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I'1aBa 1. Cnnoco0bI MAaTEeMATHYCCKOI0 ONMMCAHUSA CHCTEM
ABTOMATHY€CKOT0 YIIPABJIEHHSI

1. MaTeMaTH4YeCcKOe OIMCAHUE

PaccMoTpyM  JMHEWHYIO  CHUCTEMY  aBTOMATHYECKOTO  PEryJIUpOBaHMS.
3aBUCUMOCTh  BbIXOJ@a OT  BXOJa MOXET ObIThb  ONMcaHa  JIMHEHHBIM
b depeHnranbHbIM YpaBHEHUEM

dny dn—ly d‘m, 1

+c oy =Db ZZ4p Z 4. = byx (1.1)

C — _ —
n g¢n n-1 dt”‘1 mggm T Um=1gem-1

A€ Cj bj - IOCTOSIHHBIE KOA(PDUIIMEHTHI; X, ) - BXOJIHASI U BBIXOIHASI BEJIMYUHBI.
[Topsimox cuctemsl onpeensercs mopsiakoM mpasoit yacTu (1.1) u paBed m. OObBIYHO
m< n.

[Tonoxxum, 4TO HaYabHBIC YCJIOBHUS HYJIEBbIE U NMPUMEHUM K OOCUM YacTsIM
(1.1) npeoGpazoBanue Jlamnaca. B urore moixyuum onepaTopHoe YpaBHEHHUE BUJIA

(c,p" +c,p"cy) y(p)=(b,p" +b, p" ".by) x(p) (1.2)

rae y(p), x(p) — uU300paxeHUs COOTBETCTBEHHO BBIXOAHOM U BXOJHOM
BeJMYUHbBL. YpapHeHue (1.2) nuHeitHoe anredpandeckoe OTHOCUTEIIBHO TTePEMEHHOM
Jlanmaca p. Pemum ero oTHOCUTENBHO Y(p)

y(p) =" x(p)=K,(p)x(p)
Z c,p’
i=0 (1.3)
Onepatop
(p) = y(p) _b,p" +b, p""+ .. +b,

x(p) c,p'"+c, _p" + .. +c, (1.4)

Ha3bIBaeTCsA  MepenaTroyHodl  GyHKIMEW  JUHAMHYECKOTO  DJIEMEHTA.
Ilepenatounas (pyHknus K,.(p) IO ONpENENEHUIO PaBHA OTHOIIECHHIO M300paskeHMs
peakiuu y(p) dJIeMeHTa K U300paKeHUIO BXOJHOTO BO3JACHCTBUS X(p) MPU HYJIEBBIX
HAYaJIbHBIX YCIIOBHSIX.

Takum o00pa3om, 3Hasg mepefaTOYHyr (GYHKIMIO JJIEMEHTa, MOXKHO HaWTH
BBIXOJHYIO BEJIMYHMHY TIPH 3aJaHHOW BXOJHOU

y(p)= K, (p)x(p) (1.5)

N3 cBoiicTB npeoOpazoBanus Jlamnaca u3BecTHO, YTO npeodpazoBanue Jlamnaca
OT CBEpPTKM PpPaBHO MPOU3BEIACHUIO H300paKEHMM  HUCXOIHBIX  (DYHKIIMM.
CootBeTcTBEHHO  OOpaTHoe mpeoOpa3oBanue Jlammaca OT  MpoU3BENEHUS
n300pakeHuil paBHo cBepTke. Ecnu B3aTh oOpaTHoe mpeoOpaszoBanue Jlammaca ot
npaBoi yactu (1.5), TO moOJydYuM CBEpTKY BXOJHOIO CHUTHAJla W OOpaTHOro
npeoOpa3oBaHus OT MEepeJaTOUHON (YHKIIHH.



y(t)=L"{K (p)x(p)} =[glt-t)x(r)dr (1.6)

C npyroit crtoponbl mpaBas 4acTh (1.6) 310 uHTerpan J[roamens. Takum
oOpa3zoMm, oOpatHoe mpeoOpazoBanue Jlammaca OT mHeperaToyHOd (PYHKUUU H3TO
HUMITYJIbCHAsI XapaKTEPUCTUKA CUCTEMBI.

g(t)=L"{K, (p)} (1.7)

U coorBeTcTBeHHO npeoOpa3oBaHue Jlamiaca oT UMIYJIbCHONW XapaKTEPUCTUKH
- K0O3(pPUIMEHT TIepeiadyu CUCTEMBI

K, (p)=L{g()} (1.8)

1.2. llpuMepbl pelieHMs] THIMOBBLIX 33a4 HA MaTeMaTH4YecKoe
ONMCAHUE IMHAMHMYECKHX 3BEHbEB

1.2.1. Onpeaeauts nepegaTouyHyr0 pyHKIHIO 3J1€MEHTA, IMHAMHUKA
KOTOPOIo onuchiBaercs AupdepeHnaNIbHbIM YPABHEHHEM

dw
' —+ o = ku
dt
i€ U - BXOAHAs BEIMYMHA; (@ - BEIXOAHAS BennunHa; T, k = const.
Pewenue.
ﬁi'_p
[IpousBeneM 3aMeny 9¢ W IOIyYHM o(Ip+1)=hu
W3 onpenencHuss mepeAaTodyHoi (GYHKIHMH  OJJEMEHTa  CJIEIyeT, YTO
W
Kp) = —
u .
k
OxonyaresapHo uMeeM K (p) =
Tp+1

1.2.2. Onpeaeaurts nepegaTouyHyr0 PyHKIHMIO 3J1€MEHTA, JMHAMUKA
KOTOPOIo onuchiBaercs AupdepeHnaNIbHbIM YPABHEHHEM

d?u du di .
LC:E;;'+'TC7§?'+‘U —-llg;-F11
r7ie I - BXOJHas BeJIMUMHA; U - BbIXOAHAs BenuuuHa; L,C, r = const.
ﬁi'_p
[Ipoussenem 3ameny dt u nonyuuM (LCp+rCp+1)u=(Lp+r)i .

[lepenarouynas ¢pyHKLIMS d€MEHTa 1o onpeaesnenuto K(p)=u/i.
CoOTBETCTBEHHO MOIYYHM

K(p) =

Lp+1
LCp2+rCp+1



1.2.3. Hanucars q1u¢ppepeHunaibHOe ypaBHEHHE JIEMEHTA, €CJIM 321aHa
ero nepeaaroyHas GQyHKuMs

K(p) =

kp
p(1+Tp)

Pewenue.

K(p)-=

ITomHs1, uTO

p(1+1p) y(p)= kp x(p)

y(p)

* ( p) IMOJIy4YUM:

d
3aMEHHUM p Ha ~; 1 TOJTyduM muddepeHnaIbHOE ypaBHEHUE

(1472)y(0) = kx(®)

WU
d?y dy dx
T2+ ==
dt? dt dt

1.3. 3agaun

1.3.1. 3amaua

3agaH onepaTop JMHEHHON CTAllMOHAPHOW CUCTEMBI Y(1) = A[x(t)]

Tpebyerca onpenenuTs nepenaroyHyro (QyHKOUIO CHCTeMBl K (p) 1O
nuddepeHIanTbHOMY YPaBHEHUIO CHCTEMBI.
BapuanTsl 3aganuii npuBeneHs! B Tabauie 1.
1.3.2. 3agaua
3agana nepenaTouHas QyHKIUsS JIMHEWHON cUCcTEMBI K (D).
TpeOyercs onpenenuts quddepeHnnanrbHOe YpaBHEHHE CUCTEMBI.
BapuanTsl 3aanuii npuBeneHs! B Tabnume 1.2.
Tabmuma 1.1
Homep y(t) = A[x(1)]
BapuaHTa
1 8y"'(t) + 2y"(t) + 2y'(t) = X/(t) + 10x(t)
2 y"(t) + 2y'(t) + 4y(t) = 3x"(t) + 10x'(t)
3 2y"(t) + 8y"(t) = 16X"(t) + 4x'(t) + 4x(t)
4 y"'(t) + 0,5y(t) = 2x/(t) + 5x(t)
5 0,5y"(t) + y'(t) + 2y(t) = x"'(t) + 5x"(t)
6 10y""(t) + 2y"(t) + 2,5y'(t) = 10x/(t) + 25x(t)
7 0,1y"(t) + 0,2y'(t) + 0,1y(t) = 0,5x"(t) + x'(t)
8 y"'(t) + Sy"(t) = 2x"(t) + x'(t) + 2x(t)
9 2y"'(t) + 0,5y'(t) = x'(t) + 8x(t)
10 0,2y"(t) + 0,1y'(t) + 0,2y(t) = 3x""(t) + 2x"(t)




11 0,05y"(t) + 0,5y"(t) + 5y'(t) = 40x'(t) + 20x(t)
12 0,75y"(t) + 1,5y'(t) + 3y(t) = 30x"(t) + 15x(t)
13 0,4y"(t) + 2y"(t) = 10x'(t) + 5x(t)
14 2y"(t) + y'(t) + 0,5y(t) = 1,5x"(t) + 3x"(t)
15 3y"(t) + 10y"(t) = 1,6x"(t) + 2x(t) + 10x(t)
16 4y""(t) + 6y"(t) + 2y'(t) = 4x/(t) + 8x(t)
17 8y" (1) + 2y(t) = 10x"(t) + 20x()
18 () + 4y'() = 16x"(t) + 24x/(t) + 8x(t)
19 0,5y"(t) = 2x"(t) + 5x(t) + 2x(t)
20 3y"(6) + 7,5v'(t) + 3y(t) = 15x"(1)
21 (1) + 5y"(t) = 4x/(t) + 10x(t)
22 2,5y"(t) + 0,5y"(t) + 0, 1y(t) = 4x(t) + 2x(t)
23 0,1y"(t) + 0,5y(t) + 2,5y(t) = 5x"(t) + 10x/(t)
24 2y"(1) +y'(t) +0,5y(t) = 3x"'(t) + 5x"(t)
25 0,6y""(t) + 3y"(t) = 15x"(t) + 7,5x'(t) + 15x(t)
26 (1) + 3y"(t) + 2y'(t) = 10x/(t) + 5x(t)
27 5y7(0) + 0,2y(t) = 4x(t) + 2x(1)
28 5y"(t) + Sy'(t) = 10x"(t) + 25x/(t) + 10x(t)
29 4y'"() = 4x"(t) + 6x(t) + 2x(t)
30 1,5y"(t) + 2y/(t) + 0,5y(t) = 3x"'(t)
Tabmuma 1.2
Homep K Homep
p+ p?+p
= 1 g TFET Y
! Ky (p) 8p3+2p2+p 6 Ky (P) 12p2% + 4p
p + 10 p*+p+10
= 1 g TFET Y
: Ko ) = g5 T 2p 11 ’ Ko ) =55 1 3p
2p° +3p® +p _ 2p(»*+p)
B A S (T TS VIl Ko@) =7yt 12
p(»® + 3p?) _p(@®-2)
4 Key(p) = T i 19 Key(p) = AT A5
54p+1) _ pUp+1)
’ o) = e ip+2 20 Ko = 1pi 242
100(0.5p + 1) ~100(05p + 1)
¢ @) ==+ 2) ! P ==+ 2)
100(0.5p + 1) 10(2p = 7)
7 R ) i W) piGp=2)
10 10p
K = 23 Kyy(p) =
i A D ES SALNTCES )
10 —8p
9 AT ES)G i A T
10p+1 10p% + 4
10 ny(P) = _(p + 2)2 25 ny(P) = W
7p p+1
! A ) 2 A E)
7p(p +1) _7p(p+1)
12 K.y (p) = 7 27 K.y (p) = i




13 =t 28 K " pP2p+2)
xy(P) pZ(O.SP -7 xy(p) PZ(ZP + 2)
7(p + 1) 3(p +p?)
14 Key(p) = 29 -
xy(p) p(O.Sp —7)—4 ny(p) p(Zp +1) - 5p
10 10p
= K =
15 Ky () oo — 7) — 4p? 30 o (P) p(p? —p) + 4p3




I'nasa 2. IIpeoOpa3oBaHusi CTPYKTYPHBIX CXeM CHCTEM
aBTOMATHYECKOI0 YIIPABJIeHUS

2.1. CTpyKTYypHBIE CXEMbI

B pannoaBTOMaTHKE MHMPOKO MCTIOJIB3YETCS NOHIATHE cmpykmypHas cxema. Ilox
CTPYKTYPHOH  CXeMOW TMOHHMMAIOT  YCIOBHOE TIpaduueckoe HU300pakeHue
MaTeMaTU4eCKOM MOJENM aBTOMATUYECKOW CHCTEMBl YIpPaBICHHS B BUIE
COEIMHEHUS 3BCHbBEB.

3BEHO Ha CTPYKTYpPHOH cxeMe m300pakaeTcsl B BUAE NMPSAMOYTOJIbHUKA, BHYTPH
KOTOPOTO MUIIYT MEePeAaTOUHYI0 (YHKLHUIO HIIA €€ CUMBOI.

Kaxnoe 3B€HO MMEET OAHY BXOAHYIO M OJHY BBIXOJHYIO BEIMYHMHBI, KOTOPBIE
M300paKal0TCsl CTPEIKaMH C COOTBETCTBYIOIIECH HAIMHUCHIO OKOJIO HEe.

| ke 2@

A

Ecnm BbIXOmHas BeNWYMHA KaKOTO-TO 3BEHA BO3JCHCTBYET Ha HECKOJBKO
3BE€HBEB, TO ATOT CHUTHAJ PA3BETBIAIOT TOUKOM, OT KOTOPOM OTXOAUT HEOOXOAMMOE
YHCJIO CTPEIIOK.

x(p) o)
2(p)

Ecam curnansl CYMMHUPYIOTCA WUIN BBIYUTAXOTCS, TO HA CTpYKTypHOﬁ CXEMC OTO
o003HavaeTcs OKPYKHOCTBIO C HCCKOJIBKMMHU CCKTOpaMHU B KOTOPYIO IPUXOIAT
CYMMUDPYCMBIC CUTHAJIBI. 33Kp3HICHHBIfI CCKTOp 0003HAaYaeT BHIUMTAHNUE CUTHAJIA :

x(p) 5 y(p)=x(p)+z(p) x(p) 2 y(p)=x(p)-z(p)
2(p) T z(p) T

TunoBoll 3amayell mNOpH aHAIMW3E CHUCTEM PAJAMOABTOMATHUKH  SIBIISIETCS
IIPUBEJICHUE CTPYKTYPHOM CXEMbI K "pacueTHOMY BUAY' OT 3aJaHHOrO BXOJa IO
3aJlaHHOrO BbIXOoAa. PaKkTHUecKH 3TO 0003HAYAeT BBIYUCIICHHE IO CTPYKTYPHOU
CXEeM€ COOTBETCTBYIOIIEH mnepenaTouHod ¢yHkuuu. i1 Takoro pacdera HIMPOKO
IIPUMEHSIOTCSA 9KEUBATICHMHbLE npeoOpa3oBaHus CTPYKTYPHBIX CXEM.
DOKBUBAJIEHTHOE TpeoOpa3oBaHUE IMO3BOJIAET 3aMEHUTh HECKOJIbKO 3BEHBEB OJHUM
AJIIEMEHTOM C 3KBHUBAJICHTHBIM KO3 ¢duuHeHToM nepenauu. s nmpeoOpa3zoBaHusi B
CTPYKTYPHOU CXEME BbIICISAIOT CTaHIapTHbIE KOMOMHAIIMI COEIUHEHUS 3BEHBEB.

Jpyroii TUMoOBOW 3amayeil sBisieTCs MPeoOpa3oBaHHE CTPYKTYPHOH CXEMBI
cUCTeMBl K apyromy Bunay. [Ipum sToM mnepemarouyHass QyHKIUsS CUCTEMBI JOJIKHA
ocTatbcsi Heu3MeHHoOM. Takoe mpeoOpa3zoBaHHe OOBIYHO COCTOUT B HKBHBAJICHTHOU
3aMEHE OJHOT0 TUIIA COEMHEHHUS 3BEHBEB IPYTUM THUIIOM COEIUHEHUM.

TpaZWIIMOHHO BBIIEISAIOT CIEAYIOIINE CTAHAAPTHBIE THUIIBI COEIMHEHUM:
nocieoosamenvHoe, NapailesbHoe, 6CMpedHO-napalieivbHoe (¢ 00pamHoul Ce:A3vi0).



HpI/I IIOCJIICAOBATCIBPHOM COCAMHCHHHM 3BCHBLCB BbLIXOJAHAsA BCIMYHMHA KaXJI0T'O
3BCHA, KPOMC ITOCICAHCTO, ABJIACTCA BXOJIHOM 15 MMOoCJICAYOIICTO 3BCHA.

) 1) 20 0ol w(P)
0 i P P L 1)

Puc. 2.1
ITpu Hpeo6pa30BaHI/II/I CXEMBI LIETIOYKY [IOCJIEA0BATEIbHO COCTUHEHHBIX 3B€HLEB

K(p) =T K.()

MOZKHO 3aMCHUTH OAHHUM 3BCHOM, C Hepe):[aTquoﬁ Q)YHKLII/ICIZ
HpI/I mapajuiCJIbHOM COCAMHCHHUHN BCC 3BCHbA UMCIOT OAHY U TY K€ BXOIHYIO BC-
JIMYHUHY, 4 UX BBIXOAHBIC BCIIMYUHBI CYMMUPYIOTCA.

1(p) yi(p)
k)
2 »p) Xy ®)
) K(p) _.®—>
Xn(p) X.0) Va(p)
Puc. 2.2

n
K(p)=)Y_ K.(p)
DOKBUBaJICHTHAs MepenaToyHast QyHKIUs =1 :
BerpeuHo-napamienbHoe coeMHEHUE OOpa30oBBIBAET 3aMKHYTYIO CHUCTEMY C
oOpatHoO# cBsi3bt0. [Ipu oTpuiiaTebHOI 00paTHOM CBSI3U

X(p /2
Kp) -
t Vn(p)
Koe(p)
Puc. 2.3
K
Kn(p)=1— (}2 ;

nepeaaTodHas GYHKIUS ONIPEACIISIETCS U3 BhIPAKCHUS +K(p)K,.(p)
rie K(p) - mnepenatouHas (QyHKIHMS pa3sOMKHYTOH cucteMbl, K,.(p) -

nepenaroyHas (QyHKUMS 3BeHa (3BEHBbEB), HaXoAsUIMXxcs B oOpatHoM uenu. [lpu
MOJIOKUTEJIbHONU 00paTHOM CBSI3U



nepeaaToyHad

K. (p)=

CrpykTypHBIE

x(p y(p)
K(p) g
t n(p)
Koe(p)
byHKUIMS 3aMKHYTOU CHCTEMBI AMEET BHUI:
K(p)
1-K(p)K,.(p)
HpeO6p330BaHI/I5{ ABJIIAKOTCA  OKBHUBAJICHTHBIMH, €ClIIn OHH

COXpPAaHAIOT HCU3MCHHBIMH BCC BXOJIHBIC U BHIXOAHBIC CUT'HAJIBI.

OcHoBHBIE TpaBWiia MPeoOpa30BaHUS CTPYKTYPHBIX CXEM JIMHEHHBIX CHUCTEM
npuBeAeHbl B Tabnuie 2.1.

Tabnuma 2.1
Onepanus HcxonHas cxema DKBHMBAJICHTHAS CXeMa
IIepectano
BKa lxz(v) x4(p) lxz;(v) Xi(p)
CyMM;TOPO x1(p) () x1(p) y(p)
TX_;(D) sz(p)
y(p)=x1(p)+xa(p)+x3(p)+x4(p) y(p)=x1(p)+xa(p)+x3(p)+x4(p)
IIepenoc
ysna ¢ i) | xap)
BBIXOJA Ha X>(p) Iyl(p)
BXOQ X (D )
cymMMaropa ]—>® p) > xi(p) % ® (@)
IIepenoc
ya o yi(p) l X>(p) X>(p) Y
BXOJ1a Ha
BBIXO/I x1(p) ® y(p)
cymmaropa > > x:(p) g y(p)
[Tepenoc )
y3I1a ¢ Ya2(P
BBIXOJa Ha Tyz(p)
BXOJI 3BCHA x(p) yi(p)
— k) > K (p)

M—» K(p)

Yi(p)




IIepenoc
o a v [0
BBIXOJL x(p) K(p) yi(p) K_](p)
20 [ k) I e,
IIepenoc
A - = |
Ha BXO ; K’
3B6Haﬂ M; K{p) o (p)= v
M,é_. km PP,
IIepenoc
e IR gl
BBIXO K
e | ) Ko |27 e
i) [ o) | % yi(p)

2.2. CTanaapTHble IpHMEeMbI IPE00PA30BaAHMs CTPYKTYPHBIX CXeM

2.2.1. Y36l Ha BX0/1€ U BBIX0J€ 3B€HA

z(p)

» Wip) — x(p)
» Wai(p) )0 >
x(p) J W) . z(p)
1P y(p) Wip)
s(p) s(p) )

<« Wi(p) <« Wi(p)

A

nim

Puc. 2.4
CornacHo mpaBujaM MEPEHOCA y37a CO BXOAA Ha BBIXOJ DJIEMEHTAa CXEMYy Ha
Puc. 2.2.1 MOXHO NpeACTABUTH B BUJIE

Wi(p)*(Wap))” &

y

x(p)

— W:(p)

s(p)

+«— Wi(p)

y(pj

A

Puc. 2.5




Tak ke coryiacHO mpaBUJIaM MEPEHOCA y371a C BbIXOJIa HA BXOJ| JIEMEHTA CXEMY
Ha Puc. 2.4 MOXHO NIpeICTaBUTh B BUJIE

2(p)

Wi(p)

A 4

x(p)

> W —
2(p) )

s(p)
<« Wi(p)* Wi(p) |«

Puc. 2.6

2.2.2. CymmaTopsbl HAa BXO/€ U BbIXO/I€¢ 3BeHA

2(p)

xX(p) —{ Wi(p) _,@ﬂ,

s(p)
Puc. 2.7

CornacHo mpaBWJIaM MEPEHOCA CyMMATOpa CO BXOJla HA BBIXOJI DJIEMEHTA CXEMY
Ha Puc. 2.7 MOXHO NIpeICTaBUTh B BUJIE

z(p)
l y(p)
L’ Wip) —>

Puc. 2.8

Tak ke coryiacHO mpaBUJIaM MEPEHOCA y371a C BbIXOJIa HAa BXOJ] JIEMEHTA CXEMY
Ha Puc. 2.7 MOXHO NIpECTaBUTh B BUJIE

Wf‘(p)-l
(p)

X — Wip) ——

z(p)
—

s(p)
Puc. 2.9



2.2.3. Bo3amymamouiee BO3AeiicTBHE BHYTPH KOJIb1A 00PATHOM CBSA3H

PaCCMOTpI/IM CUTyalurlo, Koraga B KOJIBIEC O6paTHOﬁ CBsA3HU TIPUCYTCTBYCT
AOITIOJJHUTCIIBHOC BO3MYHIIAIOIICC BOSHCﬁCTBHC.

lf(p)
x(p) )

—>®—> Wi(p) —»@—» Wa(p) >

T— Ws(p)

Puc. 2.10

A

JIyist TOro 4toOBI MPUBECTH CTPYKTYpHYI cxemy Ha Puc. 2.10 x pacyeTHOMY
BUJlY, HEOOXOJMMO BBIHECTH BXOJHO€ BO3JCHCTBUE f(p) M3 KOJbLA. DTO MOXKHO
cenaTh IByMsl CIIoco0aMu.

a) Hanbonee yHUBepcadbHBIM M TNPEANOYTHTEIBHBIA - IEPEHOC BHEIIHETO
BO3/ICHCTBHs HAa BX0OJ cucTeMbl. CaenaTh 3T0 MOKHO COTJIACHO MpaBUJIaM IMepeHoca
CyMMaTopa C BBIXOJla Ha BXOJ JJIEMEHTa C YY€TOM TOrO, 4YTO TOCIEIO0BATEIHHO
BKJIFOUCHHBIE CYMMaTOPbl MOKHO MEHSTh MECTaMH.

lf(p)

Wi (p)

x(p) l yp)

—— (@ Wip) P Walp) F—>

T— Wis(p)

Puc. 2.11

y

lf(p)

Wi (p)

) o

x—>®—>®—> Wi(p) [ Wap) >

T Wi(p)

A

Puc. 2.12

0) M0XHO BBIHECTH BO3JEHCTBHE 3a KOJIBIIO - HA BBIXOJ CUCTeMBI. [l 3TOTO
HEOOXOAMMO BOCIIOJIB30BAaThCS IPABUIIOM IEPEHOCA CYMMATOpa CO BXOJAA HA BBIXOJ
3BeHa. [Ipu 3TOM ciieyeT y4uThIBaTh, TO 3BEHOM SIBJISIETCS BCE KOJIBLIO , COCTOSIIEE
u3 aneMentoB W, W, W; [lns nepeHoca ciieayeT HaTh K03 (UIUEHT nepeayu oT
MeCTa MOCTYIUICHHS] BXOAHOTO BO3JEHUCTBHS, 10 TOUKH, B KOTOPYIO OHO IIEPEHOCUTCS
Wy, .



VVﬁ,Z Wg/([+ W] Wg W3)
COOTBETCTBEHHO DJKBHBAJICHTHAasI CXEMBl OYJET BBITJSAACTh CICIYIONIUM
obOpazom:

lf(p)

Wiy (p)

l ()
X% Wip) - Wap) ;@—yf

Puc. 2.13

2.2.4. IlepexpecTHOE BXOJHOE BO3AeiICTBHE BHYTPH KOJIb1A 00PATHOM
CBSI3M

HYCTB BXOJHOC BOBHCﬁCTBHC qcpe3 JOIIOJIHUTCIIBHOC 3BCHO IMOCTYIIACT BHYTPb

KOJIbIIa
Wi(p) ﬁz(p)
x(p) y(p)
—>®—> W(p) —»@—» Wa(p) >

[

Puc. 2.14
DaKTUYCCKH 3TO SKBUBAJICHTHO 3a7a4€ C BO3MYIIAIONIUM BO3JICHCTBHEM BHYTPH
KosbIla. HeoOX0IMMO TOJIBKO YYHUTHIBATh, YTO B CUCTEMY MOCTYIAET YacCTh BXOJIHOTO
curHana x(p).

EcTe 1Ba OCHOBHBIX BapHaHTa NpeoOpa3oBaHUsl CTPYKTYPHOM CXEMbI K
pacyeTHOMY BUIY

a) [lepeHoc curHana z(p) Ha BXOJ KOJblla. DTOT crocod Haubojee MpocT U

yI00€eH.
Wi(p)*W2"(p)
y(p)
> Wz(p) —> W4(p) >
x(p) I
Ws(p)

Puc. 2.15

A 4

A

y

x(p)_’

y(p)
W)W () g Wa(p) [ Walp) >




Puc. 2.16

0) Ilepenoc curnana z(p) 3a KoJbllO

Wl(p)*wzy(p)
y(p)
201 (@] wap) | Witp) %%) >

Puc. 2.17

A

rjae kodhpuimeHT nepenadn
W, =WJ(l+ W, Ws Wy)

2.3. [IpuMepsbl pelieHHs] THIOBBIX 3aa4 HA MpeoOpa3oBaHMs
CTPYKTYPHBIX CX€M CHCTEM

2.3.1. Tpedyercs onpeaeuTh BCe OCHOBHbIE NepeIaTOYHbIe QYHKIUN
CHCTEMbI, CTPYKTYPHAasi CXeMa KOTOPOii moka3zaHa Ha Puc. 2.18.

fiv)

Ki(p) j
x(p) 1 2 (r)
Ki(p) (o Ks(p) —>
) ) K:(p) .
6D,

Ki(p)

A

Puc. 2.18
Ki(p) =2/p, Kx(p) = 1. Ks(p) = 1/2, Kyp) = 2, Ks(p) = 1/p, Ke(p) = 2/p .

Pewenue.

1. Onpenenenuie nepeaaTouHON GYyHKIMU pa30MKHYTOM cucteMbl K(p):

a) MPUBEICHNE 33aJ]aHHOW CTPYKTYPHOW CXEMBI C MOMOIIBIO CTPYKTYPHBIX IIpe-
0o0pa3oBaHuil K OJJHOKOHTYPHOMY BH]Y:

- nepeHoc y3na 1 uepes anement K;( p) u yzen 2 (Puc. 2.19)

Y

o | lf(p)

x(p, 2 1 (r)
(?—»{8)—» K:(p) " Kip) "y
- N Kx(p) [

K'p) [ Kep)

Y

Kip) [

Puc. 2.19



- OIpeIeJICHNe  TMEepPeAaTOYHbIX  (QYHKIUH  MapaJjIeIbHBIX  COCTUHEHHIM
(Puc. 2.20)

Ko(p)=K,(p)+ K, (p) = 2 +1=20P*D,
P P
Ké(P) I 4
K :K = — _ =,
s6(P) s(p)+ K.(p) p + b

®

T Ki(p) K;(p) T’ Ks4(p)

X

K@) |7

Puc. 2.20

- mepeHoc Bo3MmyIleHuss F(p) depe3 anemMeHT K;,(p) TNPOTHUB XOJla CHUTHAJA
(Puc. 2.21)

i/@

K7 ()

)
) 4@) ; b = :
Kip)

Puc. 2.21

- olpeJiesieHre MepeaTouHoN (YHKIIMU BCTPEUHO-TIApaUICIbHOTO COCTMHEHUS
(Puc. 2.22)
2(0,5p +1)-0,5
K, ,(p)K;(p) _ p _0,5(0,5p+1)
1+K (DK, (DK, (p) |, 205p+1)-05-2 p+l
p
1 DKBUBAJICHTHOTO Bo3MyIeHus (cMm. Puc. 1.4 u 1.5)

1
K, (p)

K,(p)=

£y (p)=F(p)

H(p)

DS —l Koy b Ksot jﬂ#

Puc. 2.22




0) onpeneneHue NEpPelaToOYHOM (QYHKIUMU pa3oMKHYTOM cuctemsl K(p)
(Puc. 2.23)

’0)
ol Kk |,

Puc. 2.23

05(05p+1) 5 _2505p+1)
p+l p p(p+1)

K(p)=K,(p)K;4(p)=

2. Onpenenenne nepe1aToyHON QYHKIUHM 3aMKHYTON cUCTEMBI K, (p)
K (5)= K(p) _ 2,5(0,5p +1) . 05p+1
TR () p(p)+2505p+1)  04p7 +09p+1

3. Omnpenenenne nepenaTouHoN QyHKIMK OT BO3MYLIeHUA Kq(p)
K. (p)= K. (p) p  05p+1 ~ 0,5p
/ Kl’z(p) 2(0,5p+1) O,4p2+0,9p+1 O,4p2+0,9p+1.

4. OnpeneneHue nepeaaTouHon PyHKIIMNA OMTMOKH OT 3a1aI0IEr0 BO3ECHCTBUS

1 0,4p(p+1)
Kex(p):_—:ny(p)_lz_ 2 *
1+ K(p) 0,4p°+09p+1

2.4. 3anaum
2.4.1 3amaua

Ha pucynke 2.24 noka3aHbl CTPYKTYpHbIE CXEMbI COCIMHEHU 3BEHbBEB.

TpebGyercs:

a) ONPENEIUTh NIePeaTouHy 0 QyHKIUIO K,,(p) 3aJaHHOTO COEMHEHNS;

0) onpenenuTh, KAKOMY 3J€MEHTAPHOMY JMHAMHYECKOMY 3BEHY COOTBETCTBYET
nosiyueHHast pyHkuusa K(p) u onpeaenuTb napaMeTpbl 3TOro 3BEHa.

BapuaHnTsl 3a1aHuil ipuBeieHbl B Tabnuie 2.2.

2.4.2 3anaua

CTpyKTypHBIE CXEMBI COEIMHEHUI 3BEHBEB NIOKA3aHbl HA PUCYHKE 2.25
Tpebyerca ompenenuts nepeaarounyro  GyHkuuio Ky(p) 3aJaHHOTrO
COEIMHEHNS;

2.4.3. 3agaua

Jlisi aBTOMaTHYECKUX CHUCTEM, CTPYKTYpPHBIE CXEMbl KOTOPBIX MOKa3aHbl Ha
pucyHke 2.26, TpedyeTcsi Onpe/IeTUTh BCe OCHOBHBIE MEpeAaTOYHbIE (PYHKIUH.



2.4.4. 3agaua

BbImosiHUTE  CTPYKTypHBIE — MpeoOpa3oBaHusl  JJIg  JIMHEHHBIX  CHCTEM
aBToMaTudeckoro peryiaupoBanus (Puc. 2.27) u npuBeCTH UX K paCUETHOMY BH]LY.

2.4.5. 3agaua

BbImosiHUTE ~ CTPYKTypHBIE — TpeoOpa3oBaHMsl g JIMHEHHBIX  CHCTEM
aBToMaTudeckoro peryinuponanus (Puc. 2.28) u npuBeCTH UX K paCUETHOMY BH]Y.

K, K, x(p) K, K, )
_.(x(”) %)—» T+l || Tptl @) —»(%—» N T >
K;
Cxema 1 Cxema 4
K;

P Kip
K; |y j
&)—' T 5 — K
p(Top+l)
x(p), _ K f
Top+1
x(p) y(®)

Cxema 2 Cxema 5
x( K; », K,
T.p+T1 Mz
x(p) K (p)
. { é:i) '® > 7
Kp |7
t
Cxema 3 Cxema 6
Puc. 2.24
Tabnuua 2.2
Mapan, Howmep Bap. 1 2 3 4 5
Howmep cxembl 1 1 1 1 1 1
K; 1 2 3 4 5 3,5
T;,c 0,6 0,625 0,7 0,75 1 1,5
K> 3,1 3,5 2,6 1,75 0,3 2




Ts, ¢ 3 2,5 1,75 1,5 1 0,75
K; 2 0,75 0,5 0,5 2 0,5
Mapa 2P P2P- 7 8 9 10 11 12
Howmep cxembl 2 2 2 2 2 2
K, ¢’ 10 9 8 7 6 5
K> 2 4,5 4 3,5 3 2
T, ¢ 0,3 1,5 2,5 0,5 1 0,2
K;, ¢ 4 1 1,25 0,1 0,5 3
T3, ¢ 0,5 2 3 0.2 0.9 1
R 13 14 15 16 17 18
Howmep cxembl 3 3 3 3 3 3
K, 1 2 3 4 5 6
T, ¢ 0,5 0,6 0,4 1 2 1
K>, ¢ 1,5 1,2 1,2 1 2 1
Mapa 2P P2P- 19 20 21 22 23 24
Howmep cxemsl 4 4 4 4 4 4
K, ¢’ 0,25 0,3 0,4 0,5 0,8 1,25
K, ¢’ 0,25 0,3 0,4 0,5 0,8 1,25
Mapa P B2p- 25 26 27 28 29 30
Howmep cxemsl 5 5 5 5 5 5
K;, ¢ 1 2 3 4 5 6
K>, ¢~ 100 25 16 6,25 4 1
Ts, C 1 2 3 4 5 6
Mapa P B2p- 31 32 33 34 35 36
Howmep cxembl 6 6 6 6 6 6
K, 1 1 1 1 1 2
T, ¢ 0,2 0,4 0,5 0,8 1 1,5
K>, ¢’ 25 12,5 10 6,25 5 3,33
K; 0,4 0,4 0,4 0,4 0,4 0,6

A 4

x(p

2p+1

~

y(®)

y(®)

x(p

5Cp+1)

0,5

p

N

0,5

\ 4

=

y()

y@




x(p) Qi)

0,2

x(p,

—>

Ki(p)

Puc. 2.25

lf(ll)

Ki(p)

K>(p)

K;(p)

W,

Sitp

Ki(p)

K>(p)

K;(p)

fa(p)
y

ifz ®

X(p

Ki(p)

Ks(p)

y@

y()

A

Ki(p)

K>(p)

f2(p)
Ks(p)

K;(p)

Ki(p)

Puc. 2.26

Y



x(P)Ci) N

Ki(p)

x1(p)f
Ks(p)

K:p) |«

A 4

Ki(p)

Ks(p)

Ko(p)

y(®)

K:(p) *—>

a
Kip) [
x:(p) *op) @
K>(p) Ks(p) Kqs(p)
Ki(p) [« K:(p)
0
Ks(p) |«
K;(p)
xi(p) i X2(p)
> Ki(p) K:(p) Kap) —> K 9% K
K:(p) |«
Puc. 2.27
Kx(p) Kip) <
x(p) _
ym)
Ki(p) K;(p) —>» Ks(p) KAp)

Ky(p)

y@



x(p)

Ki(p) Kx(p)

Ki(p) [

Ks(p)

Ki(p) —’éi

A

Ky(p)

K:(p) ¢

Ki(p)

—>®—> Ks(p)

Ks(p)

K:(p)

K;(p)

Kq(p)

»
|

Puc. 2.28

y()



I'maBa 3. KoagppuumeHnT nepenaun cucremMbl ¢ 00PATHOM CBA3bIO

3.1. KoagpuuueHT nepeaavyu 3aMKHYTOH CUCTEMbI

Paccmorpum CAY ¢ o00paTHOM CBsI3blO, CTPYKTypHasi cXeMa KOTOPOM
IIpeICTaBIICHA Ha puc.l

o lf(p)
() v
— Wip) O Wap) F—

Haiinem ko3¢ duimeHT nepenaun oT BXo/1a CUCTEMBI X(p) A0 BeIXoAa Y (p)

e(p) = x(p) — W3(p)y(p) (3.1

y(p) = Wi(p)W,(ple(p)
U3 (1), cnexyet uto

_ _ W, (p)W,(p)
W, (0) = Y(p)/x(p) = pri o) 6.2

Kosdpdunuent nepenaun W, (p) HasbiBaloT Kkospduyuenmom nepedauu
3amkHymoti cucmemsi. Yacto ero 0003Haval0T onmyckas uHaeKc, mpocto W(p).

