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BBEJAEHHUE

[udposbie cuctemsl yrpaBieHus, peanusyromue nudpoBoit crnocobd ympasiie-
HUS, HAXOAT BCe Oojiee MUPOKOE MPUMEHEHNE B TIPAKTUKE CO3/IaHUS CUCTEM yTIPaB-
JICHUSI CaMbIMHU DPa3JIMYHBIMA OOBEKTaMHU: 3TO OBITOBAsS W MPOMBIIIUICHHAS TEXHUKA,
TEXHOJIOTUYECKOe 000pyI0BaHUE, TPAHCIIOPT, BOGHHAs TeXHUKa U T.1. [Ipu mpoexTu-
POBAaHUM CUCTEM C KOMITBIOTEPHBIM YMPABICHUEM HEOOXOAMMO PEIICHUE 3aj]lad, CBSI-
3aHHBIX C MMOCTPOCHHWEM MaTEMaTHYECKUX Mojelied 00OBEKTOB yIpaBieHHs, Ipeodpa-
30BaHMSI MaTEeMAaTHUECKUX Mojelel K popmaM, yIoOHBIM JIJIsl TIOCTEAYIOMEH paboThl,
bOpMHUPOBAHUEM CTPYKTYPHBIX CXEM CHUCTEM YIPABIICHUS, AITOPUTMOB TUCKPETHOTO
yIpaBJIEHUS, aHAJIM3a YCTOMYMBOCTH U TOYHOCTU CUCTEM YIPaBJICHHS, aHAJIN3A BIIUS-
HUS TUCKPETU3AIIMU CUTHAJIOB TI0O BPEMEHU Ha XapaKTEPUCTUKU cUCTeMbl. Mcmomnb3y-
€MbI€ MPU OSTOM METOJMKH MMEIOT CHelupUuYecKrue 0COOCHHOCTH, 00YCIOBIICHHbBIE
CBOMCTBAMHU JMCKPETHBIX CUCTEM YIIpaBieHUs. B CBsA3M ¢ 3TUM HEOOXOIUMBIM 3Jie-
MEHTOM MOJTrOTOBKH CHEIHUAINCTOB B 00JACTU MPOCKTUPOBAHUS CUCTEM C KOMIIbIO-
TEPHBIM YTPABICHUEM MEXAHMUYECKUMHU OOBEKTaMU SIBJISETCS MPUOOPETEHUE OIBITA
pelieHrs TPaKTUUYECKUX 3a7ad IOCTPOCHUS MaTeMaTUYeCKUX Mojeiel OO0BEeKTOB
yIpaBJieHUs], TIPEACTaBICHUS MaTeMaTH4ecKux mojened B gopme auddepeHiuans-
HBIX YpaBHEHUH, MepeAaTOYHbIX (PYHKIUH, TTOJyYEHHBIX HA OCHOBE MpPeoOpa3zoBaHUs
Jlannaca, nepexoja k Z- nmepeAaToOuHbIM (DYHKIUSAM, PEUICHUS PAa3HOCTHBIX ypaBHE-
HUM, IOCTPOEHUS MCEBI0YACTOTHBIX XapaKTEPUCTUK, aHAIN3a YCTOMYMBOCTH U TOYHO-
CTHU JUCKPETHBIX CUCTEM YITPaBJICHHUS.

B nepBoM pazjene METOAUYECKUX YKa3aHUN pacCMaTpUBAIOTCS TUIIOBBIC 3a]1a-
Y MATPUYHOTO CUUCIIEHHUS, KOTOPHIE HAXOMST IIMPOKOE MPUMEHEHUE B MPAKTUKE
MPOCKTUPOBAHUS CHUCTEM yrpaBiieHus. OCHOBHOE BHHMaHUE TIPU ATOM YIEseTCs
pacyeTy omnpeenuTeaci, MUHOPOB U aareOpandecKux JOMOTHESHUM.

Bo BTOpOM pazzaene paccMaTpUBAaIOTCS OCHOBBI JIMHEHHOTO MpeoOpa3oBaHUs
JIMHEUHBIX MPOCTPAHCTB, COOCTBEHHBIE BEKTOPHI U COOCTBEHHBIC 3HAYCHUS TUHEUHOTO
npeoOpa3zoBaHusI.

TpeTuit paszuesn MoCBsIIEH PACCMOTPEHUIO BOITPOCOB, CBSA3aHHBIX C MTIOCTPOCHU-

€M MaTeMaTUYeCKUX MOjejell 0OBEKTOB YIPABJICHUS, MPEICTABISIONINX COOOM JTu-
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HEelHbIe, aHAJIOTOBbIE (HEMpPEPBhIBHbIE) AUHAMUYECKHUE CUCTEMbI, M aHAJU3y XapakKTe-
PUCTUK OOBEKTOB YIIPaBJICHUS BO BPEMEHHOW M YaCTOTHOM 00JacTsaX. 3HAUUTEIHHOE
BHUMaHHE y/eJIeHO (OpMUPOBaHUIO CUCTEMBI AU epeHInaIbHbIX YpaBHEHUN 00b-
€KTa Ha OCHOBE €Tr0 CTPYKTYPHOM CXEMBI.

B yerBepTOM pasznene paccMaTpHUBAIOTCSA 3aJadd, OPUEHTHUPOBAHHBIE HAa 3a-
KpPEIUICHHNE MaTeMaTUYECKNX OCHOB TEOPHUM AUCKPETHBIX CUCTEM ympasieHusd. M3mo-
YKEHUE HAYMHAETCA C PACCMOTPEHHUS OCHOB TEOPUHU BBIYETOB M Z-peoOpa3OBaAHMSL.
[IpuBeneHsl npuMepsl NOJIy4YeHHs Z- TIepelaTOuHbIX QYHKIMNA JIJI1 0ObEKTOB YyIpaB-
JICHHs] HA OCHOBE MEPEIaTOUYHbIX (PYHKIMM C IPOCTHIMU U KPaTHBIMH ToJitocaMu. Pac-
CMOTPEHBI METOJMKH ONpPENENCHUs PEaKUUHd JUCKPETHOM CHCTEMbl Ha BXOJHBIE pe-
nieTyaThle (PYHKIMH. 3HAaYUTEIbHOE BHUMAHUE YJEJIEHO OCOOEHHOCTSAM CTPYKTYPHBIX
npeoOpa3oBaHUll JUCKPETHBIX CUCTEM, a TAKXKE MPAKTUUYECKUM METOJMKAM aHalu3a
YCTOWYMBOCTA M TOYHOCTH JUCKPETHBIX CUCTEM. PacCMOTpEHBI Takke BOIPOCHI IO-
CTPOEHUS Pa3HOCTHBIX YPaBHEHUIN JUCKPETHBIX CUCTEM, OCHOBAHHBIC HA IIPUMEHEHUH
pPa3IUYHBIX METOJIOB TPOTrPaMMHUPOBAHMUS.

B narom paznene npencraBieHbl 3aaHusl, KOTOPbIE MOTYT OBbITh HCIIOJIb30Ba-

HBI CTYACHTaAMU 1JIA CaMOCTOSTEIILHOMN IOATOTOBKHU 110 JAHHOMY KYpPCY.



1. MATEMATHYECKOE OINIMCAHUE U AHAJIN3 JIMHEVMHBIX
HEINIPEPBIBHBIX ITMHAMMNYECKUX CUCTEM

1.1. TunoBbIe CUI'HaJIbl, UCIIOJB3YEMBIC IIPU aHAJIU3€ XaPaAKTEPUCTHUK
AHHAMHUYE€CKHUX CUCTEM

Cpenu Bcero MHOrooOpasusi BXOJHBIX CUTHAJIOB, JEHCTBYIOIIUX B CHCTEMax
YIPaBJIEHHUS, BBIACISAIOT TaK HA3bIBAEMbIE TUIIOBBIE CUTHAJbI, PEAKIUS HA KOTOPHIE
MO3BOJISIET OLICHUTh KAaU€CTBO CUCTEMBI YIIPaBICHUS.

K TunoBbIM curHanzam ynpaBeHUsSI OTHOCST:

- UMITYJIbCHOE BXOJHOE BO3IECHCTBUE;

- €IMHUYHYIO CTyNeHYaTy10 (QYHKIIUIO;

- FApMOHUYECKOE BXOJIHOE BO3/ICIICTBHE.

[TepBbie ABa curHana UCMOJIB3YIOT JIJIsl OLIEHKH KaueCTBa CUCTEMBI BO BPEMEH-

HOM 00J1aCTH, TOCJIEAHUI CUTHAI — B YaCTOTHOI.

1)  Jlenvma — ¢hynxyus:

f(rt+0),7 € [a,b),

0,7 € (—oo,a) U [b,0). @

ff(t]c’:?(t—rjdt ={

CrpaseMBo UIst 1F000i KycouHO-HenpepbiBHOM Qynkuuu [ (T).

2)  Eounuunas cmynenuamas gyuxyus (puc. 1.1):
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1,t =1,
0,t=r1.

1(t—1) ={ (1.2)

MomeHT T COOTBCTCTBYET MOMCHTY IIPHUIJIIOXKCHHA BXOAHOI'O BOSHGﬁCTBHH K CH-

CTEME YIPABJICHUS.

f4

1(t—1)

0

t

Puc. 1.1. Enuanunas cryneHvarast GyHKIuUs

3) T'apmonuueckoe 6xo0Hoe 6o30eticmaue.

f(t) =1(t)* Asin ot wim f (t) =1(t)* Ae

joot (1.3)

4)  Jlsuoicenue no 3akomy arctg.

1.2. MaTemaTH4ecKoe ONMUCAHNE CUCTEM YIPaBJIeHUsI
BO BPEMEHHOM 00J1aCTH

HerepBIBHBIC IMpouecCChl, MPOTCKAOIMHNEC B CHUCTEMAX YIPABICHUSA, MOT'YT

OBITh OMUCAHBl OOBIKHOBEHHBIMHU TU(PEPEHIIMATBHBIMUA YPAaBHEHUSIMH C COOTBET-

CTBYIOIIMMH HAa4YaJIbHbIMU YCJIIOBUSIMMU. Torz{a, €CJIM U3BCCTCH BXOI[HOﬁ CHUI'HaJl, BBI-

XOJIHOM CHUTHAJ OMpeneseTcs B pe3ysbrare pemenus 3aaadn Komm 1jsi 0ObIKHOBEH-

HOTO Au(depeHIuanbHOr0 YpaBHEHHUS.

3amaya Komm cocTouT B HaxXOXACHUM pelieHus (MHTerpaia) auddepeHnu-

AJIbHOI'O YpaBHCHUS, YAOBJICTBOPAIOIICTO TaK HA3bIBACMBIM HAYaJIbHBIM YCIIOBUSAM.

OyuknuonanbHag cxema JCII ¢ M/] mocTossHHOTO TOKa MpUBEIEHA Ha PUC.

1.2.

Ha puc. 1.2 o6o3nauensr: KY — koadduruent ycunenus, YM — ycuiurens

MOIIHOCTH, M /] — ucniomHuTenbHbIN ABUTaTENb, P — penykrop, TT' — Taxoreneparop,

H — narpy3ka.



> VM — U > P > H
T |«

Puc. 1.2. ®yuknuonanbHas cxema ICII ¢ ]I mocTossHHOro TOKa

OneMeHTHI (bYHKHHOHaHBHOfI CXCMbI OIMMCBIBAKOTCA CIICAYIOIMUMHU YPABHCHHA-

dw

W/I: }r,qu dtg = M,qs - MH’ MH = 0,
My =cu-1;
U= cow,y + iR+ L%
dt
w .
P: mﬂEi = ka )
p
H: MOMEHT HHEPIUHU HATPY3KH [ .

[IprBeneHHBIN MOMEHT MHEPLIUH HATPY3KU:

oo =Jae + P

YM: Ky =1,

KYV: K.y
£=g—X;
X =aw, k..

[IpeoOpazyeM nosrydeHHbIE YpABHEHUS:

Gage 1 :
dt I &
My = ¢
di . 1
P (U— Celyg LR)E,
dipy
dt "
U, = ck



B oOmem cinyuyae ogHOMepHas JIMHEWHas HeCTallMOHAapHas CHCTeMa YIpaBlie-

HUS ONuUChIBaeTcs nudepeHIanibHbIM ypaBHEHHEM

d™ x(£)
d T

d™ g(t)
d ™

an(t) + -+ ao (1) x(1) = by, (2) +e by (£) g(t),  (1.5)

rne g(t) - Bxommoil curHam; X(tf) - BeIXOAHON cHMrHaN;, [ - TeKyllee BpEMS;
a,(t),...,ap(t); b, (t), ..., by (t) — mapamerpsl cucTeMBI; 1, M — 3aNaHHBIC YUCIIA.
HauajbHble yCIIOBMSE:
x(to) = xq; X(tp) = %p; ... x - ﬂ(toj = xo{ﬂ_ﬂ; (1.6)
rae tp - MOMEHT ITOAAa4y BXOJAHOIO CUTHAJA.
Ecian k03 GuiMenTs! ypaBHEHUS OCTOSHHEBI, CHCTEMA HA3hIBAETCH JIMHEHHOM

CTallMOHAPHOM.

d™x(t)
nggn

d™ g(t)
dtm

+--+ay,x(t)=b,,

+ -+ by g(t), (1.7)

1.3. MaTemaTH4ecKoe ONUCAHME CUCTEM YIPaBJIeHUsI
B onieparopHoii ¢popme

[Ipu aHanuze cucteMm yIpaBlIeHHs 4acTO MpHUOEraroT K oneparopHoil dhopme

3aMKuCH, UCTIOJb3Ys alreOpan3upoBaHHbIN onepaTop AuddepeHIIupOBaHUS

_d
p de’

C ucnonp30BaHUEM aNreOpan3upOBaHHOTO omeparopa auddepeHIIpoOBaHUS
mudepeHranbable YpaBHEHHUS CUCTEMbI MOKHO 3alKMCcaTh B ONEPaTOPHOUN (opme:
D(p) - x(t) = M(p)- g(1);
D(p) =a,p™ + -+ a,p+ay; (1.8)
M(p) =b,p™+ -+ b;p+b,.
N3 oneparopHoi popMbI creayeT crnocod n300pakeHus CTallMOHAPHOM CUCTe-

MBI B BUJI€ CTPYKTYPHBIX cxeM (puc. 1.3).

g | M) X
D(p)

v

Puc. 1.3. CtpykTypHasi cxeMa CUCTEMBI
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C0HBIE CHUCTEMBI YIpaBJIICHUS, KaK ITPaBUJIO, COCTOAT U3 J3JICMCHTAPHBIX U
THIIOBBIX 3BeHbeB. HamomuuMm HamOoJjiee 4acTo HCIIOJIb3YyCMBbIC 3JICMCHTAPHBIC U THU-
ITIOBBIC 3BCHBA.

1. Yeunumenvnoe 3seno (puc. 1.4):

x(£) = k(t) - g (£)

—> k(t) —

Puc. 1.4. CtpykTypHas cxeMa yCHJIUTEIbHOTO 3BeHa

2. Hupppepenyupyrowee 36eno (puc. 1.5):

d
-4

Puc. 1.5. CrpykrypHas cxeMa nuddepeHIupyromero 3seHa

Taxoreneparop:
fa _ ., -
B
X = m[‘[ ) l;‘:TF' = le". dqﬂH
dt
3. Unmeepupyrowee 36eno (puc. 1.6):
dx(t) .
En - g(tjl
px(t) = g(t);
(1) =2 g(2)
g 1 X
— 3_9 —

Puc. 1.6. CTpykTypHasi cxeMa UHTETPUPYIOLIETO 3BEHA

11



JUist mpuMepa pacCMOTPUM IPOLECC U3MEHEHHUs YIII0BOW CKOPOCTH () JUCKA C

MOMEHTOM HHEPIMHU J MO JSHCTBUEM YIPABISIOMIEr0 MOMeHTa BHemHuX cuia M w3

COCTOAHUA ITOKO:

e
&M
Idt ’
w(ty) = 0;
do _1
dt ]
[Ipuanmaem
X = W,
M
X = —,
7

3amevanue: IICPBLIC TPHU 3BCHA HA3BIBAIOTCA 3JICMCHTAPHBIMH, TAK KaK OHH HC

MOI'yT OBITH MpCaACTABJICHBI YCPC3 APYIUC 3BCHbA.

