasA XapaKTCpUCTUKA HEJIMHEHHOIO

anemenTa Jiexwurt B yrie [0,5; 300].
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