CurHan e(p), paBHBI PacCOTIACOBAHUIO BBIXOJAa W BXOJHOTO BO3JCHCTBUS,
Ha3BIBAIOT cucHaiom owuodxku. Haiimem kodddunmeHT nepegayu oT Bxojaa x(p) IO
BbIXoza e(p). V3 Beipaxkenuii (1) gerko nony4yuTs:

1
W.(p) = e(p)/x(p) = 1+ Wy (p)W, (p)W3 (D)

Koapdunuent mepemaunm W, (p) HaswsBaloT Kospduyuenmom nepedauu no
ouwiuokKe.

[lycTh B cucTteme ecTh JIOMOJHUTEIBHOE BO3MYIIAIOIIEe BO3IAEHCTBHUE f(p) .
Haiinem xoaddunmenT nepegaun ot Bxoaa f(p) A0 BbIXOJa y(p):

y(p) = WL (f(p) + W, ()W (p)y(p)) (3.4)

_y® _ W2 (p)
Wy ) = f®)  1+w W, (p)Ws(p)

Ecnu cpaBauTh Beipaxenus (2), (3) u (4) , To JIETKO 3aMETUTh, YTO 3HAMEHATEIIb
umeer oamHakoBeii  Bua: 1+ W (p)W,(p)W5(p), a duciuTens paBeH
KOOQQUIIMEHTY Tepeaadyd OT BXOJa 0 BbIXOJa IO KOJbIly. BemnmuuHy paBHYIO
NpOU3BENICHUI0 KOX(P(UIIMEHTOB TMepeaadd BceX 3BeHbeB B Kkomble Wi(p) =
W, (p) W, (p)W5 (p) Ha3bIBAIOT K0dhPuyuenmom nepedauu pazoMKHYmMoL CUCTIEMbL.

Takum oOpazom, 4TOOBI Halimu Ko3gduyuenm nepedavu cucmemvi ¢ 0OpAmMHoOU
c653b10 Heobxooumo navumu W,.(p) u xodgguyuenm nepedauu om 6xooa 00 8vIX00a
no kovyy. IToroBoe BeIpakeHNE PUMET BU:

® _ W®)
W. = XP) _
r®) = o = Tww)

A

(3.3)

(3.5)



, TIe xj(p) BXxoxn cucreMsl, Wi(p) k02(pOUIMEHT nepenadd OT 3TOro BXOJa 10
BBIXO/J1a MPHU JBIKCHUU TI0 KOJIBITY.

3.2. llpumepbl  pelmieHHsl THIOBBIX 3aJa4 HAa  pacyer
K03 PuuMEeHTOB nepegayn CUCTEM ¢ 00PATHOH CBA3BIO

3anauva.
[TycTh K03 GUIIHEHT TTepeaadn pa30MKHYTOH CUCTEMBI paBEH
1
W, = —
r(P) p(1+T1p)
Heob6xonumo HalTH K03 PHUIMEHT nepeaadr 3aMKHYTOH CUCTEMBI 110 OITNOKE
Pemenne
1
Cornacho (5) Beipaxkenwue 1 KIT o omubke pasao W, (p) = v T
r
1 p(1+Typ)1
We(p) = L T TPyl
p(1+T1p)
3anauva.

PaccmoTpum cucteMy, CTpYKTypHasi cXxemMa KOTOpPOi n300pakeHa Ha PUCYHKE

e(p)
x(p) y(p)
—> Wi(p)

T

[TycTh K03 dULIHEHT Nepeaaun 3aMKHYTOM CUCTEMbI paBeH

v

(1+T1p)
Wp) = - ——=
2+p(T1+T3)
Heo0xoauMo BBIYUCIUTE KOIGGHUIMEHT TMepeaadyd Pa3OMKHYTOH CHCTEMBI
W:(p)
Pemenne
. W,
Corunacao (5) Beipaxkenue st KIT 3amkuayToit cucremsr W (p) = ﬁ(lg,)
r
Bripaszum otcrona W.(p):
1+T1p
_ W(p) _ 2+p(T1+T2) _ 1+T1p _ 1+T1p
W) = Wy = oI T Zepnem)-(onp) - 14hp
24+p(T1+T>2)

3.3. 3agaun

3.3.1. 3agaua

JIns cucTeMbl aBTOMATUYECKOTO PpETYJIMPOBaHUS CO CTPYKTYPHOM CXEMOW,
npuBeaeHHoN Ha Puc. 3.1 uzBecTeH K03pHUIMEHT nepeaayd pa30MKHYTON CUCTEMBI.



x(p) yp)

=
—~
=
~

v

Puc. 3.1
HeoOxonuMo BbIYUCIUTH KOI(P(GULIHUEHT Mepefadyd 3aMKHYTOM CHCTEMBbI H
koadunrenT nepenaun no omudke W,.(p)=K(p). Bapuantel 3aganuii npuBeneHsl B
tabsuue 3.1.

3.3.2. 3agaua

Jlist cucTteMbl aBTOMAaTUYECKOIO PETYJIMPOBAHUSA CO CTPYKTYpHOH CXeMoii,
npuBeAeHHoW Ha Puc. 3.1 u3BecteH KOA(PUIMEHT Nepenayud 3aMKHYTOM CUCTEMBI
W(p)=K(p). HeobxoaumMo BBIUYHUCIUTD KOA(DPUIIMEHT Mepeaaur CUCTEMBI 110 OITHOKE.
BapuanTsl 3a1anuil npuBeaeHsl B Tabnuie 3.1.

3. Ins cuctemMbl aBTOMATHYECKOTO PETYIUPOBAHUS CO CTPYKTYPHOU CXEMOW,
npuBeAeHHoW Ha Puc. 3.1 u3BecteH KOA(PUIMEHT Nepenayu 3aMKHYTOM CUCTEMbI
W(p)=K(p). Heobxomumo BbMUCIUTL KOXGDUIMEHT Tepenaud pa3oMKHYTOU
cuctembl. BapuaHThl 3aganuii mpuBeAeHs! B Tabnuie 3.1.

Tabnwuua 3.1
Howmep Howmep
Bap. Kip) Bap. K(p)
10 100(p +1
: 7 o p(4(5 ; 1))
5 5 - 52p+1)
p2p+1) p(0,5p+1)
2(p+1 10
3 (» : ) 18 _10
p p(2p+1)
10(p +1 5
4 10(p+D). 19 —
p(2p+1) p(0,5p+1)
5(4p+1 2
5 S@p+h 0 2
p(p+1) GSp+D(p+1)
] 10(0,5p +1) . 20
2 2
p 2p+1) (0,5p+1)
; 1002 p+1) - 5
p(p+1) P’
10 10
8 - 23 _ 19
Q2p+1)(p+1) p(p+1)
5 25(p+1)
9 S — 24 =pt+l)
p(2p+1)° p2p+1)




0,3 2(p+1
p p°(0,25p+1)
2 10(4p +1
p(0,5p+1) p(2p+1)
42p+1 5
2 4apsh 7 s
p p(0,5p+1)
10(4p+1 25
13 #) 28 R
p 2p+1) p(0,5p+1)
5(0,2p +1 2p+1
14 (2 p+1) 29 2p+1) :
p (p+1) 4p+1)(p+1)
5 S5(p+1
15 — 30 (D)
p(2p+1) Q2p+1)(0,5p+1)




I'naBa 4. BpemeHHbIe XapaKTEePUCTUKH JTMHEHHBIX CTAMOHAPHBIX
CUCTEM

4.1. OcHOBHBIE TEOPpEeTHYECKHE CBEICHUSA

Enunuunoit  ctymenudaroit  ¢yHkumei  I(#)  HazpiBaeTcs  (QyHKLMS,
YIOBJIETBOPSIIOIIAs] PABEHCTBAM:

{1(t)=0,t£0 @1
1t)=1,t>0
L1} =~ 4.2)

I'padux dynkuuu /(z) nokaszan Ha Puc. 4.1 a.
CMmelleHHas  enWHUYHAsE CTymneHyaras (¢yHkuus [(-1) ompenensercs
COOTHOILICHUSIMH BUA!

{1(t—r)=0,t£r 4.3)
1t—-1)=1,t>7
L{1(t —1)} = %e‘”’ (4.4)

I'paduk ¢pynkuun /(¢-7) npusBeneH Ha puc.4.1 6.

_ X1 A

L

0 t 0 T t

Puc.4.1.a Puc. 4.1.0
EavHUYHBIM UMIyNbCOM, WM JeibTa-pyHKUMEH O(f), HazbiBaeTcad (DyHKIMS,
YIOBJIETBOPSIIOIIAs CIEAYIOLUIMM PABEHCTBAM:

8(t)=0,t+#0
{ ®) 7 4.5)
§5(t) =00, t=0
[f28dt =1 (4.6)
L)} =1 4.7)
Cwmemiennas nenbra-QyHKIus O(t-1) yI0BIETBOPSET PAaBECHCTBAM:
{8(t—r)=0,t¢r 4.8)
S(t—1)=00, t=1

L{8(t)} = e (4.9)



NMiynbCHOM XapaKTepUCTUKOW k(?) OIHOMEPHOM CUCTEMBI C OJHUM BXOIOM
HA3bIBAETCSA PEAKIMsl CUCTEMbl Ha €IMHUYHBIM MMMYJIbC MPHU HYJEBBIX HAayaJIbHBIX
YCIIOBUSIX.

HNmnynbcHas XxapakTepucTuka k(t) ynoBIETBOPSIET paBEeHCTBAM:

k()=0, <0, (4.10)
{ Kyy(p) = L{k(D)}
k() = LYK, (»)}

rae K,.(p) - nepenatoynas GyHKIHs CUCTEMBL.

NmnynbcHast XapakTEepUCTHKA OIpPEAENAeT PeakiUi0 CUCTEMbl ) (1) Ha 000
3aJaHHBIA BXOJIHOM CUTHAJ X(?) C TIOMOIIbIO MHTeTpana J[roamens, KOTOpPBI UMeEeT
BUJI:

- JUTsl MOMEHTA BKJIFOUYCHUS CUCTEMBI ¢ = ()

y(t) = jx(r)k(t -1)drt :j x(t —1)k(r)dr;

4.11)

(4.12)
- JJI IPOU3BOJIBHOI'O MOMCHTA BKIITOUCHUA l‘()
y(t) = [ x(0)k(t —7)dT = [ x(t —7)k(7)dT;
h 0 (4.13)
- JI1 YCTAHOBUBHICTOCA PCKUMaA {=o0
y() = [x(2)k(t —7)dT =[ x(t —7)k(7)d.
—0 0 (4 14)

[lepexoHOM XapaKTepUCTUKON /(1) OMHOMEPHOM CHUCTEMBI C OJHUM BXOJOM
HAa3bIBACTCS PEAKIMs CUCTEMBI HA €IMHUYHYIO CTYNEHYATYIO0 (PYHKIIMIO MPU HYJIEBBIX
Ha4YaJIbHBIX YCIIOBUSIX.

[lepexoHas xapakTepucTuka /() yaoBICTBOPSET PaBEHCTBAM:

h(t) = 0, 1<0; (4.15)
K
EalP)_ o
h(t) :L—1|:ny(p):|;
p (4.16)

h(t) = jk(z)dz;

D) _ ko),
dt (4.17)
[lepexoiHast XapakTepUCTHKa OMPENEIIeT Ba OCHOBHBIX MOKa3aTels KauyecTBa
AC: spems pezynupoeanus t, u nepepezynuposanue H,. BpeMeHeM peryaupoBaHHs
Ha3bIBAE€TCA BpEMs YCTAaHOBIICHHs MEPEXOJHOr0 Ipolecca ¢ TOYHOCThIO A0 5% mo
OTHOIIICHUIO K YCTAaHOBUBIIIEMYCS 3HAUCHUIO TIepexoHoi GyHkiuu /(o). Ha puc.4.2
MoKa3aH rpaduk TUIIOBOM NEPEX0HON (PYHKITUU.




h(®) A

/2
Losh(=) |/ N\ AN e
0,95h(00)  F--focoloohaaofonn NA- e
h,, |
* —»
t t
Puc. 4.2.

W3 rpaduka, 1o OIpeAesieHUI0, CIEIyeT, YTO BpPEMsl PEryJIupOBaHHs PaBHO
MaKCHUMaJIbHOU abciucce Touek nepecedueHus rpaduxa A(z) ¢ npsamboiMu b = 1,05h (o)
uh=095h(x).

[lepeperynupoBaHreM Ha3bIBA€TCSI OTHOCUTEIbHAS BEJIWYMHA MaKCUMAaJIbHOTO

BBI6pOC21 HepeXOHHOﬁ (1)YHK]_II/II/I, BbBIpAKCHHAA B IIPOUCHTAX, T.C.:

H, == 1000,

m
h(<0) (4.18)
rae h, - abCOJMIOTHBIM MakCUMyM mepexonHod gyHkiuu (puc.4.2). Bpems, 3a
KOTOpPOE YCTaHABJIMBAETCA ATOT MAKCUMYM, HOCUT Ha3BaHUE BPEMsl YCTAHOBJICHUS {).

4.2. [lpuMepsl pelieHNs TUNOBBIX 32124

4.2.1. Odynkuus x(t) 3anana rpagukoM Ha pucyHke 4.3.
TpeOyeTcs 3amucaTth aHATUTUYECKOE BBIPAKEHUE X(7) U ONPEACIUTh €ro H30-
Opaxxenue o Jlamnacy.

x()

A
~V

Pewenue.
Pemenue 6a3upyercsa Ha popmynax 4.1-4.4.
x(0)=2-1(1-0,5)+1(t-2)-5-1(t-3,5)+2-1(t-5);

Lix(O]= X(p) =20y Lo Sosmr (2 oo .
p

p p p

1
=—(2e" +e7" =57 +2e77).
p



4.2.2. CTpyKTypHas CX€Ma COCIMHEHHUS 3BEHbEB IOKa3aHa Ha pUCYHKe 4.4.
TpebyeTcst onpenennTh UMITYJIbCHYIO U MEPEXOAHYIO XapaKTEPUCTUKU CHUCTEMBI U
M300pa3uTh UX rPaPUKH.

() — 5 0,26 >

0,5

Puc. 4.4.

Pewenue.
Omnpenenenne nepe1aToyHor QyHKIUHN coequHens K, (p).

5
> 1 0.4
K —_ P .(2e-03D —  e—03D — . @—03p
xy () 1+%o.5 p+2.5 0.4p+1

HonyquHasl nepeaaTroyHasn (I)YHKI_II/ISI MO3BOJICT MNPCACTABUTL HCXOOHOC
COCAMHCHHUC 3BCHBCB YKBUBAJICHTHOM CXCMOﬁ, MMOKa3aHHOM Ha PUCYHKC 45, KOTOpad
NpCaAcCTaBJsACT coOoi MMOCJICAOBATCIIBHOC COCAHMHCHUC allICpUOANYICCKOIO 3BCHA C

k 0.4
K P = = 0
p+ 2 p+ u 3BCHA ITIOCTOAHHOI'O 3aria3ibIBaHUA C

Ky(p)=e ™ =¢ "

J171s1 5TOM CXEMBI 0, t<t.
X
(v) > 1 yi(p) y 03P v(p)
p+ 2,5
Puc. 4.5.

a) OmnpeneneHne UMITyJIbCHOW XapaKTePUCTUKH.
1. Onpenenenue UMITYJIILCHOM XapaKTEPUCTUKU k;(¢) coenuHeHuss Oe3 ydera

3BCHA IIOCTOAHHOI'O 3alla3bIBaHUA:

_ 1 _
kl(t):Ll— :eZ,Sl
p+25 ’ £0;
2. OHpeI[eJ]eHI/Ie HMHy.HBCHOﬁ XapaKTepI/ICTI/IKI/I BCCIo COCANMHCHUA .

kO)=k(t-7)=e>" 3

['paduix uMIyILCHOM XapaKTEepPUCTUKH MOKa3aH Ha pUCyHKe 4.6.



T
'
1
1
1
'
'
|
-=d
1

0,8
0,6

|
04 '
|
|

0,2

1T T T 1
01 02 03 04 05

Puc. 4.6.
0) Omnpezenenuie NepexoHON XapaKTePUCTUKH.
1. OmnpeneneHue NEPEXOTHON XapaKTEPUCTHKU /(1) coenuHeHUss 0e3 yuera
3BEHA MMOCTOSHHOTO 3aIa3/[bIBAHNS
1

— 71 —_ _ ,—2.5¢t
h(t) = L {p(m_s} = 1(1—e~255),t >0
2. OnpeneneHue nNepexoqHoON XapaKTEPUCTUKHU BCETO COCTUHEHUSA
h(t) =h(t—1) =1(1— e 25E03) ¢ > 0.3

['paduix nepexonHol xapakTepuCTUKH NokaszaH Ha Puc. 4.7.

h

)0 —fF-=-=-=---ese-ceeceee ez
1
0,5 X
|
' >
I [TTTTTTTTTITTITTI
1 2 t t

0,3

Puc. 4.7.

4.3. 3apaumn
4.3.1. 3aganbl QyHKUIUH X(2):

1) x(t) =31(t);

2)x(t) =-2-1(t-1);

3)x(t) =2-1(1)-4-1(t-1)+1(t-2);

4)x(t) =0,2-1(t-0,2)+4-1(t-1);

5)x(t) =-1(t-1)+3-1(t-3);

6) x(t) = 4-1(t)-2-1(t-1),

7) x(t) = 0,5-1(t-2)-4-1(t-3)+3,5-1(t-5).
Tpebyetcst noctpouts rpaduku GyHKIUHN X (7).

4.3.2. 3apanbl QyHKUUH X(2):

X(t) = 2:8(t-2);
X(1) = -0(t)+5-0(t-3);
X(t) = -2:9()+0(t-2);
X(t) = 0(1-3)-0,5-3(1-10);



X(t) = 3:0(t-1)- 6(t-3)+2-0(t-4).
Tpebyetcs noctpouts rpaduku GyHKIUHN X (7).

4.3.3. Ha Puc. 4.8 noka3anbl rpagpuku GpyHKUuu x(2).

TpeOyeTcst 3amucaTh aHAaTUTUYECKOE BBIPAXKEHUE X(7) U ONPENCIUTbh €ro
n3zoopakenue mno Jlamnacy.

~Vv

A
+37T Id—
+ —0 I
+1T : :
17 2 o t
2
Puc. 4.8.

4.3.4. 3ananbl nepegaTovyHbie PYHKIMU 3BEHbEB:

2 2
K@) = 3 DK = 7 DKp) =
2)K(p) = -2; 5)K(p) = f; 8)K(p)=-2f5+1;
3)K(p) = 1,5 6)K(p) =- P 9) K(p) = 0-5P+1.

Tpe6yeTc51 3alMUCaTh AHAJIMTUYCCKHUC BBIPAKCHUA OJIA BPCMCHHBIX XapaKTCpPHU-

CTHK 3BCHBLCB, ITOCTPOUTH Fpa(l)I/IKI/I BPECMCHHBLIX XAPAKTCPHUCTHUK U OIPCACIINTL ITOKA-
3aTCJIM Ka4YCCTBa 3BCHLCB.

4.3.5. 3apanbl nepegaTo4yHbie PYHKIMU 3BEHbEB:

2
K(p)=————; o
p +05p+1 4) K(p)=2e";
K(p) = ————
P ap+1 5) K(p)=05¢;
4
K(p)=————;
(P) 4p> +4p+1 6) K(p)=4e"".



Tpe6yeTC$I 3alMUCaTh AHAJIUTUYCCKHUC BLIPAKCHUA OJIA BPCMCHHBIX XapPaKTCpPHU-
CTHK 3BCHLCB, I/I306paSI/IT]':> Fpa(l)I/I‘leCKI/I BPCMCHHBIC XAPAKTCPUCTUKU U OIIPCACIIUTD
ITI0Ka3aTcJIM Ka4CCTBa 3BCHLCB.

4.3.6. 3aganbl nepeaaTovyHbie PYHKIUN ABTOMATHYECKUX CHCTEM:

2

P P
K = ; K = ;
)= 05 11029 4D P =05,
Sp 4p
K = ; K =
) G D+ D0sp+ 1) ==
32p+1) 2p )
K, (p)= ; K, (p)= 7
) D 0sp+ DOy +D) =)= D02+ )¢
(p+1y 3(p+1)
K = ; K = ;
n(P) 2p+D0.5p+1)0.1p+1) =50
3(p+1) 40,5p+1) ,2
K = ; K = ?
P = 051 D) 0) " (P = o)
Tpe6yeTC$I OHpeI[eJII/ITB AHAJIUTUYCCKUC BBIpa)KeHI/ISI BpeMeHHBIX

XapaKTepUCTUK U U300pa3uTh UX rpaduku.

4.3.7. Ha Puc. 4.9 noka3aHbl CTPYKTYPHbI€ CXeMbl ABTOMATHYECKHUX
cucTeMm,

Tpebyercs:

a) OTPEJICNIUTh AaHATMTUIECKUE BHIPAKEHUSI BPEMEHHBIX XapaKTEPUCTHK CHCTEM

¥ 1300pa3uTh X TpaduKy;

0) ompenenuTs nepeperyaupoBaHue fH,, BpeMs peryiaMpoBaHus f, W
yCTaHOBUBIIIEECS 3HAUCHUE TIEPEXOTHON (DYHKITUH.

BapuanTsl 3a1anuii npuBeieHbI B Tabmmie 4.1.

Tabnuua 4.1

IMapam. AC Louep ap. 1 2 3 4 5 6
Howmep cxembl 1 1 1 1 1 1
K, 1 2 3 4 5 6
K> 10 5 4 3 2 1

Ks 0,2 0,3 0,5 1 0,4 0,5

T, ¢ 2 1,5 1 0,8 0,5 0,4

T, c 3 2 1,5 1,2 1 0,5

Mlapan AC— P B2p- 7 8 9 10 11 12
Homep cxemsl 2 2 2 2 2 2
K, ¢’ 2 3 4 5 10 0,1
Ko, ¢’ 3 1,5 2 2,5 4 1
Ty, ¢ 0,1 0,2 0,8 1 2 5

T, ¢ 0,4 0,45 0,2 0,25 0,36 0,2

Mapan AC— <P Pap- 13 14 15 16 17 18
Howmep cxembl 3 3 3 3 3 3
K, ¢’ 10 5 4 2,5 2 1




K, 20 16 10 8 5 4
T,C 0,2 0,3 0.4 0,5 0,6 0,7
Mapan AC— <P Pap- 19 20 21 22 23 24
Howmep cxemsl 4 4 4 4 4 4
K, ¢! 0,1 0,2 0,4 0,5 1 2

K, 2 3 4 5 6 7
T, c 10 5 2,5 2 1 0,5
Mapan AC— <P Pap- 25 26 27 28 29 30

Howmep cxemsl 5 5 5 5 5 5

K, 10 9 8 7 6 5

K> 8 6 4 2 1 9

T, C 0,2 0,5 0,6 1 1,5 2
a, € 22 24 20 20 12 3,5

ay, ¢~ 100 64 25 16 4 1

x(p) - o »(p) XA K(Tp+1) q K, (D),
= K e LY S by el |
Cxema 1 Cxema 2
x(p), | e |20 ) K K |y
p —P )/ Tp+1
Cxema 3 Cxeva 4
x(p) ] ] »p
K™ azp2+alz(p+1
Cxema 5

Puc. 4.9.




I'maBa 5. YacTroTHBIE XapPAKTePUCTUKH JIUHENHBIX CTALHOHAPHBIX
CUCTEM

5.1. OcHOBHBIE TEOpPEeTHYECKHUE CBEACHUA

Hapsny c mepegatoynbpiMu (YHKIUSMH TUHAMHUKY CHCTEM OICHHBAIOT II0
YaCTOTHBIM XapaKTEPUCTUKAM, KOTOPBIE OTPAKAIOT 3aBHCUMOCTh aMILTUTY bl U (Da3bl
OT YacTOTHl CHHYCOHJIAJbHBIX KOJCOAHWN MPH MPOXOXKIACHUH WX Yepe3 3BEHO HIIU
cucremy. T.e., ©HaUe TOBOPS, YCTaHABIMBAIOT CBSI3b MEXIY CIHEKTPaMH BXOIHOTO
npoiiecca x(j@) U BBIXOAHOTO Y(j®). s moaydeHus YaCTOTHBIX XapaKTePUCTHK Ha
BXOJ] CHCTEMBI (3BE€HA) IMOJAI0T TUIOBOE rapMOHUYECKOoe Bo3jeiicTBue. Ha Beixone
MOSIBUTCS CUTHAJ TOW € YacTOTHI, HO C JAPYTUMH aMIUTUTYAOH u (a3oil, KOTOpbIe
3aBHCAT OT YaCTOTHI BXOJTHOTO CHTHAJIA.

Ecnmn Ha BXOA cHCTEMBbI, ONUCHIBAEMOW JHMHEWHBIM U (epeHITnaTbHBIM
ypaBaenreMm (1.1), OyayT mojaBaThCcsi TapMOHUYECKHUE BO3ICHUCTBUS X(1)=A;sinwt
MOCTOSTHHOW ~aMIUTUTYJAbl W Pa3HOW YacTOThl, TO Ha BBIXOJE YCTAHOBATCS
CHUHYCOHJIaJbHBIC KOJIEOAHUS C IPYroi aMIUIUTYAONH M CABUHYTHIC MO ¢a3ze Ha Yroi
@, y(t)=Assin(wt-@). ITH CUTHAIBI MOXKHO 3aIIUCaTh B KOMIUJIEKCHOM (hopme

x(jo) = A (o)exp[j@, (0)];

y(jw) = A,(w)explj@,,.(@)]. (5.1)
Torga VU@ = K, (j0) 4, (@)expljg,, (@)] = K, jo)x(jo) 52)
P(jo)

rie K, (jo)= - KOMIUIEKCHAsl YaCTOTHAS XapaKTEPUCTHKA.

D(jo

IIo mosydyeHHBIM 3HAYEHUSIM X WU ) Ul PA3JIWYHBIX YacTOT @ IOJYYaroT
YaCTOTHBIE XapaKTePUCTUKU: aMIUTUTYAHYI0, (a30BYIO U aMILTUTYIHO-(Pa30BYIO.

Amnaumyonas uacmomuas xapakmepucmuxa (AYX) ecTb 3aBUCHUMOCTD
OTHOIICHUS] aMIUIUTYIbl KOJeOaHUl TapMOHUYECKOTO BO3JCHCTBUS Ha BBIXOJE K
aMIUTUTYJIE KoJieOaHUW Ha €ro BXOJI€ OT YaCTOThI KoJieOaHui .

Dazosas uacmomunas xapaxkmepucmuxka (PUX) oTpaxkaer 3aBUCHUMOCTH
pazHocTH (a3 MeXAy BXOAHBIMM M BBIXOJHBIMH KOJEOAHUSIMH OT YaCTOTHI
KOJIeOaHUI.

3agaBasg pa3lIMYHbIE YACTOTHl BXOJHOMY TapMOHMYECKOMY BO3JEUCTBUIO,
[IOJy4aroT B pe3yjbTare CEepUI0 TOYEK, [0 KOTOPBIM CTPOS 4YaCTOTHBIE
XapaKTEePUCTUKHU.

Amnaumyono-gazoeyio uwacmommuyro xapaxmepucmuxy (ADPUYX) crpodar mo
aMILTUTYyAHOU U ¢a3oBoil xapakrepuctrkaMm. C sToit menpio Ha rpaduke OUX mis
OTIpEJICTICHHON YacTOThl @ HAXOJAT 3HaUeHHue (a3bl ¢(®) U OTKIAJBIBAIOT €TO B BUJIE
yria OT FOPU3OHTAJIBHOM OCH (10 YAaCOBOM CTpENIKe, €CIU Yroj OTpUIATeNIbHbIN, U
MPOTUB YaCOBOW CTPEJIKU, €CJIM YroJl MOJOXKUTeNbHbIN). Ha mpsMoii, npoBeaeHHON
MOJI ATUM YIJIOM, OTKJIAJbIBAIOT 3HAUEHUS aMIUIUTYIbl, B3sAThIe ¢ rpaduka AUX npu
TOM € 4YacToTe, W IMOJYyYaroT TOYKY XapaKTEepUCTUKU I YacTOThl @. 3aTeM
aHAJIOTMYHBIM 00pa30M HAXOIAT TOYKU JUIsl APYTUX YaCTOT, COECIUHUB KOTOpBIE,



nonyyaroT KpuByro A®UX. TakoB NyTh HKCHEPUMEHTAIBHOIO OIPEACICHUS
YaCTOTHBIX XapaKTEPUCTHUK.

Ecnu B BeIpaxkeHue nepenatouHor GyHKIMH 3BEHA UM PA30OMKHYTONW CUCTEMBI
MOJICTaBUTh p=j®, TO NojJyduM BblpaxkeHne ADUX wunm vacToTHOM (YHKIMH,
IIPECTABJICHHOE Ha KOMIUIEKCHOW IIOCKOCTH KaK TIE€OMETpUYecKas CymMma
BCILIECTBEHHONW Re(w) u MHUMOM [m(®w) dYacTelh KOMILUIEKCHOM YacTOTHOM

XapaKTePUCTHKH
K, (jo)=ReK  (jo)+ImK (jo)=R, (0)+ ] (o)

(5.3)
AMIUIMTY/IHAs YaCTOTHAs XapaKTEPUCTHUKA ONpPEeaesieTCs KaK
A (0)=K (0)=.,R (0)+I* (),
(@) =K (0) = |[R (0)+ I’ (o) 54
a (azoBas:
I (o
¢, (0) = arctg#.
(@) (5.5)

IToactaBnsass B dopmynsr (5.3)-(5.5) 3Hauenus @ or 0 A0 o© CTPOST
aMIUTATYIHYI0, (Da30BYI0 M aMIUIUTYAHO-(a30BYI0 YacTOTHBIE XapaKTEPUCTHUKU
OTJICITBHBIX 3BEHBEB U CUCTEMBI B IICJIOM.

[Ipn uccnenoBaHWM aBTOMATHYECKUX CHUCTEM IITMPOKOE NMPUMEHEHUE HaXOMST
rpadudeckue crocoObl MPEACTABICHHS YaCTOTHBIX XapaKTEPUCTHK.

T'oooepagpom wacmommou xapakmepucmuxu K,.(j@w) Ha3pIBaeTCsd TPAaEKTOPHSA
TOYKH K,,(j®w) Ha KOMIUIEKCHON IUIOCKOCTH IIPU U3MEHEHMH 4acToThl @ oT 0 1o oo.
[Toctpoenne romorpada MPOBOAMUTCA IO TapaM BEIIECTBEHHBIX XapaKTCPUCTHUK:
A(w), @) nm R, (w), 1.(w), cornacHo BBIIEONUCAHHBIM MeToAaM. CTpenkon
yKa3bIBaeTCs HAIPaBJICHUE BO3PACTAHUS YaCTOTHI.

Jns mHOrMX 3amad uccienoBaHuss AC TpeicTaBiseT WHTEpEC OOIUN BUA
rogorpada 4acTOTHOW XapaKTepUCTHKH, 0€3 IETAIBHOTO €T0 MOCTPOCHHS.

Jlnis mpubmmkeHHOTo M300paxkenus rogorpada YX cuctemsl ¢ MepenaTouyHOi
byHKUMEH BUA

4 . m .
k" T1(T; p+1)  >.b.p’
_J=0

K(p)=—-2= = (5.6)
p'IITp+D)  2ap'
i=1 i=0
rje I;>0,i=1... 4, T>0, j=1... y 11 nepBoi 1podn (5.7)
u m=u+y, n=v+A 1js BTOPOH, (5.8)

MOJKHO TIOJTB30BAThCSI CISAYIONUMH MPABUIIAMU:

- HavanbHas Touka K(jO) romorpada ompenensieTcss HaJIUYUEM W YHUCIOM V
MHTETPUPYIOMKNX U 4 AU hepeHIIUPYIOIINX 3BeHbEB B NepeaaTouHoi ¢pynkuuu K (p)
(cm. Tabm. 3.1);

- KOHEYHass Todka Tromorpada K(joo) B3aBHCHT OT Pa3HOCTH TIOPSIKOB
3HaMEHATeJIs U YUCIUTENS TepeaTouHon GyHKuuu n-m (cM. Tadm. 5.1);

- ¢a3za roporpada nepenaroyHor (pyHkimu Buaa (5.6) mpU MaibIX YacTOTax
NPUOIMKEHHO ONPEENSIeTCS PAaBEHCTBOM



T T Lo« &
(p(a))zgu—EV+ZTja)—ZZa) (5.9

- paanyc-BeKTOp Tojorpada mpu @—>co MOBOPAYMBACTCS B OTPHUIATCIHHOM
HampaBleHUU (IO XOJy YacOBOM CTPENKH), €Clii A >y, U B MOJOXHUTEIHHOM
HaIpaBJIeHUH, eciid A < ).

Tabmuma 5.1
yx Hauvano rogorpacda Koneunas Touka
v=u=(0 v£0; u=0; v=0, u#0; n=m n>m n<m
4
f17,
A(w) k © 0 L 0 0
17
i=1
T T T T
0 Zy +— 0 ——n-m +—m—-n
p() : S 3 (=) |+ (m=n)

Ecmu nepeaaroyHasn (1)YHK]_II/ISI CUCTCMBI COACPKUT B BUAC COMHOXUTCIISI 3BCHO
IIOCTOSIHHOT'O 3alla3JAbIBaHUA, T.C. UMCCT BU/

K(p)=K,(p)e "7, (5.10)
rne Ky(p) - nepenatounas Qyskius Bunga (5.6), To moctpoeHue rojorpada

YaCTOTHOM XapaKTEPUCTUKH MPOBOJUTCS B CICAYIOIIEM TOPSIIKE:
- n300paxkaetcs roxorpad Ko(p),

- Kaxaas Touka rogorpada Ky(p), COOTBETCTBYIOIIAsl YACTOTE ®;, CMEIIAETCS 110
¢daze B OTpUIIATEILHOM HAMPAaBICHUH HA BEJIMUUHY - T();.