4. Anepuoouueckoe 3seno (puc. 1.7):

dx{t]

T +x(t) = g(1),

T - IIOCTOJHHAasA BpeMeHI/I.
OneparopHas (popMma 3anucu:
(Tp + L)x(t) = g(t);

@ _ 1
glt)  Tp+1

g 1 x
Tp+1

A 4
v

Puc. 1.7. CtpykTypHas cxeMa aneproIn4eckoro 3BeHa
5. Konebamenwvroe 3seno (puc. 1.8):

e (2]

y a2 "m +25T=5 4 (1) = g(0),

rae T - mocrostHHAst BpeMeHH, & - Koaq)(bHuHeHT neMiupoBaHHUs;

|&] < 1.
(T?p* + 2&Tp + Dx(t) = g(t);

12



x(2) . 1

glt)  (T2p2+2fTp+1)

1 X

T?p? + 2¢Tp+1

v

Puc. 1.8. CtpykTypHas cxema KojiebaTeIbHOTO 3BEHa

1.4. Jlorapupmuveckne aMIIMTYAHO-(a30BbIe YACTOTHbIE

XaAPAKTEPUCTUKHU 3JIEMCHTAPHBIX ITMHAMNYIECCKHUX 3BCHLECB

B tabn. 1 npuBenens! nepenatounsie pynkuuud u JIAOYX HEKOTOPBIX TUIIO-

BBIX 3JICMCHTApPHBIX 3BCHBLCB, 5§ — KOMIUICKCHAA ICPECMCHHA. bonbiias yacTe IMHEH-

HBIX CTAOMOHAPHBIX CHCTEM MOKCT OBITH npeacCTaBjC€Ha B BUJAC COCIUMHCHUS TAKHUX

3BCHLBCB.
Tabnuya 1
JIA®YX HEKOTOPBIX 2JIEMEHTAPHBIX 3BEHHEB
Ilepenarounas pyHk- IMpumeua-
N 3BeHoO JJADYX
nus HHSA
#
405 H
i}
I[Iponopuuo- ) = ] i
1 K = ———— - [} =100
HAJIbHOE
ni- q
0
a5
1.(. ! T . s
in 10 10 i in
1]
m-
An b
W neanbHOE UH- 1 |
2 — '
TErprupyromiee 5 §
a5
o
805
91.c.. B e . HHEHT
10 10 1l ] '



http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Gain_bode.png
http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Integ_bode.png

WneanbHoe
muddepennm- S
pyromee
Anepuoaunue-
CKOe 1
- T =0,01
(peanpHOE MHTE- Ts+1
rpupyrouee)
) 1 T =0,01
KonebarenbHoe
1252 +2&6Ts+ 1 £ =01
X T =0,01
HeycroitunBoe 1 | - i :
arepuoaudecKoe Ts—1
MaJIbHO-
dbazoBoe
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http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Diff_bode.png
http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Aper_bode.png
http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Aper_2.png
http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Unstaper_bode.png

7 || ®opcupyromee

Ts+1

T =0,01

dopcupyromiee
pcupy . ; T=0,01
8 BTOPOTO T°5°+2&Ts+ 1 £ =01
nopsiAKa -
Yucroro T 1 AHHHE J
9 e’ ; = ] T =0.0001
3amna3/IbIBaHus

1.5. ®opMupoBaHHe CTPYKTYPHOH CXeMbl JHHAMHYECKHUX CHCTEM
1o Au¢depeHHaATbHBIM YPABHEHUAM

CTPYKTypHLIC CXCMBEI CTPOATCA € IIOMOIIBIO JJICMCHTAPHBIX, TUIIOBBIX 3BCHLCB

U CyMMAaTOpOB, OINKCHIBAIOIIUX MpeoOpa3zoBaHus cUrHajioB. OHM CIYy>KaT OJHUM W3

A3BIKOB OIIMCAaHUs CHUCTEM YIIPAaBJIICHUS. ITo CTPYKTYPHBIM CXCMaM, KakK IIpaBHJIO,

HaxXoaATCsA AKBUBAJICHTHBIN oreparop CUCTCMbI YIIPABJICHUA, a4 3aTCM PCHIANOTCA pa3-

JJUYHBIC 3aa49M1 aHaJIu3a.

15



http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:For_bode.png
http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:For2_bode.png
http://ru.wikipedia.org/wiki/%D0%A4%D0%B0%D0%B9%D0%BB:Delay_bode.png

AJITOPUTM MOCTPOCHUS CTPYKTYPHOM CXEMBbI
1. Beipa3uTh 4iieH co crapiieil mpon3BogHON U3 AuddepeHInaIbHOTO ypaB-
HEHMS U NPEACTABUTH MOJTYUYCHHOE COOTHOIICHUE C MOMOIIBI0 CYMMaTOPOB, HHTETPHU-
pyromux, 1uhdHEepEeHITUPYIONNX U YCHUIUTEILHBIX 3BEHBEB.
2. Bce Hu3MIME NPOU3BOJHBIE MOJYYUTh KAK CHUTHAJIBI HA COOTBETCTBYIOIIUX
BBIXOJIaX MOCJIEOBATEILHO COEIMHECHHBIX MHTETPHUPYIOIINX 3BEHBEB.
3. HavasibHble yCIOBHS MPEACTAaBUTh KaK IMOCTOSHHBIE BO BPEMEHU BO3JCH-

CTBHA, IIPUJIOKCHHBIC HA BXOAAdX MHTCTPUPYIOIINUX 3BCHLCB.

Ilpumep 3.1. Ilocmpoums cmpyKmypHylo cxemy CUCHEMbl, ONUCLIBAEMOL
oupgepenyuanrbHvim ypasHeHuem
4X —-3x+x=2g
C HA4anbHbIMU YCIOBUAMU:
x(0) = x; %(0) =,
Pewenue:
Buvipasicaem uz ypagnenus unen co cmapuieii npou3800HOU:
4X —3x+x = 24;
4X = 2g+ 3x — x;

. 20+3x—x
4
- 1. 3. 1
XI=-g+-x—-X.
2 g 4 4
H306pa3uM cxemy nojiydyerus cucHala X (puc. 19)

Xg Xp

A 4

| e

Puc. 1.9. CtpykTypHas cxeMa CUCTEMBI
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Ilpumep 1.2. Ilocmpoums CcmpyKmypHylO cXemy CUCMEMbl, ONUCHIBAEMOU
ougeperyuanvHuvIM ypasHeHuem
sint-X +tX +tg’tx=g+ 2g
C Ha4anbHbIMU YCI0BUAMU
x(0) = xo; £(0) = %p; £(0) = %,
Pewenue:
Buvipasicaem uz ypaenenus unen co cmapuieii npouz800HoU:
sint-¥ +tX +tg?tx= g+ 2g;
sint-¥ =g+ 2g— t¥ — tg*tx.
H3z00pasum cxemy nonyuenust cuenana X (puc. 1.10).

X, X X
sintx 0 0 0

A 4

R
= |

= =

sint

tg’t

Puc. 1.10. CtpykTypHasi cxema CUCTEMBbI

Ilpumep 1.3. Cocmasums cmpykmypHyto cxemy no cucmeme ypagHeHu:

a
an.ﬂpﬁ{p]+.ﬂ}fup(p:]a15(ﬁp+1)
&pﬂp(p] = p ’
aia(ﬂ__l)
13
ﬂaiﬂﬂﬁ':'ﬂ:]+ﬂazﬂpcrp{p:]
Mﬂp(pJZ . (1 2 O3 _1) .
33 \agg ﬂ-aap

Ilo cucmeme ypasuenuii cocmaeum cmpykmypHyio cxemy (puc. 1.11):

17



AXy, (p)

ﬂﬁgﬁﬂ

A 4

1
Ty |Apg ()
a(Z-1) P e PO e 2

Gyq

Gi1p
85 (R_P + 1] <
15

Puc. 1.11. CtpykTypHas cxema JIMHEWHON MOJIETTU CUCTEMBI

Buvinoanum cmpykmyphvie npeobpazoganus 0751 no1yueHus eOUHUYHOU oopam-

noti ces3u (puc. 1.12):

5 (Bip .
Ps P Big Oyg 15 A () (e AXy, (p)
e ! 1 R (. e
e+ (aﬂp_1j {m!!p —g!!p—ljl

Puc. 1.12. [IpeoO6pa3zoBaHHas cxemMa CHCTEMBbI

IIposedem 3ameny:

a . a45 o @gy . Ggz .
£=k11 =k31 _k4,1 - kai
dys 2yg Ggg Ggg

Q110 . 1 . 1 . a
:Tj_’ _:_Tzl _=_T321 ﬂ=T4-
a5 aia fIgg Agg

B coomsemcmeuu ¢ 6sedennvimu 3amenamu CMPYKmypHa: cxema npumeni

cnedyiowutl 6uo (puc. 1.13):

Kos AXy, ()

Ape(p) ky ky(Typ +1) Apop (p)
Iip+1 (Typ + 1) _()’®_’ (Tlp?+ Typ + 1)

Puc. 1.13. IIpeoOpa3oBaHHasi CTpyKTypHasi CXxemMa CUCTEMbI

18



1.6. CocTaBienne nuddepeHIIHAILHOTO YPABHEHUS
10 CTPYKTYPHOH cXeme

Jlnst 3amucu auddepeHnnansHOTO YpaBHEHUS CIIeTyeT 0003HAUYUTh Ha CXEMeE
BCE MIPOMEKYTOUHBIC CUTHAJIBI, 3alMCaTh YPAaBHCHHS JIJIS KAXKIOTO 3BEHA W I KaXK-
JIOTO CyMMaTopa ¥ U3 TOTy4eHHOU CUCTeMbl nudepeHInanibHbIX U anreOpandecKux
ypaBHEHUH UCKITIOYUTH MTPOMEKYTOUHBIE TIEPEMCHHBIC.

Ilpumep 1.4. Cocmasums oughghepenyuanvuoe ypasuenue no cmpyKmypHou

cxeme, nokazauHou Ha puc. 1.14.

9 $
()

A 4
A\ 4
v

==

Puc. 1.14. CtpykTypHasi cxema CUCTEMbI

Pewenue:
1-e 36eno: X = ifi
2-e 36eH0. E=g—x.
Omcrooa:
X = iﬂg —x);
px=4g—X,
px+x =g,

x(t) +x(t) = g(1).
Ilpumep 1.5. Cocmasums oughghepenyuanvroe ypasuenue no cmpyKmypHou

cxeme, uzoopasicennou Ha puc. 1.15.

v

Puc. 1.15. CtpykTypHasi cxema CUCTEMBbI
19



Pewenue:

3

1-e 36eno0: X="5 £
2-e 36eH0: y = 2x;
3-e 36¢H0: E=g—1.
Omciooa
3 -
X = pen 9 2%

(p* +p)x =3(g — 2x);
¥(t)+ x(t) + 6x(t) = 3g(t).

Ilpumep 1.6. Haiimu osxeusanenmuyro nepeoamounyro @yukyuro CAY co

CMPYKMYPHOU cXeMoll, nokazannou Ha puc. 1.16.

Xs Ws(p) |«

f X XZ X4

- Wi(p) - Ws(p) Wa(p) Y,
Wa(p)

Puc. 1.16. CtpykTypHas cxema CUCTEMBI

1 1
Ha pucynce: Wi@) =2 ; W@ =ky;, W@ =, W@ =
WE (P} = kz-
Pewenue:

1.Beooum ecnomocamenvhvie nepemeruvle X1-Xs.

2.3anucwigaem cucmemy ypagHeHuu:

Xy =f — x5,
x; = Wy (p)W5 (p)xy;
xz = W (p)f;

20



y =W, (plxy;

xs = Ws(p)y.
3. Hcknrouaem ecnomocamenvhwvie nepemeHHnble.
3.1. X, =f —Ws(p)y,

Xy = Wi (p)Ws (p)x, + W, (p)f,

y = W,(p)x,,
3.2. xy = Wy (W5 (p)(f — W5 (p)y) + W, (p)f,

y =W, (p)x,,
3.3. y =W,()(W, (W ()(f — W (p)y) + W, (p)f);

y =W (W, @)W, (p)(f — Ws(@)y) + W, (@)W, (p)f;
y =W (W ()W, ()f — Wy (@)W: (@)W, (@)W @)y + W, (p)W,(0)f;
(W; (@)Ws ()W, (p) + W, W, (0))f = v + Wy (0)Ws (0) W, (2)Ws () y;
y(1+ W, W (@W, (W5 () = (W, (@)W (p) + W, () )W, (D) f;

o (W, (YW (o) + W, (0))w, () f:

1+ W, (p)w, (plw, (p)w; (p)
4. DxeueaneHmuasn nepedamoyHasn GyHKyus cucmemol Oyoem umems 8Uo:

D ( ] _ (w, @w,(p)+w;, (B))w, (p)
1+ W, (pIw; (p)w, (p)w; (o)

Iloocmaensiem 3nauenus nepedamouHvlx OYHKYULL:

W) = W @) = ki W) = ——; W@ =2 Ws@) = k2.

Tp+l

1

CI){'p) _ (P(T;t-"+ﬂ+k1)5.

k2 ;

MEEIC Y

1 Rk

_ pimip+d) p,

) ="

p2(T1p+1)

14k p(Tep+1)
CD{p) _ pRATip+1) (1+k, p(T, p+1))p2 (T, p+1) . {1+k1p{?'1p+1]}{?‘1p+1]_
w p2 (T p+ 12 (T p+1)+k,) (T p+1)(p2 (T pe1)+ k)’
pelT o+

. (Tiiﬂ+1]+R1P{T113+1](T1p+1] .
() = p2 (T p+ 1T p+ 1)+ ko (Typ4 1)’

o _ Typ+i+k,p(TEp®+2Tip41)
)= p2(T2p2+2Typ+1) '
y o+l )4k, Ty ptls
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1.7. PacyeT mpoueccoB B IUHAMHYECKHX CHCTEMAaX

IlocTanoBKa 3a1aun
IlycTh n3BECTHBI:
a) BxogHow curuai g(t);

0) cuctema, onuckiBaemas qudpepeHIuaIbHbBIM YPaBHCHHEM
ay(t)- X" () ...+ agt) X(t) = by (t)- g™ (t) +...+ by (t)- 9 t)

B) HayaJIbHbBIC YCJIOBUSL:

X(to ) = Xo»
X(ty ) = %y X"ty ) = xiMY,

TpeOyeTcsa HaliTH BBIXOHOW CUTHAII X(t).

1.7.1. llIpunyun cynepnozuyuu. C60600H0€ u 8bIHYIHCOCHHOE OBUNHCECHUE

JUi TUHEWHBIX CUCTEM CIPaBEIMB MPUHIMI Cynepno3unuu: 3¢pdext, co3na-
BaE€MbIil CyMMOMN HECKOJIBKUX BO3JEHCTBUI, paBeH CyMMe 3(P(PEKTOB KaXKJI0TO U3 BO3-
JNEUCTBUM B OTAENBHOCTH. [103TOMY BBIXOZHOM CHUTHAJ JUHEWHOW CUCTEMBI MPEICTAB-
JSIeTCS B BUJI€ CyMMbI CBOOO/IHOTO M BBIHYKJIEHHOTO JIBUKECHHIA:

X(t) =% (t) + X,.,, (). (1.9)

1)  Csoboomoe osugicenue X,(t)- TPOMCXOAUT MPH OTCYTCTBHH BHEIIHETO
BosaeiictBust (g(t)=0) BcrmenacTBHE HEHYIEBBIX HAYATBHBIX YCIOBHiL. OHO ABMIAETCS
peleHreM OJHOPOAHOTO JU(PPEPEHINAIBHOIO YPABHEHUS, COOTBETCTBYIOIIEIO MC-
XOZHOMY YPaBHEHMIO CUCTEMBI:

a,(t)- XM (t)+...+ay(t) x(t)=0
C 3aJJaHHBIMU HaYaJIbHBIMU YCJIOBUSIMU.
B ciyuae, xorga HadasjabHbBIE YCIIOBHS HYJEBBIE, CBOOOIHOE JBHKEHHE B CH-

cteme orcyterayer (X, (t)=0).
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2)  Buinyocoennoe Osudicenue X,,,(t) TPOMCXOIUT BCIEACTBUE BHEIIHETO
Boszneiicteus g(t) Mpu Hy/NeBBIX HAYANBHBIX YCHOBUAX. OHO SIBJISETCS PEIIEHHEM He-
OZHOPOJHOTO YPaBHEHUs [IPU HYJIEBBIX HAYaIbHBIX YCIOBUSX.

BeIHy)XI€HHOE IBIKEHHE OTIMYHO OT HYJS TOJBKO IOCIE IPUIOKEHHS
BHEIIHET0 BO3/eiCTBYSI.

[ToguépkuBas 3Ty NPUYMHHO-CIEACTBEHHYIO CBSI3b, BBIHYXKJIEHHOE IBUKECHUE

CHCTEMBI ITPY BHEITHEM BO3JI€HICTBUY, OTIIMYHOM OT HyJs npu t > t;, 0003HaunM:
X@blH(t). 1(t - tO )’
rae l(t —to) - €IMHAYHAs CTyneH4yaras pyHKIus.

Brixo/iHOM curHai cucteMbl OyIeT UMETh BUJT

X(1)=Xi (1) +X(t) L(t-t0)- (1.10)
3ameuanus:
1)  Obwee pewenue ougpghepenyuanrvro2o ypasnenus HAx0Oumcs o Gopmy-

Jjle
Xo(t) = Cip () +-..+ €0, (1), (1.11)

TA€ C1 ...Cn - NPOU3BOJIBHBIC MOCTOSIHHBIC, ¢, (t)...¢,(t) - (yHKIMOHATbHAS CHCTEMA

pelIeHN YpaBHEHUS.

Ecnu cuctema cranuoHapHas, TO CHadajaa ONPEesIOTCS KOPHU 4, ... 4, Xapak-

TEPUCTUIECKOTO YPaBHEHUS:
a, " +a, A"+ =0
Ecii kopHH neiicTBUTENBHBIC, Pa3HbIe, TO 00IIee PEIICHUE UMEET BHT
X, (t) =ce™ +c,e™ +...+ce™ (1.12)

Ecmu cpeia KOpHEH €CTh KpaTHbIN ACHCTBUTEIBHBIN KOPCHb A, KPaTHOCTH K,

TO €EMY COOTBETCTBYCT CJICAYyromass COCTaBJIAIOIIas O6H.I€FO PCIICHUSA:

Xoj () =(Cr+Cot+...+ thk_l)e’qtit :

IJ€ C1 ... Cx - TPOU3BOJIBLHBIE TOCTOSHHBIE.