5.2. [Ipumepsl pelieHUs TUIOBBIX 32124
5.2.1. 3apaua

2(p +1)

Hns cucteMbl ¢ mnepenarouHoid ¢ynkumenn K(p)=
p(p=1

TpeOyeTcs

n300pa3uTh o0IIUiA BU Togorpada.

Pewenue.

1. OnpeneneHrie 4YacTOTHBIX XapakTepuUCTUK R(w), [(w), A(w), @(w).
[IpousBouM 3aMeHyY B MiepeIaTOuHON QYHKIIUU p—] @:

K(joy=—JO*D
jo(jo-1)

YMHOXaeM 4YHCIUTENIb M 3HaMEHaTeldb JpoOM Ha KOMIUIEKCHO-COMPSKEHHOE
BBIpa)KCHUE 3HAMEHATEJIs

Koy = 20s 0 joll+ jo)
—Jjo(l-jo) jo(l+ jo)
B pesynbTare npeodbpazoBanuii BeiaensieM R(w) u l(w)




20+ jo)jo(l+jo) = -40° 20(l-?)

K(jo)= —jo(-jo)jo(l+ jo) o*(1+ae?) / o’ (1+0?)
_ 4 _2(1-w?)
R(w)= (1+w?) (@)= o(l+0*)

CornacHo BeipakenusiM (5.4) u (5.5) onpenensem A(w), p(w)

2o+ |_221+0” _2

A(w) = K(jo) = Z,

jo(o-D| oo’ o

p(w) = arctg% = arctg(l_TCZ)).

2. Iloctpoenue obiiero Buaa rogorpada.
J11st 3T0T0 HE0OXO0IMMO B BhIpaskeHUs sl R(w), I(®) moaCTaBASATh 3HAUYCHUS @
B auamnasose [0, oo].

® R(w) I(w)
0 -4 0
1 -2 0
o0 0 0

Crpoum ronorpad (cMm. Puc. 5.1)

3.2.2. 3agaua

N300pa3uth o0mmii BUA rogorpada ais CHCTEMBI C MEpPelaTOuHON (YHKIUCH
K(p)= 0,12p +21)(0,2p + 13)
p(p+1)7(01p+1)
Pewenue.
1. IToctpoenue rogorpada MpOBOAUTCS B COOTBETCTBUU C MPABUIIAMH:
- olpeJiesieHrne HavaabHOU Touku rogorpada K(j0)
Tak Kak v=1, u=0, To (cM. Tabi. 3.1) A(0)=0 u ¢(0)=-1/2;
- ompeesieHne KOHeYHO! Touku rogorpad K(joo)
Tak Kak n=6, m=2 (cMm. 3.7), 1o (cMm. Tabn. 3.1) A(o)=0u ¢(x)=-2x;
- onpenenenue (aszwl ronorpada K(jo) npu Manbix yactorax (cM. 5.9):

go(a))z—%-1+2a)+0,20)—20)—3-0,la)=—%—0,1a)



- OIpeiesieHre HalpaBJICHUs MOBOPOTa paanyca-Bekropa rogorpada K(jw) npu
OO0JIBIINX YACTOTAX

Tak Kak B K(jw) A = 5, a y=2, TO npu OOJBUIMX YACTOTAX PaTUYC-BEKTOP
rogorpada MOBOpauyMBAETCS B OTPULATEILHOM HalpaBieHUU (IO HAIMpPaBICHUIO
JBUKEHUSI YaCOBOU CTPEJIKH);

- n3o00paxkeHue oduIero Buaa rogorpada mnpeacTaBieHo Ha puc 5.2.

A

(P

v

K(jw)

Puc. 5.2.
5.3. 3agaum
5.3.1. 3agaua
3a11aH51 Hepez[aTqume (1)YHK]_II/II/I 3BCHbBCB.
5
1) K(p)=—;
p
20
2) K(p) = ;
)R = 011
21
3) K(p)= ;
)K=
4) K(p)=0,5p;

5) K(p)=0,32p+1);
6) K(p)= 0,1(0,25[92 +0,8p +1);
7) K(p)=5e".

Tpebyercs:

- 3aMKCcaTh AHATUTUYECKUE BBIPAKEHUS IS CISAYIONINX XapaKTepucTHK: K (jw),
R(w), I(w) n A(w),

- IOCTPOUTH TO0TPa(bl 3BEHBECB.

5.3.2.3amaua

3a11aH51 nepeaaToIHbIC (1)YHK]_II/II/I 3BCHBCB:



k

1) K(p) :m;
DK@F_£+p

3)K(p) = k(Tp-1),
4) K(p)=k(-Tp+1);

S)Ku»=5§5g
0 K(p)=— 7

7) K(p)="IP =D,

8) K(p)=rIP+D.
k(Tip+1)

9) K(p)== 12

m)Kuﬂ—k¥;+f

Tpebyercs:

- 3aIMcaTh AHAJUTUYECKUE BBIPAXKEHUS I aMIUIMTyAHO-GazoBol K(jw),
BELIECTBEHHON R(®), MuHUMOM [(®), ammuiuTyHON A(®w) M Pa3oBoil ¢(®) 4aCTOTHBIX
XapaKTePUCTHUK;

- IOCTPOUTH TroJI0Tpadbl 3BEHBEB.

5.3.3. 3agaua

3amaHbl nepe1aTouHble (QYHKINUN:

0
1) K(P)—m,

100
p(0,2p +1)*’
0lp
Gp+1)?*’
5p°
D K= 03011
0.2(5p +1)°
( +1)(001p +015p+1)

2) K(p)=

3) K(p)=

5) K(p)=



_0,1(10p+1)%(0,04p> +0,3p +1)

6) K ;
) K D)= 050+ 1 (4 1dp £ 1)
7 K(py= Q5P+’ (4" +3p+1),
(O,3p+1)3(10p+1)
8) K(p)= 10(0,5p +1) ze‘o’z’"
Cp+DO0,1p+1)
0,05(10p +1)° _
9 K(p)= XL oo,
p(0,5p +1)
10) K(p) — loop(p + 1)(0905p +1) e—O,Sp'
100p> +10p +1
(100p p
TpebGyercs:

- 3aIIMCaTh AHAIUTUYECKHUE BRIPAXKEHUS IS aMIUIMTYAHOU A(®) u (a3oBoit ¢(w)
YaCTOTHBIX XapaKTEPUCTHK;
- IOCTPOUTH TOJIOTpadbl HACTOTHBIX XapaKTEPUCTHUK.

5.3.4.3anaua

3anana nepegaToyHas GyHKIUS coeJuHEHUN 3BeHbeB K (p) (cM. Tabnuity 3.2).

Tpebyercs:
- 3aIMCaTh AHAIUTUYECKHUE BBIPAXKEHUS I aMIUIMTYAHOU A(®) 1 hazoBoit ¢(m)
YaCTOTHBIX XapaKTEPUCTHK.

Tabnuua 5.2
Howmep BapuanTa K(p) Howmep BapuanTa K(p)
1 1
! 00(0,5p+1) 16 100p o020
p2p+1) (Sp+1)
1 1
) 10Gp 1) - 100
p(0,2p+1) 2p+1)
1
3 (Oa3p+ ) 18 p e—2p
p(Sp+1) Q2p+1)
1 1
4 Oa (3p+ ) 19 Oalp e—O,4p
p(0,5p +1) Gp+1)
1(0,2 1
5 0,01(0,2p+1) 10 0,01p o
p(2,5p+1) (0,4p+1)
100p(0,5p +1) 100 .,
6 - 21 ——e"
Q2p+1) p Bp+l)
10p(2p+1 102p+1) _
7 p(2p 2) 2 ( lz )eO,3p
(0,5p+1) p
0,05p+1 0,5p+1) _
9 p(0,05p : ) 93 ( 192 ) »
Gp+1) p




9 0lpGp+D)
(03p +1)? 24 _ 0L
2
10 0,01p(0,02p +1) p>(0,2p+1)
(4p+1)° 25 Me—o,sp
11 100 p’
_ 10, :
pQ2p+1)’ 26 _100p” .,
12 10 ) (5p+1)°
.
p(05p+1)7 27 _lopt S,
0.2p+1)7
13 I S X 2p+1)
PP 2 100G +1)
14 Me*()ﬁp p2
p 29 100.5p+1)
2
15 we—o,m p"2p+1)
p 30 _@p+D)
p’(0.3p+1)




I'maBa 6. Pacuer jiorapupmuuecKux aMILUITMTYAHBIX XaPAKTEPUCTUK

6.1. OcHOBHbBIEC TEOpEeTHYECKHE CBEACHUSA

[Tycts ectb CAY, onucsiBaemas koadpduunentom nepenauu (KII) Wip) .

Ilepelinem OT ONEpPaTOPHOrO TMPEACTABIEHUS B YAaCTOTHYIO 00JacCTh,
COOTBETCTBEHHO 3aMEHUM p Ha j. [lomyunm koaduimeHT nepeaadn B 4aCTOTHOU
obnactu W(j®). 3T0 KOMILJIEKCHOE YHUCIIO, KOTOPOE MOXKET OBITh NPE/ICTABICHO B
CTaHJapTOM BHUJE.

W(jw) = A(w) - e®@ (6.1)
Kak u3BecTHO, MOAYJb 3TOr0 uncia A(w) Ha3BIBAIOT aMIUTUTYIHONW YAaCTOTHOM
xapaktepuctukoit cuctembl (AUYX), apryment P(w) — Ha3oBoil YACTOTHOI

XapaKTEePUCTUKON CUCTEMBI.

I'padpux 3aBucumoctu L(w)=20Ig(A(®w)) OT YaCTOThl, NOCTPOEHHBIN B
gorapupMuyeckoM  Qgopmare, Ha3bIBAIOT  JI02apUu@muueckou  amnaumyOHoOuU
yacmomnou xapaktepuctukon (JIAX). Enununeit wusmepenus JIAX saBmsercs
oeyuben (nb). ben - 3t0 norapudMuyueckas €IMHHIIA, KOTOpas COOTBETCTBYET
JeCATUKPATHOMY yBeIuM4eHuto MomHocTh. (1 Oen yBenuuenue B 10 pa3, 2 - O6emna B
100 pa3 u T.1.). Heyuben - oqua necstast 6ena. Eciu 661 A(w) OmMCHIBAaI OTHOIICHHE
MOIIIHOCTEH, TO MHOXuTedb npu Jorapupme B (1) O6p1 661 paBen 10. T.k.
KOO(PQGUIIMEHT Tepeaud OIMCHIBACT OTHOIICHHWE HE MOIHOCTEH a BXOJHOW H
BbIXOMHOM BenmuumH, To yBenwmueHue KII B 10 pa3 cOOTBETCTBYeT yBEIHMUYEHHUIO
oTHomeHus: MoutHocte B 100 pa3 , T.e AByM OenaM WM JBaAlaTH JenurbOesam.
Bcenencrue storo nepes sorapudmom B (1) ctout koaddurment 20.

I'paduk 3aBucumoctd ®(w) OT YACTOTHI, TIOCTPOCHHBINH B JIOTapUPMHUUCCKOM

dbopmaTe Ha3BIBAIOT .J102APUDMUUECKOU (HA3060U YACMOMHOU XAPAKMEPUCMUKOLL
(DAX).

IIpaBuaa noctpoenus JIAX

[Ipu mocTpoeHUM NorapuPMUIECKUX XapaKTePUCTHK MO OcH adciuce (0Ch X)
OTKJIQJIBIBAETCS YaCTOTA B JJOTapu(MHUUECKOM MaciTade. ITO 3HAYUT, YTO HAHOCATCS
AeNeHusi, COOTBeTCTByomue [g(w). YacTo OKOJIO MAeNeHWud yKa3bIBaeTCsl Ccamo
3HA4YCHHUE YaCTOTHI @ B pad/cex .

JlorapupmMuyeckrne XapaKTepUCTUKH CTPOSTCS B JCKATHON M OKTaBHOW ITKaJIax.
B nekamHOM mIkaje 1mo ocu abCIHMCC OTKIIAIBIBAIOT JECATUYHBIN JIorapu(M YacTOTHI,
T.e. OJHO JIeJIEHHE COOTBETCTBYET yBeauueHuto yactotel B 10 pa3 (Puc.1). B
OKTaBHOM IIIKaJIe 10 OCH X OTKJIQJIBIBAIOT JIOTapH(M YacTOTHI IO OCHOBAHUIO 2, T.C.
OJTHO JIEJICHHE COOTBETCTBYET YBEIIMUCHHUIO YacTOTHI B 2 pa3a (Puc. 2).



L(w) 6]

»

0 ] 2 3 Ie(©)

»
»

1 10 100 1000
Puc. 6.1. [lexagnas mkana

L(w) 6]

Puc. 6.2. OxraBHag 1mkaja

ITo ocu opauHat (0Ch y) OTKIaAbIBaeTCs 3HaYeHHe Monyis A(w) B nenubenax.
Ocp abcuucc npoxoauT depe3 TOuKy () 06. DTO COOTBETCTBYET 3HAYEHMIO MOIYJIS
Alw)=1.

Ocp opauHAT mepecekaeT OChb adcCIHcC B IMPOU3BOJIBHOM MecTe. Crenyet
MOMHUTB, YTO B JIOTApU(DPMHUYECKON MIKaJIe HOJMb MO YAaCTOTE aOCIMCC HAXOIUTCS B
MUHYC OECKOHEUYHOCTH, IOATOMY OOBIYHO MPHUHSATO 32 HA4YaJIO OTCUeTa OpaTh 4acTOTY
paBuyto eaunune unu 0 B jorapupmuueckoM ¢dopmare. [Ipu Takom BbIOOpe B
OTpULATEIBHOM 00JaCTH (Cl€Ba OT HYJS1) MIYT YacCTOTHI paBHbIE TPOOHBIM YaCTAM
enuHUIb! (B AekaaHoi mxane 1/10 = 1071, 1/100 = 1072 u 1.1). CnipaBa oT Hyns
pacrnosyiaraloTcsi 4acTOThl OOJIbIlIE €IMHMIIBI — KaXKJ10€ JeJeHHe CTENeHb IECATH B
JNEKAJTHOM NPEICTABICHUU WU CTENEHb IBOMKN B OKTABHOM.

Paccmotpum JIAX TUIIOBBIX 3BEHBEB.

Jlorapu¢pmuyeckasi XapakTepucTHKA U1€aJbHOI0 HHTErpaTopa

PaccmoTpum wupeanvHblii  uHTErpaTop. Ero omeparopsbiii  koadduimeHT

k . . k
nepemaun : W(p) = > B 1ACTOTHOH obmactu W (jw) = .
w

k

Moayis |[W (jw)| = A(w) = =.
Haiinem BoipaxkeHue s BerarcieHus JIAX
L(w) = 201g(A(w)) = 20lg (%) = 201g(k) + 20g (*) = 201g (k) -
20lg (o) (6.2)

IToctporm 3aBucuMocTh L(w) B morapupmudeckom popmare.
Ha eawnuyHoO#l wactoTe 3HaueHue JIAX B 1mo0ol IIKajge omnpenaesnsercs
BBIPAKCHUEM



L(1) = 20lg (k)

[Ipy TOCTpOEHUHM B ACKATHON IIKajge MPEACTABUM YaCTOTY BHIC CTEICHEH
necati — w = 10%. Beipakenue ast L(w) npumMet BU

L(w) = 20lg(k) — 20lg(w) = 20lg(k) — 201g(10%) = 20lg(k) — 20a (6.3)

I[Ipu wusmenenuu wyactoThl B 10 pa3 (Ha onHy Jnekany) 3HaueHue JIAX
m3mensercs Ha 20 06. Takum o6pa3zom, B okTaBHOUM Mmikaine JIAX wuHTerparopa
MPEICTaBIIAECT COOOM MPSAMYIO C OTPUIIATEIBHBIM HAKIOHOM PaBHBIM - 20 06/0ex.

L(w) 6]
20Ig(k

20 06/0ex

»
>

Ig(w)

0 )i 2 3
Puc. 6.3. JIAX uneanbHOro HHTErpaTopa B I€KaJHOM 1IKaje

[Ipy mocTpoeHHH B OKTaBHOM IIKajle MPEACTaBUM YacTOTY BHUJE CTENEHEH
nBoiiku — w = 2%. Beipaxenue ais L(w) npumMet BU

L(w) = 20lg(k) — 20lg(w) = 20lg(k) — 20lg(2%) = 20lg (k) —
20alg(2) =20lg(k) — 20 a 0.303 ... = 20lg(k) — 6 a (6.4)

[Ipy wu3MeHeHun dYacToThl B 2 pa3a (Ha oAHY Jekany) 3HaueHue JIAX
n3Mensercd Ha 6 nb.

Taxkum oOpazom, B oktaBHOU mmikane JIAX wmHTerpatopa mnpeacTaBisieT coO0i
NPsIMYIO C OTPULIATEIBHBIM HAKJIOHOM PaBHBIM - 6 06/0€K.

L(w) 6]
201g(k

6 06/okm

»
»

logy(®)

0 )i 2 3

Puc. 6.4. JIAX uneanbHOro HHTErpaTopa B OKTaBHOM ILIKaJe

Jlorapu¢pmuyeckasi xapakrepucTuka ujaeajbHoro 1uddepenunaropa

Koaddurment nepenaun 3sena W(p) = kp B uactotroit obmactu W(jw) =
kjw

Moayis ko3 dunuenra - A(w) = kw .

Haiinem BoipaxkeHue s Berarcienus JIAX

L(w) = 201g(A(w)) = 20lg (%) = 201g(k) + 20g (*) = 201g (k) -
201g () (6.5)

IToctporm 3aBucumMocTh L(w) B morapupmudeckom popmare.



Ha eawmnuyHoO#l wactoTe 3HaueHue JIAX B 1mo0oW IIKajge omnpeaessercs
BBIPAKCHUEM

L(1) = 20lg(k)

[Ipy TOCTpOEHHHM B ACKATHON INKajge MPEICTaBUM YaCTOTY BHIE CTEICHEH
necati — w = 10%. Beipakenue ast L(w) npumMet BU

L(w) = 20lg(k) — 20lg(w) = 20lg(k) + 20lg(10%) = 20lg (k) + 20a

Takum oOpazom, B okrtaBHOM mmikane JIAX nuddepenumatopa - mpsMas c
MOJIOKUTENIbHBIM HAKJIOHOM paBHbIM - 20 06/0ex. COOTBETCTBEHHO B OKTaBHOMU
IIKaJie HaKJIOH Oy/AeT paBeH 6 06/0km

Jlorapupmuyeckass XapaKTepUCTHKA HHTETPUPYHOLIEH HENMOYKH

Koaddumuent  nepemaum  HUHTETpUpYIOLIEH  LEMOYKA  OMpEAeIsIeTcs

. . N _ k
BeIpaskenuem W (p) = (Lr1p) B UACTOTHOM obmactu W (jw) = e
Monynb ko3¢ duimenTa nepegadu
K
A(w) = W . (66)

1 .
XapaKTepHYI0 YaCTOTY JUI ITOTO 3BEHA Wr = — HA3BIBAIOT 4ACMOMOl Cpesa.

s moctpoenust JIAX paccmoTpum BelpaxkeHue sl A(@w) B pa3HbIX JHMANa3oHaXx
4acToT.

1) IlycTh yacTOTa MEHBIIIE YACTOTHI cpe3a w < wy. byleM cuuTath, 4TO MOKHO
npenebpeus cnaraemMbiM T2w? B Beipaxkenuu (6.6). T.e. JIAX Ha 3THX 4YacTOTax
MOKET OBITh NMPEJCTABIEH BhIPAXKECHUEM

Alw) =k (6.7)
COOTBETCTBEHHO BBIpaXkeHus 11 pacuera JIAX Oymer BBIMISIAETh TaK:
L(w) = 20lg(k); w < wr (6.8)

2) [lyctp uactoTa OOJbIIE YAacTOTHI cpe3a w > wp. byneM cuutarth, 4TO
3HaueHUe 7@ JOCTATOYHO BEIUKO W MOXKHO MpeHeOpedh €IUHUIICH B 3HAMEHATEIe
BeipakeHuss (6). T.e. JIAX Ha »3THUX YacToTax MOXET OBITh IMpeJCTaBlICHA

BBIPAKCHUCM

Alw) = % : (6.9)
Takum oOpazom, npu @ > wr, BeipakeHue pacyera JIAX wuHTErpupyromen

LETOYKU OYAET BHITTIAICTh TaK e KaK U JJIs uaealbHoro uurerparopa (6.3):
L(w) = 20lg(k) — 20a; w > wr (6.10)

B pesynbpraTe JIAX MOXHO MHpeACTaBUTh KaK KyCOUYHO-JIMHEHHYIO (YHKLHIO.
['paduix ee cocToUT U3 IBYX YacTeil: TOPU3OHTAIbHAS JIMHUA HA YACTOTaX W < Wt U
npsiMasi ¢ OTpULATEIbHBIM HaKIOHOM 20 00/0km B nexagHou mkane (wi 6 06/o0km. B
OKTaBHOI) Ha YacToTax w > wy. [lomyueHHbli rpaduk sBIsgeTCS NPUOIUZUTETHHBIM.
Omnbka [ocTUraeT MaKCMMyMa Ha 4acToTe w = Wt . BMecTe ¢ TeM MOXKHO 0Ka3arth,
YTO OHA HEBEJIMKA U HE IpeBbIaeT 310.



A L(w) [10]
20Ig(k

20 06/0ex

O gty lg()
Puc. 6.5. JIAX unrerpupyrouiei Hernouku

AJaroputM nocrpoenusi JIAX npou3BoJIbHOI0 anepuoOANIECKOro 3BeHa
Paccmotpum 3BeHO, K03((PULIMEHT mepeaadyn KOTOPOro MPEACTaBIsAET U3 ceds
OTHOLLIEHHE MOJIMHOMOB

(14T p)(1+ T2 p)..(1+T,p)
1
(14T 1 0) A+ T4 20).-(1+ T D) (6 )

[Toctpoenus JIAX npoBeeM B HECKOJIBKO I1aroB:
1) [Tepetinem B 4aCTOTHYIO 00JIaCTh, 3AMEHHUM p Ha j@®

W) =k

(14T jw) (14T, jw)..(14+ T, jw)

WUw) = K o o) 1 Treyj@). (A Tyam) @) (6.12)
2) Haiinem moaynb A(w) = |W(jw)|

\/1+T12w2\/1+T22w2..,/1+T,§w2
Alw) =k (6.13)

\/1+T,§+1w2\/1+T,§+2w2..\/1+T,$1+nw2
3) Haiinem Bce 4acTOTHI CONMPSDKEHUS sl JAHHOTO KOd(PUIlMeHTa nepenadu
w=1/T; (6.14)

4) Pacnioyio)KUM 3T Y4aCTOTHI B TIOPSIIKE BO3pacTaHUs

Opin< O 1< O < O 3< O g <Ok 5 ... <Wparx (6.15)

5) Paccmotpum  A(w) Ha YacToTax MEHbIIE MHHUMAJIbHOM  YacTOTHI

COMPSKEHUSL (,,;,. BylleM cuurtarh, 4To BO Bcex KOpHAX (13) MoxkHO mpeHeOpeub
claraeMbIM sza)z. T.e. JIAX Ha 3THX 4acTOTax MOHO MPEICTABUTH BBIPAKEHUEM :

L(w) = 20lg(k); w < wypin (6.16)

6) Hanee Oynem mocienoBarelbHO paccMaTpuBaTh A(w) B Jauarna3oHe 4acToOT
MEXKAY COCEIHUMH 4YacTOTaMH CONPSDKEHHUSA o) < @ <@+, DBHaudane BO3bMEM
INATTA30H Oyin < O <O, TOTOM Wy < @ <@y ¥ T,

Jlinst Bcex kopHel (6.13) B KOTOPBIX 4acTOTa COMpPSDKEHUs OOJIbINEC WM paBHA
BEpXHEH 4acTOThl AMANA30HA @+ ) OYAEM CUUTATh, YTO CJIaraeMbIMU sza)z MOKHO
peHeOpeys M MOJKOPSCHHOE BRIPAXKCHHUE PABHO SUHUIIE.

Jliist Bcex BbIpakeHHMH ToJ1 KopHeM B (13), B KOTOpBIX YacTOTa COMPSIKCHHS
MEHBIIIE BEPXHEH 4YacTOThl AMANA30HA i+, OYIEM CUUTATh, YTO EIUHMLEH MOA
KOPHEM MOJKHO IIpeHeOpeyub U OHHU, COOTBETCTBEHHO, PaBHBI ;.



Takum oOpa3zom, mpu TMepexoje B KaXKIbIM HOBBIM JAMAMAa30H YacTOT
comnpsibkeHus B BoipakeHuu st JIAX, cornacHo (13), mosiBisieTcs JOMOTHUTEIbHBINA
k03¢ dunyeHT 7o B YUCIHUTENE WK 3HAMeHaTene (rae @;=1/T; 4acToTa COnpsiKEeHHs
HUKHEN TpaHuubl auana3zoHa). Camo Bbeipaxkenue s JIAX Oyner nuHEHHBIM C
YIIAOBBIM KO3(D(PUIMEHTOM, MPONOPHUOHATBHBIM CTENEHH YacTOThl B BBIPAKEHUU
s A(w). Ecin A(w)~w , To 310 20 06/0ex (6 06/oxkm); ecin A(w)~w? To 3TO
40 06/0exk (12 06/okm) u T.1.

7) Paccmotpum  A(w) Ha yacTtoTax OOJbIIE MaKCHUMaJIbHOM  YaCTOTHI
conpsbkeHusi. bygem cumrtath, 4TO BO Kaxka0M KopHe (6.13) MOXHO mpeHeOpeub
eIMHMLEN 1 oH npuOausuTenbHo paBeH Tjw. T.e. JIAX Ha >THX 4acTOTax MOKHO
MPEICTaBUTh BHIPAKEHUEM :

(Ty Ty... Tp) 0™

(Tn+1 Ttz Tnam) @™’

Alw) =k

W > Wmax (6.17)

8) C yueToM cenaHHBIX MPEANOI0KEeHUW MojsydyuM BblpaxkeHue mna JIAX B
KOKJIOM JMala3oHe YacTOT M MOCTPOMM Tpaduk B BHAE KyCOUYHO-JTMHEHHOM

byHKUIUU.
6.2. [Ipumeps! pelieHUs TUIMOBBIX 32124

6.2.1. 3agaua.

Jns  3BeHa ¢ koddduimentom nepemaun W (p) = kg:—?z; ;T > Ty
2

HeoOxouMo nocTpouTh JIAX.
Pewenue:
1) [Tepetinem B 4acTOTHYIO 00J1acTh, 3aMeHUM B HcxoaHoM KII p—jw.

(14T jw)
(14T, jw)

W(w) =k

2) Haitnem moaynb ko3¢ duiireHTa nepeaadn

1+T2 w2
Aw) = W(jo)| = k¥——
[14TZ w?

3) Haiinem 4acToThl cOnpsiKeHUs JIJIs1 JAaHHOTO KO3 dUITMEHTa TIepeadn

o=1/T; ; 0=1/T5;

4) Pacnoyio)KUM 4acTOThI COMPSIKEHUS B MOPSJIKE BO3PACTAHUS

W<

5) Ipoananuzupyem KII B pasHbix auanazonax yactoT. [Toayuum s Kaxaoro
nuana3zoHa Beipaxkenue 1t JIAX

51) <,

T.x. B 3TOM nnana3zoHe 00€ 4acTOThI COMPSHKEHMs OOJIBIIE WM PaBHBI BepXHEH
IpaHMIIbI, TO CYATAEM 4TO B BhIpakeHuu it A(w) 3HadeHus wl; u ol Majbl U
MO’KHO UX HE yuuTbiBaTh. OTCrona Beipaxenue 1 JIAX



L(w) = 20lg(k); w < w,
52) WDr<W<W;

B »stom AUaIta30HC @, MCHBIIC BerHefI I'paHuIbl AUaIla30Ha. C‘H/ITaeM, qTo

J1+ TPw? =~ {|T}w? = Tyw. YactoTa @; , GoJblle WIH PaBHA BEpXHEil TPaHHIEI

JIHara3oHa, cYUTaeM, 4To /1 + T12w2 ~1 . C y4eToM 3TUX MNPEANOJIOKECHUH,
BbIpaxkeHue 1151 JIAX npumeT Bun:

1 k
L(w) = 20lg (k Tz—w) = 20lg (T_z) —20lg(w); wy, < w < wq
D10 npsAMas ¢ OTpUIATeNIbHBIM HAKIIOHOM 20 06/0ek (6 06/oxkm).

5.3) o<w

B »stoM 00e¢ YacToThI COIIPAKCHHUA MCHBIIC BerHefI rpaHunbl AOWarrasoHa.

CunraeM, uto /1 + TZw? = /Tfw? =Tow u 1+ T¢w? = \/T?w? = Tyw. C

YYETOM 3THUX MPEANOJIOKEHNM, BoIpakeHue 1t JIAX npumer BUL:

T, w

L(w) = 201g (k E) = 201g (

6) [Toctpoum rpaduk JIAX. Jyis 3TOr0 NMpeIBapUTEIHHO BBITUIIIEM UTOTOBOE
BBIPAYKECHHUE :

(L(co) = 20lg(k); w < w,

L(w) = 20lg (T%) —20lg(w); wy < w < Wy

kT,

)0 <w
Tz)’ 1

KT
kL(m) = 20lg (T—l), w; < w
2
4 L() [x6]
201g(k)
20 06/0ex
201g(kTyT5)
0 i >
0 Ig(w) Ig(w) lg(w)
6.2.2. 3apaua.
Jlnst 3BeHa ¢ koaddunmentom nepemaun W(p) =k (1+T5p) ;T3 > T >
p(1+T;p)(1+T2p)

T, neob6xoaumo noctpoutsb JIAX.
Pewenue:
1. [Tepeiiaem B 4acTOTHYIO 00JaCTh, 3aMeHUM B HcxoHOM KII p—jw.



(1+T3jw)
Jw(1+Ty jw)(1+T, jw)

W(iw) =k

2. Haiinem Moaynb ko3¢ duiinenTa nepeaadu

[14TZ w2

Alw) =W (jo)| =k

w\/1+T12w2\/1+T22w2

3) Haiinem 4acToThl conmpsiKeHus 7 TaHHOTO K03 uitneHTa nepeaayu
C()]Zl/T] ) COg:l/Tg ) a)3=1/T3 )

4) Pacnoyio)KUM 4acTOThI COMPSKEHUS B MOPSJIKE BO3PACTAHUS
W3<W;<W>

5) IIpoananuzupyem KII B pasHbix auanazonax yactoT. [Toayuum s Kaxaoro
nuana3zoHa Beipaxkenue 1t JIAX

51) <3

T.x. B TOM amMamna3oHe BCE YaCTOTHI COMPSIKEHUs OOJIbIIIE UM PaBHBI BepXHEH
IPaHMIIbI, TO CYMTAEM 4TO B BeIpakeHuu st A(w) T, oT,, oT; Mabl B MOKHO UX
He yuuTbiBaTh. OTCroa Beipaxkenue 1t JIAX

L(w) = 20lg (g) = 20lg(k) — 20lg(w); w < ws.
OT0 npsAMas ¢ OTpUIATeNIbHBIM HAKIIOHOM 20 06/0ek (6 06/oxm).
52) O3<W<®;

B »stom AUAaIla30HC @3 MCHBIIC BerHeﬁ I'paHUIbl AUAIla30Ha. C‘H/ITaeM, qTo

J1+T20w? = \JT?w? = Tyw. Yactothl @, , ®; GONble HIM pPaBHBI BEpXHEi

rPaHMIBI JUana3oHa, cuutaeM, 4to /1 + Tfw? = 1, /1 + Tfw? ~ 1. C yuetom
ATUX NPEANOI0KEHUH, BolpakeHue 1 JIAX npumer Bua:

T30

L(w) = 201g (k=2) = 2019 (kT;); w3 < 0 <
I'padux JIAX B 3TOM JuanazoHe - TOPU30HTANIbHAS MPSMasl.
53) D1<O<W2

B 5TOM JManasoHe @; @; MeHbIIE BEPXHEN rpaHuIbl auanasona. CuMTaeM, 4To
J1+T20% = T2w? = Ty0, 1+ TEw? = TEw? = Tyw Yactota @, Gonbie

WIM paBHA BEpXHEl TpaHMIbI Auana3oHa, cuurtaeM, 9to /1 + Tfw? ~ 1. C yuetom
ATUX MPEANOI0KEeHUM, Boipakenue 11 JIAX npumer Bunu:

) = 20lg (kTT—3w) = 20lg (k %) — 20lg(w); wy < @ <

T30

L(w) = 201g (k "
W»
OT0 npsAMas ¢ OTpUIATEeNIbHBIM HAKIIOHOM 20 06/0ek (6 06/oxkm).

54) o<w



B sToM pamama3oHe BcC€ 4YacTOTBl @3 @, () MEHBUIE BEPXHEH TIPaHUIIBI

muanasona. CunrtaeM, uto +/ 1+ T{w? = Tyw, /1 4+ Tfw? = Ty, 1+ Tfw? =

Trw C yderoMm 3TUX NpeanoaokeHui, Beipaxenne s JIAX npuMer BuA:

) = 20lg (k 772) = 201g (k 7%) — 40lg (w);

T, Ty w?

T30

L(w) = 201g (k

Wy < W

wT,wT{w

310 npsAMas ¢ OTpULaTeIbHBIM HakiIOHOM 40 06/0ek (12 06/0km).

6) [Toctpoum rpaduk JIAX. Jlyis 3TOr0 NMpeiBapUTEIbHO BBIUIIIEM UTOTOBOE
BBIPAYKECHHUE :

( L(w) = 20lg(k) — 20lg(w); w < w3

L(w) = 20lg(kT3); w3 < w < w;
T3

L(w) = 20lg (k —) —20lg(w); w1 < w < W,

T,

N

T
. L(®) =20lg (k ?;1) —40lg(w); wy; < W

4 L() [16]

20[g(1>

20ig(kTs)

20 06/0ex

201g(kT5/T;)

40 06/0ex

0

0 Ig() (@) lg(w) \ Is(a)

6.3. 3agaun

[TocTpoiite rpadux JIAX nnst cucteMsl ¢ K03 pumeHTOM nepeaadyu

_ (1+T3p) .
L. W) =k (1+T1p)(1+T2p),T1 >T,>Ts

_ (1+T3p) .
2.Wp) =k (1+T1p)(1+rzp)'T1 > T3> 1

_ (1+T3p) .
3. W) =k (1+T1p)(1+T2p),T3 >T,>T;

_ 5 (1+Tpp) |
4. W(p) = kp(1+T1p), T, >T,



5.Wp) =k

(14+Typ)
p(1+Tp)’ I, >T

6.W(p) = k—BD .7 S 7 ST,

7.W(p) =k

p(1+T1p)(1+T3p)’

(1+T3p)
p(1+T;p)(1+T;p)

Ty >T3>T,

8. W(p) =k CTsp)UATip), T, >T, >T3>T,

(1+T1p)(1+T,p)’

9.W(p) =k CTsp)UATip), T, >T; >T,>T,

10. W(p) = k BBRWHLD) . 1 S 75T,
1.
12.
13.
14,
15.
16.
17.
18.
19.

20.

W(p)

W(p)

W(p)

W(p)

W(p)

W(p)

W(p)

W(p)

W(p)

W(p)

=k p(1+T3p)

(1+T1p)(1+T,p)’

(1+Typ)(1+T;p)

_ 5, (T30 (A+Tap) |
(1+Typ)(1+T3p)’

=k (1+T3p)(1+T4p) |
(1+Typ)(1+T;p)

_ 5, (T30 (A+T4p) |
(1+Typ)(1+T3p)’

_ 5, (T30 (A+Tap) |
(1+Typ)(1+T3p)’

_ j TP A+T5p)

oy 1> T>Ts
:kmﬁﬁﬁf”ﬂe>n>75
=k ujéfiigzp)ﬂz >T; > T,
=k 1> T2 > Ts
=k p(1+T3p) Ty ST, > T,

(1+Typ)(1+T3p)’

sy 12> 3>

T3 >T,>T,>T,



_ (1+T3p)(1+Tup) |
21. W(p) =k (1+T1p)(1+T2p)(1+T5p),T3 >Ty, >T, >T,>Ts

(1+T3p)(1+Typ)
(1+T1p)(1+T,p)(1+Tsp)

(1+T3p)(1+T,p)

23. W(p) =k (1+T1p)(1+T2p)(1+T5p);T3 > Tl > T2 > T4 > T5
_ (1+T3p)(1+Tup) |

24 W(p) =k (1+T1p)(1+T2p)(1+T5p),T4 >T,>Ts>T; > Ty

25. W(p) = k—tBRAED) . S p ST ST ST,

(14T1p)(1+T,p)(14Tsp)’



I'naBa 7. YeTOHYMBOCTH JIUHEHHBIX CUCTEM
7.1 OcHOBHBIE TeOpeTHYECKHE CBEICHUSA

YCTOMYMBOCTP — 3TO OCHOBHOE Kauye€CTBEHHOE CBOWCTBO  CHCTEMBI
aBTOMAaTUYECKOr0 yMpaBlieHUus, 0e3 KOTOoporo oHa HepaboTocnocobHa. dusmyecku
MOHATHE YCTOMYHMBOCTH CHCTEMBI O3HAYAET, YTO MPOLECCHl B CUCTEME C TEYEHUEM
BpEMEHU (f—00) CTpEeMATCS K OINPEACIICHHOM BEJIIMYMHE MPHU JIOOBIX HadaJbHBIX
YCIIOBUSX.

Ha Puc.7.1 wu3o0paxeHbl NEpeXOAHbIE XapaKTEPUCTHKUA YCTONYMBOW W

HEYCTOMYMBOM cuCTEM. [l YyCTOMYMBOW CHCTEMBI CIPABEIJIMBO PABECHCTBO:
lim A(¢t) = k.

t— o
y YcronuuBag cucreMma

h(t) }
M\] HeycroitunBas cucrema

Uy \)7

Puc. 7.1 — IlepexoiHble XapaKTEpPUCTUKU CUCTEMBI

Jlns TUHEMHOM CTallMOHAPHOW CHCTEMBI PaJuO0aBTOMATUKH HEOOXOAUMO W
JIOCTaTOYHO, YTOOBI BEIIECTBEHHBIE YaCTH BCEX KOPHEH XapaKTepPUCTUYECKOTO
ypaBHEHUS CHUCTEMbI OBUIM OTpUIATEIbHBIMU. HemocpeacTBeHHOE HaXOXICHHE
KOPHEH XapaKTEPUCTUUECKOTO YPABHEHUS IOCTYHHO JIUIIbL JJII CUCTEM IIEPBOTIO U
BTOpOTro nopsakoB. [Ipu n>2 pelienre win rpoMo3AK0, WK BOOOIIE aHATUTHICCKH
HEBO3MOXXHO. Kpome Toro, B mporecce HOpMaIbHOW JKCIUTyaTalluW MPOUCXOIUT
W3MEHECHUE MapaMeTpoOB, IPUBOMAIIEE K IEPEMEHE COCTOSHUHA, M CHUCTEMa
yCTOMYMBAsI MOXKET CTaTh HEYCTOMUYMBOU M HAOOOPOT.

IIpu ompenesieHUH yCTOMYUBOCTH YacTO MPUMEHSAIOTCS Pa3JIMYHBbIE KPUTCPHUH,
MO3BOJISAIONME 0€3 PeIICHHs] YPaBHCHUM TUHAMUKHA CUCTEM PEryJUPOBaHUS OIEHUTH
UX COCTOSIHME: YCTOMYHMBOE, HEYCTOMYMBOE M Ha T'PaHH yCTOMYHUBOCTH. [loaTomy
KOKIBIA W3 KPUTEPUEB [IOJDKEH TO3BOJATH IMOJy4aTh OOJACTH YCTOMYUBBIX H
HEYCTOMYUBBIX COCTOSIHUM JIMHEMHON CUCTEMBI.

7.2 Kpurtepuii ycronuusoctu ['ypBuna

Kpurepunii ycrtoiiunBocTd ['ypBHULla HAaXOAWT WIIMPOKOE IPUMEHEHUE MPHU
aHaJM3€ CUCTEM TPEThEr0 MU YETBEPTOrO IMOPSAKOB, KOTZA M3BECTHBI NapamMeTphl
cucteMbl. KpoMe TOro, OH MO3BOJISIET MOJYYUTh AHAIMTHYECKOE BBIPAKEHUE
(BBIpa)keHUs1) JUIsl TpaHUI] 00JIaCTU BO3MOYKHBIX 3HAYEHUH KaKOro-aubo mapameTpa
(mapaMeTpoB) CHUCTEMBbI, TIpPHU KOTOPBIX COXPAHSIETCS YCTOMUMBOE COCTOSHUE
CUCTEMBI.



Oro anreOpandyeckuid KpUTEpHM, KOTOPBIA MpeArnojiaraeT paccMOTpPEHUE
XapaKTepUCTUYECKOTIO YpaBHEHUS B CTaHAAPTHOM (hopme

D(p)=co+cptep’+esp+...+e,p'=0

N3 ero xo3¢p(dHUIMEHTOB TO CIENYIOLIEMY npasuy COCTABISETCS MATPHUIA
I'ypBuma: Ha THaBHOW JMaroHajqud CBEPXY BHHU3 BIUCHIBAIOTCS KOA(DOUIIMEHTHI
XapaKTepUCTUYECKOIO YpPaBHEHHUS OT C,; 0 Cy BKIIOUUTEIBHO. B Kaxknom crondue
BHU3 OT JMAaroHajid 3alUChIBAIOT KOA(G(UIMEHTH MpPH BO3PACTAIOLIMX CTETECHSX
oneparopa Jlammaca — p, BBepX — Ipu yObIBalomux cTeneHsx p. Hepocraromue
AJIEMEHTBl B CTOJIONE 3amojHSI0TCS HyIsIMU. JIMOO B KaXKJoil CTpoKe cmpaBa OT
[JIaBHOW JIMAaroHaiM pacrnojiaratorcs Kod(hQUIMEeHTsl IpHu yOBIBAIOIIMX Yepe3 OAHY
CTENEeHsAX p, CjeBa OT IJIABHOW JMaroHajau pacrnojiaraiorcs Kod(h(UIMEHTHl Npu
BO3pACTAOIIUX YePE3 OJHY CTeNeHb oneparopa Jlamnaca p — (Cy-, Cp3, Cpos,e - - )-

c,, ¢,5 .. 0 0
c, ¢€,, .. 0 0
0 ¢, 0 O
A =
c, O
0 0 .. ¢, c

DopMyJIHPOBKA KPUTEPUS.

JI71st yCTOMYMBOCTH JINHEWMHON CUCTEMBI HEOOXOAMMO U I0OCTATOYHO, YTOOBI IIPH
c,>0 Bce n omnpeaenutened, MNoiaydyaeMblXx M3 MaTpulbl ['ypBuma A,, Obuin

MTOJIO)KUTCITBHBI.

JIJIsE cUCTeM TIEpBOrO M BTOPOTO TOPsJIKAa HEOOXOIUMOE YCIOBUE SBISCTCS M
JOCTaTOYHBIM.

N3 kputepus ['ypBHrIla BRITEKAIOT CICIYIONIUE YCIOBUS YCTOWYHNBOCTH:

JUTSL CUCTEM MepBOro nopsiaka ¢ D(p)= copt+cp

c ]>0, Co >0;

JUISL CHCTEM BTOPOTO TIOpsiiKa ¢ D(p)=co+cp+ep’

Cg>0, Cj >0, Co >0;

JUISL CHCTEM TPEThEro mopsinka ¢ D(p)=co+cp+cp’+esp

CiCr— CoC3 > 0,'

JUISL CHCTEM YeTBEPTOro mopsiaka ¢ D(p)=cy+cp+ep’+ep’ +ep’

C3(C]Cg — C()C3) — 6’4012 >().

7.3 Kpurepuii ycroiiunsoctu HaiikBucra

OroT kputepuil 6pu1 monydyen H. HaiixkBucrom B 1932 romy mist mpoBepku
YCUJIIUTENEH ¢ OTPULATEIbHOM OOpaTHOM CBs3bIO, a 3aTeM OOOOIIEH Ha CHUCTEMBI
aBTOMAaTHYECKOT0 YIPABIECHUS.

Kpurepnii HalikBucTa 1NO3BOJSET ONPENEIUTh YCTOWYMBOCTh CHUCTEMBI C
oOpaTHOW CBA3bI0 (3aMKHYTOM CHCTEMbI) IO 53KCHEPUMEHTAIbHO CHATON WU



MOJIY4YEHHOW Ha OCHOBE MEpPEeAaTOYHOM (PYHKIIMM aMIUIMTYIHO-(pa30BOM 4acTOTHOM
XapaKTepUCTUKe pa3oMKHYTOU cuctemsl (Puc. 7.2).

AJ'm

Re

K(jo)

Puc. 7.2 — A®X pa3oMKHYTO! CHCTEMBI
DopmyanpoBka kpurtepust Haiiksucra.

Jlist yCTOWYMBOCTH 3aMKHYTOM CHCTEMBbI HEOOXOIMMO M JOCTATOYHO, YTOOBI
aMIUTUTYJHO-(Da30Basi XapaKTepUCTUKA YCTOMYMBOW Pa30OMKHYTOM CHUCTEMBI MpHU
u3MeHeHuH @ oT 0 10 co He oXBaThIBaJla TOUKY ¢ KoopauHatamu {—1, jO}.

ﬁlm

Kx(jo)

Cucrema ycroitunba



A
Im

K(jw)

Cucrema HeycTOMUNBa
Puc. 7.3 — YacToTHBIE XapAKTEPUCTUKH CUCTeMBI /151 KpuTepust HalikBucra
Ecnu rogorpad A®X npoxonut uepe3 ToUky (-1,j0), TO cucTemMa HaXOJUTCs Ha
IPaHULIE YCTOUYUBOCTH.
Kpurepunii HaiikBucrta MOXHO TakKe NMPUMEHATH, €CIU PAa30MKHYTas CUCTEMA
HUMCCT B CBOCM COCTABC MHTCTPATOP, T.C. €C MICPCAATOTHAA (1)YHKLII/I$I ClIcayromas:

K(p)=—2P) (7.1)

pQ(p)

[TomydyeHHass B pe3ynbTaTe 3aMEHBI p Ha jw B BbIpaxkeHuu (7.1) aMIuIMTyIHO-
¢da3oBasi XapaKTepUCTUKA Oy/IeT UMETh HEOIPEACIICHHOCTh B Touke w= (). [loaTomy
Ipyu €€ TIOCTPOCHUM JICNIAI0T AaNlpOKCUMAIUIO: XapaKTEPUCTHUKY JTOMOIHSIOT
MOJIYOKPYKHOCTBIO OCCKOHEYHO OOJIBIIIOTO paanuyca Tak, 4ToObl OHa HaYMHAIACh HA
MOJIOKUTENILHON BellecTBeHHOMU noiyocu (Puc. 7.4).

AIm

K(jo)

Puc. 7.4 — A®X pa3oMKHYTOM CHUCTEMBI C HHTETPaTOPOM

3aMKHyTasi cucteMa OyAeT HaXOJIUThCS Ha T'PaHUIE YCTOMUYMBOCTH, €CIU IPH
HEKOTOpOo 4acTtoTe w=w) ADPX pa3oOMKHYTOH CHUCTEMBI IEPECEKAET TOUYKY C
koopauHatamu {—1, jO}. AHaIUTHUYECKH YyCJIOBHE TpaHUIIBl YCTOWYHMBOCTH
3aIMCHIBAECTCS B BUJIE:



1+ K(jw,)=0.

7.4 Jlorapumuueckas ¢popma kpurepust HaiikBucra

I[JHI IIPOBCPKHU YCTOI\/'I"II/IBOCTI/I 3aMKHYTOﬁ CUCTCMBI MOXHO HCIIOJIB30BaTh
JIOI‘apI/I(i)MI/ILICCKI/IC YaCTOTHBIC XAPAKTCPHUCTHUKU paSOMKHYTOﬁ, KOTOPBIC CTPOATCA

MOYTH O€3 BBEIYKMCICHUM.

dDopmyanpoBka kpurtepust Haiiksucra.

JIJIst 3aMKHYTOM cHCTeMBl HEOOXOIMMO U JOCTATOYHO, YTOOBI HA YacTOTaX, IJIC

JIAYX mnonoxutenbHa (T.e. L(w) > 0), da3zoBas YacToTHash XapaKTEPUCTHKA
N 0

Pa30MKHYTOH CHCTEMBI He Tiepecekana ock — 180" wim mepecekana ee 4eTHOE YHCIIO0

pas.

Puc. 7.5 — Jlorapugmuueckre 4aCTOTHbIE XapaKTEPUCTHKH,

L0
L(w)
Igoe
N\ lgo
PR \
_qr
\

WJUTIOCTpUpYromue kpurepuii HalikBucra

3aMKHYyTas cucTteMa OyAeT HaXOIUTHCS HA TPAHUIIE YCTOWYMBOCTH, €CJIM HA TOM
xe uyactote, rae L(w)=0, ¢da3oBas yacTOTHas XapaKTEpUCTUKA Pa30MKHYTOU

CHCTEMBI TiepecekaeT och — 180°,

7.5. IllpumMepsl pelieHUs] TUNIOBBIX 3a1a4

7.5.1. 3agaua

CrpykTypHas cxeMa COeIMHEHHS 3BEHbEB MT0OKa3aHa Ha pUCyHKe 7.6.

x(p)

p+l

0,5p+1

p+3

y()

Puc. 7.6



TpebGyercs:

@) UCCIIeIOBATh CUCTEMY Ha YCTOMYMBOCTH C HCIIOIB30BAHUEM aJIre0pandecKoro
kputepus [ 'ypBuna;

6) onpenennTh KPUTHYECKOE 3HAYECHUE k,, oOmero koddduiueHta ycuieHus
Pa30MKHYTOM CHCTEMBI;

8) UCCIIEIOBATh CHUCTEMY Ha YCTOWYMBOCTh C HCIOJIB30BAHHEM YacTOTHOTO
kputepus Haliksucra.

Pewenue.
a) Mccnenyem ycTOMYMBOCTD CUCTEMBI C TIOMOIIBIO Kputepus ['ypBuia.
1. Onpenensiem nepenaTounyto GyHKIH K(p) pa30OMKHYTONH CUCTEMBI:

K(p)=F®) _ 5.2 10

O(p) (p+1):(0.5p+D)-(p+3) 0.5p" +2p*+55p+3’
2. OnpenensieM nepeaaToynyro QyHKkuo K, (p) 3aMKHYTOH CUCTEMBI:

10
X (p):P(p): 0,5p> +2p*>+5,5p+3 _ 10
. D(p) 1, 10 0,5p° +2p* +5,5p+13

0,5p° +2p° +5,5p+3
Cornacno kputeputo ['ypBuna st CUCTEMBI TPETHETO MOPSIKA
c;Cy — cocz > () 3anuIIeM:
55:2-13:05>0
CrnenoBarenbHO, cucTemMa o Kpureputo ['ypBuna sBIIsSIETCS yCTOMYUBOM.

0) Kputnueckoe 3Hauenue kodpdUIMEHTa YCUJIEHUS PA30MKHYTOW CHCTEMBI
ONPENEIAECTCS U3 YCIOBHS PAaBEHCTBA HYJIO ONPEAECIUTENST MaTpullbl ['ypBuna wim
HAllMCAaHHOTO paHee HepaBeHCTBa (I cucteM c 1-ro mo 4-d  TmopsnoK
XapaKTEPUCTUUECKOTO MOJIMHOMA). s HaIlEero ciyyas

D(p) :O,Sp3 +2p2 +5,5p+(k+3)
5,5:2-0,5(kyt3)=0, ki,=109.

B) UccnemyemM yCTOMYMBOCTD CUCTEMBI ¢ IOMOIIBIO KpuTepus: HaiikBucra.

1. B nepenatounoit ¢pyHKIIMU Pa30MKHYTOM CHUCTEMBI 3aMEHSIEM TapaMeTp p Ha
3Ha‘{CHI/IejC(), TOTra

10 3 10

—-0,5j0’ —20° +55j0+3 - (3-20")+ j(5.50—-0,50")

2. Ina Toro, 4roObl H30aBUTHLCI OT MHHMOM EIMHHUIIBI B 3HAMCHATEIEC,
YMHOKAa€M YHCIIMTEIb U 3HAMEHATEIb HAa KOMIUIEKCHO-COIIPSKEHHOE BBIPAKEHUE
3HAMCHATCJIA:

K(jw)=

10 3-20")- j(5,50-0,50°)
(G-20%)+ j(550—0,50") (3-20%)— j(5,50—0,50")
103 -2w%) - j10(5,50 — 0,50%)
 (3-20")+(550-0,50")

K(jo)=




3. 13 Beipaxkenuss ADX BbiaensieM JeUCTBUTENBHYIO Re 1 MHUMYIO [ 4acTu
103 -20%) L ~10(5,50—0,50")

(—20°) +(.50-050") ' 3-20°) +(550—050")

4. Iloctpoenue rogorpada.

Jlist mocTpoenus rogorpada u3MeHsoT @ oT () 1o co. PaccunThiBaeMble 3Haye-
HUsL Re 1 Im cBomAT B TaOJMIly U MO 3THUM JAHHBIM Ha KOMIUIEKCHOW IJIOCKOCTH
MOXXHO mocTpouth rojgorpad. Ho 3TOT myTh TpynOeMKHl, TO3TOMY 4Yalle CTPOST
rojgorpad YMCTO ACUMITOTHYECKH, 3aJaBasch ABYMs 3HaueHUs MU @ (0 U o) (cMm.

tabn.7.1). [Ipu w—>oo nefictButenbHas 1 MHUMas yactu ADX cTpeMsTcs K HYJIIO.
2

K(jo)=

HpI/I 9TOM JCHCTBUTEIbHAS YacTh Re = T.C. CTPEMUTCH K HYJIHO, HO OCTACTCA

(‘06
3

« e}
ompuyamenvhou (3-1 U 4-1 derBeprtu). MHMMas 4acth Im=—,
e}

T.€. CTPEMHUTCS K
HYJIFO, HO ocTaetcst nonodxcumenvror (l1-1 u 4-s uerBeptH). Takum oOpaszowm,
rogorpad OyAeT CTPEMHUTBhCS K HYII0 Ha KOMIUIEKCHOM IIOCKOCTH CO CTOPOHBI
yeTBepTOoi yeTBepTH (cM. Puc. 7.7).

Onpenenuth, ¢ Kakoll 4YETBEPTH roaorpad CTpEeMUTCS K HYJIIO MOXKHO, 3Has
Kakoi cIBUT (a3 JaeT Kaxjaoe sneMeHTapHoe 3BeHo. CymMmapHbIid caBUT (pa3bl amis
TpeX amnepuoAnYecKux 3BeHbeB Oyaer -270°. Ilpu 3TOoM rogorpad mnpu @=co, Koraa
Re v Im gacTtu 1iis BeIpakeHUs K (j@) paBHBI HYJII0, BOWIET B TOUKY ¢ KOOpJAMHATAMHU
(0,0) KOMIUIEKCHOM IUIOCKOCTH CO CTOpPOHBI -270° T.e., JOJKEH Tepeceyb
BEILIECTBEHHYIO OCh.

Haiinem Touky «z» nepeceyenus rogorpada u BelecTBeHHoN ocH (cM. puc.7.4).
JIJIst 5TOTO HY>KHO HalTH Takoe 3HAYCHUE @, IPU KOTOPOM MHHUMAs YacCTh BBIPAKCHUS

K(j ) paBHa HYIIIO.

Tabauma 7.1
O] 0 0
R(w) = -0
() 0 +0

Puc. 7.7
OHpeHeHHeM 9TO 3HAUYCHHUCLC . MHI/IMaH qaCTb MOXCT 6BITB paBHa Hy.HIO, Koraga

qHCIIUTENb paBeH Hymo: Im = - 10(5,5w - 0,5¢’°), oTkyna HaiineMm o =+/11.



[loncTaBUB MOMy4EHHOE 3HAYEHUE YACTOTHI @ B BBIPAKEHUE JEHCTBUTEIHHOM
qacTu Re, HaliileM BeJIMUUHY BhIOpoca rogorpada z:

L 10-(3-2(V/11) _10:-19) 4 s,

G-211)?) +(5,5V11-0,5/11)))*> 19 ’

W3 sToro cnemyer, 4ro TOYKa «z» UMeET KoopAuHaThl (-0,52;j0), a 3HA4MT,
rogorpad AD®X npu U3BMEHEHUH YaCTOThI OT HYJISL 10 OECKOHEUHOCTH HE OXBAThIBAET
TOUYKYy C KoopauHatamu (-1;j0). CrnemoBarenbHO, 3aMKHyTash aBTOMAaTHYeCKas
cUcTeMa yCTOMYMBA.

7.6. 3amaum
7.6.1. 3agaua

JlaHa cTpyKTypHas cxema, KoTopas n300paxeHa Ha puc.7.8.

x(p) K y(p)

p(Tip+1) (Tap+1)

Puc. 7.8
TpeGyetcs, nonp3ysck KpurepueM ycroiunBocTu ['ypBuna:
a) Ucclea0BaTh yCTOMUUBOCTh cucTeMbl Tipu k = 10, T; = 2¢, T, = 0, 2c;
0) onpenenuTh KPUTHYECKHE 3HAYEHHS K, 0OIIEro KodpQHUIUEHTa yCHUICHH
Pa30MKHYTOM CHUCTEMBI.

7.6.2. 3agaua

Jana cucrema, CTpyKTypHas cXeMa KOTOpO# Moka3aHa Ha puc.7.8.
TpeOyetcs, monb3ysch KputepueM ycroilunmBoctu HalikBucTa, ucciaenoBarthb
yCTOMYMBOCTh cucTeMbl ipu k = 3, T; = Ic, T, = 3c.

7.6.3. 3agaua

CrpykrypHas cxema cucteMbl nokaszana Ha Puc. 7.9. Tlokazats, 4To npu JIFOOBIX
k>0 u T>(0 cuctema yctoiuuBa (C MOMOIIbIO KpuTepus ['ypBuina u Kpurepus
HaiikBucra).

x(p) y()
— > K(Tp+1)
P

Puc. 7.9



7.6.7. 3agaua

Haiitn kputnueckuii KoahGUIMEHT yCUIIEHUSI CUCTEMBI K, €CIIHM NepeIaToHasl
(GyHKUMSA Pa30MKHYTON CUCTEMBI

k(0,1p +1
K(p)= - OL*D

0.2p+D(O05p+1)p
7.6.5 3amaua

CrpykrypHas cxema cucTemMbl okazana Ha Puc. 7.10.

Tpebyercs:

a) UCCJEI0OBaTh YCTOMUMBOCTb CHCTEMBI, MOJIb3YSICh KPUTEPUEM YCTONUHUBOCTH
HaiikBucra. Bapuantsl K (p) npuBenens B Tadu. 7.2.
0) uccnenoBaTh YCTOMYMBOCTh CUCTEMBI, MOJB3YSACh KPUTEPUEM YCTONYMBOCTH
['ypBuna. Bapuantsl K(p) npuBenens! B Tada. 7.2.

X(p)

y()

—» K(p)
Puc. 7.10
Tabnuua 7.2
Howmep Howmep
Bap. K(p) Bap. K(p)
10 100(p +1
: 7 o p(4(5 ; 1))
5 5 - 52p+1)
p2p+1) p(0,5p+1)
2p+1 10
3 (» : ) 18 _10
p p(2p+1)
10(p+1 5
4 10(p+D). 19 —
p(2p+1) r(0,5p+1)
5(4p+1 2
5 S@p+h 0 2
p(p+1) GSp+D(p+1)
] 10(0,5p +1) . 20
2 2
p 2p+1) (0,5p+1)
; 1002 p+1) ” 5
p(p+1) p’
10 10
8 - 23 v
Qp+D)(p+1) p(p+])
5 25(p+1)
’ pQp1y > P Cp+))
0,3 2(p+1
p P (0,25p+1)




2 10(4p +1)
1 Py e— 26 —
p (0,5p+1) p(2p+1)
42p +1 5
z 42z D - s
p p(0,5p+1)
10(4p+1 25
13 2(#) 28 R
p 2p+1) p(0,5p+1)
5(0,2p +1 2p+1
14 (2 p+1) 29 2p+1) :
p(p+1) (4p+D(p+1)
5 S5(p+1
15 — 30 (prD)
p(2p+1) Q2p+1)0,5p+1)




I'maBa 8. KauecTBO JIMHEHHBIX CTALMOHAPHBIX CUCTEM
HOII Kauecmeom ABTOMATHUYECKOM CHCTEMBl TTOHMMAaETCs COBOKYITHOCTDb
XAPAKTCPUCTHK, OIIPCACIIAIONINX HACKOJBKO CHCTCMA YIOBJICTBOPACT 3dAdHHBIM
KPpUTCPUAM. KadecTtBO aBTOMATHYECKOM CHCTEMBI OOCHUBACTCA OIIPCACICHHBIMUA
II0Ka3aTCJIIsIMH, HA3bIBACMBIMU noKazameiimu Kkavecmaeda.

8.1. KayectBo CAY B nepexogHoMm pexume

OCHOBHBIMH TTapaMETPaMHU, KOTOPbIE OMUCKHIBAIOT KAU€CTBO CUCTEM YTIPABIECHUS
B [IEPEXOHOM PEXKUME, SBISIOTCS:

bovicmpooeticmeue AC 0OBIYHO OLICHMBAETCS BPEMEHEM PEryJIupOBAHUS
(BpeMeHeM MepexoJHOro Mpoliecca) fp. KOTOPOE HEMOCPEACTBEHHO ONPEEseTcs 10
nepexoaHON (PYHKIIMHU CUCTEMBI.

Ilepepezynuposanue AC olLeHUBAeTCs BEIMYMHON mepeperynupoBaHus H,,
KOTOpasi Tak)ke HEMOCPEJCTBEHHO OIpeAeIsIeTcs M0 MepexXoIHON (PYHKIIUN CUCTEMBI
(cm. TiaBy 2).

Tounocms TUHEWHOM CTAallMOHAPHOW CHCTEMBbI OIICHUBACTCS OIIMOKaMU B
YCTAaHOBHBIIIEMCS PEKUME €€ paboThl, T.€. OCIe OKOHYAHUS MEPEX0JHOr0 Mpolecca.

/

Puc. 8.1
MCTOI[BI BBIUUCJICHUSA IIOKa3aTelIcil KadeCcTBa MePeXOoaJHOT0 Iponecca MOIKHO
pa3zeauT Ha JIBE TPYIIIIbI

- IPSIMBIE METO/IbI BBIYUCIIEHUS

- KOCBEHHBIE METO/IbI OLICHKH.

[IpsiMmple MeTOABI TOYHBI , HO TPEOYIOT HEMOCPEICTBEHHOTO PpELICHUS
b depeHnanbHBIX YpaBHEHUH (UM HKCIIEPUMEHTAIbHBIX UCCIIEI0BAHUMN ).

KocBeHHbIE METOBI TTO3BOJIAIOT, HE pElllasi YPaBHEHUH, C XOPOLIEH TOYHOCTHIO
OLICHUTb 3HAUYECHUS MMOKA3aTENEel KaueCTBa.

AHaJIU3 nepexoaHoro npouecca mo AYX

Paccmorpum AUYX 3aMkHyTOM cucteMbl. Eciam cucrtema HeycToWuMBa, TO
aMIUIUTyJa KoyieOaHWii Ha BBIXOJIE CHUCTEMBI JOCTUraeT OECKOHEUHO OOJbIION
BEMUYMHBl (B pEalbHBIX CHCTEMaxX OHA OrpaHUYEHAa W3-32 HEJIMHEWMHOCTH
xapakTepuctuk). B stom cnyuae AUX cucrembl umeet paspeiB. AUX ycroitunBoii
CUCTEMBI, B 3aBUCUMOCTH OT MapaMeTpoB, JUOO HMeeT MUK, JHOO SsBIsAETCA
yoObiBatonield  ¢ynkuued (puc. 8.2). Ymenbiienne nuka AYX CcOOTBETCTBYET



YMEHBIIICHUIO AaMIUIATYIbl W YHCIa KOoJIeOaHWH, COBEpIIaeMBIX CHCTEMOW B
NepexXoHOM pexume (puc. 8.3).

‘k W(CO) N \ A x(t) 1

o —

~V

Puc. 8.2 Puc. 8.3

Taxkum o6pazom, Bux AUX MOXKET OBITh UCIOIB30BaH Il KOCBEHHOU OILICHKU
JUTUTETLHOCTH NIEPEXOAHOTO Mpoliecca U CTENEHH nepeperynupoBanus. Yem Oosnblie
MUK, TeM Ooiblie  KojeOaTelbHbIE CBOMCTBA  CUCTEMbI, TeM  OoJblie
MEPEPETYIMPOBAHUE W JUIMTEIBHOCTh MEPEXOAHOTO mpouecca. OTHOUIEHUE
MakcumyMa AUX K ee BEIMUYMHE HA HYJIEBOM 4YacTOTE HA3bIBAETCS IOKAa3aTelieM
konebarensHOCTH. [TopoOHO oH paccMmoTpeH B maparpade 8.5. HacroTa, Ha KOTOpOi
AYX umeeT MakKCUMyM, Ha3bIBAa€TCS YaCTOTOW COOCTBEHHBIX KoyieOaHuM. Takke
ecmu AUX uMmeer MakCUMyM, TO Todka ee mepecedeHus ¢ mpsmoi |W(jw| =1
OIPENENAET YACTOTY Cpe3a 3aMKHYTOM CHUCTEMBI @, . Ilo BeauuMHE 3TOH YaCTOTHI
MO>XHO KOCBEHHO CYIUTh O OBICTpOJEHCTBUM CUCTEMBI. UeM OoJiblie yacToTa cpesa,
TeM Ooblie ObicTpoaeiicTBre. [Ipu 3TOM Bpemsi EPeXoHOI0 MpoIecca MOKET OBITh
OTIpEJIEJICHO 0 MPOCTOi popmyiie:

s
tp = — (8.1)

cp
YacTto CBOMCTBAa 3aMKHYTOM CHCTEMBI paccMaTpuBalOT B 3aBUCHMOCTH OT
rapaMeTpoB MepeaTouHol (HYHKIIMK pa30MKHYTON cHUCTeMbl. MOHO TOKa3aTh, 4TO B

3TO ciy4ae BbIpakeHue (8.1) mepexoaut B HEPaBEHCTBO:
i

t, >, (8.2)

Wycp
THe @, - YacTOTa Cpe3a Pa3sOMKHYTOH cHucTeMmbl. [ToAPOOGHO 3aBHCHMOCTH
MCIKIAY .HAX, MOKAa3aTejIeM KOJIe0aTeIbHOCTH 1 MMEPCXOIHBIMU IIPOHCCCaAMHU OIIMCAaHa

B npuioxxeHuu I12.

8.2. UuTerpajibHbIe KPUTEPUHM Ka4eCTBA

JlokanbHble KPpUTEPUHM KauecTBa OOBIYHO HATJISJIHBI, HO TPYIHO BBIYUCISIOTCS
aHauThU4ecku. IIpuMepoM TOMy ciyKaT MOKa3aTeau MEPEXOJIHOU XapaKTEPUCTUKH,
paccMOTpeHHble Bblle. MHTerpangbHble KpPUTEpUH, OCOOEHHO KBaJpaTHYHBIE,
JNOCTATOYHO JIETKO BBIYUCIISIFOTCS, OJHAKO HE TaK HAIJIAIHbI, KaK JIOKAJIbHBIC.

Yacro 11 OLEHKM KadyecTBa MOXHO  HCHOJIB3YETCS  HMHTETPAJIbHBIN
KBaJpaTUYHbIN KPUTEPUI



0- o(jj[hycm _ h(t)}dt - —O(jjen (t)dt = O(J(:‘en (t)}a't,

rje 4yepes3 e, () o003HaueHa OIIMOKa MEPEXOTHOTO PEKUMA, MPEICTABIISIONIAS
Pa3HOCTh MEXIY TEKYIIMM ¥ YCTAaHOBHMBIIEMCS 3HAYCHHSIMHU IEPEXOIHOM
xapakTepucTuku. YUem mensbie Q, Tem Boimie kadectso CAY.

PaccMOTprM METOIMKY HAaXOXKICHUS WHTETPATBHOTO KBAJAPATUYHOTO KPUTEPHS
MEPEXOTHOTO PEXKUMA JIJIsl PErYISIPHOTO BO3ACHCTBUSA X(£).

N300pakeHre TMHAMHYECKON OIMMOKKM MOYKHO 3aIlMCaTh B BUJIC POW3BEICHUS

e(p) = x(P)Kex(p)-

He npuberast kK HAaX0XACHUIO OPUTHHAJIA €,(f), MOXKHO HAalWTH yCTaHOBUBIIICECS
3HAYCHWE OIMOKH YIIPaBICHUS

e yem= lim e, (Z) ,

I —
17001
e yem= lim px(p)Kex(p).
p—0

Ecnu u3 monHol ommOKu e (f) BbIYECTh OLIMOKY YCTAHOBUBULIETOCS PEKHUMA
€y yems TO TIOJIyYUM COCTABIISIOIIYIO, KOTOpPask paBHA OIIMOKE IIEPEXOIHOTO PEKMMA

en(t) = € (t) - exycm-
OueBUIHO, YTO

e (t) >0 1ipu t — 00, Tak Kak ey (f) = ey ycm.

I/IHTeraHBHBIﬁ KBaI[paTI/IIIHIJﬁ KpI/ITepI/Iﬁ Ka4qCCTBa TIICPCXOOHOTO0 PCKHUMaA
OIpCACINM KaK BCIIMYNHY

00 00 2
T2 (s L,
0= (j) e (¢)dt = (j) [ex(t) e } dt.

Ha ocnHoBanuu u3BecTHOUl Teopembl [lapceBaiis, HAXOXKIAECHUE UHTETPAIBHOTO
KBaJ[pATUYHOTO KpUTEepHs KadecTBa () TMEPEXOAHOrO0 pEeXKHUMa CBOJIUTCS K
BbIUKCIICHUIO nHTerpana [Tapcesans

Q:Ieg(f)dtzz[en(p)] 33)

UTOObI BBIYMCIUTh KOHKPETHOE 3HAUCHHME ITOTO MHTErpajia, QyHKUHUIO e,(p)
3allMCHIBAIOT B BUJIE€ OTHOIIECHUS TTOJTMHOMOB

m
_oytagptata cp

B+ P-p+..tpB - p"

Torpa unrterpan Oyaer ¢yHkuueil mapamerpoB ¢, W . 3HaueHHs QYHKUUN
TaOynupoBaHbl U Uit 1 < 4 npuBeaeHsbl B Ta0u. [1.3.