ITape KOMIUIEKCHBIX CONPSHKEHHBIX KOPHEH «; + f5;i COOTBETCTBYET PELIEHHUE
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X, (t) = e“'(c, cos Bt +c,sin B;t) (1.13)
a Iap€ KOMINICKCHBIX COIIPSAKCHHBIX KOpHeﬁ KpaTHOCTH Kk
Xo; (t) ="' [(c1 +Cyt+..c t“)cos Bit+ (d, +d,t +...d,t*)sin ﬂjt] (1.14)

2)  Hacmmoe pewienue HaxXo0um memooom 8apuayuu npouU380IbHbIX NOCMO-

SHHBIX UTU MEMOOOM N00bopa.

1.7.2. Ananumuueckuii pacuem nepexooOHbIX NPOUECCOB
8 OUHAMUYECKUX CUCMEeMax

1. Hailitu cBOOO/HOE NBHXKEHHE, PEIIMB OJAHOpPOAHOE auddepeHIIraIbHOe
ypaBHEHUE C 33JaHHBIMH HAYAJTLHBIMH YCIOBUSIMHU.

2. HaiiTu BBIHYXJEHHOE ABHI)KEHHE, PEIIMB HEOAHOpoaHOEe auddepeHIu-
albHOE YpaBHEHHUE C HYJICBBIMU HauaJbHBIMU YCIOBUSIMHU.

3. OmnpenenuTh BEIXOAHOW CUTHAT KaK CYMMY CBOOOHOTO M BBIHYKICHHOTO

JIBHOKCHUH.

Ilpumep 1.7. Hatimu peakyuro cucmemsl, onucwvléaemou ougpepeHyuaibHvim

VpasHeHuem
TX(t) + x(t) = g(t)
Ha éxoonou cucnan g (t) = 1(t) npU HYNeBblX HAYALHLIX YCI08USIX.

Pewenue:
1) Haxooum ce0b00noe osudiceHue.
Tax xkax HayanvbHblE YCI0BUA HYNe8ble, MO C80000HOE 0BUNCEHUE OMCYMCMEBY-

em.
x.(0) =0.
2) Haxooum  evinyscoennoe  Ogudicenue  Kak — peuieHue  YPaeHeHUs:
TX(t) + x(t) =1, npu x(0)=0.
a) Obwee peuterue 0OHOPOOHO20 YPAGHEHUS

TX(t) +x(t) =0; _ 1

TA+1=0; Tt
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X, (t) =ce™".
6) Yacmuoe peuterue HeOOHOPOOHO20 YPABHEHUS
X, (1) =1.
8) Obwee peutenue HeOOHOPOOHO20 YPABHEHUS

X() = %, () + X (t) = ce T +1.
r) M3 nauanvhoeo ycnosus
X(0)=c+1=0: ¢=-1.
Oxonuamenvho

t)=1=¢e"".

X@blx

3)  Bbixoonoil cueHan onpeoensiemcsi 6blHYHCOCHHbIM OBUNCCHUCM.

X(t)=x (t)=1-e""".

Ilpumep 1.8. Hatimu c60000H0€ U 8bIHYHCOCHHOE OBUINCEHUE, A MAKICE BbIXOO-
HOUL CUSHAJI CUCTNEMbL, ONUCHIBAEMOU OUDDepenyuanbHbimM YpasHeHuem
X(t) + x(t) = g(t).
HauanvHule ycnosus:
x(0) =0,5; g(t)=1(t).
Pewenue:
Haxooum ceob600H0e 0gudicerue.

Xapaxmepucmuuecme ypaeHeHUue

X+1=0 ; x=-1
X, (t)=ce™.
U3 nauanvrozo ycnosus nomyuaem
X,(0)=05=c ; c¢c=0,5.
OxonuamenvHo c80000HOe 0BUICEHUE
X,(t) =0,5¢e™".
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Haxooum evinysicoennoe 0sudicenue kak peuieHue HeoOHOpPOOH020 Ouggepen-

UUAIIbHOSO YPABHEHUA
(1) + X(t) =1

npu navanvrom yerosuu.: X(0) =0,

a) Obwee pewienue
X, (t) =ce™.
6) Yacmnoe pewienue
X, (t) =1
8) Oobwee peuternue HeOOHOPOOHO20 VPABHEHUSL:
X(t) =X, (t) + X, (t) =ce™ +1,
Omcrooa
c=-1;
X, =—€ +1.

Buvixoonoii cuenan onpeoensiemcs no goopmyne

1 1
Xt)==e'-e'+1=1-=€" " t>
(t) 5 5 - >0,

Ilpumep 1.9. Havimu c60600H0e u 8bIHYHCOCHHOE O8UdICEHUe, d MAKICE BbIX0O-
HOUL CUSHAJ CUCTNEMbL, ONUCHIBAEMOU OUGhDepenyuanbHbimM YpasHeHuem
X(t) —3x(t) + 2x(t) = g(t).
Hauanvnule ycnosus
x(0)=1 ; x(0)=3
npU 6XOOHOM CUCHATE.

2e* t>0;

g(t) =
0,t<0.

1)  Onpeodensem c60600n0e Osudicenue Kaxk peuieHue 00OHOPOOHO20 Oughge-

PEHYUATIBHOCO YPABHEHUA
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HEeHUA

K(t) — 3X(t) + 2x(t) = 0.

Hpu HAYAJIbHbLX YCIIOBUAX

X(0) =1, x(0)=3;

2-31+2=0;

A 3+49-8 3+1
2 2 - 2
A =+2; A,=+1

Obwee pewienue:

X, (t) =ce' +c,e’.

U3 nauanvnvix ycnosuu

c,+c=1 c,=2,

C1+2¢,=3 c1=-1,

a c600600HOE 0BUINCEHUE

2)

0)

X (t)=—e" +2e*.

Haxooum evinysicoennoe osudicenue xax peuierue HeoOHOPOOHO2O YPAG-

%(t)—3x(t)+ 2x(t) = 2¢*.
Obuwee pewenue:
X,(t)=ce' +c,e”.
Yacmnoe pewenue X, (t) = A-e* noocmasum 6 ucxoonoe ypasrenue:
9e®*A—9. Ae® +2Ae™ =2e%:
A=1:
x,(t)=e".
Obwee pewierue HeOOHOPOOHO20 YPABHEHU!
x(t) = %, (t)+x (t)=ce' +c,e” +e*.

Iloocmasum Hynegvle HauaIbHbLE YCI0BUA!

x(0)=c, +¢, +1=0;

x(0)=c, +2¢, +3=0;
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3)

t 2t 3t
x, (t)=e" —2e* +e*,
Buvixoonoti cuenan onpeodensemces no ghopmyne

x(t)=—€' +2e* +e' —2e” + e

28
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2. AHAJIN3 XAPAKTEPUCTUK UMITYJIbCHBIX CUCTEM

2.1. Pewuemuamote pynkyuu
B mpocreiimiem BapuaHTe CTPYKTYpHAs CXeMa Pa30MKHYTOM HMITYJIbCHOM CH-

CTEMBI YIIPaBJICHUS MOKET OBITH IpecTaBieHa B Buje (puc.2.1).

—>J_—>W(p)—>

Puc.2.1.
Oco0eHHOCTHIO (DYHKIIMOHUPOBAHUS UMITYJIbCHBIX CHCTEM YIIPABIICHUS SBIISCTCS
JTUCKPETU3AIMS MPOIIECCOB YMPABICHUS MO BPEMEHHU, YTO MPUBOJUT K HEOOXOIAMO-

CTH TMEepexo0/ia OT HEMPEPHIBHBIX (YHKIUMA K pelIeT4aThiM (QYHKIIHSIM.

PemeruaTsiMy Ha3bIBaIOT (PYHKLINUK OMPEJEIICHUS B TAKTOBBIE MOMEHTHI BPEMEHU
t1,ty ...

JIro00i1 HenpephIBHOW (PYHKIIMM MOKHO TMOCTaBUTh B COOTBETCTBHE HEKOTOPOE
MHOKECTBO pelIeT4YaThIX PYHKIUN IepeMeHHO 1

t=nT+e7T (0<&<));
f[nT,eT],

rae t — HekoTopoe Tekyliee BpeMs, 1 - IEPUO JUCKPETU3ALNH 110 BPEMEHH; &£ - CMe-
[ICHHE peleTyaTord (YHKIUU OTHOCHUTEIBHO MOMEHTOB KBAHTOBAHHS (JIMCKpETH3a-
MH), N - HOMEP JUCKPETHL; NT — TUCKPETHOE BPEMSI.

AHanoramMu TpOU3BOJHON NJisi HEMPEPHIBHOW (DYHKIMH ISl perieTdyaTol GyHk-
LIUU SIBJISIFOTCS] KOHEYHBIE PA3HOCTU PEIeTYaThIX (QYHKIUH.

[Ipsimass KOHEYHasi pa3HOCTh MEPBOIO MOPSIAKA
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Af[n]= fln+1]- fln].
AHAJIOTUYHO Pa3HOCTH BTOPOTO MOPSIIKA
N fn]=Af[n+1]-Af[n].
Paznoctb K-ro nopsinka pemeryaroit pyukiuu f[n] onpenensercs Gpopmynoit
N fIn]= A" fln+1]1- A7 f[n] . (2.1)

Pa3HocTh 1H000Or0 MOpsiIKa MOXHO BBIPA3UTh 4YEpe3 3HAYEHUE pelIeT4aTon

¢yuknuu f[n]. B vactHOCTH, 17151 pa3HUIIBI BTOPOTO MOPSIKA TOTYIHM

A fIn]= Af[n+1]-Af[n]= fn+2]=2f[n+1]= f[n].
Ipumep 2.1. 3a0ana pewemuamasn ¢yuxyus f[n] = a, a = const. Hatimu xoneu-

HYI0 PA3HOCMb NEPB020 NOPAOKA.

Af[n] = f[n+1]— f[n]=0.

Ipumep 2.2. 3aoana pewemuamas pynxyus f[N]=a*n+b. Haimu xoneu-

HYI0 PA3HOCMb NEPB020 NOPAOKA:

Af[n] = f[n+1]- f[n]=a(n+1)+b—an—-b=1.

Ilpumep 2.3. Onpederumsv KoueuHvle PAZHOCMU NEPEO2O U BMOPO20 NOPSOKA

9KCNOHEeHYUANIbHOU (PYHKYUU:
fin]=e™;

Af [n] — eoz(n+l) _ean — eom (ea _1),
A f[n]=e*™ (e” —1) —e™(e* —1) = (e* —1)(e™e” —e™) = (e” —1)e“" (e” -1).

2.2. OcHoBBI OpPMHPOBAHUN PA3ZHOCTHOIO YPAaBHEHHS MO 3aJaHHOM

cTpykrypHoii cxeme UCY

3amana pazomkuytas UCY (puc. 2.2):

—> J_ — OHIl | WHY(p) —»

Puc. 2.2. PazoMkHyTas uu@poBast (IUCKpeTHas1) CUCTEMA YIIPABICHUS
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Ha puc. 2.2 npunstsl cienyromue odo3Hauenus: DHII — skctpanonstop Hye-
Boro mopsiaka; W.,(p) - mnepenatouynas (yHKIUS HENpepbIBHOW yacTh (0OBEKTa
YIPABJICHUS).

Heo0xoaumMo HaydyuThCS CTPOUTH MaTEMaTHUECKHUE MOJICIH AJIEMEHTOB LU -

pOBOﬁ CHUCTCMBI U CUCTCMEI B IICJIOM. AJIFOpI/ITM PCIICHUA pa?>6I/IBaeTC}I Ha 5TallbI:

1)  Ompenenenue anroput™ padotsl [IBY.

2)  Ompenenenue nepenaToyHol GyHKIUU o0bekta yrpasieHus — W, (p).

3) Omnpenenenne mepeaaTOYHON (QYHKIUU TPUBEACHHOW HEMPEPBHIBHOM
Hactuu cucteMsl: W,,..(p).

4)  OmnpezeneHre Pa3HOCTHBIX YPaBHEHUH, ONMMCHIBAIOMNX (PYHKIIMOHUPOBA-
HHUE 00BEKTa YIPaBICHUS B IUCKPETHBIE MOMEHTHI BPEMEHH.

5) Onpenencaue Z-nepeaaToyHor GYHKIIMHA CUCTEMBI B IICJIOM.

Ipumep 2.4. Ilonyyums paznocmmuoe ypagueHue u onpeoeuns Z—
nepeoamoynyio YHKYu npocpammobl UHMeESPUPOBAHUS, Pedu3yemyro Ha Yyu@posou
ynpasasowel MauuHe.

Paccmompems pewenue 3a0auu onsa cnyuaeg ucnonv3o8anus 8 Kaiecmee me-
Mo008 UHMeZPUPOBAHUI'

a) memooa Jiinepa,

6) memooa mpaneyuii.

Pewenue:

Dopmynbl YUCIEHHO20 UHMESPUPOBAHUS SAGTIAIOMCSA ANNPOKCUMAYUAMU PaA3-
HOCMHBIX YPABHEHUL, KOMOPble NOJYUAIOMC ¢ NOMOWDBIO XOPOULO U3BECHHO20 POOd
Teunopa:

a) Ilpu pewenuu oughgpepenyuanvroco ypagHerus:

dy _
P f(t) ;
y(0)=0;
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Bocnonvsyemcs nepsvim unenom pasiodicenus ynxkyuu 'y 6 pso Teiinopa. To-
eoa
yIn+1]=y[n]+T- f[n];
T — 6eruyuna waea unmezpuposanus ;
N — Homep Ouckpemul ((waea ) .
Pasnocmuoe ypasnenue:
y[n+1]-y[n]=T- f[n] .
0) Ilpu unmezpuposanuu no memoody mpaneyuti 0CHONb3YEMCS 08YMsL UlleHd-

mu paoa Teunopa:

2

y[n+1] = y[n]+T-f[n]+T7- f'[n].

Annpoxcumupyem npouzeo0Hy0 c1edyrowum 0opazom:

f[n]- f[n-1]
- .

f'[n]=
Tocoa

yln+1]=y[n]+T- f[n]+;[f[n]— fn-111 ;

y[n +1]:y[n]+%-(3- f[n]- f[n-1]).

Ilpumep 2.5. Bvigecmu paznocmuoe ypasHeHue u onpeoeiums nepeoamounyro
dyukyuro npoepammol oupgepenyuposanus, pearuzyemou MIIBC memoodom nepsoti
NPAMOU KOHEUHOU pa3HOCU.

Pewenue:

Jluppepenyuanvroe ypasnenue

dx
P y(t)
ooJicHo bvimob peanuzosaro MIIBC.
Vpasnenue  pacuema  npouzeooHou U COOMBEMCMBYIOWASL €My

Z-nepeéamoqﬂaﬂ @yHKL;Mﬂ ajizopumma, umeroni 610

X[n] = x[n-1]
T ;

y[n]=
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3. OcHoBBI Z-nipeodpa3oBanus

3.1. Ocnoevt meopuu eviuemos

BakxHoe MecTo B M3ydeHuu u B mpuMeHenun teopun OKII 3annmaer uccieno-
BaHME HX MOBEACHHS B 0COOBIX TOYKAX, IJI€ HApyIIAeTCs aHATUTHYHOCTD (pyHKIMHU. B
YaCTHOCTH, 9TO TOYKH, TJe (QYHKIIUU HE ONPEIEIIEHBL.
B 0c00BIX TOYKaX BO3MOKHBI CIICTYIOIIHE BAPUAHTHI:
e lim,_. f(z)-ne cymectByer u paBeH o;
e lim,_, f(z)- cymecrByer i paBeH KOHEUHOMY UHCILY;
o lim,_. f(z) - oo
Touka @ Ha3bIBAETCS M30JIMPOBAHHONW 0CO00H Toukoi (yHkuuu f(z), eciau
Haiigercs takoe konblo 0 < |z — a| < R, B koropoM ¢yHKIWM f(Z) aHanuTHUECKas,
puYeM B caMoii Touke a GyHkius f(Z) He ABIsSeTCS aHAINTHYECKOM.
N3onupoBanHast 0ocobast TOUKa Ha3bIBAETCS MMONTOCOM, eciid pyHkuus f(z) He-
OrpaHMYEHHO BO3PACTAET IPH Z — d.

Kaxaeiii momoc a ¢yakimuu f(z) mpespamaercs B Hylb «a» (QYHKIHH

1

@(2) =

[Mopstmok mosoca «a» GyHknuu f(Zz) HasbpIBaeTCs MOPSIOK HYIS «a» (PyHK-

in @(z). ToBopst, uto GyHKIUsS @(Z) UMEeT B TOUKE a HYJIb TOPSIIKa M, eCITH
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9(@) =¢'(@) == 9™ () =0, (3.1)
HO
0™ (a) # 0.
Boruerom ¢yukiuu f(z) HaspiBaeTcs €_; KOAPQHUIIMCHT B pa3ioKeHHH (PyHK-
uuu f(z) B psax Jlopana.

Breuetom ¢yakimuu f(z) B H30IMpOBaHHON 0c000# Touke z = a (@ # <o)
1
Ha3bIBACTCS YMCIIO ~— fx f(z)dz, rne l - nocTaTtouHO Masasi OKPYXHOCTh |z — a| = p,

Takas, 4To B Kpyre |z —a| < p, HeT Apyrux ocoObIX TOYEK, KPOME TOUKH Z = d. B
3TOM CITy4yae BEJIMYMHA BbIUETA HE 3aBUCUT OT BEJIMYMHBI paguyca o.