N306pakeHne OMMOKH IEPEXOAHOIO PEXUMA MOITyIaeM 13 HOPMYJIbL:
e,(p)=e (p)-e oo

IJie y4TeHO, 4YTO U300paKEHUE OT HOCTOSIHHOM € ¢y PABHO € 4 yor /P.
Y CTaHOBUBIIYIOCS OMIMOKY TIO 3aJar0IIeMy BO3JACHCTBHIO MOXKHO OIPEACTUTH
o ¢hopmyiie

€, (1) =1lim pK., (p)x(p), (8.4)
rae K..(p) - nepenaTounas GyHKIMs OIMIMOKH IO 3a/1al0IIEMy BO3JEUCTBUIO IS
3aMKHYTOM cuctemsl K, (p) = %; X(p) - 1300paKeHUE 3a/1AI0IET0 BO3ACHCTBHUS.
P

VYcTaHoBUBLIYIOCS OMIMOKY MO BO3MYILAIOMIEMY BO3JCHCTBHUIO OMpPEACIAIOT MO
bopmye
e, () =lim pK ,(p)v(p), (8.5)
p—0
rae K.,(p) - nepenaroynas GyHKIHs OMIMOKU MO BO3MYIIAIOIIEMY BO3ICHCTBUIO

JUISl 3aMKHYTOM CHCTEMBI; V(p) - N300pakeHrne BO3MYIIAIOUIET0 BO3IEHCTBHUS.

8.3. Koo puuueHThI OIIMOOK

B cayudae ecnm Ha cucteMy C TepelaToOyHOW (yHKIIMEH ny(p):%
JIEUCTBYET MOJIMHOMHUAIBHBIN BXOIHOM CUT'HAJI BUJA

x(t) =x0+x1t+th2+ +xktk, (8.6)

rI€ X; - TOCTOSHHbIE W3BECTHbIE KOI(P(PUIMEHTH, TO B YCTaHOBHUBIIEMCS
peXKUME OIITUOKA e,(?) onpeesieTcs paBeHCTBOM

ex(t)=Dyx(t)+DxV 1)+ ...+Dx™ (1) (8.7)

rae D; - koagguyuenmol omudKu.
Koaddumnuentsr D;, npenctaBisiior codboit KodhOUIMEHTH pa3ioXKeHUs B Psij

Teitmopa B okpecTHOCTH TOuku p = () mnepenatouHodt Qyukiuuu K.(p) u
yIIOBJIETBOPSIIOT PABEHCTBY
Kei(p)=Dy+Dp+...+Dip* (8.8)

®opmyna (8.8) JEKUT B OCHOBE MPAKTHYECKOTO CMOco0a BBIYUCICHUS
koabdunmentos D;. Jng cucreM ¢ mnepegaToyHol (QyHKUMEH OIMMOKH TIO

ap'+..+ap+a,

3ajawomemMy Bosaeicteuio K, (p)= paBeHCTBO (8.8) MOXKHO

c,p'+..+cptc,
Hepenucarh B BUJIE
(a,p"+...a;p+ag)=(DytDp+... +kak)(cnp"+...01p+co) (8.9)

U3 PaBCHCTBA KOS(i)(i)I/II_II/ICHTOB IIpu OAWHAKOBBIX CTCIICHAX p B 00enx YacTax
9TOT'O BBIPAKCHUA BBIYUCIIAIOTCA KOC—)(I)(I)I/IHI/ICHTBI D,'l



_ —¢D, —¢,D
p=%, —p-4zab p_@mzaboab, o (8.10)
€y Co Co

8.4. AcTaTtusm cucrem

Cucrema Ha3bIBae€TCsl cmamuyeckol MO OTHOIICHUIO K ONpeAeICHHOMY
BXOJIHOMY CUTHAIy X(?), €clid nepBbli Ko duuueHt omudku Dy He paBeH HyIt0. U3
ATOrO orpeeneHus U Gopmysl (8.8) ciieayeT, uTo B Caydae MOCTOSTHHOTO BXOJIHOTO
CUTHaJIa OIIMOKA CHUCTEMbl B YCTAHOBUBILEMCS PEXKHUME IMOCTOSHHA U OTJIMYHA OT
HYJIS.

Cucrema Ha3bIBaeTCsl acmamuyeckou V-ro TOpsAJiIKa 10 OTHOIICHHIO K
OTIPEJICICHHOMY BXOJHOMY CUTHAJy X(?), €CIH MepBbie v KOADPHUIIUEHTOB OIIUOKH
paBHbI HYIIO, a D, otnuyeH oT vy (Dy=0, D;=0, D,.;=0, D,#0)

CornacHo 3TUM OIpeesIeHUaM AJi1 HauboJiee 4acTO BCTPEUAIOIINXCS CUTHAJIOB
B Tabnuue 8.1. npuBeneHsl yctaHoBuBIuecs omunoku AC.

Tabnuna 8.1
x(t) CraTuueckas AcTaTnyeckas cucrema AcTaTnyeckas cucrema
cucrema 1-ro nopsiaka 2-ro nopsiKa
A-1(t) A 0 0
1+k
V-t 00 vV 0
k

a-t’ 0 0 a
2 k

CratusMm Wim NopsiAoK acTaTu3Ma CUCTEMbI M0 OTHOIICHUIO K TOMY MJIM MHOMY
BXOJIHOMY CUTHAJTy MOT'YT OBITh ONPEEIICHBI M0 BUAY CTPYKTYPHOUH CXEMbI CUCTEMBI.
[Ipy3HakK CTPYKTYpPHBIX CXEM, MO3BOJISIOLIME OINPEACISATh MOPSAIOK acTaTU3Ma
CUCTEMBI, Ha3bIBAIOTCS CTPYKTYPHBIMH MPU3HAKAMHU aCTaTU3MA.

[lopsanok acratu3ma cleAsiel CUCTEMBI CO CTPYKTYypod Buja puc.8.4 1o
OTHOIICHUIO K TMOJIE3HOMY BXOJAHOMY CHUTHAJy X(?) paBeH 4YMCIY WHTETPUPYIOMINX
3BEHBEB B MEPEAATOYHON PYHKIIUU pa30OMKHYTOU cucTteMbl K (p).

X — Kp) )

Puc. 8.4

[lopsiok acTaTu3Ma CUCTEMBI CO CTPYKTYpOl Buja (puc. 8.5) 1Mo OTHOLIEHUIO K
BO3MYUICHUIO V() paBeH cymMmMe 4Hucia Ju(@epeHIUpyonmx 3BEHbEB B
nepeIaToyHol (YHKUUU 3JIEMEHTOB, PACIIONOXKEHHBIX MEXIY TOUYKOW MPUIOKEHUS
BO3MYIICHUS M BBIXOJIOM CHUCTEMBI 110 X0y CUrHaja (T.€. B MepeAaToyHoN (yHKIUU
K>(p)) M UHTErpUpyIOIIMX 3BE€HbEB B TNEPENATOUYHBIX (DYHKIMSAX 3JIEMEHTOB,
PACIOJIOKEHHBIX MEXJYy TOYKOM MPUIOKEHUS BO3MYUIEHUS M BBIXOJIOM CHCTEMBI
MPOTUB X0J1a cUrHajia (T.e. B mepeaarounsix GyHkuusax K;(p) u Ks(p)).




v(p)

x(p) »| Kip) Kp | 2P

K;(p)

Puc. 8.5

8.5. UacToTHBIE KPUTEPUM KaYeCTBA

KpI/ITepI/II/I Ka4dcCTBa, OCHOBAHHBIC Ha aHaJIn3e HYaCTOTHBIX CBOMCTB
KO3(1)(1)I/II_II/ICHTa nepeaadun CUCTCMBbI, HA3BIBAKOTCA YACMOMHbIMU KpUumepuimu
Kadecmea.

3anmac ycToHYMBOCTH

[Ipexxme Bcero, ATH KPUTEPUHU IIO3BOJISIOT OICHHUTH 3alac YCTOMYHBOCTH
cucteMbl. bynem paccMaTpuBaTh CHCTEMY C OOPAaTHOM CBS3BIO M TOCTPOUM rogorpad
kod(pdunmenta mnepenaun pazomxHymou cucrembl W.(jw). CoriacHO KpUTEPHUIO
HaiixBucta (cMm. maparpad 7.4), cuctema OyaeT ycToWduBa, eciu rojorpad He
OXBaThIBACT Ha KOMILIEKCHOW IIOCKOCTH TOYKy (-1,/0). 3amac ycTOHYMBOCTH TIO
TakoMy rojorpady ompenenseTcss Ha JBYyX YacTOTax: Ha uacmome cpe3a W
kpumuyeckou wacmome. Ha 4dacTtoTe cpesa @, MOLyidb KO3((OHUIMEHTA NEpeaayu
Pa3OMKHYTO CHUCTEMBI | W.(lw) | =1. Ha xpurtnyeckoi yactore w,, ®UX nmpuHumaer
3HaueHwue - 7. (Puc. 8.6)

—¢
N

/ Re

Puc. 8.6
3anac ycmotivusocmu no ¢ghaze nokaspiBaeT, Ha kakoe 3HaueHrue OUX cucteMbl
Ha 4acTOTE CPe3a OTIIMYAETCS OT - 7T.

0=r+Y(w), (8.11)



rae Y(w) aprymeHT ko3¢ duIMEeHTa epeaadl pa3OMKHYTOH CUCTeMbI W, (jw).
3amac ycTOMUMBOCTM 1O (pa3e IOKa3bIBa€T MaKCHUMAalbHOE 3HaueHue (a3zoBoro
CABUTa, IPUBOJISIIEE CUCTEMY Ha TPAHUILY YCTOMUYHUBOCTH.
3anac ycmouuusocmu no amniumyoe IIOKa3bIBa€T, BO CKOJbKO Pa3 HYKHO
YBEJIMUUTh KO3(P(GULIMEHT YCUJICHUS HAa KPUTHYECKOM dYacToTe, 4TOObI cHUCTEMa
OKaszajach Ha rpaHuie yctonuuBocTh. T.K. ®YUX pasoMKHYTOU CUCTEMBI HE 3aBUCUT
oT K03 (ULIMEeHTa YCUJIEHUS, TO MPU €r0 M3MEHEHUH MEHSETCs TOJIbKO MaciiTad
rogorpada. Takum oOpa3om, 3amac yYCTOWYMBOCTH MO aMIUIUTYIE ONPEIENsIeTCs
BBIPAKEHUEM
1

(04—
|Wr(]pr)|’

(8.12)

Omnpenenuts 3amac yCTOWYHMBOCTA MOXKHO MO JIOTapU(MUYECKUM UYACTOTHBIM
xapakTepucTukaM. CucTeMa yCTOWYMBA, €CIIM Ha 4acTOTaX W<, (T.e. L(w)>0)
¢a3oBast yacToTHasI XapaKTEPUCTHKA PA30OMKHYTOH CHCTEMBI HE IepeceKkaeT OCh -7
WIN TIepECeKaeT ee YeTHOE YUCIIO pas.

% L(w, dB
Oxp -
4 Pep | A=20lg(cx)
w(®), pan +
A \
0
_ﬂ A 4 :
()
Puc. 8.7

3anac yctoM4nBocTH 10 (ase onpenensgerca no JIOX na yactore @, , a 3amac
YCTOMYMBOCTH 110 aMIuuTy e - no JIAX Ha vactoTe w,, (Puc. 8.7).

IToxa3aTenb K0J1€0aTEJIbHOCTH

HenoctatkoMm KpuTepHs, OCHOBAHHOTO Ha BBIYHMCICHUU 3aIacOB YCTONYHBOCTH
SIBIAETCS TO, YTO HEOOXOIMMO BBIYMCIHUTL [IBa 3HaueHus - 6, o. KoMIIeKCHBIM
KpUTEpPHEM, OOBCAMHSIIONMMM B cebe o00e OTUX XapaKTePUCTUKH SBIISETCS
noxazamensv KojebameibHoCmu Wik Kodghpuyuenm korebamenvnocmu. PaccmoTpum
MOJIY/Ib YacCTOTHOTO KO3 (HUIMEHTa Tepeaadnd 3aMKHYTOW cuctembl. [lokaszaTelnb
KojeOarenbHOCTH M OyAeT paBeH MaKCUMaJIbHOMY 3HAYCHHUIO JTOTO MOIYJIS
(umeeTcst BUAY HauOOJIBIIUN MAKCUMYM )

' Wr(jw)
M= |W({w)lmex = W

, (8.13)

max



OTOT KpUTEpUW KauecTBa MUMEET MPOCTOW ¢usmdeckuii cmbici. Yem Oouibiie
pe3oHaHCHBIM TUK W(j®), TeM OoJbIlIe CKIOHHOCTh CUCTEMBI K KOJICOAHUSIM, TEM
MEHBIIIE 3aIac YCTOMYMBOCTH.

PaccmoTpuMm  ompeneneHue  mokaszatenss — kojebarenbHocTH o ADX
pa3oMKHYTOH cuctembl. Bo3zbMmem mnpousBonbHOe 3HaueHue AYUYX szamxuymot
cucteMbl. OTOOpa3suM 3TO 3HAUYEHHE HAa KOMIUIEKCHYIO IUIOCKOCTh YacTOTHOI'O
KoadulLrieHTa nepesauu pasoMKHymou CUCTEMBI. J{Jis 3TOro peluM ypaBHEHUE:

. wr(jw)
M= W(w)l = |m2. (8.14)

Cnenaem nonctanoBky W, (jw)=U(w)+jV(w) n nepenuiem (8.14) B Buje

| U+jv | | VuEv? $.15)
ol = |Jazoree| (8.
[Tocne HecnoxHBIX TpeoOpazoBanuii (8.15) momyunm

2 2 _ p2 _ M __M
(U+C)+V*=R=, = R_M2—1” (8.16)

Bripaxkenue (8.16) 3agaeT B KOMIUIEKCHON IUIOCKOCTH YPaBHEHUE OKPYXKHOCTH
C paanycoM R W LEHTPOM, CMEIIEHHBIM OT Hadaja KoopAuHaT Ha BeanuyuHy C.
3afaBasch pa3IMYHBIMH 3HAYEHUSMH M MOKHO TNOCTPOUTH CEMENCTBO TaKUX
okpyxkHocter. Jma O0<M<I okpyxHocTH pacrnonaratorcs Ha ocu U cmpaBa oOT
3HaueHuss U=0.5. Jlna M>1 okpyxkHocTH pacnonararorcss Ha ocu U crmeBa OT
3HaueHust U=0.5. 3nauenune M=] SBIAETCSA NMPEACIBbHBIM - OKPY>KHOCTh BBIPA)KACTCS
B nipsimyto auHuto U=0.5. (Puc. 8.8)

\_/

Puc. 8.8
Ecim Ha 9TOM TIOCKOCTH TOCTpOoUThH rojorpad koddduimeHta mnepemadu
Pa30MKHYTOM CHCTEMBI, TO TOYKM TIepeceueHusi rogorpada H KaxKIoM u3
OKpyXHOCTel OyayT omnpenenats 3HaueHne AUYX 3amkHyTolM cuctemsbl. [lokazarenb



K0Je0aTeNbHOCTH CHUCTEMBbl OyIeT paBeH 3HauYeHuto M, OKPYXHOCTH C
MUHUMAJIBHBIN painycoM, KOTOPOTro KOCHETCS rogorpad.

[Ipy pPOEKTUPOBAHUM CUCTEM YIPABJICHUS OOBIYHO CTaBUTCS YCIOBHUE, YTOOBI
OKa3aTenb KONeOATENBHOCTH HE MPEBBIIAT 3afaHHOTO 3HaueHms M . Jlms
BBITIOJIHEHUS JTOTO YCJIOBUS HE00XoAuMo, 4ToObl Tomorpad kodddunmeHTa
Iepelay pasOMKHYTOM CHUCTEMBbI HE IIEPECEKAI OKPYKHOCTU M=M". Hpyrumu
CIIOBAMHU OKDPYXKHOCTb M SIBISIETCS 3aIIPETHON 30HOM Uisi rogorpada pasoMKHYTOMH
cuctemMbl. Hemomamanwe B 53Ty 30HY o0ecneyuMBaeT HEOOXOJIMMBIN 3amac
YCTOMYMBOCTH CUCTEMBI.

Puc. 8.9

JIBmKeHUE BEKTOpa M300pakaromieldl TOYKH rogorpada BIAOJIb OKPYKHOCTH M
(puc. 8.9) onuchIBaeTCsl ypaBHEHHUEM:
A%+C
2AC °

cos(p) = (8.17)

I7I€ (- Yrojl HakKJIOHa BEKTOpa u300pa)karoleil TOUKH; A - MOAYJIb 3TOrO
BekTopa; C- koapuiueHT, onpeaensieMplil BeipaxkeHueM (8.16). 3aBucumocTts (8.17)
CYLIECTBYET TOJBKO MPH BBHINMOJIHEHUHN YCIOBUM:

M M

I A< —, (8.18)

Ecnu (8.18) He BhIMONHSAETCS, TO BEKTOp Tojorpada He momnagacT B 3alpeTHYIO
30Hy. Eciii B BeIpakeHuu (8.18) momoxuth A=1, TO MOXKHO MOJIYYUTh 3aBUCUMOCTh
3amaca ycToMuuBoCTH 1o daze 0 ot M.

2_ A/ —
cos(0) = Zszl ,sin(0) = %221 (8.19)

[Tpy M GONBIIUX €AUHHIIBI C XOPOIIMM IPUOIMKEHUEM CIIPaBeaanBa GopMyIa:
. 1
sin(0) =~ - (8.20)

N3 Beipaxenuit (8.18-8.20) Tak ke MOXHO HAWTH CBS3h IOKa3aTels
K0J1e0aTebHOCTH U 3araca yCTOWYMBOCTH 110 aMILTUTY/IE.

1 M+1
a= A T (8.21)




IIycteb ecth mnoctpoeHHass JIAX. 3amaguMm mipenenbHoe 3HadeHMEM M u
MIOCTPOUM 3aNPETHYIO 0071acTh A (Ha30BON XapaKTePUCTUKH. JJIsl STOTO BBIYUCIUM
u3 (8.17) 3HaueHue ¢ s BCeX aMIUTUTYA A, B3IThIX B mpenenax (8.18). UTtoOw
MoKa3arelb KoJeOaTeNbHOCTH He ObUT OoJibllle 3aJaHHOTO 3HadeHus - (azoBas
XapaKTEepUCTUKA HE JOJDKHA 3axofauTh B ATy obnacth (Puc. 8.10). Takum obpazom,
3anaB M U ompenenuB 3anpeTHY0 00J1acTh, MOKHO cpa3y O0ecleyuTh TpeOyeMblid
3amac 1o (as3e U aMIIUTy/Ie.

w(®), pan 4 L(), dB

- N >
\i
1 201g(—)

-t/2 /\_ M+1

Puc. 8.10

8.6. IIpuMmepsbI pelieHNs THNIOBBIX 32124
8.6.1. 3agaua

HaiiTu umHTErpasbHBIM KBaApPAaTUYHBIA KPUTEPUM KadyeCTBAa  IIEPEXOJHOIO
IIpoLeCcCa B CUCTEME YIPABICHUS aHTCHHOM.
[lepenarounas GpyHKUIHS PAa30OMKHYTON CUCTEMBI

()= k=)

p(l+K+pT) O(p)
[MepenaTounas GyHKIMS OMIHOKH 110 3a1AI0IIEMY BO3/ICHCTBUIO paBHA

_0lp)__ pll+K+pT)
KelP)= D) = plis K pT) K

Tak kak paccmaTpuBaeTCsl MEPEXOIHBIA MPOLECC, TO BO3AECHCTBUEM SBISIETCS
eAMHUYHAS QYHKIUSA

x()=1()

¢ u3o0paxeHueM

x(p)=1/p .

N300paxkeHne OMIMOKH yIIpaBICHHsI
1+ K+ pT
e (p)= re .
K+ p(1+K)+ pT
VYcraHoBuBIIIEeCs 3HAUEHHUE OIINOKHU

b




e = lim pe (p):O.
X ycT p—0 ¥
B HUTOre HOJIy‘{I/IM, qyToO I/I?>06pa)KCHI/IC OI_HI/I6KI/I HepeXOI[HOFO pe}KI/IMa paBHO
1+K + pT ayta,p
e (p)=e (p)= o R
riue

w=14K; =T, fo=K p=1+K; p=T.

CornacHo ¢opmyne (8.1) uHTErpanbHBIA KBaApaTUYHBIM KpUTEpUN KauecTBa
MEPEXOTHOTO pexrMa paBeH unrerpainy Ilapcesass

Q=1I[e, (@)

Ucnonwsys nannsie Tabi. [1.3. mis n = 2, Haxo UM 3HaYE€HUE UHTETpasa

0= T 1+ K

2(1+1<)+ 2K
8.6.2. 3agaua

CrpykTypHas cxema cUCTeMBI npeacTaBieHa Ha Puc. 8.11.

HeoOxoamMo HaWTH yYCTAaHOBUBIIYIOCS OIIMOKY W ONPEAETUTh acTaTU3M
CHUCTEMBI JJII BXOJHOTO W BO3MYIIAIOIIETO BO3JIEHCTBUI. Perenne HE0OX0AMMO
BBITIOJTHUTH B 00IIIEM BHUJIE.

x(p)=L[x()] - wu300paxkeHWe 3aalpIIero BO3ACUCTBUA;, V(p)=L[v(t)] -
N300pakeHNEe BO3MYIIAOIIETO BO3ICHCTBHSI.

v(p)

x(p) | K@ K) y(p)

Puc. 8.11

Pewenue

1. HaxoxxneHue e,.n(1).

YcTaHOBHBINAsACA OMMOKA OyIeT paBHA CyMMe YCTaHOBHBIIMXCS OMINOOK

€ycm (0 =€x yem (0 te, yem (t),

TJIE €y yom(t) - YCTAHOBHMBIIASCS OLIMOKA IS 38/[a0IIEr0 BO3HEUCTBHUSL; €, yom(t) -
YCTaHOBMBIIAsCS OMIMOKA I BO3MYIIAIONIETO BO3EHCTBHS.

Ha OCHOBaHMHM TPUHIMIA CYNEPIO3UIUM, T.€. YTOOBI CBA3aTh 3ajalollee
BO3JIeHCTBHE, BEIXOJHOM CUTHAN U OMINOKY, HEOOXOMMO COCTABUTD J[BA YPABHEHHUS:

{y(p) =e(p)K,(p)K,(p)+v(p)K,(p);

e(p) =x(p)=y(p).
Jlanee s HaXOXJIEeHUS e(p) HEOOXOAUMO NEPBOE YpaBHEHUE MOJCTABUTH BO
BTOpOE:

e(p)=x(p)—e(p)K,(p)K,(p) —v(p)K,(p);



e(p)[1+ K, (p)K,(p)]=x(p) —v(p)K,(p);

K
()= w(p) =Dy ()
I+ K, (p)K,(p) I+ K, (p)K,(p)
3nece: K, (p)= ! - mepenaroyHas (QYHKIUS 3aMKHYTOM

1+ K,(p)K,(p)
CUCTCMBI 110 OI_HI/I6KC JJIA 3a1a0IICTO BOSI[GfICTBHSI;

K
Kev ( p) — 2 (p )
1+ K,(p)K,(p)
omuOKe ISl BO3MYIIAOIIETO BO3ICHUCTBUS.
Torma

e.(p)=K.,.(p)x(p); e,(p)=K,,(p)v(p);

- HnepcaarodyHasn (I)YHKI_II/ISI BaMKHYTOﬁ CUCTCMBI II0

2. OnpeneneHue Nopsika acTaTu3Ma.

[lopsok acratM3ma CHCTEMBI IO OTHOIIEHUIO K 3ajaroleMy (MOoJe3HOMY)
BO3/ICUCTBUIO X(?) PAaBEH YUCIY MHTEIPUPYIOIINX 3BEHbEB B MEPEAATOYHON (YHKIIUU
pa3zomkHyTO# cuctemsl (K;(p), K>(p)).

[Topsiok acTaTu3Ma CUCTEMbI IO OTHOIIEHUIO K BO3MYILAIOIIEMY BO3ACHCTBUIO
paBeH cyMMe uncia qudPepeHInpyONUX 3BEHbEB, PACIIONOKEHHBIX MEXY TOUKOM
MPWIOKEHUS] BO3MYIIEHUS W BBIXOJOM CHUCTeMBbI MO Xxoay curHana (K;(p)) u
MHTETPUPYIOMIMX 3BEHBEB B MEPEAATOYHON (YHKIUHU 3IEMEHTOB, PACIOIOKEHHBIX
MEXAY TOYKOW MNPUIIOKEHHS] BO3MYILIEHHS B MepeAaTOyHOW (DYHKIMH 3JIEMEHTOB,
PaCTIONOKEHHBIX MEXAY TOYKOW MPUIIOKEHHUS BO3MYIICHHSI W BBIXOJOM CHCTEMBI
npoTuB xona curnana (K;(p)).

8.6.3. 3agaua

CrpykTypHas cxema cucTeMbl nokazaHa Ha Puc. 8.12. Haiitu yctaHoBHUBIITYIOCS
omuOKy mpu x(1)=2t u Vv(t)=3-1(t) u onpeneauTh TMOPIAOK acTaTU3Ma CHCTEMBI
OTHOCHUTEIBHO 331aI0IIETO U BO3MYILAIOIIETO BO3EHCTBUH.

Ki(p) v(p) Kx(p)
10 _ o s y)
)/ 2p+1
K;(p)

2
5p+l
Puc. 8.12

Pewenue.

xX(p)=L[x1)]=2/p’; v(p)=L[vt)]=3/p.



{y(p) =e(p)K,(p)K,(p) +v(p)K,(p);
e(p)=x(p)— y(pP)K;(p).

_ 1 __ K)Ki(p) .
“p) 1+ K,(p)K,(p)K,(p) K I+ K, (p)K,(p)K5(p) 1P
~ 1 _ pCp+DGp+l)

K, (p)= R 10-5-2 C pQ2p+DGp+1)+100°
pCp+1D(Sp+1)
e (O)=lim pCp+hHGp+) 2
ST 50T p2p+D)(Gp+1)+100 p2
B —10p .
Kolp)= p(2p+D)Gp+1)+100°
e..(t)=—lim 19 >0

w0 L (2 )Gp+1)+100 p
eyem(t) —€xycm (0+evycm(0 =0,02+0=0,02.

JlanHass cucTeMa OTHOCHUTEIBHO  3aJaloller0  BO3JCUCTBUS  SBJISETCA
acTaTU4YecKou 1-ro mopsijka, Tak Kak rnepeaaroyHas QyHKIHs pa30MKHYTOU CHCTEMBI
COJICP)KUT OJTHO MHTETPUPYIOIIEE 3BEHO, & TAKKE aCTaTU3M MOXKHO OMPEACIUTh U 10
YCTQHOBUBLIEHCS OIMMOKE €yyep(t). TaK KaK eyyep(t) MOCTOSHHAS NPH MOJAYE HA BXOJ
JIMHEMHOTO HapacTaroUIero BO3JCHCTBUSA, TO CHUCTEMA SIBJISAETCA aCTaTUYECKOM 1-To
nopsnka (cMm. Tabin. 8.1).

OTHOCUTENTHFHO BO3MYIIAIONIETO BO3JACHCTBUS CUCTEMa SIBJISIETCS aCTaTUYECKOU
l-ro mopsizka, TaKk Kak MEXAY TOYKOW MPUIOKEHMS V(1) U BBIXOJOM CHCTEMBI HET
mudGepeHIUPYIONTUX 3BEeHhEB U OT TOUKHU MPUIIOKEHUS V(7) MPOTUB XOJla CUTHajIa
MMEETCSl OJIHO MHTETpUpYIOIee 3BeHO. Takke acTaTu3M MOXKHO ONPEACIUTh U IO
YCTQHOBUBLIECHCSA OUIUOKE €yyep(t). JIA 3TOH CHCTEMBI €,)cp(f) PABHO HYIIO NpH
MOCTOSTHHOM CHTHAJIe B MPOMEXYTOUYHOU TOUKe (cM. Tab. 8.1).

8.7. 3apaum

8.7.1. 3apaua
Hns  cuctemMbl ¢ mepenaroyHod  (PyHKIMEW — Pa3OMKHYTOM  CHUCTEMBI
K(p)= K(Tip+1) , TpeOyeTcs oOmpeAeauTh TMOPSAOK  acratu3Ma 1o
p(Tp+D(T; +1)

OTHOIIICHUIO K 3aJal0lIeMy BO3JCHCTBHUIO W OIMMOKY CHCTEMBI B YCTAaHOBHUBIIIEMCS
pexume, ecnu x(¢)=3t;, k=10; T;=5c; T>=I1c, T5=0,Ic.



8.7.2. 3agaua

Jlns cuctemMbl CO CTPYKTYpHOM cXeMOW, mnpuBeaeHHoM Ha Puc. 8.13, u

nepeIaToyHod (QyHKUMEH pa3oOMKHYTOW cucteMbl K(p)=

OIIPCACINUTL TMOPAOOK aCTATH3MA CHCTCMbI

k(T,p+1)
+1)

II0 OTHOHINICHHUIO K

, Tpedyercs

3a1al0CMy

BO3JICHCTBUIO X(?) W BO3MYIIAIONIEMY V() BO3JCHCTBUSIM, a TaKXe OMNPEICIUTh
OIMOKY CHCTEMBI B YCTAHOBHBIIEMCS PEKUME, €CIHU Xx(1) =2t; v(1)=0,1t; k=10 ¢”;

T]:2C,' T2=[C.

x(p)

8.7.3. 3agaua

v(p)

e(p)
—>

y(®)
K(p)

Puc. 8.13

CrpykTypHas cxeMa cUCTEMBI puBeacHa Ha Puc. 8.14.
TpeOyeTcst omnpenenuTb MNOPANOK acTaTU3Ma CHUCTEMbl MO OTHOUICHUIO K
BXOJIHOMY CHUTHAJYy X(?) M ONIPEACIUTD NEePBbIC TPU KOI(PPHUIIMEHTA OLINOKH.

()

k k
K(p)=—"———;K =—2
(p) (T p+l) ,(p) Tp+l
PN ki) ¥ K
Puc. 8.14
8.7.4. 3agaua

CrpykTypHas cxemMa cUCTEMBbI puBeacHa Ha Puc. 8.13.

TpeOyeTcst omnpenenuTh MNOPANOK acTaTU3Ma CHUCTEMbl MO OTHOUICHUIO K
3a/Ial0IEMy CUTHAIY X(?) W BO3MYILICHHUIO V(/) U BBIYUCIUTH OIMMOKY CHCTEMBI B
yCTaHOBUBIIIEMCS pexuMe (1o obiieit popmyrse u yepe3 KodPphUIreHThl OnO0K).

BapuaHnTsl 3a1aHuil ipuBeieHbl B Tabnuie 8.2.

Tabnuma 8.2
Home Home
vap. | K@) x(1) | et | k) x(1) v(t
2 52p+1
1 p—fl 51(t) 0,5t 16 (;;2) 4t 2:1(t)
5p 2(0,5p +1)
2 ] 21(t) 0,2t 17| T 4t 2-1(t)




2(0,5p+1)

3 1,5-1(t) 0,2t 18 0,5t 2t
p+1 p
2 4(0,2p +1)
4 = 2:1(t) 0,2:1(t) 19 | D2EPTY 5t 0,4-1(t)
p p
4 3(0,5p+1) .
5 1] 5-1(t) 0,5:1(t) 20 | T ¢ 0
6 1 21(t 0.2-1(t 21 2p+h 2 0.5-1(t
O,Sp +1 ( ) 9 ( ) p - “Y, ( )
7 4 5-1(t 0.5-1(t 22 p+h 5t 0.2
O,Sp +1 ( ) b ( ) p 9
2(p+1 40.1p+1
8 2p+h 2t 041wy | 23 | HeleED o, 0
p p
S5(p+1 10(p+1
9 Ap+l) { 0810 | 24 10(p+1) 4 0.41(t)
p p
10(p+1) 5 2p
10 — 0,5t 02:1() | 25 i 0,5t 2t
11 2 e 0.2-1(t 26 2P 1.5-1(t 0.5t
pz ) ( ) 2p +1 s ( ) s
202p+1) 10p
-2+
12 = 10t 0 27 i1 (2+51) 0
2p+1 p
13 : 2(1+1) 0.5 28 £ 1-2t ¢
P p+1
10 5
14 = 3t 0.2 29 > 5¢-1 0.5
p p
2 10p
15 = 540t 0 30 =L 0 0.5t+2
pP p+1




I'maBa 9. llociienoBaresibHas KOPPEKUMS JUHEHHBIX CTALIHOHAPHBIX
CUCTEM

Haubonee mnpocTbiM, HarisiAHBIM M XOPOLIIO pa3pabOTaHHBIM HHXKEHEPHBIM
METOJIOM CHUHTE3a KOPPEKTUPYIOIIHUX YCTPONCTB SBISETCS METOM JIOrapupMUUYECKUX
YaCTOTHBIX XapaKTEpUCTHK, OCHOBAaHHBIM Ha CBS3M IOKAa3aTelel KayecTBa
MEePEXOAHOr0 U yCcTaHOBUBIIErocs: pexxuMoB ¢ JIAX u JIOY pa3oMKHYTOW CUCTEMBI.
biraromaps Takoi CBsI3M MOXKHO IIEPEXOANUTH OT IIOKA3aTeJIel KayecTBa K napaMeTpam
JJAX u JI®X cucreMbl, TO €CThb II0 3aJaHHBIM IIOKazaTteiasMm KadectBa CAY
(mepeperyiaupoBaHuio, BPEMEHH pEryJupoBaHUs, OLIMOKE B YCTAaHOBUBLIEMCS
pEeXUME) BO3MOKHO CTPOUTH kenaemyto JIAX cuctemsl.

Kenaemoiri JIAX mnpuHATO Ha3bIBaTh TAaKylH) YACTOTHYH) XapaKTEPUCTUKY
CUCTEMBI, IIPU KOTOPOM oOecnieunBaroTCs 3aJaHHbIe MOKa3aTeNId KauecTBa.

IIpu cuntTese koppektupyromero ycrtpoiictea CAY mertomom JIUX mpuHATO
BBIJICIIATH CIEAYIOLINE JTAIbl PELICHUS 3a4a4Hu:

IToctpoenue JIAX nHekoppekTupoBaHHO CAY B pa30MKHYTOM COCTOSSHUM HPH
TpedyemMoM (kesraemom) koddduiuente ycuneHus K.

IToctpoenue xemaemoit JIAX c¢ yuerom JIAX HekoppektupoBanHoN CAY u
TpeOOBaHMI K XOJy YAaCTOTHBIX XapaKTEPUCTUK, OOYCJIOBJICHHBIX IKEIAEMBIMU
nokaszatensimMu CAY.

Onpenenenne JIAX KOppeKTHUpYROLIEro YyCTpoiicTBa. B ciydae cuHTE3a
MIOCJIE0BATENBHOTO KOPPEKTUPYIOLIETO ycTpoiicTBa ero JIAX mosmy4aroT mpoCThIM
BblunTanneMm opauHaT JIAX nHexkoppexktupoBanHOl CAY u3 opAauHAT XKenaemoil
JTAX.

Onpenenenue mnepeaaToyHo (YHKIMHM KOPPEKTHPYIOLIErOo YCTpOMCTBA Ha
ocHoBe nosryueHus JIAX. Pacyer mapameTpoB KOPPEKTHPYIOIIETO yCTPOWCTBA AJIS
€ro TEXHUYECKOUN peaanu3alnm.

OueHka mokaszaTtenell kadecTBa cKoppeKkTupoBaHHON CAY ¢ ucnonb30BaHUEM
JIAX n JIOX.

9.1. [Ipumepsl pelieHUs TUIMOBBIX 32/1a4.

Cunte3upoBarh  Koppektupytomee ycrporcteo g1 CAY, wumeromen
nepeaTOuHy 0 QYHKIIHIO

K(P)= K .
P(1+0,02P)(1+0,01P)
Tpe6yeTcsI 00eCreYnuTh MOKa3aTeIM KadyecTBa MEPCXOJHOTO PCIKUMaA lp< 0,50;

H, < 30% wu cinenyroiue cocTaBisitomue psaa omubok Dy = 0; D; = 0,008 c;
D;=0,02¢.

[ToaTanHoe penieHue 3aaauu:

1. IHocTtpoenue JIAX ucxoaHoi (HexkoppexkTupoBanHoi) CAY.

OmpenensieM xenaeMblil KO3POUIIMEHT YCWICHHS IJIs MOJYYEHHUs OIIMOKU B
YCTAaHOBUBIIIEMCS PEKUME HE BBIIIE 3aJaHHOMN



1 1 -
K, ,=—=——=125¢".
D, 0,008
OmnpenensieM TakXe OMOpPHBIE YacTOThl HEeKOppekTupoBaHHONH CAY (MHIEKCHI
OTOPHBIM YAaCTOTAM MPUCBOEHBI B TIOPSIKE BO3PACTAHUS UX 3HAYCHUS)

o, _ L =5¢", o, L 100c™,
0,2 0,01
¥ OTMEYaeM MX BJO0Jb OCH YacTOT.
[IpoBoAMM HU3KOYACTOTHYIO acuMnToTy L(®), mpencTapisiomyo npu o <
@; IPSMYIO C HAKIIOHOM -V (B HallleM cilydae v = /, Tak KaKk CHCTEMa COZIEPKUT OJIHO
MHTErpUpylomiee 38eH0. D10 npamas (Puc. 9.1.) mepecekaeT och aGCIMCC HA YaCTOTE

w=yK_=125"

L(»), AB

-20

100 i A i Lo i i i i 0 6iiid
10 10 10 10
w.1/¢

Puc. 9.1 TloctpoeHne HU3KOYACTOTHONW aCUMITOTHI

ITocne KEDKI[Oﬁ N3 OIIOPHBIX 9aCTOT M3MCHACM HAKJIOH Ha —1, TaK KaK CUCTCMaA
COACPIKUT AlICPUOIUICCKUC 3BCHDBA.

1 fiversn b sn e eon ELELSAY ! | AR T 1

| (“:x';l ., ab

[ R I A i P I O
10' 10

w, 1/c

-1
Puc. 9.2. Iloctpoenue JIAX anepuonnyeckoro 3BeHa ¢ @, =5¢ ™,



80 —

61 [

40

), aB

1[/(‘@@)_ -

L(w

10
w,1/¢

Puc. 9.3. IToctpoenne JIAX aneproandeckoro 3sena ¢ @, = 100c ™,

[TocTpoenHast TakuM 00pa3o0M aCUMITOTHYECKAsl XapaKTEPUCTUKA PA30OMKHYTOM
CAY npusenena Ha Puc. 9.4.

80 T B et Ko i B
T RIS i R
A S A

L{=), n1b

w,1/¢

Puc. 9.4. JIAUX u JIOUX mcxomgHoli CUCTEMBI

Kaxk BHUAHO M3 PHCYHKa ®dYX cucremsl MNEepeCeKacT 4aCTOTy @, OO0 YACTOThI
cpe3a, CJICAO0BATCIIbBHO CUCTEMA ABJISICTCA HCYCTOfI‘IHBOfI.

2. ITocTpoenmne xkenaemoit JIAX.

Brei6upaem tum xenaemoit JIAX. Tak kak no yciosuto koddduuueHt D, paBeH
0 (ommbOka Mo MOJIOKEHUIO OTCYTCTBYET), MOPSJAOK acTaTuzma V xenaemoin JIAX
noJbkeH ObITh Oosbie O (v>0). TlosTomy Tum xkenaemoirt JIAX Oynem BeIOMpaTh U3
psana S\/, oobryno 310 JIAX-2\1. Tlocne oxonuanus noctpoeHus: JIAX Heodbxoamumo
MIPOBEPUTH BBIMOJHEHUE YCIOBUS @c\wy; > 2..4. Ecin yka3aHHOE YCJIOBHE HE

BBITIOJIHSIETCS, AOCONIOTHOE 3HadeHue S HeoO0XOJUMO YBEIUWYHUTH (Hampumep,
BbIOpaTh JIAX —3\1) u nmocTpoeHue noBTOPUTH U T.]I.



C moMOIIBI0 COOTHOIICHUH, TPHUBEACHHBIX B TAaOJUIIE, OMPEACISIEM YacTOTy
@] yc. Hnst JIAX — 2\1 onopnas yactora @j,. paBHa (Puc. 9.5)

D, 0,0008

o, =0,4c".
D, 0,02

Heo), °

L{w), nb

10
w,1/¢

Puc. 9.5
C ydetroM TpeOOBaHMI K Ka4ECTBY IMEPEXOJHOTO PEKHMA OINPEACIIIEM YacTOTY
cpesa xxenaemoii JIAX (Puc. 9.6.)

198 e
t t

p p

cofe

80

60

40

L(w), aB

b@w), ©

[ B I R B N O O 1 11
10" 10° 10 10
w,1/¢

Puc. 9.6.

Yepe3 TOUKY @]y MPOBOJUM C HAKJIOHOM — 2 HHM3KOYACTOTHYIO ACHMITOTY
(Puc. 9.7),



L(w), ab

H A
1 I |

-100 -

10
w,1/¢

Puc. 9.7
a yepe3 TOUKY M¢ye — CPEAHEUACTOTHYIO aCUMITOTY ¢ HakJIoHOM —1 (puc 9.8),

i
80 i i ) e s 9 5 i i e o 1 R e P o

60

a0

20

-20

L(w), ab

-40

-60

&0

100 i i i i AT I (O L I
10 i 10
w,1/¢

Puc. 9.8
TOYKA HepeCCqGHI/IH YKaSaHHBIX dACUMIITOT COOTBeTCTByeT OHOpHOﬁ qaCcTOTC

@25 (Puc. 9.9).

q
80 T T T T

60

40

20

L(w), 1B

e il pagennl  § 6 gRii
w,1/¢
Puc. 9.9

ll_IpOBepHeM BBITIOJIHEHUE YCIIOBUS Wey/ @2 > 2. B HallleM npumepe @), paBHa
3,4 ¢, TO ecTh HEOOXOIUMOE YCIOBUE BHITIOJIHSIETCS.

§(), ©

§(), ©

$(w), ©



[Toctpoenue xemaemoir JIAX B 001acTH BBICOKMX YacTOT HPOBOJUTCS U3
yCJIOBHSI HaUOOJIBIIEH TPOCTOTHI KOPPEKTUPYIOIIETO YCTPOHCTBA. B MaHHOM ciiydae
ATO YAAETCs BBINOJHUTH, €CIM XOJ >KelaemMod u ucxogHou JIAX mocne ux

MNEPCCCUYCHUA B TOYKC, COOTBCTCTBYIOH_ICI\/'I HYaCTOTC @3y, CACIATH OJHMHAKOBLIM. B

JTOM CJIy4ae ONOPHBIEC YACTOTBI W4y U (¥ COBIIAJAIOT.
BrinosiHeHHE B COOTBETCTBUU C U3JIOKEHHOM METOAMKOMN rpauku MCXOIHON U
xenaemol JIAX npuBeneHsl Ha puc. 2.

3. Onpenesienne JIAX KOPppeKTHPYIOLIET0 YCTPOMCTBA.

JIAX  mocnenoBaTenbHOTO  KOPPEKTHPYIOLIETO  YCTPOWCTBA  MOJIy4yaem
BbrunTanneMm opauHat JIAX nHekoppektupoBaHHO CAY u3 opAauHAT Xenaemoil

JIAX. B pe3ynbrate nojiydyaem, 4to Ha y4acTkax 0...@jy U O3yc...00 KEJIaeMas U
ucxonHas JIAX coBmajgarT M, cleq0BaTesIbHO, 3HaueHUE JIAX KOpPpEKTHPYIOLIEro

ycTpoiicTBa paBHa 0. Ha yyacTkax @jye... 02y U @f... 035 JIAX KOPPEKTUPYIOLIETO

YCTPOICTBA UMEET COOTBETCTBEHHO HAKIJIOHBI —| W 1, Ha y4dacTke @o,e...®; JIAX
KOPpEKTUpYIolero yctpoictsa nocrosHHa (Puc. 9.1).

100

\
so \

Luza123 (w3 T -
LiZ (e 2 T

Puc. 9.1. Jlorapudmuueckre 4aCTOTHbIE XapaKTEPUCTHKU

4. OnpeneJieHne nepeaaTouyHoi GyHKIUN KOPPEKTHPYIOLIEr0 YCTPOMCTBA.

ITo Buny JIAX ompenensiem, 4TO KOPPEKTUPYIOLIEE YCTPONUCTBO MPEICTABIACT
coboii uHTerpoaudGepeHIUPYIONUNA YEeTHIPEXTIONIOCHUK, TepeaaTouHas (DYyHKIUs
KOTOPOT'O UMEET BUL

(+PT, )1+ PT,;)
(1+ PT, )1+ PT,,)’
PaccuuthiBaeM nmapamerpbl KOPPEKTUPYIOLIETO YCTPOUCTBA:

Kk(P):



I, =—=—=25c;

a)lJIC 4
1

T,=—= =~ 0,3c;
a)Zofc 4

T, =L=l=0,2c;
@ 5

T, = b = RS =0,024c.
, 2

U 3HAuYCHHE EMKOCTEH WU COIMPOTHUBJICHUA CXEMBI B COOTBCTCTBUU C
COOTHOIICHUAMU, ITPUBCACHHBIMU PAHCC.

5. Onenka noka3sareJsieid KauecTBa CKOppeKTHpoBaHHOH CAY

JUis KadyecTBEHHOM OLIEHKM IIOKa3aTelled KadyecTBa IEPEXOAHOr0 pexuma
npoBoauMm noctpoeHuss JIOK ckoppexktupoBanHoit CAY, omnpenensem 3amac

yCcTOMYMBOCTH 10 (paze Ap(¢.) u paccunteiBaeM nepeperynuponanue (Puc. 1.9).
o/ _ — 0
Hm% =73 -A¢p(®,) =25%
C ydeToM MONY4YEHHOIO 3amaca yCTOMYMBOCTH IO (pa3e yTOUHSIEM 3HAYCHHE
BPEMEHU PEryIHpPOBaAHUS

t :i:O,Sc, st Ap(,) = 48°.

" w

cotc



I'maBa 10. CucremMbl ynpaBjieHus NMPHU CIAYYAMHBIX BO31eHCTBUAX
Ha mpaktuke Bce cuctembl PA GyHKUMOHUPYIOT B YCIOBUSAX BO3MYIIAIOLIUX
BOBHCﬁCTBHﬁ. HOMCXI/I, ITYMBI, cnyqaﬁHLIe OTKJIOHCHUA IIapaMCTpPOB CHCTCMBI
ABJIAKOTCS CﬂyqaﬁHBIMH nmponeccamMu. BCJICIICTBI/IC 3TOIr'0 BBIXOI[HOﬁ CUI'HaJI CUCTCMBI
A OIIMOKAa CIEKEHUS TaK K€ SBIIAIOTCS CﬂyqaﬁHBIMH BCJIIMYMHaAMMU. I[J'ISI
XAPAKTCPUCTHUKH pa60T51 TaKuX CUCTEM HCO6XOIII/IMO HCIIOJIB30BATh XAPAKTCPUCTUKH
CJIy4alHbIX IIPOLIECCOB.

10.1. Ciiy4yaiinble BeJJMYUHBI M CJIyYaliHbIE IIPOLECChI

Cuay4aiiHble BeJJUYUHbI

[lycTh ecTh HEKOTOpasl ciiydaiiHas BEJIMYMHA X, KOTOpas MOXXET MPUHUMATh
3HA4YCHUS] B HEKOTOpOM HHTepBaie (a <x<bh) winm Bce 3HaueHUs -o0<x < oo,
BeposTHOCTH TOTO, UTO X IPUMET 3HAYCHNUE MEHBIIIE HEKOTOPOU BEIUYUHBI X; (X < X;)
HA3BbIBACTCS UHMESPANbHbIM 3aKOHOM pacnpedenenus. Ha puc. 10.1 mnpuseneH
npuMep rpaduka 3aKkoHa pacrpeeeHus.

F(x) A

} P(XISXS)Q)

v

0 Xi X2 X

Puc. 10.1.
3akoH pacrpezaenenus F(x) IpOU3BOJIBHOW CIydyalHOW BEIUYMHBI X OOJagaeT
CJIEAYIOIIMMU ITPOCTHIMH CBOMCTBAMMU:

1) F(-00)=0
2) F(0)=1
3) BeposaTHOCTB TOTO, UTO X JICKHUT B 3aJJaHHOM UHTEpBajie x; < x < X, paBHa:
P(x1 < x< x2)= F(x2)-F(x1) (10.1)
Bemuuuna
dF (x)
7 p(x 10.2
- =) (10.2)
Ha3bIBAETCS NJIOMHOCMbIO pacnpeoeieHus 8eposmHocmu W

ougpepenyuanvrovim 3akonom pacnpeoenerus. Corinacto (10.2) BeposSTHOCTb TOTO,
YTO X JIGKUT B 33ITAHHOM MHTEPBAJIC

(10.3)



X2

P(x;<x<xy) = f p(x)dx
X1
['eomerpuuecku unterpan (10.4) paBeH oAU 3alITPUXOBAHHONW (QUTYPHI TTO
I rpagukoM IUIOTHOCTU pacnpeaenenus BepositHoctu (puc. 10.2). B cuny

onpenenenus (10.2), uHTErpadbHBINA 3aKOH BbIpa)kaeTcs uepes AuddepeHuanbHbIi
CJIEYIOLIUM 00Pa30M:

X
F(x) = f p(x)dx (10.4)
Tak kak F(c0)=1, Bcs TuI01a1b 110 KPUBOM p(X) paBHA €IUHUIIC:
fp(x)dx =1 (10.5)

VYcpenHeHne Mo MHOXKECTBY peanuzanuid Oyaem oOo3HauaTh ckoOkamu. C
y4€TOM TaKoro 00O3HaueHHUs, cpeHee apu(PpMETHYECKOe CIydailHOM BEIMYMHBI <x>
OTpeIeNsIeTCs] MHTETPaioM:

<x>= f xp(x)dx (10.6)

Bemuuuna (10.7) Ha3bIBaeTCs Momenmom nepsoco nopsoxka. COOTBETCTBEHHO
MOMEHT Tnopsijika "m"

o0

<x™>= fxm p(x)dx (10.7)

—0o0

®opmyia (10.5) 3T0 MOMEHT HYJIEBOTO MOPSIKA.

p(x)
P(XISXS)Q)
e >
0 X X2 X

Puc. 10.2.



Llenmpanbrvim momenmom nopsiaka "m" Ha3pIBaIOT BEIMUUHY

M(x—< x> =< (x—<x>)™ >

[0¢]

= f(x—< x >)" p(x)dx (10.8)

— 0

IleHTpanbHBIE MOMEHT INEPBOrO MOpsJKAa 6ce20a paegen Hymo. LleHTpalbHbBIN
MOMEHT BTOPOT'O MOPsAKA Ha3bIBAECTCA Jucnepcus

D = f(x—< x>)2p)dx =< x? > —(<x >)? (10.9)

Kopens kBasipaTHBIN U3 AUCTIEPCUU - CPEOHEK8AOPAMUYHOE OMKIOHEHUE:

o=VD =< x2>—(< x >)? (10.10)

PaeHomepHoe pacnpedesieHue

Pacnipenenenne ¢ MIOTHOCTBHIO BEPOSTHOCTH, PABHOM KOHCTaHTE p(X)=py Ha
HEKOTOPOM  HWHTepBaje X€E[x,X;] 3HAUCHUH  HA3BIBACTCS  PABHOMEPHbIM
pacnpeoenenuem (puc. 10.3).

peo 4

Po

Puc. 10.3.
B cuny cBotictBa (10.6)

1

= — 10.11
Po X, — %, ( )

PaccmoTpum ocHoBHBIE cBoicTBa pacnpeneneHus (10.12). Martematuueckoe
OKUJJaHUE:

o) X2
Xy — X
<x>= fxp(x)dx = f X podx = % (10.12)
g %
Jucnepcus:

(10.12a)



(x2 — x1)2

D=<x?>>—(<x>)?=
X (<x>) 17

HopmanawvHbliii 3akoH pacnpedeaeHus (3akoH I'aycca)
[I1oTHOCTH pacmpeneNneHrss BEpOSITHOCTH HOPMAIBHOTO 3aKOHA OMpEIeseTCs
bhopmyIou:
1 _(x=<x>)?

p(x) = ot 207 (10.13)

Il€ O- CPEAHEKBaJAPATUUYHOE OTKIOHEHHE, X - MATEMaTHUYECKOE OXHIaHUe
ciy4aitHoi BenuuuHsl (puc. 10.4)

s Y5 0.607 po

T

0 X X
Puc. 10.4.

HopMmanbHblli 3aKOH pacnpeiesieHus paclpoCTpaHEH OYeHb IIHUpPOKo. B
4aCcTHOCTM ['aycCOB 3aKOH BO3HMKAaeT B cClly4yae, €CIM CiydaiiHas BeJIMYHMHA
MPEACTaBIsACT CO00M CyMMYy OOJIBIIIOTO YUCJIAa HE3aBUCUMBIX BEJIMYHH.

Cay4aiinble mpouecchl

CrnyuyaitHasi BeTMUMHA X, U3MCHSIOIIAACS BO BPEMEHH, HA3bIBACTCS CIVUALHBIM
W1 cmoxacmuyeckum nporieccoMm x(f). CiaydaifHblii mporece npeacTaBiseT coooi He
KaKyl0 TO ONpEJeNIeHHYI0 KpHBYIO X(f), a MpeacTaBisieT co00il MHOKECTBO BCeX
BO3MOXKHBIX KpHUBBIX X(f). COOTBETCTBEHHO HEBO3MOXKHO CKa3aTh MO KAKOW KPHBOM
noiiger mporecc. HOraa ToBOpAT, YTO CIIYYalHBIM TPOIECC 3TO Takas (QyHKIUs
BPEMCHH, 3HaUYC€HHE KOTOPOW B Ka)KIbIii MOMEHT BPEMEHHU - ClIydaliHas BEITUYHHA
x(1).
bynem HabmomaTh peanu3aliil CIYYailHOTO Mpolecca B HEKOTOPBHIA MOMEHT
BpeMeHH f;. T.K. 93TO ciydYailHas BeIMYWHA, TO MOXHO TOJIYYUTh 3aKOH
pacupenenenus p(x,t;). [lpygem B kaxaplii MOMEHT BPEMEHH CIIPaBEIJIMBO YCIOBHE
HOopMupoBKH (10.6) :
(10.14)



[0¢]

fp(x, t)dx =1
— 0
[Ipy M3MEHEHUHM BPEMEHHU U 3aKOH p(x,f) MOXKET U3MEHSATHCS, COOTBETCTBEHHO

OT BpeMeHH OyIayT 3aBHCETh  XapaKTEPUCTUKH  CIy4allHOH  BEJIUYHUHBI.
MaremMaTuueckoe OXXUIaHUue:

[0¢]

D<x(t)>= fxp(x, t1)dx (10.14)
Jucnepcus:
D(t) = f(x—< x >)? plx, t))dx =< x2(t) > —< x(t) >? (10.15)

— 0

CpennHee 3HAYCHUE CIIYYAMHOTO IMpoIecca - HEKOTOpast CpeHss KpUBasi, OKOJIO
KOTOpOM TpYNNUPYIOTCS BCe BO3MOXKHBIE peanuszanuu x(f). Hucnepcus D(r)
XapaKTepu3yeT paccessHue BO3MOXKHBIX peaju3alliid Mpolecca OT CPeaHEH KPHBOM.
Taxkum obpazom, marematudeckoe oxunaanue (10.14) u qucnepcus (10.15) sBusirores
CPEIHHMH 3HAYCHUSMH CIIy4ailHOro mporecca x(f) M0 MHOXXECTBY IS Ka)JJIOTo
MOMEHTa BPEMCHH.

JIyist cBsI3M 3HAYCHMH Mporecca x(¢) B pa3IMUHbIC MOMEHTHI BPEMEHHU BBEJIECM
MOHATHE TBYMEPHOM TUIOTHOCTH BEPOSTHOCTH p(X;,X2,¢7,t2). ECTM B MOMEHT BpeMEHH
t; mpotiecc x(f) OyaeT HaXOAuThCS B UHTEpBae (x;+dx), TO B BEPOSTHOCTb TOTO YTO B
MOMEHT BpPEMEHHU [, OH OyJeT HaxXOIUThCS B HHTepBale (x,+dx) Oymer paBHa
p(X],Xg,f],fg) dX]de .

AHAJIOTUYHO MOXHO ONPEACIUTh /N-MEPHYIO IUIOTHOCTH  BEPOSTHOCTH
P(X1,X2,. Xt 1,t0..1,). Ecnmu ee yMHOXKUTH Ha dx;dx;.dx, , TO TIOJIy4UM BEpPOSITHOCTH
TOTO, YTO TIpoIecc x(¢) MPOMIET OKOJIO 3aaHHBIX # TOYCK. [|JIsl YCIOBHOM TNIOTHOCTH
BEPOSITHOCTH CIIpaBe iiBa hopmya:

[0¢]

p(xy,ty) = f p(x1,t1, %, t2)dx, (10.16)

— 0

T.K.  p(x.t)) IUIOTHOCTh  BEPOSITHOCTH  CIIy4YailHOW BeIMYUHBI  X(Z)
0€30THOCUTEIBHO TOTO KyJla IEPEeHIeT Mpoliecc B MOCAEAYIOIINA MOMEHT BPEMEHHU.

JIBymepHass IUIOTHOCTh BEPOATHOCTH TO3BOJSET ONPEACIHTh BaXKHYIO
XapaKTepUCTUKY CIy4YalHOTO Tpouecca - KoppensyuoHHyro @yukyuro (BTOPOH
CMEIIaHHbIA MOMEHT).

b

B(tl, tz) == fj xlxzp(xl, tli X7, tz)dxldxz (1017)



U KOo8apuayuoxHyo @gyuxyuio (BTOpOil CMEIIaHHBIN IEHTPaJIbHBIH MOMEHT)

BO(tli tz) == fj(x1_< x1 >)(x2_< x2 >)p(x1, tl' xz, tz)dxldxz (1018)

IIpu t;=t, nBymepHas ciaydaiiHasi BEIUYMHA X;, X BBIPOKIAETCS B OJJHOMEPHYIO
BeIMYUHY X7 =x2 u B coorserctBuu ¢ (10.8) koppensuuoHHAs QyHKLHUS
OIIpEeNENSIET CPEHIOK BEJIMUMHY KBaJpaTa CIIy4aiiHOro mporecca:

B(ty, ty) = ﬂ x2p(x, t))dx =< x(t1)? >= D(t;) +< x(t;) >? (10.19)

A xoBapualMoHHass (QYHKUMS NpHU ¢;=f, ONpPEeseT TUCIEPCUI0 CIy4ailHOro
mpouecca

Bo(ty, tr) = f j (e(t)—< x(ty) >)?p(x, t)dx = D(ty) (10.20)

CranuoHapHbIe U IProauvdecKue cjaydyaiHble MPOoLecchl

Ciy4aiiHblil TpolLieCC HA3bIBAECTCS CMAYUOHAPHLIM 6 Y3KOM CMbICIe, €CIIA €ro
YCIOBHAsA TUIOTHOCTh BEPOSTHOCTH P(X;,X2,..Xp,t1,t0..1,) TIPOU3BOJIBHOIO MOPSIKA 7
3aBHCHUT TOJIBKO OT uUHTEepBajoB t, —ty,t3 —t4,... ¢, —t; W HE 3aBUCUT OT
TIOJIOXKEHUSI ATUX UHTEPBAJIOB BO BCEH 00J1acTH .

Ciy4ailHplil mpouecc Ha3bIBAETCS CMAYUOHAPHBIM 6 UWUPOKOM CMblCle, €CIN
MaTEMaTHYECKOE OXHUJIAHUE U JUCIEPCHUs CIYYalHOrO IIPOLecca HE 3aBUCAT OT
BPEMEHH, a KOppeNAluoHHass (YHKIHUS 3aBUCUT TOJBKO OT PAa3HOCTH HUHTEPBAJIOB
BpEMEHU T=1,-f; . [l CTalMOHApHOr0 B IIMPOKOM CMBICIIE CIIyYaliHOTO Ipolecca
MOJKHO 3alHiCcaTh:

[0¢]

<x>= fxp(x)dx (10.21)
<x%>= fxz p(x)dx (10.22)
D = f(x—< x >)?2 p(x)dx =< x% > —(< x >)? (10.23)

— 0

B(z) = f j x1%,0 (%1, X5, T)dx, dx; (10.24)



B(0) = ﬂ x1%,0(x1, X3, 0)dx dx, =< x% > =D + (< x >)?

B PaTMOTEXHUYECKHUX MIPUIIOKECHUSIX OOBIYHO OTPaHUYUBAIOTCS
CTAIlMOHAPHOCTHIO CyYalHBIX MPOILIECCOB B IIUPOKOM CMBICIIE.

BBegeM nmoHATHE YyCpEeNHEHHS 110 BpPEMEHU CIy4YalHOM BEJIWYUHBI IS
OTIEIBHON pean3aluu ciiydaifHoro mpoiecca x(f). YcpeaHeHue o BpeMeHu 0yneM
o0o3HauaTh yepToil. CpenHee 3HAaUCHHE X TI0 BPEMEHH:

+T

1
X = 7111_{1010 o7 f x(t)dt (10.25)
-T

CrauvoHapHbld  CIy4YalHBI MPOLECC HA3BIBACTCA 9peoouuecKuM, €clu
yCcpeaHEeHue 10001 ero BEposITHOCTHON XapaKTEePUCTUKHU MO MHOKECTBY pean3alus
HKBUBAJIEHTHO YCPEIHEHHIO M0 BPEMEHHU OJHON OECKOHEYHO JIJIMHHOM peann3aiiuu.
Takum o6pa3om, ycliOBUE 3PrOJUYHOCTH MPOIECCa ABTOMATUYECKU BEAET €ro K
CTallMOHAPHOCTH.

JI71s1 3proanvecKux npoLeccoB CIPaBeIIuBbI CICAYIOINE BEIPAKECHUS.

Marematnueckoe OKHUIaHue:

+T
1
<x>=x=lim— 10.26
X x = lim — f x(t)dt ( )
=T

MOMEHT BTOpPOIo nopsiaka:
— 1
<x?’?>=x%2=lim — f x2(t)dt (10.27)

Koppensiunonnas GpyHkuus:

+T
B(®) = x(t)x(t + 1) = Tlg{;% f x(D)x(t +7)dt (10.28)
—-T ‘

B(0) = x2(t) = D + (%)

KoBapuarmonnas QpyHkIus:
Bo(r) = (x(t) — ®)(x(t + 1) — ¥) = B(z) — (%)*
By(0) = (x(©) —X)2 = D

(10.29)

CBolicTBO IProAnYHOCTH IMO3BOJIACT 3HAYUTCIIBHO YIPOCTUTHL BCC PACUHCTBI U
OKCIICPUMCHTBI, T.K. I 3PTrogu4dCCKOro cnyqaﬁHoro nmponecca OTACIbHAA €10



peajim3anuda Ha OECKOHEUHOM MPOMCIKYTKE BPCMCHU ITOJIHOCTBIO OIIPCACIIACT BCCh
mponecc Co BCEMH BO3MOKHBIMU €T0 pCaIN3allUAMU.

CrnexkTpanbHasi IJIOTHOCTHh MOIHOCTH CJIYYailHOT 0 Mpoiecca

PaccmoTpuM cHeKTpajbHBIE XapaKTEpPUCTHUKH CIy4allHOTo mpouecca. bynem
BBIYMCIIATh CHEKTPHl OTAEIBHBIX peanu3anui. T.K. OTAeNbHBIE peanu3alii MOTYT
CYIIECTBEHHO OTJIMYATBCSA APYr OT Jpyra, TO U HX CYIIECTBEHHO OTINYAKOTCS.
VYcpenHenue mno BceMy aHCcamOJIl0 MPUBEAET K HYJIEBOMY CpeAHEMY CIEKTpy (mpu
<x>=0) u3-3a HE3aBUCUMOCTH aMIUIMTYA U (a3 CHEKTPAIbHBIX COCTABISIOIIUX B
pa3nmnuHblX peanu3aimusax. C JIpyroil CTOPOHBI, BEIMYMHA CPEOHEro KBajpara
CIy4ailHOro mpoliecca HE 3aBUCUT OT COOTHOLIEHHUS (a3 OTAENbHbIX T'apMOHUK.
Hanpumep, ecnu paccMatpuBarh TOK, TO CPEIHHUI KBagpaT 3TOrO MPOLECCA MOXKHO
paccMaTpuBaTh KaK CPEAHIO MOITHOCTD, BBIAECISIEMYIO Ha CONTPOTUBIEHUN 1OM.

Haiinem cpeaHio MOIIHOCTbh, Tpuxoadmytocs Ha | ' npu 3aganHON yacToTe.
BBenennass TakuM 00pa3oM BEIMYMHA HA3bIBAETCS CHEKMPANbHOU NIAOMHOCHbIO
MowHOCMU ~ WIIM  DHep2emuyecKkuM Cnekmpom  CcllydalHoro mpouecca  x(7).
3aBUCHUMOCTh CpPEIHEro KBajpaTa CIYyY4alHOrOo IpOIEecca OT CHEKTPaJIbHOU
IJIOTHOCTH ONHCBIBAETCS COOTHOLICHUEM

+00
— 1
x% =— f S(w)dw (10.30)
2T

rae S(w) - cnekTpanabHas MIIOTHOCTh. Eciau ciy4yaliHblil mporecc UMeeT HyIeBoi
cpeanue , To Beipaxkenue (10.30) maet 3nHaueHue nucnepcuu D.

B cuny omnpeneneHus crnexkTpalibHas IJIOTHOCTh SIBJSIETCS UYETHOM W
HEOTpULATEIbHON (QyHKIMENH 4acTOThl @. UeM MeyieHHee MEHSETCsl BO BpeMeHH X(1)
TeM yxXe ee 3HepreTudyeckuid cnektp. C Apyrod CTOPOHBI CKOPOCTh H3MEHEHUS
OTpakaeTcsi KOPPENSILIMOHHON (yHKUIHEH. BakHbIM 0OCTOATENHCTBOM SIBIISIETCS TO,
YTO CHEKTpaJibHas IUIOTHOCTh U KOpPpEIsUMOHHAas (PYHKIMS CBsI3aHbI MeNy COOOM
npeoOpazoBanusiMu Oypne

1 |
B(T)=§ f S(w)e’!“dw (10.31)
S(w) = f B(t)e /®%dr (10.32)

— 00

N3 coornomenuit (10.28,10.31) MOXKHO NOJIYYUTH BhIpAXKEHUE JJI TUCTIEPCUU

1
D = By,(0) = B(0) — (x)? = . f S(w)dw (10.33)



CrnexTpanbHas IJIOTHOCTh S(w) JBYCTOPOHHSIEI W ONpeleseHa Kak s
MOJIOKUTENIbHBIX, TaK U Il OTPULATENbHBIX 4acTOT. YacTo ynoOHO MOJIb30BaTHCS
OJTHOCTOPOHHEN  CHEKTpalbHOM  IJIOTHOCTBbIO  N(f),  ompeaeneHHOW A
MOJIOKUTENIBHBIX ~ 4YacTOT. BpIpakeHue sl JUCIEPCHUM  LEHTPUPOBAHHOIO
ciy4yaiiHOrO mporiiecca uepes N(f)

+co

D =f N(f)df (10.34)

0

,rne w=2r f; N(f)=2S(w).

beablil mym

benbiM mymoM HazbIBaeTcs CiydailHbIA mpouecc, uMerouuil "oenblil crekrp",
T.€. OJMHAKOBOE 3HAYECHUE CIIEKTPAIBHOMN IIJIOTHOCTH HA BCEX YACTOTAX OT -00 J10 +00.

S(w) = S, (10.35)

Ha ocnoBanuu (10.31) TakoMmy mnpoueccy COOTBETCTBYET KOPPENSIIMOHHAS
byHKIMISA

+00
1 .
B(r) = > f Soe’“tdw = Sy0(7) (10.36)

®opmyna (10.36) npencrapisieT nenbra (YHKIUIO, PACIIONIOKEHHYIO B Hadale
KoopauHaT. BeneacTBue 3Toro npouecc sSBISeTcsl YUCTO CIyYailHbIM MPOLECCOM, T.K.
pu JII0O0M 7#() KOPPEIALHS MEXITY MOCISAYIOMUMHU U MPEIbIAYITUMHA 3HAYCHUSIMHU
x(f) OTCYyTCTBYET.

benbiit mym sBasercss (U3MYECKH HEpeaqu3yeMbIM CHUTHAJIOM, T.K. €My
COOTBETCTBYIOT OECKOHEYHO OOJIBIITNE JUCTIEPCHS U CPETHUIN KBaaApaT

B(0) =x%(t) = D =

I/I, CJICOOBATCIBbHO, U OeCKOHEUHO OOoJbIIas MOIIIHOCTB.

10.2. IIpoxo:xxaeHne CaAy4alHOr0 CHUTHAJIA 4Yepe3 JIMHEHHYIO
cucremMy

Bpemennoi ananus

PaccMoTpyM JMHEHHYIO CHUCTEMY C HMMIYJIbCHOW XapaKTepUCTUKON /h(f) u
COOTBETCTBYIOIIECH el mepenarouHor pynkumeit W(p). IlycTh Ha BXOlI€ CHUCTEMBI
JNEUCTBYET CcHNydalHbId CcurHan x(f) ¢ KoppensuuoHHoW QyHkimenn B.(.,t;) .
BoixonHo#t curHanm cuctembl y(f) Takxke Oyner caydaiHeiM. Halimem ero
KoppensiunoHHyto ¢pyHKuuoo. Ha ocHoBaHuU (hOpMYJIIbl CBEPTKH MOTYUHM:



t

t
y(t) = f h(t — t)x(t)dt = fx(t — t)h(1t)dt
0

0

MareMaTHudeckoe OXHIAaHHNC BBIXOJHOI'O CUI'HAJIa

t
Y@ = [ h(e - DXt
0

HepefmeM K OCHTPUPOBAHHBIM CﬂyqaﬁHBIM BCIIMYNHaAM

xo(8) = x(t) = x(£); yo(t) = y(t) — (&) (10.37)

Hanee wnaiinem mo ¢dopmyine (10.33) 3HaueHuss yy(f) Uil ABYX Pa3IUUYHBIX
MOMEHTOB BpPEMEHH, MEPEMHOKMM WX M HailieM MareMaTHdeckoe okujaaHue. B
UTOTe, OITyCKasi MPeoOpazoBaHUs, OTYUHM:

tq

t
Buy (66) = | hONdn [ RBoue = 1.t — DA (1038)
0 0

rne Bg(tt;), Bo(tt;) xoapuanuonusle QyHkuuu (10.18) BeIXOIHOTO M
BXOJIHOI'O CHUTHAJOB COOTBETCTBEHHO. BrlpaxkeHue uisi AUCHEPCUU BBIXOJHOTO
CUTHAJIa IPUMET BU:

t t
Dy(t) = f h(n)dn f h(A)Boy(t — 0, t — A)dA (10.39)
0 0

Ecin BXomHON curHain sBISETCS CTAallMOHAPHBIM IPOLECCOM, TO By, By,
3aBUCAT TOJIBKO OT Pa3HOCTM MOMEHTOB BPEMEHU 7=t,-t;. COTJIaCHO BBIPAKEHUSIMHU
(10.38-10.39) MOXHO BBIYMCIUTH KOPPEISLUMOHHYIO (YHKIUIO U JUCIEPCHUIO
BBIXOJIHOTO CUTHAJIA TIPU {—»00

Boy (1) = f h(n)dnf h(A)Boyx(t + A —1n)dA (10.40)
0 0

t t
Dy(®) = [ hn)dn | AIBo (2~ md2
0 0 (10.41)

D, () = const = f h(n)dnf h(A)By,(A —n)dA
0 0



YacTOTHBIN aHAJIN3

CrekTpanbHas IUIOTHOCTh CHTHaJla Ha BBIXOJE JIMHCHHOW CHCTEMBI C
kod(ppunmenTom nepeaaun W(p) onpeaensercs coriacHo Gopmyrie

Sy(@) = S, (@)W (jw) 2 (10.42)

rie |W(jw)|?> xBampar moayns koddduimenta mnepenaun. BosseneHue B
KBaJpaT OOBSACHSAETCS TEM, YTO MBI PACCMATPUBAEM CHEKMPAIbHble NIOMHOCMU
mowHocmu. Takum o6pazom, 1o uszBecTHBIM W(jw), S(w) MOXHO oOmpeneauThb
KOPPENAIMOHHYIO (PYHKIIMIO BBIXOJJHOTO CHTHAJIA!