O6o3navaercs BorueT pyHkuuu f(z) B TOUKE a:

Res f(2)|;=q. (3.2)
W3 Kypca MaTeMaTHKH H3BECTHO, YTO
Res f(2)].=, = c_1, (3.3)

T. €. BeIYeT QyHKIHHK f(Z) B M30JIMPOBAHHOM 0c000M TOUKe Z = a paBeH Kod(duIiu-

SHTY TIpHU B pasznoxkeHnn ¢yukimu f(z) B psag JlopaHa B OKPECTHOCTH TOYKH

1
(z—a)
Z = .

Psan Jlopana umeer Bu

L=al

f@= ) cE-ar; (3.4)
26
“n 2mf (z — @)+ dz. (35)

B xypce «KommbloTepHoe ympaBiieHHE» Hac OyAyT UHTEpecOBaTh (PYHKITUU

f(2) OTHOCHTENBLHO MOJIOCOB.
[Moay4uM 3aBHCUMOCTH JjIs pacuera Bbldera (PyHKIMH f(Z) OTHOCUTEIBHO
MoJroca Z = a k-ro nopsjika.

N3BecTHO, 4TO pasnoxeHue 3Toil GpyHkuuu B psia JlopaHa B OKpECTHOCTH TOU-

KM Z = d UMCCT BUJ
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c,(z—a)"

f(2) =

(Z a)’:

YMHOXHM 06 4acTH Tmocneanero paperctsa Ha (z — @)® u npoxuddepeniu-

pyeM NOJIy4YeHHBIE BbIpaxenus k — 1 pas:

z—a)s-f@)=cp++c(z—a)? +Z ¢, (z — a)*+k

L=al

=k-=1lc,4 +Zcﬂ(n+k—1]!(z—a]“”‘

n=0

d*z-a) f(2)]

dzk—l

[lepeiins k mpeneny B 00enX 4acTsAX paBEeHCTBA NPHU Z — @, OyAeM UMETh:

1 d .
1 = Groyilim g [~ % F@)] (3.6)

®dopmyia (3.6) — ocHOBHas popMyIia I BIYMCIACHUS BblueTa (YHKIMH B TIO-

JIt0Ce K-TO MopsJIKa.

Ecnu k = 1 (momtoc nepBoro mopsigka), To
Res f(2)|.=o = lim(z —a)f (2) .
Ecnu npu stom yukius f(z) npenacrasiser coboil oTHOIIECHHE ABYX (DYHK-

it P(z) u Q(z), aHaIUTHYECKUX B OKPECTHOCTH TOYKU Z = @, T. €.

(=)
f@ =15
npuueM P(a) # 0, u pyukums Q(a) uMeeT B TOUKE Z = @ HYJIb IIEPBOrO MOPSIKA, TO
P(z)(z—a) P(z) P(a)
R —p = lim——=1i =
e f(@Dlz=e = =5 Q@ —Q@ ~ Q'(a)
(z—a)
Hrax, GopMyIIbl JUIst BEIYETOB UMEIOT CIIEIYFOIINI BHUI:
Res L2, = f(a); (3.62)
F) @)
Res {(z—a)m Iz:a - n-1) ’ (366)
Res f(2).ma = o, Q(a) =0, Q'(a) # 0, P(a) # 0 (3.68)
Res f(2)|,=q = lim,_,(z — a)f(2) ; (3.6r)

35



1

Res f(2)|za = s lim, o s [z — ) - £(2)]

(k

Ipumep 3.1. Onpedenums sviuem hynxyuu
fz) =tgz =

ginz

COSZE )
Pewenue:
QDyHKYUsL UMeem NOIIOCbL NePBO20 NOPSAOKA:

z, =§—|—ﬂ:k; E=0;+1; £2; ..,

T
7= —
)
Hwem sviuem no ghopmyne (3.68):
d :
—cosz=—sinz
dz
. T
sin >
Res f(2)], x = —2; = —1
2z — sin>

Ipumep 3.2. Onpedenums eviuem hynxyuu
1
f{:.Z] - 241"

Pewenue:
DYHKYUsL UMeem NOJIIOC Nepeo20 NopsoKa 6 mouke Zo = 1.

Hwem sviuem no gpopmyne (3.686):
d
—(z*+1) =2z
dz

= _

1
Res 1@Dlems =5 =5p = 2

Ilpumep 3.3. Onpedenums vruem GyHKyuu

+3

=
@)=

Pewenue:

DyuKyus umeem noarOCHl NepP8oco Nopsaoka 8 mouxkax z = —4; z = 1.

Hwem svruem no gpopmyne (3.6a):
36
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z+ 3 +z—|—3
EZ_ 1]|z=—4‘ (z+4] |z=1
—4+3 1+3 1 4

Res f(z) = Res f(2)|,—_, + Res f(2)].-;, =

R = + ==-+=-=1
sf@ =3 152 5t
IIpumep 3.4. Onpedenums eviuem ynxyuu f(z) = #{;’iﬂz 6 mouke z = 1.
Pewenue:
z = 1 - nomoc 2-20 nopsoka.
Hwem sviuem no ghopmyne (3.60):
z—0,1\ 1 (z—0,1)(z+2)—(z+2)(z—0,1)
Res [(2)]z=1 = ((_z+ 2)) 1= (z + 2)? z=1
(z+2)—(z—-0,1) 2,1 2,1
R — = _ - — _ f—
Esf(:zjlz—l (Z + 2)2 z=1 (Z"‘ 2)2 |z—1 9 .

Ipumep 3.5. Onpedenums eviuem hynxyuu

flz) =—=
(z+1)m
Peuwenue:
DyHKYUss umeem noocyl N-20 nopsoxka 6 mouke z = —1.

Hwem sviuem no gpopmyne (3.60):

dk—l

1
Res f(2)]sma g =137 i e [(2 — % £ (2]

Res [(Dlz=-1 = 7 7y, im, dz“_‘l @+ D" e
Res F@)loms = g Jim, 2= 27 = o, lim (212"
1
Res f(2)|;=-1 = gy (2! (-2
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4. MaremaTH4ecKoe ONMMCAHUE JUCKPETHBIX CHCTEM.
Z-nepeaaTovyHble PYHKIHH

4.1. Z-nepeoamounsvie pynkuuu ¢ npocmoviMu ROIIOCAMU

OcHOBHBIE (POPMYIIBI:

1) TIpeoGpazoBanue Jlamnaca:
F(p) = f f(®e ™ dt
0

2) Oo6patHoe mpeobpaszoBanue Jlamaca:

c+ joo

1
O =1 F @ =5 f F(p)ePtdp

mj

c— joo
3) HduckperHoe npeoOpa3oBanue Jlammaca:
F*(p) = Xizo f[kT]e™T,
rae P = € + jw - KOMIIEKCHAsI IepeEMEHHas,
F*(p) = D{f[kTI}.
4) D — npeobpazoBanue:
F*(p) = D{F(©)};

- 1
F'(p)= Z ResF(s) o]
i=1

5

s;, 1 = 1,7 — nomocsl n3odpaxenus F(s).

5) Z - npeoOpazoBaHKe peHIeTYATON (YHKIIH:
38
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z =Pt

F(2) = Z{FIKTT} = Z FIkT]z ™ . 4.7)
k=0
6) O6patHOe £ - mpeobpa3oBaHue peIIeTIaTol (yHKINUN:
FIKT] = Z-(F (2)} = Z ResF@Z*| | (a8)
i=1.r z=z;

7) D - npeobpa3oBaHue pelIeTdaTol HyHKIHH:

— FA
F(2) = D))t = ) ResF(s)— 4.9)
i=1 S
8) DkcTpamoiaTop HyJIEBOTO MOPSIKA:
1—ePT
Sp)=——". (4.10)
p
Ne
W(p) W(2)
/11
1 1 oz
P z-1
1
2 JA ’ d= e—aT
pP+a z-d
1 Tzd g
3 5 -, 4=
(p+a) (z-d)
p zsin ST
4 2 2 2
pe+ p Z2°—2zcos AT +1
P 22 — zcos AT
5 2 2 2
p*+ 4 2 —2z7COS AT +1

Ilpumep 4.1. Bviuuciums Z-npeobpazosanue yHKyuu

W(s) =

10
s(s+1)(s+2)
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npu eéenuyune nepuoda keanmosanus I =1 c.

Pewenue:
Iomocwr: S; = 0,5, = —1,5; = —2 (npocmoie nexpammuvie).
3
_ z
F(2) = DIF@), .ot = Z ResW (S)——
i=1 55
3
W(z) = ZR 10 z
D LS+ )+ )z —eTS
i=1 55
W(z) = 10 z N 10 z N
DT EFDE+ Dz el SE+Dz—el _
10 z
_|_
SE+1Dz—e™l . __,
10 z 10 z 10 z
Wi(z) =

0+ D0+2)z—e  —1(-1+2)z—eT  —2(2+ Dz—e27
W(z]=E z +1D z +E z
2z—1 —-l1lz—eT 2z—e?T
5z 10z 5z

z—1 z—e T z—e 2T

Wi(z) =

Iloocmaensiem eenuuuny nepuooa keanmosanus 1T = 1 c:

W(z) = 5z 10z 5z
z T z—1 z—el z—e2
e~ =10,368
e ? =0,135
5 10 5
W(z) = z z Z

z—l_z—D,368+z—{],135

Ilpumep 4.2. Hatimu Z-nepedamouuyro (yHKYUO pazoMKHYmou OUCKPEemHOU
cucmembl, cocmosiujel U3 aAmMIIUmyoOH020 UMNYIbCHO20 dnemenma AU ¢ sxcmpano-

JIIMOPOM H)YJIe8020 NOPSAOKA U HENPEPBIBHOU Yacmu ¢ nepedamo4Hou hyrKyuerl

k
Iipr+1

W(p) =

Pewenue:
lIpuseoennas nenpepvienasn wacms [I1HY:
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W () = Wey (0 W (p)
1—e?T  k
14 Iip+1

Wo(p) =

s onpeoenenus Z-nepedamodnou YYHKYUU 60CNOIb3YEMCSL GblUeMaAMU

Z

z —el®

F(2) = DF@)),—ot = ) ResW(S)

S5

1—e® 1—-2z71 z-1

p p Zp

W(]—kz_IZR 1 z
2= z L ess[i’]s—!—l]z—e”

1
z—1 1 z T. z
W(z)=k——+R +R 1
(z) . ESS[T15+1]Z—3T5 B ess(s+%)z_€rs
1 R
W(]—kz_l 1 zZ +1 z
2= z [(Tis+1)z—e™l__, sz—e”F_TL
z—1 z z
W(z) = { o Tl
z (z—e L
z—e T

1—e Tu
_r
z—e T

W(z)=k

Ilpumep 4.3. Haiimu z-npeobpazosanue ynxkyuu

W) = (s+ a)? + b?

npu nepuooe KeaHmogauus 1.

Pewenue:
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Onpeodenum nontocwl 3adannoti W(S), pasuvie xopusm ypasnenus

(s+a)+b? =s?2+2as+ (@ +b*)=0

D=4a>—4(a®> + b*) = 4(a®> —a? — b?) = —4b*
—2a++—4b* —2a+2bh/-1

S12 = 2 - 2
b b
Wi(s) = =

5 (s—s5;)(s—s,) (s+a—jb)(s+a+jb)

=—azxjb

Ilonocwt npocmule, HEKpanmvle,

F(2) = DEF@)),—eot = ) ResW(S)——

S5

2
W(]_ZR b z
z ___1 es[s—!—a—jb][s—!—a—!—jb]z—e”

b z
(s+a—jb)(s+a+jb)z—e

5

_|_

W(z) = Res

s=—a+jb

b z
(s+a—jb)(s+a+jb)z—e™

+ Res

s=—a—jb
b z N b z
(s+a—|—jb]z—e”sz_a+jb (s+a—jb)z—e™

W(z) =

s=—a—jb

b z b z
Wi(z) = — + -
@ (—a+jb+a+jb)z—eT-a+ib) " (—q—jb+a—jb)z —eT-a-jb)

W=y D z
= (2jb) z — eTlatjb) * (—2jb)z — eTl-a—jb)

W(z) — 1 z 1 z
(2) = (2j)z — pT(—a+jb) + (—2/) z — pT(—a—jb)

1 z z
W(Z) = (zj) (Z _ eT{—ﬂ+jb:] - 7 — ET{_a_jb:])

j z z
W(z) = _E(z _ gTa+jb) 5 _ gr{—a—ﬂﬂ)

i (w7 — E,'r{—a—jb] — oz — er{—m;‘b]
W — L (A ) —=( =)
2 (.Z— eT(—aﬂb])(z_ eT(—a—;b]]
(27 — e_me—jb:r — 4 E—Taejb?"
W — L (A e ereel )
2 (Z—E:' Ta€+_lrb'f')(z_€ Tag _Irb'f']
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WEE) _ J( Z(_E—Tae—jblf" _|_€—Ta€jb'r) )

9 (z — e~ TegibT)(z — g~Tag—JbT)

W(z) = —i( zeT" (=M +e%7) )

W(z] _ _.’_( Ze—Tﬂ(e—ij _ E,jbl?") )

Bocnonvzyemca ¢hopmynou Diinepa:
el? = cosg +jsing
e/’T = cosbT + jsin bT
e PT = coshT —jsinbT
;_( ze 7% (cos bT — j sin bT — cos bT — j sinbT) )
2\z? —ze T%(cos bT — jsin bT + cos bT + jsin bT) + e 274

j ze T2 (—j2sinbT)
W(z) =3 3 _Ta _3Ta
2\z? —ze T2(2coshT) + e
W(z) ze T2 gin bT
2= z?2 —2ze T2 cosbT + e~ 2Ta
z e T gin bT
Wi(z) =

1—2e Tz 1cos bT +e~2Taz~2
4.2. Ilepeoamounvie hynKyuu ¢ KpamHsimMu noJa0OCAMU

Beruer s pyuakouu f (x) B Touke @, SABMISIOMICHCS TOIIOCOM JTAHHOM byHK-

LIUU KPAaTHOCTH M, onpeneiseTcs o popmyJie

dk—l

(k — 1);5_‘?}1“&_1[&—&)’:-}’@)] (4.11)

Res f(x)|;=q =

Ipumep 4.12. Boruucaumo Z-npeobpasosanue nepedamounoti pynxyuu W(s):

npu nepuooe keanmosanus I =1 c,
Pewenue:
s, = 0 — npocmoui nekpammuwiii nontoc;
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sy = —1 - kpamnwii nontoc nopsioka m = 2;

F(z) = D{F(p)} ;o ot = Z RESWES); —ze”

S5

1 z
W(z) = ZR
(2) _ e s(s+1)%z—e™*
i SE-
z 1 z
W(z) = Res + Res
(s+1)*z—e™|__, s(s+1)z—e™I__,
W) — 1 z 1 —z((z— e’ — .S'Te”)
“= (s+1)2z—e™1_, 1! S (z—e™)? =1
W) 1 z z? — ze™s — z8Te™
2) — _
(s+1)z—e™|_ S?(z—e™)? -
5=0 5=-1
Wz) — z z2 —ze 4+ ze?
= eo (z —e 1)?
z z?
Wi(z) =

+
z—1 (z—0,368)%
4.3. OnpenesieHue Z-nepeaaToyHoil GyHKUMU 1O 32JaHHOM CTPYKTYPHOM cxeMe

3anana pa3oMKkHyTas 1udpoBas (IUCKpeTHas) cucTema ymnpasiaeHus (puc. 4.1):

OHII
MIIBC | W ra(P)

A 4
A

Puc. 4.1. PazomkHyTas indpoBast (TUCKpeTHAsI) CUCTEMA YIIPABICHUS

Ha puc. 4.1 npunste cnenyronue odo3znauenus: MIIBC — mukponporieccop-
Has BbIuMchuTeNbHas cucreMa; DHII — skctpamonstop HyseBoro nopsaka; W, .(p) -
nepeaaroyHas GyHKIUS HEPEPHIBHON YacTH (00BEKTa yIPABICHHUS).

Heobxoaumo HayduThCs CTPOUTH MaTEeMaTHYECKHUE MOJICTH DJIEMEHTOB IU(-

POBOI CUCTEMBI U CUCTEMBI B 11EJIOM. AJITOPUTM pELICHUS] pa30MBAETCs HA HTAIlbL:
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6) Omnpenenenne aaroput™ padotrst MIIBC.

7)  Ompenenenue nepenaToyHol GyHKIuu oobekta yrpasiueHus — W, (p).

8) OmpeneneHue mnepenatodyHold (GYHKIUM TPHUBEICHHOW HENPEPHIBHON
Hactuu cuctemsl: W,,.(p).

9) Omnpeneneane W(z) nepenarounoii pyHKIUN TPUBEACHHON HEMIPEPHIBHOM
YACTH CHCTEMBI.

10) Omnpenenenue Z-epeaaToYHON QYHKIIUNA CUCTEMBI B IICJIOM.

llpumep 4.13. Ilonyyums  paznocmuoe  ypasHeHue U  ONpeodelIums
Z-nepeoamoynyio QyHKYuio npocpamMmsbl UHMESPUPOBAHUS, Pearu3yemyro Ha Yug@dpo-
60U Ynpassaowel MauuHe.

Paccmompems pewenue 3adauu onsa cnyuaeg ucnonv3oeanus 8 kaiecmee me-
MOo008 UHMEe2PUPOBAHUSL'

a) memooda Dunepa,

6) memooa mpaneyuii.