+ oo

400
1 . 1 .
By(r)=ﬂ f Sy(w)ef“”dw=ﬂ f Sy (@)W (jw)|?e’“Tdw (10.43)

— 00

HNucniepcus BbIXOAHOTO Tmporecca, coryacHo (10.28,10.43) omnpenenurcs
BBIpa)KECHUEM

+ oo

1 1 o
D, = B, (0) = f Sy(w)dw = f Sy()|W(w)|“dw (10.45)

— 00

3akoH pacnpeneeHus

PaccmoTpuM mIOTHOCTE pacnpenesieHuss BEPOSITHOCTHM CHUTHAjla Ha BBIXOJE
JIMHEWHON 1enu. [Ipu mpou3BONBHOM 3aKOHE paclpeiesieHus IMpOoLEecca Ha BXOJE
BBIYMCIICHUE BBIXOJHOI'O PACIPEIAEICHNS BECbMA CIIOKHAs 3a7aya.

HckmroueHneMm SBISETCS HOPMalbHOE pacmlpeneneHue, T.K. npu  J1o0bix
JIUHEUHbIX NPeobpa308aHusax HOPMAIBHOIO MpOIlecca ero paclupeeieHlue ocmaemcs
HOPMAJIbHBIM.

Ecnu 3agana mioTHOCTH pachpesesieHusi BEpOSITHOCTH BXOJHOIO mpoiiecca (¢
HYJIEBBIM CPEIHUM)

x2

e 20y°

1
p(x) = O'x—\/ZT

, TO INIOTHOCTD paCIIPCACIICHUA BCPOATHOCTU HA BBIXOJIC JIMHEHHOM e 6YI[CT
MMOAYUHATBHCA TOMY K€ 3aKOHY:

y2

e 20y° (10.44)

p(y) = Jy—\/ZT

I[I/ICHCPCI/IIO BBIXOOAHOI'O nmpomnecca MOKHO BBIYUCIIUTDH 110 (IJOpMy.TIaM
(10.41,10.45).



JKBHBAJEHTHAS IIYMOBAs M0JI0CA

BaxHO! XapakTEpUCTUKOW CHUCTEM YIIPABICHUS SBISICTCA 3KEUBANEHMHAA
WymMo6asi noaoca CUCTEMbl WIN 3¢ggexmuenas nonoca nponyckanus. OHa paBHa
MI0JIOCE MPOITYCKAHUS HEKOTOPOW SKBUBAJIEHTHON CUCTEMBbI. DKBUBAJICHTHAS] CUCTEMA
MMEET IPSAMOYIOJIbHYK aMIUIMTYJAHO-YACTOTHYIO XAPAKTEPUCTUKY, OJMHAKOBBIM C
HCXOJHOM CHUCTEMON MOJyJb KOMIUIEKCHOTO KO3 (UIIMEeHTa Nepeadyn Ha HYJIeBOU
4acTOTE U OJWHAKOBYIO JUCIIEPCUIO BBIXOJHOI'O CUTHajla IPU JECUCTBUM HA BXOJaX
ATUX CUCTEM 0eJIoro Imyma.

fp = f W (o) dw

27‘[|W(0)|2
(10.46)

Wyp = |W(0)|2f |W(]w)|2dw anacb = Wy

[Ipu neiicTBUU Ha BXOJ€ CUCTEMBI OEJIOTO IIIyMa CO CIEeKTPAIbHOM MIOTHOCTHIO
S(w)=Sy nucnepcus BBIXOAHOTO mpouecca, cornacHo (10.46) BbIpasuTCs uepes fy
CJIEIYIOIIMM 00pa3oM

2
T

D = 0% =2Sf,4|W(0)* =

Ecnmu Bemonusercs ycinoBue |W(0)|=1 (9r0 Bcerma chnpaBesiuBO s
acTaTudeckux cuctem), hopmyna (10.47) npuodperaeT 0COOEHHO MPOCTON BUT

SoWsg Now,g
o 0f3c1> T 0f3c1> 2T ( )
, rme Ny =N(0) - cnoekrpaibHas IUIOTHOCTh IlIyMa, COOTBETCTBYIOILIAsS

BeipakeHuto (10.34) (Ny=2S)). DOkBuBaJieHTHasi IIIyMOBasi II0JIOCA HMEET O4YCHb
MIPOCTYIO TEOMETPUUECKYI0 UHTeprpeTanuio (puc. 10.5)

»

W (jw)|?4

(W) |2 N

ev

0 W>p

Puc. 10.5.
[Tnomane NpsMOYIroNbHUKA C OCHOBAHUEM (,g, PABHA IUIOIIALU, OIPaHUYEHHON
rpaduxom kBaapara AUX. Ilpusenem BbIpaKeHUS 17 BBIYUCIECHHUSA f,p U THUIIOBBIX
K03 (PUIIMEHTOB Nepeaur pa30MKHYTON CUCTEMBI



W.(p) L
k k
p 4
k k
p(1 + Tp) 4
k k2
1+Tp AT (1 + k)
k k
(1+Typ)(1 + Typ) 4(T; + T, — kT T)
k(1 + T,p) k(T, + T#k)
p(1+ Typ) 4T, (1 + kT,)
k(1 + T,p) 1+ Tk
p? AT,

Dopmupyrmuin GuiabTp

Dopmupyrowuii gurbmp - 3T0  YCTPOUCTBO, MO3BoJIsAIONEe (HOPMUPOBATH U3
0eJIoro 1IyMa CUrHal ¢ 3a1aHHOU CIIEKTPaIbHOU MJIOTHOCTHIO.

CurHanbl OOBIYHO HE SIBISIOTCS O€NBIMU ITyMaMM, HO, TPU HCIOJIb30BaHUU
dbopmupytoniero GuibTpa, aHaJIU3 CUCTEM CBOJMTCS K MCCIEIOBAaHUIO BO3ACHCTBUS
Ha cucTeMy Oenbix mymMoB. dopmupyromuii GUIBTp U aHAIU3UpyeMasl CHUCTEMa
00pa3yroT HEKOTOPYIO PACHIMPEHHYIO CUCTEMY, Ha BXOJ KOTOPOM NEUCTBYET OENblii
mym n(t) (puc.10.6).

), Wip)

x(l‘); Wi(p) _yQ)

Puc. 10.6.
Ha Beixone popmupyroiiero ¢puiabTpa CUTHAI X(¢) yKe 00y1a1aeT HEOOXOIUMOM
CHEKTPAIbHON MIIOTHOCTHIO Sy (®).
[TycTh. cniekTpanbHasi TUIOTHOCTh SIBISIETCSI APOOHO pallioHANBHON (YHKIMEH
qacTOThl. Torgja OoHa MOXKET OBITh MPEACTaBICHA B BHUJAE NPOU3BEICHUS IBYX
KOMIUIEKCHO COTIPSDKCHHBIX YHCElL.

Sx(w) = Ny Wy (jw)Wr (—jw)
Otcrona nerko Haitu k03¢ duIueHT nepeaaun GopMupyromero GuibTpa

Wf(P) = Wf(fw)|p=jw



CyuiecTByeT NpOCTON alNrOpUTM pacdeTra I[apaMeTpoB (HOPMHPYIOIIETO
¢bunbTpa. 3anuiieM CeKTPaIbHYIO IIIOTHOCTD Sy(®) B BUJE .

Com(w)?™ + -+ c,(jw)? + ¢

dyn(jw)?® + -+ d,(jw)? + d,
b ()™ + -+ + by (jw) + byl

la,(o)* + -+ a;(jw) + ag

Sy(w) = N,

(10.49)

Boruncnium  kBazpar Moayis B mnpaBo uactu (10.49) u  npupaBHsiem
KO3 PUIMEHTHl TpPH OJAMHAKOBBIX CTEMEHSX YacTOThl. TaK MOXHO TOJYy4YUThb
BBIpaKEHHUE U1 KOd()OUIMEHTOB a;, b; .

10.3. Cpeansisi KBaApaTHYHAS OMIUOKA CHCTEMBI

[TycTh Ha BXoA cuctemsbl ynpasienus (puc. 10.7) moctymnaer Bo3ieicTBie BUaa:

f@© =x(&) +n(t)

I71€ X(¢) - BXOAHOW CIy4YyaWHBIN CUTHam, 1)(¢) - aliUTUBHAS CllydaiiHas 1oMmexa,
W.(p) - ko3pduuueHT mnepenaun pa3oMKHyToW cucteMbl. CymmapHas ommnoOka
CUCTEMBI BBIYUCIISIETCS KaK pa3HUIlA BBIXOJHOT'O U BXOJHOT'O CUTHAJIOB.

es(t) = x(6) — y(t) (10.50)

Ecnu B3aTh OoT mpeobpazoBanue Jlamnaca or o6eux yvacreit (10.50), To MOXHO
MOJTYYUTh 3aBUCUMOCTH €(t) OT Ko puImeHTa mnepeaadynu CUCTEMBI.

es(p) =x(p) —y(p) = x(p) — W) f(p) =
x(p) — Wp)(x(@) +n(p)) =

W,
H—Vf,fgp) (x@) + 1) = We(@)x () — W P)1(p)

(10.51)
=x(p) -

rae W.(p) - kodpduimeHT nepegadu CucTeMsl 1o omuoke, W(p) - koapdpunueHt
nepeaadnd 3aMKHYTOM cucteMbl. Boipakenue (10.51) umeer aBe COCTaBISIOLIUX.
ToyHOCTH pabOTHI CUCTEMBI 3aBUCUT OT NEpPeNaToYHON QYHKIHMH 1o omudke W.(p).
Bnusaue nomexu onpenensercs W(p).

A

n@ e(t)

:x(l’ / m»@ Wi(p) .

\ 4

—>

Puc. 10.7.



Bbynem cuurtath, 4TO CHUTHAN X(¢) U ToMexa 7)(¢) SIBASIOTCA CTAllMOHAPHBIMU
CIIy4ailHBIMHM TMpOILIECCAMH C HOPMAJIBHBIM pACHpeeIeHUeM M XapaKTepHU3YIOTCS
MaTEMATUYECKUM OKHUIaHUEM (7] = m, u X = m,) u gucnepcueit (D, = of D, =
Jﬁ). B sTroM cnyuae maremaruueckoe OXUIAaHUE CyMMapHOW OmHOKu Oyner
OTIPENIETATHCSI TEOPEMOM 0 KOHEUHOM 3HaueHueM ¢yHkiuu. M3 (10.51) Hatinem:

me = & = lim p(W, (p)my — W (p)my)) (10.52)

ToyHOCTH PabOTHI CHCTEMBI OTHOCUTEIBHO CITyYalHBIX COCTABIISIONIUX CHTHANIA
U TIOMEXU OmpenessieTcss AWcIepcueil curHana omuOku. Haiimem mucmepcuto
D, = cZ. Tlpu 5ToM, He Tepss OOIIHOCTH, MOKHO MOJOKHUTh, YTO CHTHAN U HOMEXa
SBIISIIOTCS.  TICHTPUPOBAHHBIMH CIYYalHBIMU TIPOIIECCAMH, T.€. MaTEeMaTUYECKOE
OXuaaHue x(1), n(t) pauo wuymw: 1 =m, =0, Xx =m, = 0. (Eciu m, wm m,
OTJIMYHBI OT HYJSA, TO BCEr/la MOKHO IEPEUTH K NEPEMEHHBIM X(1)-my, 1(t)-m, , a
3HAYEHUE M, BBIYUCIUTD 110 popmyre (10.52))

Cornacno (10.28,10.43) nucnepcust OMKUOKH ONPEAENSIETCS BRIPAKEHUEM:

0.5 - Be(O) (10.53)
rae, B.(7) - aBToKOppensiuonHas (QyHKIUs omuoOku. B cuiny sproauyHocTH

MMponeCcCOB MOKHO UCKATb Be(‘[) KaK CpCaHCC 110 BPCMCHHU OT COCTABJIAIOIINX CUTHAJIA
OIJ_II/I6KI/I, Pa3aACICHHBIX IPOMCIKYTKOM BPCMCHU T.

T
B.(1) = 711_1)130% f e(t)e(t + 7)dt (10.54)
-1

Bripazum e(?) B (10.54) uepe3 UMNIyJIbCHBIE XapaKTEPUCTUKUA KOA(DDUIIMEHTOB
nepenaun W.(p), W(p) u mocie HECIOXKHBbIX, HO TPOMO3JKUX MPeoOpa3zoBaHUI
MOJTYYHM.

40
03 = || [l @B.E = 1)+ HORDB,E — D]dgdr +

+ f f [he (OR(T)Byy (€ — T) + h(E)h,(7)B,, (€ — 7)]|dédT = (10.55)

— A2 2 2 2
= OgxtOen+ OgxntOenx

;e h(t), he(t) - AMIIyJIbCHBIE XapaKTEPUCTUKU MepelaTOuHbIX QyHKuud W(p),
We(p) COOTBETCTBEHHO; By(7) - aBTOKOppEISINUMOHHAs (yHKIUSA CHrHana; B, (7) -
aBTOKOPPEJAIIMOHHAS byHKIUSA MIOMEXH; B (1), B xn(7) - B3aMHBIE
KOppensiunoHHast (QyHKIIHH.

Benuunny e 4acTo Ha3bIBAIOT CPEeOHeKB8AOPAMUYHOU OUUOKOU CUCTHEMBL.

Ecnau curnan u nmomexa HEKOPPEIHPOBaHbI, TO B.(T), B 1»(7) paBHBI HYJIIO U B
BbIpaxkeHuu (10.55) ocranercst TONbKO NEPBBIA UHTErPAIL.



Hucnepcust (10.55) MOKET OBITh BBIYKCIICHA M YepPe3 CIIEKTPAIBHYIO TUIOTHOCTh
M YacTOTHBIC KO3 GUIIMEeHTHI nepenadun cucteMbl. [loactasum B (10.45) BeIpakeHHe
st eg(p) 3 (10.51) 1 mociie HECIOKHBIX MPEeOOpPa30BAHUMN MOTYUUM:

+o0
1
08 = 5o f [IW ()28 () + W (jw) |25, (w)]dw +

—00

b [ [W(oIW (0150 (0) + WG W (—j)Sp(@]dw 1050

) 2 2 2
= Ogxt0cy + OgxntOenx

, Thne Sy(w) - cnekTpanpHasg IUIOTHOCTh CHTHANa; S,(@) - COEKTpalbHas
IUVIOTHOCTh TOMEXU; Sy,(®), Sy(®) - B3aUMHBIE CHEKTpajbHble IIOTHOCTH. Eciu
CHI'HAJ M IIOMEXa HEKOPPEIUPOBAHBI, TO S, ,(®), Syv(®) PaBHBI HYIIIO U B BBIPA)KEHHH
(10.56) ocTaneTcs TOIBKO MEPBBIN UHTETPAIL.

[IycTh curHanm moMexH MpencTaBiIsieT U3 ceOsi Oenblii MIyM C IMOCTOSHHOM
CHEKTPaIIbHOW MIIOTHOCTHIO Sy. B 3TOM ciydae cocTaBisiiomas JUCIEPCUH OLINOKU
3a cYeT JeHCTBHI MoMeXH mpumeTt, coriacHo (10.47), oueHb mpocToil BU:

Soa):_)cb

+00
S .
0%y =52 j W (jw)2dw = (10.57)

, TAC 0,y - HITYMOBAs I10JI0CA SaMKHYTOﬁ CHUCTCMBI.

10.4. IIpumeps! pelieHUs] TUMOBBIX 32124
10.4.1. 3apaua

[IycTh Ha BXOA MHTETPUPYIOLIETO 3BeHA C mepenaTouHoil dhyukuueit W(p)=k/p
nercTByeT OeNbIi MyM ¢ KoppelsiuoHHoW ¢yHkiuend B(7)=Nyo (7). Heobxomaumo
OTIPEICTUTH TUCTIEPCUIO BBIXOIHOTO CUTHAIA.

PewieHue

NmnynbcHas xapakrepuctuka W(p)=k/p paBua
h()=L" {kip}=k

B cootBerctBuu ¢ (10.41) 3anumiem:

t t
D) = [ )y | AIBy (2~ md2
0 0

t t
=fkdnka6(/1—n)d/1
0 0



t
== f kdn kNO - kzNot
0

T.e. nucnepcus BBIXOJHOTO CHUTHaja MPH MPOXOXKJIECHUU OEJoro ImyMma udepes
MHTETPUPYIOIIEE 3BEHO JINHEWMHO BO3PACTAET.

10.4.2. 3agaua

. K
[Tycte mepenarouHas (QyHKIMS pa3oMkHyTod cuctembl W,.(p) = >
Heo0xonuMo HalTH SKBUBAJIEHTHYIO IIYMOBYIO IIOJIOCY 3aMKHYTOM CUCTEMBI.
PeweHue
Cornacho (10.46) mymoBas nojioca OnpeaesseTcsi BbIpaKeHUEeM:
+ oo
f =
2 7 21 |W (0)]2

0
YacToTHbIi K03QGUIHMEHT epeiadu 3aMKHYTONH CUCTEMBI

W (jw)|?dw

W(iw) = , W) =1
() P (0)
B utore
+
_sz 1 _k2<1 tw)+°°_k
faq}_Zn 2+ YT o karcg(k) o 4
0

3HaueHHne HUHTCIpajia MOXHO BBIYUCIINUTSD I10 q)OpMy.HaM B IIPUJIOKCHUHN.

10.4.3. 3agaua

Haiitu xoadduuuent mnepemaun ¢opMupytoniero ¢QuibTpa Mg CUTHaAIa
CHEKTpasibHas TNIOTHOCTh KOTOPOT'O ONPEAEIISIETCS BRIPAKECHUEM:

Sy(@) = —
(@) =T
B cootBetcTBUM ¢ BeipaxkenueM (10.49)

1
——=k
14 T2w?2 *

bg
(ap + ajw)(ag — ajw)
Orcrona nerko nonyuaercs: bg=1, ap=1, a;=T,. Beipaxxenue s nepeaaTroqHoMn
bynkiuu hopmupytomiero GuiabTpa:

b, 2

e =k @Go) + a




1

Wex(p) = kxm

10.4.4. 3agaua

OHpCJICJII/ITB CPCAHCKBAAPATUIHYIO OIJ_II/I6Ky CHUTHaJIa Ha BBIXOAC Cﬂeﬂﬂﬂleﬁ

cuctemsl (puc. 10.8). IlepenaTounas QpyHKIuUs 3aMKHYTONH CUCTEMBI:

W(p) = 1T

W(D) —————>

Ha cucremy nocrynaror:
1) UndopmanimoHHblii  CUTHAJN,  CIEKTpalibHas  IUIOTHOCTh  CIy4alHOM

COCTAaBJISIOLICH KOTOPOT 0, OIIPCACIIACTCA BBIPAKCHUCM

Se(w) _ K

(1) =

x 14 TZw?

2) CurHan mnoMexu - Oenblii IIyM C pPaBHOMEPHBIM paclpeeicHueM

CIIEKTPAJIbHON ITIOTHOCTHU S(@)=S) Ha BCEX YacTOTax U HYJIEBBIM CPEIHUM.

PeweHue
CpeI[HeKBaI[paTI/I‘{HaH OI_HI/I6Ka OHpeI[eJ'IHeTCSI BBIpa}KeHI/IeM

o = /aezx + 04,

Tac O'gx, O'gn COCTABIIOIINEC JUCIICPCHUN CUTHAJIA U IIOMEXH HA BBIXOJAC CUCTCMBEI.

Jlucriepcusi 04, OIMMOKKM OTHOCUTENBHO BXOJHOTO CHIHAJIA

+00
1 :
0ox =5 | IWe(jw)PSy(w)dw,
rae W.(p) xoadduiiueHT rnepeaayu mo ommuoke:

1+T1p_ 1+Tip

We(p) =1-W(p) =1-



2

(1-k)+T,(w)
1+T,(w)

W, ) ? =‘

C ydetroM BbIpakeHUs sl S,(®), 4aCTOTHAsI XapaKTEPUCTUKA (POPMUPYIOIIETO

dbunbTpa BXoAHOTO curHaia (cmotpu 3agauy 10.4.3)

Ky

W) = T3, G

COOTBETCTBEHHO HUHTCTPpAT IJIA BBIYUCICHUA TUCTICPCUU IIPUMCT BHUI

2
dw

+o0
2 _ ke j T1(w)+ (1 —k)
ex " 2m JATiTx(w)* + (T1+ T (w) + 1

Haiinem ero 3HaueHue 1o Tabauie UHTETPajoB B MPUI0KEHUH

T2 + (1 — k)2T4T,
* 2TlTx(Tl + Tx)

o, =k

I[I/ICHCPCI/ISI O'gn OITMOKH OTHOCHUTEIBHO ITOMEXH

2d _ Sok
C=or,

+ 00 + 0o
.1 o So k
Oen = 5 | IWU@I Sodw =7 |1+T1(jw)

OTtBerT:

B TZ + (1 —k)2TyT, Sok
Os = [T T (T, +T,) 2T,
10.5. 3agaum

10.5.1. 3agaua

3anana nepegaTouHas GyHKUIUS pa30MKHYTOU cucteMbl W, (p).
Tpebyercs omnpenennuTs SKBUBAICHTHYIO ULIYMOBYIK II0JIOCY

BapuanTs! 3aganuii npusenens! B Tadbnuue 10.1.

3aMKHYTOU

CHUCTCMBEI. I[JISI BBIYMCIIEHHH MOJKHO BOCIIOJIB30BAaThbCS 3HAYEHHSIMU TaOIUYHBIX
HUHTCI'PAJIOB U3 IIPUIIOKCHUA.

Tabnuua 10.1

Howmep Howmep
Bap. W (») Bap. W, (p)
2
p-+p+10
1 W (p) = 2+ 1 16 W.(p) =— T3 4p




2 W, (p) = ﬁ 17 W (p) = p;:zp—;;;o

3 W.(p) = % 18 W, (p) = Wfﬁ

. W)= o 19 W) = s

s W.(p) = (p+10§(p+5) 20 W, (p) =%

; o) — 5(0.5p + 1) o1 W (o) = 100(0.5p + 1)
(p+10)(p +5) p(p +2)

; W (p) = 1001((?2;55: : D 22 W (p) = %

0 10

8 W) = o5 IR > =G tg)(%— D

5 W.(p) = ) 24 -(p) = o + 2;

0 W.(p) = % 25 W, (p) = 1(229_ ;)j

11 W, (p) = 7;:21 26 . (») _ngii)

12 W, (p) = 7p(2;2+ 11) 27 W (p) _772;(2p++;;2)

13 W, (p) = p(g;:; _)7) 28 W (p) pp((pr_'l- g))

14 W, (p) = (OZ;(Ifj;))_ 4 29 W) = p(zgp(ljlr;rlf—)Sp

15 We(p) == ;g) 1?2 30 W) = = 1)p+ 4p?

10.5.2. 3agaua

3a11aHa CIICKTpPaJIbHAA IIJIIOTHOCTb BXOAHOI'O CUT'HAJIA Sx(a))

Tpebyercs onpeaenuts k03hduimeHT nepegaun Gopmupyromero GuiabTpa ajs

9TOI'0 CUrHalia.

BapuanTsl 3aganuii npusenensl B Tadbnuue 10.2.

Tabnuua 10.2

Howmep
Bap. S"(w)
k
1 . S
Sx(w) = T 00707
kw?
2 _
Sx(w) = T 00107
3 Sy(w) k
ST ¥ 0d)
kw?
4
@) = iy ey




5

W, =

() = T 001w?) (1 + 0.0400)
W) 1+ 0.01w?

TP T 1 0.050% + 4-10~%w*
W.(p) = 3w?

") T 1 1 0.010?)(1 + 0.0402)

W, (p) = >
") 021+ 0.0102) (1 + 0.04w?)
1+ 0.01w?
W.(p) =

w*(1 + 0.04w?)




I'masa 11. TunoBbie cUCTEMBbI ABTOMATHYECKOI'0 YIIPABJICHUS

OcHoBHBIE TCOPECTUICCKHUEC CBCACHUA

IIpu pa3paboTke cuUCTeM pPaJAHMOABTOMATUKH OCHOBHYIO pOJb HUrPaloOT
TpeOOBaHUs K XapaKTEPUCTUKAM MPOEKTUPYyeMOH cuctembl. B 3aBucUMOCTH OT
MoKa3aTesiel KauecTBa, KOTOPhIE JOJKHBI ObITh JOCTUTHYTHI, BIOUpPAETCS TOT WIH
MHOW MOJIXOJ K TOCTPOCHUIO CUCTEMBI YIIPABIICHUS.

OnHuM U3 OCHOBHBIX TMoKa3zaTesneM 3G ()EKTUBHOCTH pabOTHI SBIISIETCS PEAKIIUs
CHUCTEMbl Ha TUIOBBIE 3aJIal0Ine BO3JAEHUCTBUSA. 3HAUeHUE KOA()PUIMEHTOB OmMMUO0K
CHUCTEMBI CYIIECTBEHHBIM OOpa3oM 3aBHCHUT OT acTaTU3Ma CHUCTEMbI (CM. IJ1aBy 8).
[ToBbIlIIeHNE TOpsIIKA acTaTU3Ma JieJlaeT PaBHBIMU HYJIIO TMEPBbIE KOIPHUIIMEHTHI
psna omuOOK CUCTEMbI (M MOBBIIMIAET, TAKUM OOpPa30M, TOYHOCTh PEryJIMPOBAHMS).
Jlns actatuzma nepBoro nopsuaka - Dy=0, nis actaTu3zma BTOporo nopsiaka - Dy=0,
D;=0nrT.n1.

e(p)
xX(p) y(p)
- Wi(p)

v

Puc. 11.1
PaCCMOTpI/IM TUIOBBIE CcUCTeMBI PA ¢ pPasHbIMHU 3HAYCHHUAMHU aACTATH3MA,
XAPAKTCPUCTHKH U ITOKA3aTCIIM KAa4YCCTBA, KOTOPHIC 00€eCIIeYnBalOT 3TH CUCTEMBI Ha
IpumMepe TUIOBOM CUCTEMBI aBTOMATHUYECKOI'O YIPaBJICHUA C 06paTHOﬁ CBi3bI0.

11.1. Koa¢ppuuuenr neperaqu

[TycTth KO3 uLHEHT nepenaun pa30MKHYTOM cuctembl W,.(p) HE UMEET B CBOEM
COCTaBE UHTETPaTOPOB:

W.(p) =

[Topsimok actaTU3Ma CHCTEMBI ONpENesieTcss KOJIMYECTBOM HHTErPaTOPOB B
3namenaresne (11.1) u pasen v. CornacHo (3.2) k03QduULIMEHT nepeaadn 3aMKHYTON
CHCTEMBHI,

k by p™+bp_1 p™ 1+..+b; p+b,
PV ap, pttap_; pVl+..+a, pltag

,n<m (11.1)

W(p) = Wr  _ k(b D™ +bm—1 P +...4b; p1+by) (11.2)
1+W,  pY(ap p"+an_q PV +..+a, pt+ag)+k(by p™+...4+by pL4bg) )
Koadunment nepenaun no omudke, cornacHo (3.3)
W( ) 1 pY(ap pt+an_1 PV 1 +..+a, pltay)
e\P) = 1+Wy  pY(an p+..tay pr+ag)+ k(by p™+..4+by p+by
W
1 pY(ap pt+an_1 PV T +..+a, pltay)
VVe(p) = =

1+ W, Cn PHcn_1 PV T+ 4cy pl+c

(11.3)



OtmeTuM, 4YTO KOJIUYeCTBO AU EpEeHUUPYIOMINX 3BEHHEB B YHUCIUTENE B
MOJINHOMAx mepenarounslx ¢Gpynkuuii W(p) u W,.(p) paBHo actatusmy. B cucreme ¢
acTaTU3MOM HYJIEBOTO MOpPSAKAa TaKWX 3BEHbEB HET. TaKyl CHUCTEMY HAa3bIBaIOT
Cmamu4ecKkou.

Koy puuuenrs! ommdox

[Tycts Ha cuctemy (11.1) meiicTByeT MOJIMHOMHAIBHBIA BXOJHOW CUTHAN BHJIA

(8.4)
x(t) =x0+x1t+th2+ +xktk,
Y cTaHOBUBIIYIOCS 0m1x161<y CHUCTEMBI MOJKHO IIPEICTaBUTh B BUJE (8.5)
ex(t)=Dyx(t)+D xV (t)+..+Dx™ (1)+...

Haiinem ko3¢ duiimeHTs OIMOOK CTATUIECKONW CUCTEMBI.

T.x. e(p)=W.(p)x(p), TO oTinune OT HyJsA KodPuimeHtoB D; ompeaensercs
criocobHocthio W,(p) nudbdepeHmpoBaTh BXOAHOE BO3JEHUCTBHUE, T.C. MOPSIKOM
actatu3ma cuctembl. C Apyroil cTopoHsl KO3PPUIHEHTH D; MPEeACTaBISIOT cOO0U
KOOPQUIIMEHTHl pa3liokeHUusT B pan  Teilmopa B OKPECTHOCTH TOYKH p=()
nepenaroyHor GyHkuu W,.(p) v ynoBIeTBOPSIOT paBeHCTBY (8.6)

W.(p)=Dy+Dp+...+Dp" (11.4)
Jnist Beruucnenus D; , cornacHo (11.3), nepenuimem (11.4) B Bune
pYlap"+...aptag=Dy+Dp+..+Dp")(c,p"+...cptcy) (11.5)

[TpupaBHuBas k03P HUIMEHTHI IPU PABHBIX CTEICHSX p, MOTYYUM (HOPMYJIIbI JJIsI
BBIYUCJICHUS 3HAYEHUN KO3(PHUIIMEHTOB OIIHNOOK:

Hwxe mnpuBeneHbl 3Ha4YeHUs MEPBBIX TpeX KOIPDUIIMEHTOB OMIMOOK IS
nopsiaka acratuzma v=(0,1,2), BeIpakeHHbIE uepe3 mapameTpsl W,.(p).

Cmamuueckas cucmema

D, L
1+k
D, kal_bl
(1+ k)
D a,—b a,(b; —a 2b;(by — a
2 Z{k 2 2 o 1(b1 1)+k2 1(b1 1}
(1+k)? (1+k)3 (1+k)3

Acmamusm 1-20 nopsoxka

Dy 0




D, 1
k
D; 5 {a1 — by i}
k k?
Acmamusm 2-20 nopsoka
Dy 0
D, 0
D, 2
k

OTmeTuM, YTO [JIsi CTaTHMYECKOW CHUCTEMBI 6ce Koagguyuenmol owudOOK
OMJAUYHBL OM HYJd. ITO 3HAYUT, YTO TaKas CUCTEMA BXOJHOE BO3JEHCTBUE HYJIEBOIO

nopsiika (IMOCTOSIHHBIM BXOJHOW CHUTHAN X(1)=const) o0paboTaeT ¢ MOCTOSHHOM

. 1
omuoOKoii - e(t) = T

YacToTHBIE XapaKTePUCTUKH

Haiinem 3HaueHue MOAyJsi 4acTOTHOrO Ko3(duimeHTa nepegayd 3aMKHYTOM
cucteMbl W(jw) Ha HyneBol yacToTe. J[Jig cTaTuueckoil CUCTEMBbl OH paBeH
_ % _
(W) ===
Co

Qo
aog+bg

(11.6)

N3 (11.6) cnemyer urto, 3HaueHue AYUX cCUCTEMBI Ha HYJIEBOW YacTOTE
CTaTHYECKOM CHUCTEMBbl 6cec0a MeHbule eOunuyvl. J{As cuctemMbl € TOPSIKOM
actaTu3Ma OOJIbIlIe EIWHUIIBI 3HAYCHUE TMepelaToyHor (YHKIMHU 3aMKHYTOM
CUCTEMBI Ha HYJIEBOW YaCTOTE 8ce20a paHo eouHuye:

wo)|=2=22=1 (11.7)
Co ap

JUiss IpUMEHEHUsT YacTOTHBIX KPHUTEPHEB aHAIM3a YCTOWYMBOCTH 3aMKHYTOM
CUCTEMBl YacTO YyAOOHO MCClIeNoBaTh Trojorpad YacToTHOTO Ko3(duuueHTta
nepenaun W,(jw) paszomkHytoir cucteMbl (11.1). PaccMoTpuM OCHOBHBIE €ro
CBONCTBA.

. b
Ha nynesoit wactote |W;.(0)| = a—o , CIIeOBaTeNbHO, rojorpad HauMHaeTcs Ha
0

MTOJIOKUTENIBHONW OCU KOMIUIEKCHOM MJIOCKOCTH.
[Ipu BBIONHEHUH YCIOBUS m<n, 3HAUEHHUE Tojorpada nIpu @=oco BCETIA PAGHO
HYTIIO.

[Ipy BBIIOJIHEHUM YCIOBUSA m=n, 3HAY€HUE rojorpada Mpu @=co, PaBHO

b . .
[W,.(0)| = a—” , T.. OH 3aKaHYMBACTCS HA IOJIOKUTEIBHOM OCH KOMILIEKCHOMU
n

IINIIOCKOCTH.



11.2. lllymoBas moJioca
CraTnyeckas cucteMa (CUCTEMA HYJI€BOI0 MOPSAAKA aCTATU3MA)

[Iycts mepenaTtouHas (QYHKIMS pPa3sOMKHYTOM CHUCTEMBI  OIpEAesIeTCs
BBIpa)KEHUEM
k

W) = Gy (11.8)
Torna nepenatounast QyHKIHS 3aMKHYTOM CHCTEMBI OyIET paBHA
w, _ k

Wp) = 1+W,  Tp+k+1
[IIymoBas mojioca CHCTEMbI COOTBETCTBEHHO Oy/IeT paBHa.

_ 1 + 0o . 2
f3c1> - 27w (0) |2 fo |W(](1))| dw
_ 1t 5 1 _k?
" 2m’o IT(w)+k+1|2 dw = AT (1+k) (11.9)

Cucrema IMEPBOIo nmopsijika acraTusmMa

1) [lycts mepematoyHass (QyHKIMS Pa30MKHYTOM CHUCTEMBI OIpEeNseTcs
BBIpa)KEHUEM

1

W.(p) = >
Torna nepenatounas pyHKIMSA 3aMKHYTOH CUCTEMBI Oy/IeT paBHA

- W _ P
Wp) = 1+W,  1+p
[ITymoBas mojioca CUCTEMbI COOTBETCTBEHHO OY/CT paBHa.