Pewenue:

Dopmynbl YUCTEHHO20 UHMESPUPOBAHUS SGNAIOMCS ANNPOKCUMAYUAMU DPa3-
HOCMHBIX YPABHEHULl, KOMOPble NOIYYAIOMCS C NOMOUWbBIO XOPOUO U3BECIHO20 POOd
Teunopa:

a) Ilpu pewenuu ougpepenyuanvroeo ypasHeHus:

dy_ .
e f(t) ;
y(0)=0;

Bocnonvzyemcsa nepsvim unenom paznoosicenus oyukyuu Y 6 pso Teiinopa. To-

20a
yIn+1=y[n]+T- f[n] ;

T — éeruuuna waza unmezpuposanus ;
N — Homep Ouckpemul ((waea ) .

Pasnocmuoe ypasnenue:

y[n+1]-y[n]=T- f[n] .
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IIpumensia z—npeobpazosanue, noiyyum

2-y(2)-y(@)=T-1(2) ;

-1

Y@

)= =T. . — @bl
npoep( ) f(Z) 1_271 y z e .

0) llpu unmezpuposanuu no memoody mpaneyuii 60CHONb3YEMCS 08YMs UJIeHA-

mu paoa Teunopa:

2

y[n+1] = y[n]+T-f[n]+T7- f'[n].

Annpokcumupyem npou38o0HYI0 C1e0yIOUUM 00PA3OM.

_ f[n]- f[n-1]

f'[n] T

Tocoa

yln+1]=y[n]+T- f[n]+;[f[n]— fn-111 ;

yin+1]=y[nl+ -+ @ fIn] - fIn-1).
Buvinonnss z—npeobpazosanue:
7Y@ -y@) =@ @) -7* 1)
V@) (-9 = @-27)- 1(2)

W(Z)= y(Z) :I. (3_2_1)'2_1
f(z) 2 1-z%'

Ipumep 4.14. Bvisecmu pazHocmHoe ypagueHue u onpeoeiums nepedamoinyro
dyukyuro npoepammol oupgepenyuposanus, pearuzyemou MIIBC memooom nepsoti
NPAMOU KOHEUHOU pa3HOCU.

Pewenue:

Jluppepenyuanvroe ypasnenue

dx

P y(t)

doJicHo bvimb peanuzosano MIIBC.
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Vpasnenue  pacuema  npouszeoonou  u

coomeemcmeayowas
Z-nepedamoyHas yHKYus aieopumma, umerom uo

emy

_ X[n]=x[n-1]
y[n]= = ;

W (z) =%-(1— zh).

JIisi HaXOXKJEHUs OpUTHHANIa peleTdaTod QyHKIMH N0 €€ Z-U300pakeHHI0

BO3MOKHO HMCITOJIb30BaHNE HECKOJBKHUX CITOcO00B. B wacTHOCTH:

1. C ucnosabp30BaHUEM BHIYETOB:
f[k] => ResF(z)-z**.
i
2. Ha ocHoBe TaOIHUI] COOTBETCTBHSI, yCTaHABIMBAIOMINX CBsA3b Mekay f[K]
u F(2)
3.

Ecmu F(z) npencrasnser co6oit apoOHO-panoHaNbHYIO (YHKIIMIO, T. €.
OTHOIIIEHUE IBYX MHOTOWICHOB:

F(z)= 2

Q@)

rae crenenb Maorounena P(z) <Q(z), ro moxHO pasgenuts MHOTOYIEH P(z) Ha

Q(z) OOBIYHBIM CITIOCOOOM.

4.  C ucrnoyiib30BaHUEM CBOMCTB Z-U300paxeHus (0 CMEIIEHUH OPUTHHANIA).

Ilpumep 4.15. Havumu opucunan onsa ¢hynxkyuu

z
F(Z)—W.

Pewenue:

Cnocob 1. fIk] = RES{F(Z)'ZK_1}| iy

z, =1— nonroc 6mopozo nopsoxa.

Tocoa

ResF(z)|, = = fl)! , ddzmm_—l {(z 7)™ f(Z)};
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ResF(z) = l-i-zk\
1! dz

f[k] = k.
Cnocoo 2. F(z) = e _21)2 22_22.2+1.

ﬂeﬂelme MHOCOYNIEHA HA MHO2OYJIEH .

z | 22-2-7+1
— 242224327 +
7-2+17"
2-4.27'42.27
3.21-2.77

F(z) =z'+2-2°+3-2°%+
f[0]=0

= 3 flk]-z
. f[]=1 , f[2]=2 , f[3]=3.

Ilpumep 4.16. Hatimu opueunan ons ¢ynxyuu

ZZ
F(2)=—.
(2) z2-z-1
Pewenue:

Haiioem noarocwi:

L _1+41+4 1245

1,2 =

2 2

Ilontocel nepsozo nopsaoka pasHule:

k+1

Zk+l
Res Res i =
Z ‘ Z Z_Zl)'(Z_ZZ)‘

k+1 k+1
1+/5 B 1-/5
_ Zi(+1 .\ ZI2<+1 _Ziul_zlzwl 2 2

2,-2, 1,-1, 1 -1, J5
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5. Anaamn3 BBIXOAHBIX IPOIECCOB JIMHEHHBIX
HUMITYJbCHBIX TUHAMHUYCCKUX CUCTEM

[TocTanoBka 3a1auun

[Tycts 3amansr:

a) BxoxgHou cur"an , k = 0,1, ...,

0) omHOMepHas JIMHEHas NUCKPEeTHas AMHaMHu4Yeckasi cuctema (puc. 4.5), Ko-
TOpasi OMMCHIBACTCS PA3HOCTHBIM YPaBHEHUEM

b x[k+n]+b,_ x[k+n—1]+ -+ byx[k] =
=a,glk+m]+a,_,glk+m—1]+--+ayglk], (4.23)

rne k =0,1,...; b,, ..., by; a,,, ..., @y - 3a7aHHBIE KOOPPUIIUEHTHI; N = M;

B) HAYaJIbHBIC YCIIOBUS

x[0] =xp, x[1] = x4, ..., x[n—1] = x,,_;.

TpeOyeTcs HaiiTh BbIXOHOM cUTHAT X [K].

Xgy Xgs oovy Xp_q
glkl] v x [k]
o b.x[k+n]+--byxlk]l=a,glk+m]+--+ayglk]
Bxon Brixon
Puc. 4.5
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Pentenue

J7i perieHrs MOCTaBICHHOMN 3aaui MPUMEHUM Z—TIPeoOpa30BaHus K JIEBOU U
IIPAaBOBOM 4YacTAX KOHEYHO-PA3HOCTHOIO YPaBHEHUSA C YYETOM CBOWCTB Z—

npeoOpa3oBaHus:
Z{f[n+m]} = z {F(z) _ Z f[r]z"’l

ziflk+ 1]} =z-F(z) — zf[0]

2flk +n]} = 27 - F(2) — 2°[0] — 2" f[1] — - — zfn — 1]
Takum oOpa3omM moay4dnm u3 ypaBHeHUs (4.23)
(bz™ + b,_;2" *+ -+ by)X(2z) — (b,z" + b, ;2" 1+ -+ by 2)x, —
—(b,z™ + b, _;z" '+ -+ byz)x; — - — bpzx,_; =
= (@, 2™+, 2™+ +a,)6(z) —
—(a,z™+a,_z"t+ -+ a,z)g[0] —
—(a,z™+a, 2"+ -+ a,z)g[l] — - —a,,zglm—1]. (4.24)
O603HaYNM
b,z" +b,_;z" '+ -+ b, =D(2)
A Z™ + @ 2™+t ay, = M(2)
(byz™ + b,_2" 1+ -+ b 2)x, +
+(b,z" + b, _;z" '+ -+ byz)x; + -+ bzx,_; = Dy(2)
(a,,z™ + a,, 2™t +--+a,z)g[0] +
(2™ + Q1 2™+ -+ ay2) g[1] + -+ ayzg[m — 1] = Dy (2)
W3 paBencTBa (4.24)
D(z)X(z) — Dy(2) = M(2)G(z) — D, (2)
D(z)X(z) = M(2)G(z) + Dy(2) — D, (z].

Haxonum n3o0pakeHne BhIXOIHOTO CUTHAIA:

M[:E] DU(EJ D (.Z]
X@ =55 @+ 50 "D
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Miz) — W(z) = Az T+ am—y 2 eetag

rae ——
A D(z) buyzl+by_ zM 14t by

SBJISIETCSA MEePEIaTOYHON (QyHKITUEH.

OkoHYaTENHHO M300PaKEHHUE BBIXOJHOTO CHTHaja OyaeM HaxoauTh 1Mo (op-
MyJie

Do(2) D,(2)
D(z) D(z)

X(z)=W(=z)6G(z)+

VckombIii BBIXOAHON curHan x[k] ompemensercss ¢ MOMOIIBIO OOpaTHOIO
Z—TpeoOpa3oBaHus.

Ilpumep 4.17. Haiimu peakyuro OucCKpemuou OUHAMUYECKOU CUCMEMbl, ONUCHI-

8aemoll ypasnenuem
x[k+ 1] — 2x[k] = 2g[k]
Ha éxoonotu cuenan glk) =k npu x[0] = x, = 0.
Pewenue:

1. Haiidem z—npeobpazosanue 6X00H020 CUcHAA.

G(z) = z{glkl}

6(z) = Zg[k]z Zkz*—(z_ﬂz

s onpeoenenus Z—npeobpazoeanus B03MONHCHO npumeHeHue

D-npeobpaszosanue om uzobpasicenus no Jlanaiacy auneinou napacmaiouetl YyHKyuu.

1 1 =z Tze'™s Tz
t = — — Res {— } = =

P s2z— ey (z—€)? o " (z-1)?

2. Onpedenum nepedamounyio @Qyukyuu cucmemvl. [na 2moeo cHayaia

Hatioem Z—npeobpazosanue pasHOCMHO20 YPAGHEHUS:
x[k+ 1] — 2x[k] = 2g[k]
zX(z) — zx[0] — 2X(2) = 2G(=z)
zX(z) — 2X(z) = 2G(=)

X(z)_ 2
G(z) z—2

W(z) =
3. Haiidem z—npeobpazosariie 6bIX00HO20 CUCHANA.!
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DD(‘Z) . Dg (Z)
D(z) D(z)

Tockonvry x[0] =0, m =0, Dy(z) =0u Dy(z) =0

X(z)=W(=z)G(z) +

X(z)=W(z)G(z)

2 z

X2 = 5

4. Hatidem peakyuto OuCKpemHo OUHAMUYEeCKOU CUCTEMbL:

fIkT) = Z7*{F(2)} = Z ResF(z)z**

i=1.r

[kT] = Z-H{X(2)} = Z ResX(z)z1

i=1,r

z=g;

=

y . 2z%
x[kT] = Z RESZ_ 7 (z_i)zzk Z Res E.Z — 2)(2_.1]2

i=1,r _ i=1r —
Z=Ej E=Ej

zk 27k \®
KT] = +
=0 ((2—21)
= z=1
2R+ kR 1l(z —2) — 22"
kT] = +
=6 @-2° |,
x[kT]:2’f+1+2km_2j_2=2’f+1—2k—2=2(_2’f—k—1)
(1-2)2

Ipumep 4.18. Haiimu peakyuto OucKkpemuou OUHAMUYECKOL CUCTeMbl, ONUCDL-
8aemoll ypasHeHuem
x[k+ 2] — 2x[k + 1] + x[k] = 2g[k]
Ha éxoonoi cuenan gLkl = 2% npu x[0] = x[1] = 0.
Pewenue:

1. Hatioem z—npeobpazosarnue 6X00H020 CUSHAIA:
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G(z) = z{glkl}

G(z) = Zg[k]z“ sz 1_22—1:zi2

2. Onpedenum nepedamounyro yukyuu cucmemvl. /[ 5mo2o cHauana

Haiidem Z—npeobpazoeanue pasHoCmHo20 YPaGHeHUL:
x[k+ 2] —2x[k + 1] + x[k] = 2g[k]
z2X(z) — z%x[0] — zx[1] — 2(2X(z) — zx[0]D) + X (2) = 2G(=2)
z2X(z) —2zX(2) + X(2) = 2G(=2)

X(z) 2 2
CG(z) z2—-2z—1 (z-1)*

3. Hatioem z—npeobpazosarue 8bIX00H020 CUCHANA.!

Do(2) D,(2)
D(z) D(z)

Tockonvry x[0] = x[1]=0,m =0, Dy(2) = 0 u Dy(2) =0

X(z)=W(=z)6G(z) +

X(z) =W(z)G(=z)

2 z 2z

X - =
(2) (z—1)?z—-2 z®*—4z?2+5z-2

2z z3 —4z24+5z—2
2z—84+10z1—4z72 2z72+8z7*4+22z7%+52z7

8—10z71 4+ 4z7°2
8—32z714+40z72 —16z°

22z — 36z 2+ 16z7°
22z —882z724+110z% —44z*

52z72 ...

Omcrooa nonyuaem:

x[0]=0; x[1] =0; x[2] = 2; x[3] = 8; x[4] = 22; x[b] =
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Taxum obpazom, peakyusi OUCKPEmMHOU OUHAMUYECKOU CUCTeMbl HAd BXOOHOU

CUCHAJL UMeem U0

x[kT] =2(2% — k — 1

Ilpumep 4.19. Haiimu peakyuro Ouckpemuou OUHAMUYECKOU CUCHeMbl, ONUCHI-

8aemoll ypagHenuem
x[k + 2] — 5x[k + 1] + 6x[k] = g[k]
na exoonot cuenan glk] = 1 npu x[0] = 1; x[1] = 2.
Pewenue:

1. Hatioem z—npeobpazosanue 6X00H020 CUSHANA:

G(z) = z{glkl}

1 =
(=) glkls= Y 1% = —— =L
k=0 k=0

2. Onpedenum nepedamounyro @Qyukyuu cucmemvl. /[ 5mo2o cHauana

Hatioem Z—npeobpazoéanue pasHoCmMHO20 YPAGHEHU:
x[k+ 2] —5x[k + 1] + 6x[k] = g[k]
z2X(z) — z%x[0] — zx[1] — 5(zX(z) — zx[0]) + 6X(2) = G(=z)
X(2)(z? —5z+ 6)—x[0](z% — 5z) — zx[1] = G(=2)

X(2) 1 1
W(Z] = GEZ:J :zﬂ —52’+6: [:Z— 2)(2_33

3. Haiioem z—npeobpazosarue bIX00HO20 CUCHANA:

DD(‘Z) . Dg (Z)
D(z) D(z)

X(z)=W(=z)G(z) +

Ilockonvky x[0] = 1; x[1] =2, m =0,
D,(z) = —(z* —5z)—2z=—z*+3z
uDy(z) =0

Dy (2)

X(z)=W(=z)G(z) + D)
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1 z —z2 43z

e e-2e-®
1 =z —3(3—3)
X(z) = (z — 2)(3_3)2_1+ (z—2)(z—-3)
X(z) = - -

-1D(Ez-2)z-3) (z—2)

30ecw — BbIHYIHCOCHHOE 0BUCEHUE;

=
(z—1)Xz-2)(z-3)

“o” c60000H0€ OsudICerUe.
1 1
X == =)
@ = D=3 =2
1 A B C
+—+—=

C-1)z—-2)z—3) z-1 z-2 z-3
_Azz—52:A—|—6A+Bzg—4Bz—|—38—|—CzE—3Cz+ZC
N (z—1)(z—2)(z—3)

; A+B+C=10

—5A—-4B-3C=0
6A+3B+2C=1

A=-B-C
5B+5C—4B—-3C=0
B=-2C
A=20-C=C
6C—6C+2C=1
_1
2
B=-1
_1
S 2
1 _1 1 1 +1 1
(2—1](2—2](2—3)_22—1 z—2 2z-3
1 =z Z 1 =z Z

Omcrooa nonyuaem
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1 1
k] ==—2k+23k_ 2k
x[k] > >

Taxum obpazom, peakyusi OUCKPEMHOU OUHAMUYECKOU CUCMeMbl HAd 8XOOHOU

CUCHA umeem 6uo

1
x[k] = E(l + 3k) — 2k+1

Ilpumep 4.20. Haiimu peakyuro Ouckpemuou OUHAMUYECKOl CUCmembl, ONUCHI-
8aemoll ypasHeHuem
x[k+ 2] —3x[k + 1]+ 2x[k] = 2g[k+ 1] — 2g[k]

1,k =0

0.k >0 npu x[0] = x[1]= 0.