_ 1 + 0o . 2 _ E

f5o = smwrrde IWU@)*dw =7 (11.10)

2) [lycte mnepepaTouHass (QYHKIUS PA3OMKHYTOM CHCTEMBl OIPEACINAeTCs
BBIpa)KEHUEM
k

= — 11.11
W) = Sy (11.11)
Torz[a nepeaaTroyHad Q)YHKI_II/IH SaMKHYTOﬁ CUCTEMBI 6YI[CT paBHA
W, K
W(p) = =

1+W, Top2+p+k

[IlymoBas moJjioca CUCTEMbI COOTBETCTBEHHO OyAET paBHa.

_ 1 400 . 2 :i +00 , 5 1
f3¢_2n|W(0)|2f0 WGwldo =32), T2 )2+ (w)+k|

k

fop =1 (11.12)



Boipaxenus (11.8) u (11.9) unentuunsl. OTCIOa MOXHO ClIeNIaTh BBIBO, YTO
MOCTOSTHHAS BPEMEHH 7, JOMOJHUTEIBbHOW MHTETPUPYIOMICH IIEMOYKU HE BIHUAET Ha
IITYMOBYIO TIOJIOCY 3aMKHYTOU CHUCTEMBI.

3) Curyanus MEeHsSeTCs KoTia B KO3 PUIIMEHT niepe1adyn Pa30MKHYTON CHCTEMBI
nobasnserca nuddepenuupytomas 1enb. [lepenarounas QyHKIUS B 3TOM cliydae
OTIPEICISICTCS BBIPAKECHUEM

Wi (p) = % (11.13)

Torpa nepenatounas QyHKIMS 3aMKHYTON CUCTEMBI Oy/IeT paBHa

Wy k(1+T; p)
wip) = 1+W,  THp2+(1+kT)p+k

IlymoBas 110J0ca CUCTEMbI COOTBETCTBEHHO OY/IET paBHA.
+ oo . 2 _ 1 + oo 2
Jy W(w)|?dw = — J, K

1+TE w?
. . 2
T2 Gw)2+(1+kT)) fw)+k]|

1
fap = 21|W(0)|2

_ k(T,+KkT?)

Foo = amierry (11.14)
Cucrema ¢ acCTaTU3MOM BTOPOro MOPSIAKA

[Iycth B mepenaTouyHod (DYHKIMH PA30OMKHYTOM CHUCTEMBbI HMPUCYTCTBYIOT JIBa
UJeaJbHbIX UHTETPAaTOpa

W (p) = % (11.15)

B cooTBeTCTBUMM C paHee CKa3aHHBIM, MepelaToOvyHble (YHKIHUU 3aMKHYTOM
cuctemsl W(p) u no ommdke W,(p) onpenensiTcsi BEIPAKEHUSAMMU:

W ( ) _ p? (1+T; p) _ p? (1+T; p)
el k(1+T;p)+p? (1+T;p) T, p3+p2+kT;p+k’

_ k(1+T; p) k(14T p)

AHaHOFI/IqHO HpeLIBII[yHleMy, HIYMOBaH IT10JIOCA CUCTCEMBI COOTBCTCTBCHHO 6YI[CT
paBHa.
1+, 5 1+T¢ w? 14Tk
f3c1> = 0 . . , z AW =
2 |T2 (]w)3+(]w)2+kT,(]w)+k| 2(T;—T,)

(11.17)

11.3. Jlorapugmuyeckue XapaKTepuCTUKH

PaccmoTpum  cBolicTBa  sorapu@muyeckux  (HazoBbIX M aMIUTUTYJIHBIX
XapaKTepUCTUK Ppa3OMKHYTHIX cucteM. (Ocoboe BHHMaHHME O0OpaTMM Ha 3arac
YCTOMYHUBOCTHU CUCTEMBI U NTAPAMETPBI, KOTOPBIMHA OH OIIPEAEIISIETCSI.



Jlorapu¢pmuyeckne XapaKTepUCTHKH CHCTEMBI C ACTATU3MOM BTOPOI0
nopsiika

PaccmoTpum cucremy ¢ k03QGUUIHMEHTOM TNEepelayd pPa3OMKHYTOW CHUCTEMBI
(11.15). CootBetctByromas emy JIAX nzobpaxena Ha puc 11.2. 3amkHyTas cucrema
(11.16) Oymer ycroiumuBa, eciau BbinosHsercs yciaoBue 7,>7, . COOTBETCTBEHHO
4acTOTa CONPSHKEHUS ;<@

A L(®) [16]

20Ig(k)

'y
A

Puc. 11.2
ITonoxenne Bcel XapaKTEPUCTUKU ONPENENAETCS YaCTOTOM Cpe3a @, (4aCTOTON
Ha KOTOPOM MOy/Ib KO pullMeHTa niepeiaun paBeH €AUHUIIL).

o, = kT, (11.18)

[IpoaoIKUTENBHOCTh Y4acTKa ¢ HAKIOHOM 20 06/0ex=6 06/okm OlpeaenseTcs
COOTHOIICHHEM 4YacTOT COMNPSDKCHHUS WU COOTBETCTBYIOIIUX WM IOCTOSHHBIX
BPEMCHH.

I, _ o
h==<=2= (11.19)

T; )l

dazoBas XaPaAKTCPUCTHKA CUCTCMBbI OIIPCACIIACTCA BhIPAKCHHUCM

T,~T
o(w) = arctg(T,w) — arctg(T,w) = arctg (ﬁa;—ng) (11.20)

Haiinem 3amac ycroitunBocTu 1o ¢ase, Ay 3Toro BelunciauM 3HadeHue (11.20)
Ha 4aCTOTE .

_ pr T2 (h— 1)
o) = aretg (3257

W3 monydeHHOro cieayer, 4TO 3amac yCTOWYMBOCTH MO (ha3e BO3PACTAET C
poctoM h. Eie HarisjiHee 3TO MOXXHO YBUIETh, €CJIM 3aJaThC MaKCUMaJIbHBIM
nokasareneM konebarenbHocTH M cuctembl (8.11). Iloctpoum 3ampeTHyio 30HY
(8.16) nyst pazoBoii xapakTepuCTUKU U noTpedyem utoObl ®UX B Hee HE mornaaano.
Jlis atoro uccnenyem (11.20) na makcumym. YactoTa Ha KOTOPOH OH JOCTHraeTcs
paBHa:

1 1

w = —=
max — TT, T,Wh




COOTBETCTBEHHO

h-1

Prmax = ArCLg (m) (11.21)

T.€., MAaKCUMaJIbHO BO3MOKHOE 3HaueHne @YX (MakcuManbHbIN 3anac no ¢ase)
onpejeNnsieTcsl TOJIbKO JJIMTEIbHOCTBIO /A ydacTKa €AMHUYHOro HakioHa. Ecnu
MPUPABHIATH MAKCUMYMBI (ha30BOM XapaKTEPUCTUKH W 3ampeTHOU 30HBI (puc. 11.3),
TO MOXHO TIOJIYYUTh BBIPAKEHUS [JII CBSA3M MHUHUMAJIbHOIO IOKa3aTess
K0J1e0aTeNbHOCTH, KOTOPBIA MOXKET OBbITh MOJYy4YeH B CHUCTEME IS 3aJaHHOrO
3HaueHUs h U HAOOOPOT, BEJIMYMHY MHHUMAIbHOW JIMTEIBHOCTH ydacTKa /i aiis
3aJIaHHOT'0 3HAYEHUS MOKa3aTels KojeOaTeIbHOCTH.

M+1 h+1
h = M == (11.22)

M-1 h—1
L(w), dB

@ 4 JIAX
w(w), pan

o 0 W, o .
gomax
-1t/2 .
JIOX
Puc. 11.3

Onpenenum ycJIOBUS HAa 3HAYCHUS IIOCTOSHHBIX BPEMEHHU, NIPU KOTOPBIX
BBITIOJTHSAIOTCS paBeHCcTBa (11.22). YuTteM, uTo BemunHa MOAYJsA W, Ha 4aCTOTE @4y
paBHa:

M
W (0max)| = 21 (11.23)
kT,

Ha yuactke 7 w™oxmynb koddduimenra nepemaun |[W,(w)| = A(w) = —.
COOTBETCTBEHHO HA YaCTOTE (g MOAYIb A(Wpmgy) = kTi\/T1T, = A(w) =

2
kT,\JT T, = % VYuuteBas (11.18), (11.22), (11.23) noxyuum

1 M M+1 1 M
Tl = a)_cp—'—Mz—l m = w—cpm (1124)

AHaIOrM4HO MOKHO IMOJTYYHUTH YCIIOBUC IJIA Tg

1 M M-1 1 M
T2 = a)_cp—'—Mz—l M_+1 = a)_cpM_-i-l (1125)

Ecnu npeBpatuth paBerctsa (11.24-11.25) B HepaBeHCTBa

1 M 1 M
T, =2 o M1 T, < oy M1’ (11.26)



TO MOXHO TOJYYUTh BBIPAKEHUSA, KOTOPHIE MNP 3aJaHHON YacTOTe cpesa, a
3HQYUT W Tpu (UKCUPOBAHHOM TIOJIOKEHMHM 3alpeTHOM 30HBI i (a30BOM
XapaKTEPUCTUKHU, OIPEACIISIIOT YCJIOBUS Ha TOCTOSIHHBbIE BPEMEHU. 3aBHCHUMOCTH
MEXAy ToKa3zareleM KoyeOaTeIbHOCTH W JJIMTEIBbHOCTBIO MEPEeXOJHOr0 Ipoliecca
onucana B nmaparpade 8.1 u npunoxenuu [12.

Jlorapugmuyeckue XapaKTePUCTUKH CUCTEMbI ¢ ACTATU3MOM NEPBOIo
NnopsaKa

B npocreitiem ciydae W,(p) cucTeMbl C aCTaTU3MOM TIEPBOrO MOPSIKA UMEET
BHJL:
k

W.(p) =

Yactora cpesa (puc. 11.3) onpeaensieTcs BrIpaxeHUEM

(11.27)

da3zoBas XapaKTCPUCTHKA CUCTCMbI HMCCT BU

o(w) = —arctg (wiTl)

A L(w) [16]

Ig(w)

Puc. 11.3

3agaguMcs TpeNeNbHBIM 3HA4YeHUEM IIOKa3aTessi KoJeOaTeabHOCTH M, ..
Haiinem yciioBue Ha TOCTOSIHHYIO BpeMeHHU (PUIbTpa, MPU KOTOPOM IIOKa3aTeslhb
KOJIe0aTeILHOCTH HE MPEBBIIACT 3aJaHHOTO 3HAUCHUS :

MZ+MVM2 -1
2

kT, < (11.28)

1
Ecnu ydectb, 4T0 K03 GUIMEHT OMIMOKHA MO CKOPOCTH CUCTEMBI paBeH Dy = p

T0 BhIpakeHue (11.28) nmo3BossieT HaiiTu 1, nipu 3agaHubix M u D).
B cnyugae, ecu W, (p) umeet 6osiee crnoxHyo hopmy

k
VVT (p) - p(1+T;p)(1+TH0)(1+T3p)...

(11.29)



st M mMaiio oTiiMyarmuxcest ot equHuIbl (M<1.3), MOKHO BOCTIOJIB30BaThCS
MPUOMKEHHON (HhOPMYJIION:

2 —
K(Ty + Ty + Ty..) < 00 (11.30)

3BeHo ¢ nepeaaTouHo Gpynkuueit (11.27) ucnonw3zyercst TOJIBKO B TPOCTEHIITMX
CHUCTEMaX C HEBBICOKUMH TpeOoBaHUSMH. J[JI1 yIydllleHHs] XapaKTEPUCTUK CUCTEM
aBTOMATHYECKOTO YIPABJICHUS TMEPEXOAAT K 3BEHbSIM 00Jee CIOXKHON CTPYKTYPHI.
Yacto ee monay4aroT A00aBICHUEM AOMOIHUTENBHOIO M3JI0Ma Ha YacTOTE @, TaK
Kak 3TO MoKa3zaHo Ha puc.11.4

A L(w) [n6]
w(®), pan

Puc. 11.4
Taxoit JIAX cooTBeTCTBYeT nepegaTouHas QyHKIUs
k(1+T,p)
= 11.31
W (p) p(1+T1p)(A+T3p)(1+T4p).. (11.31)
[Tonoxenue JIAX onpenensieTcs 4acTOTOM cpesa
Wcp = kT_T;Z (11.32)

Ecnu yacToTa comnpspKeHUs @; 3HAYUTENBHO OTJIMYAETCS OT 4YacTOThl Ha
KOTOpPOM 3alpeTHasi 30Ha MMeeT MakCUMyM 1o ¢asze, TO C XOpOouled TOYHOCTBIO
pacueT MOXHO BecTd 1o gopmynam (11.24-11.26). [Ins yTouHeHuUs: pacuera MOXKHO
y4€CTh, YTO MO CPABHEHMIO C CUCTEMOW 2-TO MOpsAKAa acTaTu3Mma, 31e€Chb MMEETCA
JOTIOJTHUTEIIbHBIN 3a1ac YCTOMYMBOCTH 10 (haze

Ap = arctg (wiTl) (11.33)

Jlorapugmuyeckne XapaKTepUCTUKH CTATHYECKUX CUCTEM

B npocreiiem cnyuae W, (p) cTaTuyeckol CUCTEMbI UMEET BU:

_ ko
Wro®) = o o)

CootBetctBytomas JIAX uzobpaxenus Ha puc. 11.5

(11.34)



A L(w) [10]

201g(ky)

0 \ Dep >

0 @ @ lg'(w)

Puc. 11.5

B oOmactu wacToTel cpesa ., nepenarounas QyHkuus (11.34) moxer OBITH
MPUOIMKEHHO CBeJIeHa K KOd(PUIIMEHTY Tepejladyi CUCTEMBI C aCTaTU3MOM TIEPBOTO
mopsiiKa

Ko

w, N ————
To(p) Top(1+T1p)

OTO0 AaeT BO3MOXHOCTH MCIOJIb30BaTh isl pacueroB Gopmyny (11.28), B
Kotopout k=ky/T)

k0T1<M2+M\/M2—1
Ty — 2

(11.35)

(11.36)

N3 Beipaxxenusa (11.36) cineayer, 4TO MOCTOSIHHAas BpeMEHHU 7)) CYIIECTBEHHO
BJIMSIET Ha 3arac yCTOMYMUBOCTU cucTeMbl. C yBennueHueM KO3 (GULIMEeHTa YCUICHUs
WIN CyMMbI OCTaJbHBIX MOCTOSHHBIX BPEMEHH MOXKHO YBEIMYHUTH Ty U 00ECIECUUTH
TpeOyeMble XapaKTePUCTUKU 110 YCTOMUMBOCTH.

[Ipy TOBBIIEHHBIX TPEOOBAHUSAX K TOYHOCTH CHUCTEM, MPUMEHSIOTCS
Kod(hPUIMEHTHl Tepeauyd pa3oMKHYTOH cucteMbl W,(p) Oojee CIOXHOTO BHJA

(puc. 11.6)
ko(1+T,p)

W (p) = (1+Top)(1+T1p)(1+T3p) (1+Typ) ..

Yacrora cpesa takoil JIAX HaxoauTcd Ha y4aCTKE C €IMHUYHBIM HAKJIOHOM
(20 n16/nex), KOTOPBIH cleayeT 3a y4acTKOM JBoMHOTO HakiioHa (40 n16/1ex). Kak u B
NpeAbAYIIEM Cilydae, 3/1eCh MOXHO C JOCTaTOYHOW TOYHOCTHIO MPUMEHSTh
(hopMyIIbl, IOJIYYEHHBIE JJIs1 CHCTEMBI C aCTaTU3MOM BTOpOro nopsiaka (11.24-11.26).

(11.37)



A L(w) [16]

20ig(ky)

0 w, -

0 a @ @ \lgr(co)

Puc. 11.6

11.4. 3agaun no BpIOOPY ONTUMAJIBHBIX NapaMeTpoB CAY

[lenpro onmTuMm3anuu OOBIYHO SIBJISCTCS BBIOOP IMapaMETPOB CUCTEMBI, IIPH
KOTOpPOM  3aJlaHHBbIe  XapaKTCPUCTUKH  CHCTEMBl  SIBJISIIOTCS — HAWITYYIIHMH.
[TprMEHUTEBHO K CHCTEMaM aBTOMATHYECKOTO YIIPaBJICHUS Yallle BCETO peyb UACT O
MUHHAMH3AIUN  PE3YJBTHPYIONICH OIMMOKM CIICKEHWS TPU 3aJaHHBIX THIAX
3aJIAfOIINUX BO3JCHCTBUN U HAJTUYHUH [ITyMa Ha BXOJE JUCKPUMHUHATOPA.

B cumimy 60mb110r0 pa3sHOOOpa3us CTPYKTYP CHUCTEM YIPABIICHUS, BO3MOXKHBIX
TUTIOB BXOJHBIX BO3JCHCTBUA M KPUTCPHEB ONTHMH3AIMU, PACCMOTPETh BCE
BapUaHThl OINTHMHU3AIIMOHHBIX 3aJlad HE MPEJICTABIACTCS BO3MOXKHBIM. I[loaTOMYy
pPacCMOTPUM HECKOJIBKO XapaKTepPHBIX CIydaeB NPHUMCHHUTCIBHO K THIIOBBIM
CHCTEMaM.

Bbynem cuurarth, 4TO :

1) BXogHOE BO3JEHCTBHUE X(%) - NETEPMHUHUPOBAHHBIN MPOIIECC, BO3MYIIAIOIIEE
Bo3zeicTBUE 1(t) - QIIOKTYaIMOHHBIN TTpOIIeCC.

2) BXOJHOE BO3JCHCTBHE X(?) U BO3MYIaloIIee Bo3aeicTBre 1(t) - ciaydaiiHbie
TIPOIIECCHI.

11.4.1. 3agaua

Heob6xonumo BeiOpate ®HY u napamerpsl cuctemsl @AIIY, obecnieunBaromne

dw )
npu - yckopewun — = 20 pam/c” clIeAylolue IOKa3aTead KadecTBa: BpEMs

nepexogHoro mpomnecca #,<0.1c; mepeperymupoBanue <30%; da3oByr0 oHIMOKY
@<20pan;

Peuwenue

T.k. cucTteMa JOJDKHA OOCCICYHTH MOCTOSHHYIO OIIMOKY INPH YCKOPCHHH, TO
acTaTH3M JOJKEH OBITh BTOPOTO MOPSIIKA.

[To 3amaHHOMY BpeMEHHU TEPEXOJHOTO Mpollecca, HUCIoab3yo dopmyny (8.2) ,
ONpeAeIuM YacTOTy Cpe3a Pa3OMKHYTOW CHUCTEMBI a)n.p>3lc‘]z40c‘]. Ha wacrore
cpeza JIAX nmomxHa mMerh HakioH -20 db/mek mist oOecrnieueHUs: HEOOXOIUMOTO
3amaca ycToMunBocTH 1o (aze u ycwieHuto (cm. 11.3). B o6macTtu BepXHHUX 4acTOT



HakioH AUYX pjomxeH coctaBiaTh He MeHee -40 n6/aex st 3 QpeKTUBHOrO
MOJIABJICHUS IIYMOB. YKa3aHHBIM YCJOBUSM yaoBierBopsieT AUYX pa3oMKHyTOU
CUCTEMBI BHJIa

Wi(p) = ST 2)

p? (147, p)’

Breibepem mnoctostnasie  Bpemenu 1,=0.1 wu 7,=0.01. Drto oOecneuut
HEOOXOMUMYIO JJIMHY y4dacTka HakioHa -20 n6/mek. IlepeperynmupoBanuto <30%
COOTBETCTBYET IIOKa3aTeslb KojebareabHOocTH M 3aMkHYTOM cuctembl M<I1.5.
(Haitnem sto mo tabnuie B npuioxkeHuu [1.2). 3To cOOTBETCTBYET COOTHOUIEHUIO
4acToT cpe3a u 0a30Boi .,/ wp=>1.7.

w -1 -1 -2
Wy = \/k_<1c7p =23 ¢ (BbiOepeM 3HaueHue Vk = 20 ¢, cootB. k=400 c™)
[Tpu TakoM BeIOOpE TMHAMHYECKASI ONMTUOKA CHCTEMBI 110 YCKOPCHHIO PaBHA
_ldw =
Per = %2 ~ 20
3amnac ycToM4nBOCTH 110 haze

Ap = = |p(@p)| = 7= |-n+ arctg (22) + arceg (22)

= arctyg (Z—T) = arctg(4) = 1.3pag

IR

11.4.2. 3agaua

[Tycts Ha Bxojme cnensmeld cuctembl (puc. 11.1) agTuTUBHO IEHCTBYIOT
JETEPMUHUPOBAHHOE BXOJIHOE BO3JICHCTBUE S(1) U oMeXxa 1(t): x(1)=s(t)+ n(t).
[Tycts mepenaTtounas (QYHKIMS pPa3sOMKHYTOW CHCTEMBI  OIPEACIISICTCS
BBIpOKEHHUEM
k(1+T1 p)

Wi (p) =
r\P p (14T, p)
Ilycte momexa - Oenblii raycCcoB IIyM C PaBHOMEPHOM Ha BCEX YacTOTax

CIIEKTPAJIbHOW IUIOTHOCTBIO S,. HeoOXoauMo HaiTH mapaMeTpel CHCTEMBI, IPH
KOTOPBIX JTUCHIEPCHS OIIMOKU CIeKeHHUs Oy/1eT MUHUMAJIbHA.

PeweHue

T.x. ynpasnistoliee BO3AEHCTBUE AETEPMUHUPOBAHHBIN MTPOLECC, TO AUCIIEPCUS
omnOku OyAeT OmpenensThcsl TOJIBKO CUTHAJIOM TnoMmexu. Jns ompeneneHus
aucnepcu Bocrnolsibdyemcs gopmynoin (10.47), mo3Bossioniedl HailTu ee uepes
SKBUBAJICHTHYIO IIIYMOBYIO IIOJIOCY CUCTEMBI

2 _
o~ = ZSnfaq)
[IIymoBas moJioca Jj1st 3Toro kKo puiiueHTa nepeaadu npuBecHa B

BeIpakeHuu (11.14)

k(T +kT2)
foo0 = 4T, (1+KkTy)

B utore IMOJTYYHM BBIPAKCHHUC IJISI AUCIICPCUN OIITNOKH.



2 _ Spk (T, +KT{)
T 2 T,(1+kTy)
Hccnenyem mnonydeHHOE BbIpakeHHe. JUIsi 3TOro HaWaeM IIPOU3BOJHYIO
IUCIIEPCUN 110 1 U IPUPABHSIEM €€ K HYJIIO.
2
% - %(RZTE + 2kT, — kT,) = 0
B urtoro Haiinem cootHoueHuss mexay 1, T>, k , Ipu KOTOPBIX AUCHEPCHS
OLIMOKY MUHUMAJIbHA.
T — —1+,/1+KkT,
1

B KT,

11.4.3. 3agaua

Ilycte Ha Bxone craexpsmied cucteMbl (puc. 11.1) nelcTByeT cCTallMOHAPHBIN
CIIy4alHBIN MPOLECC C AUCTIEPCUEN 0,21 1 CO CIIEKTPAJIbHOM IUIOTHOCTBHIO

2107
Sx(w) = A2 + w?
ITycts mepemaToynas (YHKIHMS Pa3OMKHYTOM CHCTEMBI - HJCAIbHBIN
HUHTErPaTop
W (p) = g

H606XOJII/IMO HaWTHu mapaMCTpbl CUCTCMBbI, IMIPU KOTOPBIX AHUCIICPCHA OIITHOKH
CIICKCHUA 6YIICT MHWHHUMAJIbHA.

Peuwenue

KommiekcHbii ko3 puimeHT rmnepenadyd 1O  OMKOKE  Ompenessercs
BBIpa)KECHUEM
jw
k+jw

[logcTaBUM 3TO 3HAY€HHWE M BBIPAKEHUE [JIs1 CIEKTPAIHHOM IUIOTHOCTH
BXOJIHOTO curHaia B hopmyiy juis pacueta aucnepcuu (10.45)

W(w) =

+ 00 2
1 205 ljw|?
Dy == 2 2 ——dw
21 A2+ w? |k +jwl

— 00

Bocnonb3zyemcsi  popMynamMu  pacyera  HMHTErpajioB, MPUBEACHHBIMU B
npuioKeHuu. JJist aToro npeodpasyeM BhIpaKeHHE ISl JUCTIEPCUH K BUIY

400
b 1 —2107 (jw)? p
YT ) G+ jo)A—jo)(k + jo)(k —jo)

B namem ciyuyae A(w) = A+ jw)(k + jw) = (jw)? + (k + Djw + kA, n=2.
COOTBETCTBEHHO /ISl BEIYHCIICHNS MHTETrpana J, HeoOXOaUMO yKa3aTh CIIEIYFOIIHeE



3HaueHus: kodddunmenton: by = 0, by = —2/10,12, apg=kA, a,=k+1,a,=1.
[Tociie BEIYUCIICHHUH MOTYyYUM BBIPOKCHHE JIJIST TUCTICPCHH

Ao
D, =
Atk
N3 ananmuza MMOJYUYCHHOI'O BBIPpAKCHUA BUIHO, YTO JUCIICPCUA OIIMOKU HE UMEET
BBIPAKCHHOTO MUHHUMYMaA B 3aBHUCUMOCTHU OT IApPpaMCTPOB CHUCTCMBI. Bwmecte ¢ Tem

OHa yOBbIBaeT ¢ yBeIMYECHHEM KOd(h(UIIMEHTa YCUJIEHHS IO MOCTOSSHHOMY TOKY B
KOJIBIIE.

11.4.4. 3agaua

[lyctb Ha Bxoge cueasmeld cuctembl (puc. 11.1) nelictByer cymma
2 .

KBaIpaTUYHOTO BXOJJHOTO CUTHAJIA U TOMEXH X(1)=at +n(t). I'ne n(t) - 6enbiit mym, ¢
HYyJIEBBIM CPEJHUM U NOCTOSHHON CIIEKTPaIbHOH IIOTHOCTBIO KOTOPOIO S, .

[TycTh cuctema mMeeT BTOPOM MOPSAOK acTaTu3Ma W mepenaToyHas (QyHKIHs
Pa30MKHYTOH CHCTEMbI ONIPEIEISICTCS BEIPAKEHUEM:

k(1+T1 p)

W) ==/

HeoOxoammo HailTH mapaMeTpbl CHCTEMBI, NMPH KOTOPBIX CpPEIHHI KBaapaT
OIIMOKYU B YCTAaHOBHBILIEMCS PEKUME OyJeT MUHUMAJICH

Peuwenue
KBagpaT ommOku B yCTaHOBUBIIEMCSI PEKUME OTPEIEISCTCS BRIPAKCHUEM:
M =m; + D,
rae m2- MareMaTH4eckoe OKMAaHUE JeTEPMHHMPOBAHHOW COCTaBIAIONIEH
BXOJHOTO curHana; D, = a,? - JUCIIEPCUs CIYyYalHOW COCTAaBJISIOIICH Ha BBIXOJIE
CHUCTEMBI.
BLIYHCINM M2 ¢ HOMOIIBIO TEOPEMEI O MPE/IETLHOM 3HAUEHUH
_ 2 p? 2a 2a
e PP = P R T
Jucniepcust OMMOKY CICKEHUS OyIET ONPEEAThCS BRIPAKCHHUEM

k*(1-TE(w)?)
|=(w)? + k(1 + T, jw)|?

400 + oo
D—lfW')ZSd —S”f
Yo 2m | le”w_Zn

Bocnonp3oBaBmuch Ta6HHHCﬁ HHTCTPAJIOB UX IMMPUIIOKCHUA, ITIOJTYUYUM

1+ kT{
2T,

D,
OO6m1as cpeHeKkBaapaTUIHAS OIIHOKA:

20\ 1+ kTf
= (2 5, LTS

k 2T,



JI71s1 HaxOKJIeHHsI ONITUMAJIbHBIX 3HAYCHUH HaiiieM npou3BoHble M o ku T; u
MPUPABHIEM UX K HYJIIO.

oM _ 8a® SnTl_O aM_Ska—1 .
ok 1B 2 0 ar, v 2rr

Pemum YPaBHCHUA U ITOJIYYHUM 3HAYCHUA:

5 (25602 1
= T =
OIIT 2 lonT
S77

kOl'IT



Hpunoxenue

I11. ®opMy.ibl HHTETPUPOBAHUSA CIIEKTPAJIBbHOM IVIOTHOCTH

1) 3anumem uHTErpas or GyHKUMH CNIEKTPAJIBHOM IVIOTHOCTH B BH/E:

f ‘C(]w)

Cjw) = cnog ()" + cnz ()" + =+ c1(jw) + o

rac:

D(jw) =d,jo)" + dp_ 1) 1+ -+ d;(jw) + d,

Jns n=1
I; = i ;
17 2dyd,’
Jnsa n=2
L cidy +cid,
2 2dyd d,
s n=3
_ C22d0d1 + (C12 - 2COC2)d0d3 + ng2d3 .
’ 2dod3(—dods +dqd>) ,
s n=4
/= c5(—dgdz + dod,dy) + (¢5 — 2¢1¢3)dodqdy
T 2dod,(—dod? — dsd? + dqd,ds)

(cf — 2¢ocz)dod3ds + c5(—did; + dpdzdy)
2d0d4(_d0d§ - d4d% + dldzdg)

2) 3anumemM MHTErpaj oT (PYHKIUH CIIEKTPAJbHOM IJIOTHOCTH B BHJE:

dw,

Ll +f°° G(jw)

21 ) AGw)A(=jw)

— 00

rac:



G(w) = bn_l(]'w)Z(n—l) + bn_z(]-w)z(n—z) + -+ by

AGow) = a,o)* + ap_ 1) 1 + -+ a;w) + ag
Jns n=1

by
2apa,

J1

Jnsa n=2
b, + aczlbo
J2 = —;

2a,04

Jlisa n=3

aza, by
Qo

2az(azag — a,a,)

—a1b2 + a3b1 -

I3 =

s n=4

a4by
)

bs(—azay + aza;) — asa,b, + asazb; + (aga, — azay)

)

Ja =

2a4(asa? + agas — aza,a,)

I12. Ouenka KavecTBa mepexoaHoro mpouecca mo JIAX
PAa30MKHYTOM CHCTEMbI

MoxHO TmOKa3aTh, 4YTO KOJIe0AaTeIbHOCTh IEPEeXOJHOr0 Ipoiecca Oyner
MHUHUMAJIBHOM, €CIIM 4acTOTa Cpe3a Pa30OMKHYTOM CUCTEMBI JISKUT Ha ydyacTke JIAX
¢ HakioHOM -20 n6/mek. Bpems mnporecca npuOIMKEHHO OYyIET ONpeAeisaThCs

HCPAaBCHCTBOM:
i

ty > orp

TI€ @y - 9aCTOTA CPE3a PA3OMKHYTOM cHCTEMBbl. MOXHO IOKa3aTh 4TO, 4eM
IUpe y4acTOK ¢ HakJoHOM -20 n0/mex, TeM OJuke mepexoaHas XapaKTepUCTHKa K
DKCIIOHEHTE U TEM MEHBILE BPEMS #, (TEM OJIMKE OHO K BETUUUHE TU/ Wycp).

PaCCMOTpI/IM KOC—)(i)(i)I/II_II/ICHT nepeaadun paBOMKHYTOﬁ CHUCTCMBI:

_ k(1411 p)
W.(p) = wap),




KOTOPOMY COOTBCTCTBYCT JIOFapI/I(bMI/IqCCKaH XapaKTCPpUCTHKA BUOA (pI/IC Hl)
YacroTta y - 6a3OBaﬂ qacToTa. 9 DTOU CHUCTEMBI Wq = Vk k—KO3 HNIIUCHT
0 ’
YCHUIICHHA pa3OMKHYTOﬁ CUCTCMBI.

A L(w) [10]

20Ig(k)

Puc. I11

PaccMoTpuM mepexoaHblii MpoIlecC B 3aMKHYTOM cUCTEME, NMPU €IUHUYHOM
BXOJIHOM Bo3zeicTBun x(¢)=1(t). Iloctpoum HOpMHUpOBaHHBIM Ha @) OTKIHK -
HOPMHPOBAHBIN MepexoIHbII npouecc. i 3Toro nepenieM K nepeMeHHbIM:

T]ZCO()T], TZZCO()TZ, q=p/a)0

HopMmupoBanHoe nzoOpaxenue 1o Jlammnacy BbIXOAHOW BETUYHHBI OYJIET UMETh
BU/L:

1+7, q 1

PP +pP 41 q+1q

y(q) =

3anaBasich pPa3NMYHBIMU 3HAYEHUSMM IOKa3areis KoyeOaTeIbHOCTH, MOYXHO
HaWTH pa3INYHbIC 3HAYEHUS T;, T; U MIOCTPOUTH MEPEXOIHBIA MPOLECC I BEIUYUHBI
¥(q) B HOpPMHUPOBAaHHOM BpeMeHH 7=wyf . [Ipumep Takoro mocTpoeHus MoKa3aH Ha
puc. 112

y(® A
M=1.1

0.8 / // M=1.7
S

0.6 M=125

i Ak
V

[

DI 4

Puc. 112



TunoBble mapameTpbl pacyeTa TaKUX IMPOIECCOB - MEpeperyiupoBaHue G,%,

OTHOCUTCJIIbHOC BpCMA IICPCXOAHOIO IIpomecca C()ofp

(mst

| 1-y(avty) [<0.05),

OTHOCHUTCIIbHYIO YaCTOTa Cpe3a Cl)cp/ @p IIPUBCICHLI B Ta6JII/II_IC tab6xa. I11

Ta6a. I11
M 1.1 1.3 1.5 1.7
o,% 13.8 26.5 37.2 44.6
Wyl 7.75 5.85 5.45 7.25
@/ Dy 3.35 2.08 1.73 1.56

HecmoTps Ha TO, YTO 3TH pe3yJIbTAThl NOJIYUYEHBI ISl XapakTepucTuku puc. 111,
CUCTEMBI C aCTaTU3MOM BTOPOIO IOpPSIKA, OHU C JIOCTATOYHO OOJIBLIONW CTEIEHBIO
TOYHOCTH MOTYT HCIIOJb30BAaThCA [JIs1 OLEHKH NEPEXOAHBIX IMPOLECCOB CHCTEM C
JIAX npyrux TUNOB, ISl KOTOPBIX YacTOTA CPe3a JIEKUT HA y4aCTKE C HAKIIOHOM -

20 n0/nex.

I13. Tabmmua npeodpa3oBanuii Jlaniaca

HaunmenoBanme Opurunanu Hzobpaienue
Jlamiaca
O pyHKIMS o(t) 1
HNneansHOE 3ama3abpIBaHue o(t-7) e’
1
Envnuunas @yHkius 1(2) ;
n!
Crenennast GyHKIUSA 1) o
-od 1
DKCIOHEHTA e” 1)
pt+a
DKCIIOHEHTA CO CMEIEHUEM l(1 —e ") 1(2) !
a p(p+a)
. B
Cunycouna Sin (PBt) - 1(1) e
P
Kocunycounna Cos (Bt) - 1(1) PEyE
] B
of Q-
3aTyxarolas CHHycouaa e Sin (ft) - 1(t) (p+a) + B
3aryxaromas KOCHHYCOH/1a e Cos (Bt) - 1(1) p+p