Ha 6x00HoU cuenan glk] = {

Pewenue:

1. Haiidem z—npeobpazosanue 6X00HO20 CUCHANA!

G(z) = z{glkl}

G(z) = Z glklz* = 1
k=0

2. Onpedenum nepedamounyro @yukyuu cucmemvl. /[ 5mo2o cHauana

Hatloem Z—npeodpazo6anue Pa3HOCMHO20 YPAGHEHUSL:
x[k+ 2] —3x[k + 1]+ 2x[k] = 2g[k + 1] — 2g[k]

z2X(z) — z%x[0] — zx[1] — 3(zX(2) — zx[0]) + 2X(2) =
= 2(zG(z) —zg[0]) — 2G(=2)

z2X(z) —3zX(2) + 2X(z) = 22G(z) — 2zg[0] — 2G(=2)
X(2)(z2 —3z+2)=G(2)(2z— 2) — 2zg[0]

X(z) 2z — 2 2(z—1) 2

W(z) = G(z) T z22-3z+2 (z—1)(z—2) T z-2

3. Haiioem z—npeobpazosarie 6bix00HO20 CUCHANA.!

D 0 (‘Z ) . D [+ (Z )
D(z) D(z)
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THockoneky x[0] = x[1]=0,m=1,D,(z) =0 u
D,(z) = —2zg[0] = -2z

D(z) =z*—3z+2

¥ _ 2 2z
@ = o D=
2 2 N 2
(z—l)(z—2)_z—1 z—2
X (2) = 2 B 27 27

_|_
z—-2 7-1 z-2
Omcrooa nonyuaem
X(z)=2"-2+2""
Taxum obpazom, peakyusi OUCKPEMHOU OUHAMUYECKOU CUCmeMbl HAd 8XO0OHOU

CUSHAl umMeem 6uUo

X(z)=2"" 424 -2

Ilpumep 4.21. Haiimu peakyuro OucKkpemuou OUHAMUYECKOU CUCMeMbl, ONUCHI-

8aemoll ypasnenuem
x[k+ 2] —5x[k + 1]+ 6x[k] = g[k+ 1] — 3g[k]
na exoonot cuenan glk] = 1 npu x[0] = 1; x[1] = 2.
Pewenue:

1. Hatioem z—npeobpazosanue 6X00H020 CUSHAIA:

G(z) = z{glkl}

1 =
(=) glkls= Y 1% = —— =L
k=0 k=0

2. Onpedenum nepedamounyro @Qyukyuu cucmemvl. g 5moeo cHavana

Halloem Z—npeodpazo6anue PasHOCMHO20 YPAGHEHUSL:
x[k+ 2] —bx[k+ 1]+ 6x[k] = glk+ 1] — 3g[k]

z2X(z) — 22x[0] — zx[1] — 5(zX(2) — zx[0]) + 6X(2) =
=zG(z) —zg[0] — 3G(z)
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X(z)(z? —5z+6) —x[0](z*—52) — zx[1] = G(z)(z — 3) — zg[0]

W _X(z]_ z—3 z—3 1
&) = e "7 —85276 @-2z-3) z-2

3. Hatioem z—npeobpa3zosaHue 8bIX00H020 CUCHANA:

Dy (z) D,(z)
D) +W(z)G(z) — 5(3]

Iockonery x[0] = 1; x[1] =2, m = 0,

X(z) =

D(z) =z?—-5z+6
Dy(z) = —(2° —b5z)—2z=—z*+3z

uDy(z) = —zg[0] = —=z

X(]—_Zz+32+ 1z . z
“  z2—-5z+6 z—2z-1 z?—5z+6
—z% 43z
30ecv _; __ .. - C60000HO€ O8uUdicerue;
Z=—52z+6
1 = =
21 + _z_c_.g - BOIHYICOCHHOE OBUDICEHIE.
—z(z—3) Z z
X(z) = + +
@ = -3 -G C-DE-3
X(z) = 4 - + -
T T - DEz-2) Z-2z-3)
X(z) = ( = + = + ! )
= 2 T -DE=-2) " (z=2)(z-3)
XEJ—( 1+A+B+C+D)
7=z z—2 z—1 =z-—-2 =z—2 z-—-3
A N B _Az—ZA—!—Bz—B
z—1 z—-2  (z-1D(z-2)
{A+B=D
—24—-B=1
{ A=-RB
2B—B =1
{ =—1
B=1
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1 B -1 N 1
z-1)(z—-2) z—1 z-2

1 _C N D (Cz—-3C+Dz—-2D
(z—2)z—-3) z—-2 z—3  (z—=2)(z—3)
{ C+D=0
—3C—-2D=1
{ C=-D
3D-2D=1
{C=—1
D=1
1 -1 1
= +
(z—2(z—3) z—-2 z-3
X(2) = ( 1 1 N 1 1 N 1 )
2=z z—2 z—1 z—-2 z—-2 z-3
X(2) = z  z z z N z

z—2 z—1+z—2_z—2 z—3
Omcrooa nonyuaem
x[k]=—-2—1+2k -2k 4+3k=3k_2k 1
Taxum obpaszom, peakyus OUCKPEMHOU OUHAMUYECKOU CUCmeMbl HA 8XOOHOU

CUSHAJI UMeem 8UO.

x[k] =3%—2F—1
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6. HepenaTquLIe (l)yHKIII/IH 3AMKHYTBIX HMITYJbCHBIX CUCTEM

JUig 3aMKHYTOW TUCKPETHOW CHCTEMBbI C OOJIBIIMM YMCIIOM BJIOXEHHBIX AMC-
KPETHO-HENPEPHIBHBIX KOHTYpOB Z-11® MoKeT ompenensiTbes MO CIEIyroulel 3aBu-

CHUMOCTHU:

iy W

- W @) (4.25)

roe W, (Z)- Z-11® npamoii uemnu ¢ yuerom pacnonoxenunsa MND.

W, (Z)— Z-TI® i-ro pa3oMKHYTOIO JUCKPETHO-HENPEPHIBHOTO KOHTYpa.llpu

ATOM KOHTYp pa3MbIKaeTcs B MecTe pacnonoxenus MIMD.Bxonom koHTypa sABIseTCS

Bxox MUD.

Ilpumep 4.22. B xauecmee npumepa paccMompum OUCKPEMHYI0 CUCmeMmy,

npeocmasienuyro Ha puc.4.6:

60



nmal nmaz2

v

}i

w2(p)

A

ws(p)

A

Wa(p)

Puc.4.6

B paccmampusaemom cryuae
Wnp (Z) = Wl (Z) 'W2 (Z)’

2oe

W, = DW,(p)fepr_, W, = B{VVZ(p)}LpT

B cucmeme moorcno vioenums 06a OUCKPEMHO-HENPEPbIBHbIX KOHMYPA.

=z

B xauecmee nepsoco paccmompum konmyp, obpazosanusiii MHUI2 u 36eHvsamu

Wz(p) u W3(p). Z-11D nepeozo pazomMKHymo2o KOHMypa 3anuUmemcsi 8 uoe

Wa3(z) =W, (z) = 5{\N2(p)-W3(p)}{epT_ '

z
Bmopoti koumyp cocmoum uz MHUD1, 36ena W1(p) u 36envee Wy (p) u Wy(p), u

e2o I1D umeem 6uo

Wa,(2) = B{V\/z(p)'w4(p)}{epT_ ,

W, (z) =Wy (2) - Way (2):

Hcnonvsysa popmyny (4.10) nonyuum svipasxcerue ons L-11D cxemw:

W)= f&fiﬁjvfséf.)(z)-

Ecnu dhopmyioii (4.25) He ymaeTcst BOCIONB30BaThCsl HAMPSAMYIO, HEOOXOAMMO
BBITIOJIHUTD CIICAYIONINUE JCHCTBUS:

1. O6o3HaunTh curHaisl Ha Bxomax MUD.
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2. CBsi3aTh BBEJCHHbBIE KOOPAUHATHI ¢ ToMo1Ibio Z-11D mexny coOoi.

3. Wckmrogasi MpOMEKyTOUHbBIE TIEPEMEHHBIC, PAa3PEIIUTh CUCTEMY OTHOCHTEIb-
HO BXO0J1a ¥ BBIX0JIa ¥ MIOJTYYUTHh TeM caMbiM Z-11D crucTeMsl.

Ilpumep 4.23. Ilpumenum onucanuvlii arcopumm 0 noayuenus Z-I1O cucme-

Mbl, CMPYKMYPHAsL cXema Komopou npeocmasnena na puc.4.1:

LR w) S e

A

y
y

A 4

Ws(p) *

§
/N
©
N

Ilpumep 4.24. B xauecmse npumepa paccmompum OUCKPEMHYIO CUcmemy,
npeocmaesieHuyio Ha puc.4.7

[IpeobpazoBaHue CTPYKTYPHOM CXeMbI ITOKa3aHo Ha puc.4.8.

> W4
g
W, a{? W, W3

Puc. 4.8

V<

\ 4




W, W,

J W, %(%)—/— W, W3 Y
Puc. 4.9
W,
9, | » W, —>(>T’Z)—>X1 | W, W >
Puc. 4.10
W, W3
—g> | W, a(%)il» | Wo 1 W, y—>
Puc. 4.11

[lepenarounast QyHKIMS 3aMKHYTOM CUCTEMBI

Y=XW,;+gW,;
x, =gW, —(x, Wy +g-Wy,);

x,(1+ W) =g(W, =Wy,).

W, —W,
X, =g
1+W,,
W, -W W, -W,, -W,, -W,, -W.
Y=g.u_g_ W=0- 1 34 34 23" a4 .
1+W,, 1+W,,
D(z) = W, —Woy —Woy —Wos -Wo, .

1+W,,

Ilpumep 4.25. /{na umnynvcuoil cucmemsl, CMPYKMYPHAs cXema KOMOpOu

uzobpasicena na puc. 4.12, onpedenums nepedamounyio gyukyuro D(2).
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f 4 y
— @7 L W AL AW, (p) -
X
1 X,
L W](S) B
W,(s)
Puc. 4.12
Pewenue:
1-11 cnocob:
W, (@)
P(z)= 1+ W, (2)’
Wnp(z) :W1(Z) ‘W, (2);
W, (z) =W,W,(2);
W, (z) =W, (z) -W,W, (2).
2-11 cnocob:

y(2) = x4(2) -W,(2);
X, (2) = %,(2) — X3(2);
X, (2) = %, (2) -W,(2);
X3(2) = X, (2) W, W, (2);
X (2) = 1(2) = x,(2) - W,W (2);
X4 (2) = %(2) W, (2) = X, (2) -W,W5(2) = T(2) - W,(2) — X, (2) -W,(2) W W ,(2) — X, (2) -W W, (2);
W, (2) .
1+W1(Z) 'sz 4(2) +W2W3(Z) ’
W, (2) -W,(2)
) 1+W,(2) -W,W ,(2) +W,W,(2) .

X4(Z) =

D(2)

Ilpumep 4.26. /[na umnynvcuou CAY, cmpykmypHnas cxema komopou uzoopa-

Jrcena Ha puc. 4.13, onpedenrums Z-uzobpadicenue 8biX00H020 CUSHAA.
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— L = W, (P) ™ L —~ W, (p) >~

Puc. 4.13
1-1 cnocob:
)
2-11 cnocoo:
V()= D WD gy

T LW, (2) W, (2)

Ipumep 4.27. JIna umnynvcrou CAY, cmpykmypras cxema Komopot u3oopa-

orcena Ha puc. 4.14, onpedenums Z-uzobpasicerue 8bIX00H020 CUSHATA.

f y
W,(p)

Y
A 4

A

Wip) |4 1

Puc. 4.14

W,(p)

Pewenue: /[na yoobcmea pewenusi npeobpazyem ucxooHyio cxemy K uoy, no-

KazauHomy Ha puc. 4.15'

f
—> /W,(p) Ws(p)

A 4

A 4

Wl(P) Wz(p) > l/Wz(p) —

m~

Puc. 4.15

3anuwem ypasnernue o uzoopadicenuti no Jlanuacy:

1
W,

—x*(p)}-vvsw)-vv1<p)-w2(p)-ﬁ;

Y(p)={F(p)-
P)

(
y(2) = D{F(p) W, (p)}~ x(2) W, (2) - W, (2);
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x(2) = D{(F(p)-W,(p) — X" (p)) -W; (p) -W, (p)-W, (p)};

F-W,-W,(2)
L+ W, Wy Wy (2)

x(z) =

E-W,-W,(2)- W, -W,(2)

YO =IO )
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/. IlocTpoenne JorapupmMuyecKuX aMILIMTYAHO-(PA30BbIX
NCEeBA0YACTOTHBIX XaPAKTEPUCTUHK

N3-3a cBOEH MPOCTOTHI U y100CTBA HCTONIb30BaHu JIADUX moaydriin mmpo-
KO€ NPUMEHEHUE NPU KCCIEAOBAHUM HENPEPBIBHBIX cucTeM. OJHAKO UX HENocpen-
CTBEHHOE HCIOJIb30BaHUE JIJISl PEIICHUS 3a/1ad aHalIu3a U CUHTe3a IU(POBBIX CUCTEM
YIPABJICHHUS] HEBO3MOXKHO. JTO OOBICHSAETCSA TeM, 4TOo nocrpoenne APUX nuckper-
HBIX CHUCTEM 3HAUUmenbHo 00jlee 2pOMO30K0, U TEM, UYTO ITU XAPAKTEPUCTUKHU He 00-
J1a0arm ce0UCMBOM ACUMIMOMUYHOCMU, BCICICTBUE YEro HE MOTYT OBITh IPUOIH-
YKEHHO IPEACTABJICHbI JIOMAHBIMU JINHUSMMU.

OnHako M 111 JUCKPETHBIX CHCTEM OKAa3bIBAETCS BO3MOXXHBIM BBEJICHHE Xa-
PaKTEPUCTHUK, KOTOPBIE IO METOJIMKE MOCTPOEHUS U CBOMM CBOWMCTBAM OYJIyT CXOXKH C
JIA®UX HemnpepbIBHBIX CUCTEM. Takue XapaKTEpUCTUKU HA3bIBAKOTCS MCEBAOYACTOT-
HBIMU.

Nrak, eme pa3 BcnomHuM, uto JIADOUX HenpepbIBHBIX CUCTEM OIPEAEISIOTCS
B YACTOTHOM Juarna3oHe ot 0 0 0 1 UMEIT aCUMITOTHYECKHUIN XapaKTep.

YacTOoTHBIE XapaKTEPUCTUKN JUCKPETHBIX CHCTEM IMOJIHOCTHIO ONPEAECISIOTCS

CBOMMMH 3HAYCHUAMU B 1UAIIA30HC YaCTOT:

OSCOS&, a)0=2—7[,
2 T

nodToMy ISl moydeHus aHanora JIAOYX HenmpepbIBHBIX CUCTEM HEOOXOIUMO BBI-
MOJIHUTH OTOOpaKEHUE YKA3aHHOTO YaCTOTHOTO Juamna3oHa Ha ochk oT 0 10 . Yka3aH-
HOE 0TOOpa)K€HUE BBIMOJIHSIOT MyTEM BBEJEHUS TaK HAa3bIBAEMOM IMCEBA0YACTOTHI - A
Y, KaK CJIEACTBUE, PACCMATPUBAIOT IICEBOYACTOTHBIE XaPAKTEPUCTUKH.

[lepexon k rceBnovYacToTe JENaeTCsl Ha OCHOBE OMJIIMHEMHOTro nMpeoOpa3oBaHus
(w-ripeoOpazoBanus).
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BBenemM KOMIUIEKCHYIO BEeIMYUHY W, CBSI3aHHYIO C KOMIUIEKCHOW BETMYUHON Z
OUITMHEIHBIM TIPe0Opa3oOBaHUEM:
1+w 7-1
= W=— (4.26)
1-w z+1
CrenaB MOJCTAHOBKY Z = elom MOJTyYUM U3 TIpeabIayien GopMyIbt
el”’ —1 coswT + jsinawl -1,
el 11 cosawl + jsin @l +1

T T
1-1g2 2" 2tg 2
coswT _—a)zT. sin wT 2—2(01_;
1+tg% = 1+tg2 =
2
1—tg2—T+2jtg——l—tgzﬂ —2tgsz+21tg—
1-t 2itg “T 4141 “L
gz+jgz++g2 (1+th j
it @ it @7 o1
19 2 19 2 ol .
= a)T th_:J/IO’
1+th7

ol o
roe Ay =19 7, IPEACTABIICT COOOH TaK HA3BIBACMYIO OMHOCUMENbHYIO NCe800Yd-

cmomy.

[Ipn aHanu3e MMOYJbCHBIX CUCTEM YIOOHO paccMaTpUBaTh aOCOIOMHYIO

ncegoouacmomy:
2 2, ol
A=ly=—==tg—. 4.27
foz=21g% @.21)
2. ol
TormawW=]—uAd=—1tg—
A J T95

Uem xe ynoOHa abcoroTHasI riceB0YacToTa?

Omna yno0Ha TeM, YTO Ha MalbIX 4acToTtax A = @. lloaTroMy npu BbINOJTHEHUU
yCIOBUSL @ < —, B pacuerax MOXXHO 3aMEeHUmb ncegoouacmomy OeucmeumenbHou

KpYy2080U Yacmomoti. ITO0 CBOUCTBO MOXKET OBITh UCIIOIH30BAaHO, HATIPUMED, TIPU pac-
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qeTax pCakunuu HMHYHBCHOﬁ CUCTEMbl Ha MCIJICHHO MCHAIOMIUECCA TapMOHHYCCKHEC
CHUT'HaAJIbI HA €0 BXOC.

HetpynHo BueTh U3 3aBUCUMOCTH

i:gtgﬂ’
T 2

YTO MPU U3MEHEHUU YacCTOTHI B MPEAEIAX — % <w< %, IICEBJ0YACTOTa Ipoderaer

BCE€ 3HAUCHHS OT -00 JO +00, a KOMIUICKCHAs BEIHWYHHA W OBHKETCA 110 OCH MHUMBIX

qacCToOT:

B .
W= jig = jtg <, ot oo 0 +joo.

/1:gtg{(izjl}:gtg{iz}zioo.
T T)2) T 2

OTMeTHM TaKkXe €elle OJHO 3aMedaTesIbHOE CBOWCTBO OMIIMHENHOro npeodpa-
30BaHusA. OHO 3aKirO4aercs B TOM, YTO IpPHU TAaKOM IPEeoOpa3OBaHUU BHYTPEHHSSA
4acTb Kpyra €JUHUYHOTO pajnyca Ha IIJIOCKOCTH Z OTOOpa)kaeTcs Ha JIEBYIO IOJY-

IUIOCKOCTh I10cKocTh W (purc.4.16).

pz)

v

INAARAARNGS

Puc. 4.16

JlefcTBUTEIBHO, MYCTh W=U+]V, TOT/1a 111 KOMILICKCHOM MEPEeMEHHOMN Z ume-

cM

7| = 1+ w _ (1+u)? +v?
L-wi V(@-u)? +v?

OTKYyJla CJIEIyeT, YTO IIPU
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u<0 7| <1;
u=0 2| =1;
u>0 2| > 1.

DTO CBOMCTBO OKa3bIBAETCSl UPE3BbIYAHO yJOOHBIM, TaK KakK MO3BOJSET HC-
II0JIb30BaTh TPAAULMOHHBIE KPUTEPUH I OLUEHKH YCTOMYMBOCTH UMITYJIBCHBIX CH-
CTEM.

Wtak, 1yia nonydeHus mnepeaaTodyHoil GyHKIIMN UMITYJIbCHOW CHCTEMBI Ha OC-
HOBE IICEBI0YACTOTH A HEOOXOIMMO BBITOJHUTH MOJCTAaHOBKY B W (z):

1+w
7= ,
1-w

JAT
a 3aTreM 3aMeHUTh W = T

1+WJ W 1+ J'/l-%
1-w

1- j/l% '

YacrotHas xapaktepuctuka W*(j4) B pyHKINHU IICEBIOYACTOTHI A HA3bIBACTCS

W*(jl):W(

NICEBJIOYACTOTHOM Xapakrepuctukon (IT4X).

B w-ob6nactu mepenarouyHas (yHKIHS JUCKPETHOM CHUCTEMBI €CTh OpPOOHO-

payuonanvhas ¢yukyuu jA, IpuUeM MpU U3MEHEHUH ® B quana3zoHe oT 0 < @ <

NN

TICEB/IOYACTOTA U3MEHSETCS B IIpeiesiax
0<A<ow .

Takum 006pa3zoM , B 001aCTH TMCEBA0YACTOT YaCTOTHBIC XapAKTEPUCTUKH THC-
KPETHBIX CHCTEM HMMEIOT T€ € CBOWCTBA, YTO U y HENpEephIBHBIX cucteMm. CrenoBa-
TEJIbHO, TICEBA0YACTOTHBIC XapaKTECPUCTUKH MOTYT OBITh NMPUMEHEHBI JIJI PCIICHHS
3a7a4 aHaJIi3a U CUHTE3a MMIYJbCHBIX CUCTEM HM3BECTHBIMH METOJAMU, MPUMEHSE-
MBIMHM JJIs1 PEIIEHUS] aHAJIOTUYHBIX 33/1a4 B HETIPEPBIBHBIX CUCTEMaX.

ADUX NHCKPETHBIX CHUCTEM CTPOSITCS JUOO NO YACMOMHOU XApaKkmepucmuxe,

IPHUBEICHHOM HEMPEPhIBHOM YacTH, THO0 no nepedamounou gynxyuu W(z).
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Ecnu HempeppiBHass 4acTh CHUCTEMBI 3a/laHa YAaCTOTHOW XapaKTEPUCTUKOMN
W(j @), To A®YX pa3oMKHYTOM AUCKPETHOM CHCTEMbI MOKET OBITH OIpeescHa ¢ hC-

ITOJBb30BAHUECM 3aBUCUMOCTH

W *(ja)):W( J“’T) i ( (a)+2?mD (4.28)

m=—0
[Tpu 5TOM CcyIlecTBYET JIBa CIIoco0a peIIeHUs 3a1aUH:
1) MOXXHO CHayaja HaWTH JeHCTBUTEIBbHYIO P*(w) m muaumMyro Q*(w) da-
CTOTHBIC XapaKTEPUCTHKH U 3aTeM onpeaesuTh A *(w), ¢o*(w);
2) 100 OCYIIECTBUTH HEMOCPEICTBEHHOE BEKTOPHOE CIIOKECHHE CIaraeMbIX

B TIpaBoii yactu (4.27).

Paccmompum nepevtit cnoco6. Iepenumem (4.28):

i) L sz+_mﬂ zp(m_mjﬂ_zq(m_mj

[Tpu w3BecTHBIX AcicTBUTEIbHOU P(®) 1 MEHUMOM Q(®) Y4acTOTHBIX XapakTe-

PUCTHKAX IIOJTYyYHUM

ReW(ei“’T) Z P( +—m)
ImW (e )=Q Z Q(a)+—mj

OOBIYHO B 3aNMMCAaHHBIX COOTHOIICHHUSX YAAETCS OTPAHUYMTHCS KOHEYHBIM
(ocTaTOYHO HEOOJBIINM) YHCIOM ClIaraeMbIX, YTO CHJIBHO YIPOIIACT MPOIECC BbI-
YUCIJICHUM.

[To u3BecTHBIM XapakTepuctukam P*(w) n Q*(w) moxHo moctpouts ADUX

JIUCKPETHOW CUCTEMBI:

P 0)+ Q7 (0);

9 (w)=arctgQ (v)/ P ().
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Bmopoui cnocob coOTBETCTBYET HENOCPEICTBEHHOMY BEKTOPHOMY CIIOKEHMIO
ClIaraéMbIX B NMpaBod yacTh BbIpaxeHus (4.10), mpu 3TOM yIep:KMBAETCS KOHEYHOE
YHCJIO YICHOB U BBIMOJHICTCS UX Tpaduueckoe CyMMHPOBAHHE.

[Tycth, HampuMep, yUuTHIBAIOTCS ciaraembie pu m= -M, -M+1 ... 0 ... M-1,

W( Ja’T) ZW( (a)+2_|_—7rmj]

[IpowsmrocTpupyeM 3TOT NOAXO]I, OTPAHUYMBIIKNCH B IPABOM YAaCTH MOJIyUYEH-

M. Torna nonyuum

HOT'O BBIpa)KeHI/IH TpeMSI CHaFaGMBIMI/I, T.C.
Wl )= 2 Wi - )+ W(ie) s Wi + @y )]

310E€Ch Wy = 27
o — —— -
T

Ha mnockoctu ronorpada AOUX npuBeaeHHONM HEPEPHIBHON YaCTH MPHU PsIe

3HAYCHUH HJaCTOTbI ) IIPpONU3BOJIHUM Fp&d)H‘{CCKOG CJIOKCHHUC BCKTOPOB

W (j(w — @y )W (je),W(j(@ + @p)). X mocie macmraGroro mpeobpasopanmus (%)

ToNTy4aeM BeKTop W (e Jo ) (puc. 4.17).
W (j (0+0q AV ()
%\ U(O))

W (j (0—0g )

v

WHj o)
Puc. 4.17

Coenunsis KoH1bl BekTOpoB W *(ej“)T ), noctpouMm rojgorpadp ADPUX guc-

KpeTHOil cuctembl. [Ipoliecc mocTpoenus nokasan Ha puc. 4.17.
OcHoBHBIM criocoOoM mnoctpoeHuss APUX NHUCKPETHOM CHUCTEMbI SBIISIETCS

HETOCPEeCTBEHHOE HCTob30Banue ee Z-I1d W(z):
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et /,\W(ejmt )|
W@ — W(el®)
T arg W(e 1 ®t)

IIceBnouactotHbie Xapakrepuctuku (ITUX):

Wp)2W(@E2)  — > W(w) TT’ W (j2)

1+
D zZ= w= —
1-w 2
Dw

Jlorapudmuueckue [TYX crpostes mo W -I1d W* (W) coBepliieHHO aHATIOTHIHO

JIA®UYX HenpepbIBHBIX CUCTEM C HCIOJIb30BAaHUEM TEX K€ MIa0JIOHOB THUIOBBIX -
HaMHYECKHX 3BEHBEB.

[Ipu 3TOM BO3MO>KHO HCIHOJIB30BaHUE TaOJIMUIL Dw- npeoOpa3oBaHus, Mpej-
CTaBJISIOLIEr0 cO00M pe3yibTaT nocieoBaTebHOro npuMenenus Kk [1® npuseneHHon
HerpepbIBHOM yacTtu cuctembl W(P) D -npeoOpa3oBaHue C MOJACTaHOBKOH € PT _ Zu

W - mpeoOpa3oBaHus.

Ilpumep 4.28. Paccmompum npumep nocmpoerusi aocapu@muyeckux 119X

OUCKDEemHOU CUCmeMbl, CMPYKMYPHASL cXemMa Komopot npedcmaenena Ha puc. 4.18:

1-e TP k

A 4

\4

_;J_

Puc. 4.18
Pewenue:

Z-11®D cucmemol bvina nonyuena paree . Ona umeem 6uo
il
kl1-e™



T
= k(l—
d=e" mozoa W(Z)Z g_:)

Beeoem obo3nauenue:

Buvinonnum noocmanosxy: 7 = L+ W;
1-w
w=jAT,;
‘o k(1—d) k(L-d)1-ji})
W™ (ja)= ——= = — =
1+j/14_d 1+ jAT,—d+ jaT 4

1-jAT,

k(l—d)(l—T jﬂ] k(l—T j/l) k(l—T j;tj
2 2 ~ 2

@+d)jaT,+1-d 1+dT o Tid+l
1-d 2

2oe Tg:Zﬂ_
21-d

OmMemuM, umo 6 uucjiaumeine nojay4YeHHO2O0 6blpAdNCEHUA UMeemcsia HEMUHU-

Ma]leO'QbCZS’O@Oe 36€HO, YUMo MUunu4vHo onst auCerWlelX cucmem.

& (p* A*

I 20iek

F T

Puc. 4.19

1+d
T
5 > 1, cneoosamenvho, T, > A

T

dasza yucnumens: arctgy (— Z%); 0—- - >

Jozcapugpmuueckue 14X umnynvcnot cucmemvl npedcmasienvl Ha puc.4.19.

Kauecmesenno smu xapaxmepucmuku cosnadarom c JIADYX Henpepuvihbix 36eHbes,
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Umo noseoJiiem NpPpuUMerHunov O/151 UCCNE008AHUS UMNYTIbCHBIX cUcmem xXopouio paspa-

OOMAHHbBIL YACMOMHbIUL annapam HenpepvbleHblX cCucmem.

[Tpu HeobxomumocTu omnpenenenus [TUX 3amkHyTo# cuctembl 1o ADITYX
Pa30MKHYTOM, 1 HA00OPOT, BO3MOKHO MCIOJb30BaHUE HOMOIPAMM 3aMbIKaHHUS.

Takum o0pazoM, aJisi AUCKPETHBIX CHCTEM BBEJCHBI MOHSTHUS YaCTOTHBIX Xa-
PaKTEpPUCTUK U PACCMOTPEHBI HEKOTOphIe crocoObl ux moctpoeHus. C dopmanbHOM
TouKkH 3peHuss ADIIUX nmuCKpETHBIX U HENPEPBIBHBIX CUCTEM COBIAJAIOT B TOM, YTO
BCE OHM XapaKTEepPU3YIOT MPOXOKICHUE TAPMOHHYECKOTO CUTHANIA yepe3 cucremy. Of-
HAKO CIIEAyeT MOHUMATh, YTO IPU ATOM I JUCKPETHBIX CUCTEM MbI PACCMATPUBAIIN
JVCKPETHBIM TApMOHUYECKUIN CUTHAJ, HE 3aTparuBas BOIPOC O CIEKTPE €ro Hempe-
PBIBHOM Orubaromie.

IIpr 1DpOXOXKACHUM HENPEPBIBHOTO TaPMOHUYECKOTO CHUI'HAJIa 4YaCTOTHBIE
CBOMCTBAa UMIYJbCHBIX CUCTEM OYIyT CYIIECTBEHHO OTJIMYAThCA OT CBOMCTB HEMpe-

PBIBHBIX cucTeM. PaccMOTpeHnI0 0COOEHHOCTEN YaCTOTHBIX CBOMCTB UMITYJILCHBIX CH-

CTCM 6YII€T IIOCBAIIICHA CIICAYIOIIAA TCMaA.

75



8. Anajmu3 yCTOﬁqHBOCTH JIMHEHHBIX HUMITYJBbCHBIX CUCTEM

Yemotiuueocmo sasnaemces saxcneuweu xapakmepucmuxou CAY, 6 pewaroweti
cmeneHu onpeoesoweti B03MO*CHOCMb ee NPAKMUYECKO20 NPUMEHEHUSL.

[IpoOnema ycTOMYMBOCTH OCOOEHHO aKTyalbHa JJisl 3aMKHYTBIX CHCTEM, TaK
KaK CTpEMJIEHHWE TOBBICUTh TOYHOCTh CHUCTEMBI 32 CUET yBEIHYEHUs KodPduimeHrta
nepeayu pa3oMKHYTOM II€NU MPUBOJUT, KaK MPaBWIO, K €€ BO30OYXKIECHUIO U TOTEPE
YCTOMYHUBOCTH.

bynem cuurate, uro auneinas UC ycmotiuusa mozoa u moabko moz2od, Ko2od
ee peakyus Ha 11000e 0epanuyeHHoe 030elicmaue 02paHudend.

COOTBETCTBEHHO, eciu Hatldemcs Xoms Obl 00HO 02PAHUYEHHOE BHeUlHee 8030eli-
cmeue, peakyus cucmemsl Ha Komopoe He 6ydem ocpanudena, mo maxas UC nHazviéa-
emcsi HeyCmouuusol.

OnpenenuM ycinoBus yctoiunBocTy auHeliHoi MC Bo BpeMeHHOM 001acTH.
PaccmoTrpum monyuenHnoe panee ypaBHenue aBmxeHus IC Bo BpeMeHHON 00-

)= 3 1ler]-wlin k)]

H IIPUBCACM €I'0 K DKBUBAJICHTHOMY BHAY:

yIiT]= S wikT]- fl(n=Kk)r]. (4.29)

k=0
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[Ipennosioxkum, 4TO BHEUIHEE BO3AEHUCTBHUE OTPAHUYECHO, T.€.
‘f[kT] <M, migBcex k>0, (4.30)

IIPOBEJIEM OIEHKY BBIXOIHOTO curHaua (4.28):
n n
yInT]< D wkT] | fl(n-Kk)T] <M > [wlkT]. (4.31)
k=0 k=0

[Togaumas B nocieqHeM HepaBeHCTBE (4.30) BepXHHUIA MpeAesl CyMMUPOBAHUS

10 00 (3TO MOKET TOJBKO YCUIIUTh HEPABEHCTBO), TIOIY4YUM
yInT] <M Y |wlkT],n=0,1... (4.32)
k=0

OueBuano, uro MIC Oynet ycroiunBa, €ciu psll B mpaBoit yacTtu (8.4) cXoauT-

Cid, T. €. €CJIU
3 [wkT] < o0 . (4.33)
k=0

Takum oGpazom, HC ycmotiyuga, eciu pso ouckpem eecosou @yuxyuu [THY
abcoomHo cxo00Umcs.

B npuBenennoit hopmynuposke ycinoBue (4.33) sBiseTcs JOCTATOYHBIM.

[TokaxkeM HEOOXOUMOCTh 3TOTO YCIOBUS HA KOHKPETHOM MPUMEDE.

[Ipeanonoxum, yto ycnopue (4.33) He BBINOIHSETCH, T. €.
2 wlkT] =0 . (4.34)
k=0

Torma MOXKHO HaWTH OTPAHUYEHHOE BXOJHOE BO3JEHCTBUE, TP KOTOPOM pe-
aKILMs CUCTEMbI OyJIeT HEOTPaHUYEHHO BO3PACTaTh.

[lycTh npu PpuKcHpoBaHHOM N:

f[(n—k)T]=M sign wlkT].
Torna

n n

y[nT]="> MsignwlkT]- wkT]=M > |jwkT] .
k=0 k=0

Cornacno ycinosuto (4.33) nnst moboro Hamepen 3amanHoro uuciaa N Bcerma

MOXHO M0100paTh Takoe N, Koraa:
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y[nT]>N,
T. €. y[nT] HEOTPAHHUYEHHO BO3pPACTAET C POCTOM N, YTO CBUJETEIBCTBYET O HEYCTOM-

YHBOCTH CHCTEMBEI.
Takum 00pazom, abcontomuas cxoouUMocms psaoa OUCKpenm 8eco80l XapaKme-
pucmuku [IHY (4.33) sensemcsi Heob6X00UMbIM U OOCMAMOYHBIM YCI08UEM YCMOUYU-

socmu HC.
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9. OnpenesieHHe TOUYHOCTHBIX XaPAKTEPUCTUK JIUHEHHBIX
HMITYJIbCHBIX CHCTEM

Omu6Ka CHCTEMBI ONPEACIAETCS MepeIaTodHOl GyHKIHMeH Mo omuoke @ AS),
win D ,(z), popMoit BXOJHOTO CHTHAJIa U €r0 MPOU3BOJIHBIMHU, 3HAUCHHSI KOTOPBIX U3-
BECTHBI B TAKTOBBIC MOMEHTHI BpeMeHH {=KT.

[Tpennaras, uro u3BecTHA Orudaromas BxogHoro curHana (oopasyromas g(t)),

OIHI/I6Ky MOJKHO IIPCACTAaBUTh B BUJC PAOA:
c . C, ..
e(kT) =c,g(kT) +E a(kT) +§ g(kT) +...,

TJE Co,C1,C2- KOIDPUITUEHTHI OIUOOK.
[Ipumensiss Kk JaHHOMY BBIpaXEHHUIO IpsiMoe MpeoOpa3oBanue Jlaruraca, moiry-

l 2.

TJIe PsiI, CTOSIINI B CKOOKAX, MpeACTaBIsieT coooii pasioxenue [1® @ (p) B psan mo
CTETIEHSIM .

Toraa, YUUTBIBAs IMOCJIICAHCC 3aMCUYaHNC, MOJKHO 3allMCaThb

o =2y —a0.(0)
p

1=012...
IIpu onpeneneHnn XapaKTEPUCTHUK TOYHOCTH JUCKPETHBIX W JUCKPETHO-

HETPEPBIBHBIX CUCTeM BMecTO (hyHKImu @ (p) Oyaem moab3oBarbes 11D 3aMKHYTHIX
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CHICTEM, 3aIiCaHHbIi B Z- popme kak @ [z). Torna ko3 dunmeHTs! 0mmboK mpu mpo-

M3BOJILHOM | BBIYMCIISIFOTCS 1O (popMyiam

*

Co =0 g(p)‘ p=0 :®5*(Z)‘z—e‘”—l;
=0 ()= 0,08 = Lo 0, 00
ds ° dz dp dp dz dz

-0 ())g ! (z) d(cfu)T e 420, 92.0)
Z dz dz

(4.35)

).

Ecnu na Bxog CAY nocTynaroT TUCKpETHbIE 3HAU€HUSI CUTHAJIOB, OrMOaromiast
KOTOPBIX HEM3BECTHA, BOCTIOJIB30BAThLCS 3aMMMCAHHON BBITIIE (POPMYIION HETh3S.

Jjist pacyeTa OMIMOKY B 3TOM Cllydyae HEOOXOAMMO BBIOIHUTH Pa3JIOkKEHUE
CUTHAJIa OMUOKH &[kT] B PsiJl, HO MO PA3HOCTAM BXOJHOTO CUTHAJA, T.€. BOCIIOJIb30-

BaTbCs I[I/ICerTHBIM AHaJIOT'OM 2TOIr0O BBIpa)KeHI/ISIZ
_ ¢ C, 2 C; 3
elkT)=c,glkT]+ F AglkT]+ 5 NglkT]+ §A glkT]....
[Tpumenss psiMoe Z-peoOpa3zoBaHKUe K YKa3aHHOMY Py, C YIETOM

A'g[KT] = Z( il ( jg[km—n]
z{g[kT1}=Q(2);
z{Ag[KT1} = {g[(k + )T - g[kT1}= 2G(z) - G(z) = (z DG (2);
£(2) =[c, +%(z —1)+%(z _1)? +%(z _1)*1G(2).

Psin, crosimuii B KBaJipaTHBIX CKOOKAX, SIBIISETCS pasioxeHueM GyHkiuu D,(2)

o crenensm (z-1). Koaddurments! psaga OyayT BEIYUCISATHCS TTO opMyIie

— d(1)® y4 i
¢ = (L 2E)y g oq

dz | (4.36)
i=0,12...

Kak ormeuanoch B Jekiusx, ya1o0HO K03 PUIIMEHTHI pslla ¢, HAaXOIUTh yTeM

ACJICHUSA ITOJIMHOMA YUCIUTEIS Ha ITIOJIMHOM 3HAMCHATCIIA, ITPCABAPUTCIBHO nepefmﬂ K

HOBOI mepeMeHHon a =z —1.
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OnHUM U3 MyTel ompeneNeHusi XapakKTepPUCTHUK TOYHBIX, TUCKPETHBIX U TUC-
KPETHO-HEMPEPBIBHBIX CHCTEM SBIIAETCSA pacueT KO3 UIMEHTOB MO Jorapudmmuue-
CKHUM I1CEBI0YACTOTHBIM XapaKTEPUCTHKAM.

J11s 3TOr0 He0OXOIUMO BOCIIOJIB30BATHCA OMIMHEHHBIM MTPEOOPa30BaHUEM:

1+w
7="——;
1-w

5 .

3anmchIBast psJl pa3sioKeHUs riepenatounon Gyakmun @y(W) 1mo crerneHsm W,

IMOJIy4UM
E[w] =[C, +£W+E—2W2 +...]JG(w)
O ﬂ 2! L] .
3nech
_ d9 (w) |
c =(———~+ =@';(0).
=g ) (0) (4.37)

CBs13b KO3 PUIMEHTOB Cj ¢ K0O3pPULIneHTaMu JOOPOTHOCTH:

~ 1

Cy = )
(14 &*)

~ 1

¢ = ¥ o
DW

_ 2

Cz_DS*’

~ 6

C3_D* .....

KoaddurmenTst ctatnzma u 1o0OpOTHOCTEH MOXKHO OMPENETUTH MO TaOauIam,

WK rpa)MyeCKUM IyTEM MO JIOTapU(PMHUUECKUM aMIUTUTYJHBIM XapaKTepUCTUKAM:
2P
D, =W, = —arctgw,;
T
2 _
D, =w, = T arctgwe.

[Tepexonst K OpUrMHAIAM, MOXHO 3alIACATh

w &

81



N

glkT] | AglkT] , A'g[kT]
- - ..

w &

elkT] =

Ilpumep 4.29. Onpedenrums owubkKy 6 cucmeme, Z- nepedamoyras QyHKyusl

PA30MKHYMO20 KOHMYPA KOMOPOU umeem 6uUo
(z-0,4)(z+0,2)
(z-1)(z+0))

W(z) =

HA 8XOO0HOU, TUHEUHO HAPACMAIOWULL CUSHAL.

Pewenue:
& (2)= 1 _ (z-1)(z+02)
‘ 14 (z-04)(z+0,2) (z-1)(z+01)—(z2—-0,4)(z+0,2)"
(z-D(z+0,)
a=1-1,
Z=a+1],

. 2 .
yucmumens . o +11a;

snamenamens:. 0,72+ 2.9 + 2

Ll +a?0,72 + 2,9a + 2a°

c, =152...
Taxum 0b6pazom, YyCmaHo8UBUIAACS OUUOKA:

_ C
g[kT]=C,o[KT]+ j AQIkT] =152

Onpeodenum ycmano8UBULYI0Cs OUUOKY ¢ UCNONIb308AHUEM MEopeMbl O npe-

0€IbHOM 3HAYEeHUU peulemyamou yHKYuu.:

lim, _ e[kT]=lim, ,(z-1)&(z):
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_Tz .
(z-1)*"
Tz (z-1)%*(z+0)2) T(z+0)) T-11

* — = zl,52T
(z-1D? 0-(z-04)(z+0,2) (z-0,4)(z+0,2) 0,6-12

9(z) =

Ipumep 4.30. 3a0ana z—nepedamounasn hynKyus pazomMKHymo20 KOHmypa cu-

cmembl ¢ eOUHUYHOL OMPUYAMENbHOU 0OPAMHOU CBA3bI0.

k

W(z) =
2) z>-0.37-z2+0.02

8XOOHOU CUCHAIL:
6-2
F(z)=— .
(2) —

Onpedenums, npu kakou eenuyune K, ycmanosusuascs oumudKka 6 3aMKHymoul
cucmeme 6yoem y0061emeopsmob HEPAGECHCMEY €y < 1. Oyenums ycmouyusocms 3a-
MKHYmMOU cucmemsl npu noyueHHom K.

Pewenue:

1 z°-03-2+0.02.
1+z 22-03-z+k '’

D,(2) =

6z 2°-03-2+0.02 _6-(1—0.3+O.02)<1_
z-1 z2-03-2+0.02+k 1-.03+0.02+k '

4
k +0.32

8ycm [kT] = IZI_)IT}(Z _1) :

<1,

432 <(k +0.72) ;
k>36;
z°-03-2+3.62=0;

: ‘_|0.3i«/0.09+14.48|
12| —
o 2|

>1.

Cucmema neycmouuusa.

Ilpumep 4.31. Cmpyxmypuas cxema cucmemvl umeem 6U0:

k

1 p+1

Jox 2 L

T

A 4

A 4

v
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Puc. 4.21

Haiimu maxoe K, npu komopom e., < 0,5 npu g, = 2.

IIpu nonyuennom x Haumu nepeoamoynylo QYHKYUO 3aMKHYMOU CUCTeMbl U

oyeHums eé ycmouuusocms. T = 1.

Pewenue:
W) =k- 129 . goeto027

z—-d
Wi —k. %73 .

z-0.27
@ (2) = 1 7-0.27 ’

1+W(z) z-0.27+k-0.73
86”1[kT]:|im,(Z_1)'2-z. z-0.27 _ 2.0.73 ;
’ 1 7-1 7-027+K-0.73_ 0.73-(1+k)
1+k >4,
k > 3.

Cucmema neycmouyusa.

Ilpumep 4.32. Ilocmpoums xapakmepucmuxu moynocmu L{CAY, cmpykmyp-

Has cxema Komopou uzoopaxcena Ha puc. 4.22 na éxoonoe oszoeticmeue: g(t) =1.

ez 9.08. z—4.08 1= 1
S ] e $.08:2-408 Lal T e —» >
f P em | 025 p+1
Puc. 4.22
Pewenue:

1)  Heobxooumo natimu W(z) - pazomxnymozco konmypa. C amoii yenvio

onpeoesom.

1—e "7 1
W - . _
s (2) Z{ p -(0.25- p+1)}’
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W (z) :WL[BM (2) 'WHHq (2).

lanee xax u 6 npedvioyuux 3a0ayax.

Ilpumep 4.33. Onpeoderumsv Ko3ghuyuenmsl ouubOK nNO cKOpocmu, YCKope-
HUI0 U npou3eooHoti yckopenusa o0nsa L{CAY, umeroweil nepedamounyro @yHxyuro 6

PASOMKHYNIOM COCNIOARUU 6 suoe

0.39-z-(z-0.84)-(z - 0.486)

W(z)= (z-1)-(z-0.905)- (z - 0.135)

npu T = 0,05 c.
Pewenue:
Haiioém nepeoamounyto pynxyuio cucmemvt 8 3aMKHYMOM COCMOSHUU OMHO-

cumebHoO OUUOKU:

1

czj“"(Z):1+W(z) !

_2°-2.04-7*+1.162-7-0.122
1.39-2°-2.18-7+1.00-2-0.122 °

?,(2)

Ilo gpopmynam (4.35) onpedenum:

co = 0;
c1=0,05"0,9=0,045 - ¢;
¢, = (0,05)° - 6,313 = 0,022 - ¢*;
c3 = (0,05)° - (-408) = - 0,051 - *.

Ilpumep 4.34. [locmpoums xapaxmepucmuxu mouyHocmu yughpoeou cucmemvl
ABMOMAMUYECKO20 YNPABIEHUS, UMeroulel nepedamoynyto YHKYUo 8 pa3oMKHYmMom

COCMOAHUU.

0.39-2-(z2—-0.84)

W) =20 z—0905) °

ecug(t) =2 -t2, T=0,05.

Pewenue:
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1

D, (2) =m ;

~22-1.905-z+0.905 z?-1.905-7+0.905
1+0.39-2°-0.3276  0.39-2° -0.6724 '

?,(2)

co=0;

(2-7-1.905)-(0.39- 2% +0.6724)— (2% —2-0.39 - 7 + 0.905)
(0.39- 22 +0.6724)

¢, =0.05-

=0.05- 0.095-1.062 _ 0.05-0.089 = 0.0044 ;
1.128

2
et 0, 900,

dz? dz

! 2
d°®,(2) _ 5. (2:2-1905)-(0.39-2° +06724) -(039- 2" + 0.6724) _

3 =

dz (0.39- 2% +0.6724
(2-2-1.905)-(0.39- 22 + 0.6724).{(0.39 - 22 + 0.6724) |
(0.39- 2% + 0.6724) ’

£(t)=g()-c, +%- a(t).

Ilpumep 4.35. Boinoanums npeovioyujee 3a0anue, Ho ¢ NOMOWbIO Ncesioua-
CMOMHbBIX XAPAKMEPUCMIUK.
Pewenue:

Iloocmasensisn 6 nepedamounyro gyuxyuio W(z) coomnowenue

1+w
Z=——, NOJYHYUM
1-w
0.39. 1T W [1¥W g4
W (W) = 1-w \1-w _039-(1+w)-(1+w-0.84+084-w) _
(“W_lj'[“W_O'QOSJ 2-w-(1+w—0.905+0.905- w)
1-w 1-w
_0.39-(1+w)-(1.84-w+0.16) 0.39-(1+w)-(11.5-w+1)
~ 2.w-(1.905-w+0.095)  2.w-(20.05-w+1)

(1+w)-(12.5-w+1)
w-(20.05-w+1)

=0.328-

(1+w)-(115-w+1)
w-(20.2-w+1)

W = 37

Ilepexoos k ncesoouacmome W = | * A, Cmpoum 102apupmMuieckyio nceeooua-

CMOMHYI0 Xapaxkmepucmuky.
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IIpodondcas  HUBKOUACMOMHYIO — 4ACMb  XAPAKMEPUCMUKU ¢ HAKIOHOM
-20 0b/0ex u - 40 0b/0ex 0o nepeceuenust ¢ OCbIO NCEBOOUACHOM, NOJYHUUM COOMBEN-
CMBEHHO 8 MOUKAX Nepecevenuss 3Ha4eHuss 00OPOMHOCmel CUCeMbl N0 CKOPOCHU U

yexoperuto A, = 0,72, A, = 0,2. [lepecuumaem nonyuenHwvle 3HaueHus no Gopmyiam:

2 :
Dwz?-arctgﬂbk =24%,

2
D =—- =64
=Targ a, 6%2

Owubka cucmemuwl

g[kT]=ﬂ+6i4 =0.0625+0.17 - KT .

Ipumep 4.36. 3a0ana z—nepedamounasn hyHKYus pazomMKHYmo20 KOHMypa Cu-

cmembl ¢ eOUHUYHOU OMPUYAMETbHOU 0OPAMHOL C8A3bI0!

k
722 -0.37-2+0.02

W(z) =

Bxoownou cuenan:

6-2
F(z)=—— .
(2) —

Onpeoenumo, npu Kakou 8eiuduHe K, YCMmaHo8UBUUASAC OUWUOKA 8 3AMKHYMOLL
cucmeme 6yoem y0061emeopsmb HEPAGEHCMEY €.y < 1. Oyenums ycmouyusocms 3a-
MKHYMOU cucmemvl npu nNoJLy4eHHOM K.

Pewenue:

1 72-03-2+002 .

D (2) = =
+(2) 1+2 z22-03-z+k

-0.3-2+0.02 6(1 03+002)
—1 z° —03 7+0.02+k 1- 03+002+k

4
<
k +0.32

kT]= lim(z - 1)

ycm

4.32<(k+0.72);
k>36;
z22-0.3-2+362=0;

: ‘_|0 J0.09-+14.48|
S R

Cucmema neycmouyusa.
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10. Meroabl nporpaMmMHpoOBaHus

PaccmoTpum BBIOOp MTEPEMEHHBIX COCTOSIHUSI CAHXPOHHBIX UMITYJILCHBIX CU-
CTEM, 3aJ]aHHBIX CBOMMHU Z- TIEPEIaTOYHBIMU (DYHKIIUSIMHU.

[IpakTyecku y100HBIM IPUEMOM BBHIOOpA MEPEMEHHBIX COCTOSIHUS SIBJISCTCS
MOCTPOCHHUE CXEM MOACIUPOBAHUS JUCKPETHOM CUCTEMBI, KOTOPHIE BKJIIOUAIOT B ce0s
AJIEMEHTHI 33/IEPKKHU Ha TAKT U CyMMaTopsbl. [Ipu 3TOM 3a nnepeMeHHbIE COCTOSTHUS
OOBIYHO MPUHUMAIOT CHUTHAJIBI HA BBIXO/AaX JIEMEHTOB 3aJICPKKH Ha TaKT.

Cy1iecTBYIOT TpHY BapuaHTa repexona ot z- [1® AuckpeTHOW CUCTEMBI K ypaB-
HenusMm (10.8) u (10.9). D10 cnocoOsI MPSMOTo, ApPAIIETHLHOTO U MOCIEI0BATEIBHO-

ro MPOrPaMMHUPOBAHUS.

PaccMoTpuM Bce 3T crmocoObl Ha IpUMEpPEe 3BeHa BTOPOTO TOPSIIIKA:

( ): aoucxzz +a1ucxz +a2ucx ~ Y(Z)
ucx boucxzz n blucxz n bzucx e(Z)

10.5.1.Crioco6 mpsiMoro mporpaMMHUpPOBaHHS.

[IpuBeneM paccmaTpuBaeMyro NEpPeIaTOUHY0 (PYHKIMIO K HOPMAJIU30BaHHOMY

Buy. C 3TOH 11€J1bI0 BEIHECEM B YHCIIUTEIE U 3HaMeHaTele Ko GUIMeHTsI pH clia-
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TraeMbIX C HAMOOIBIINMHU CTEIICHIMH 1 AaJIcC pa3aciauM YUCIUTEIIb U 3BHAMCHATCIIb

O

Ha £ , IOJYYHM:

ucx ucx _ _ ucx
W, ()= wZFaz v8, % lraz ta,z & W (z);
uex be  z%4+bz +b, b 1+bzt+b,z? b ’

W(z)= 1+a,z2 " +a,z”°
1+bz"+b,z7°

(10.16)
ITo onpenenenuro 11D:
1+a,z " +a,z”* 1 4 5
z)=¢elz =e(z l+a,z7" +a,z
V(z)=e( )1+blz‘1+bzz‘2 ( )1+blz‘1+bzz‘2( % ’ )
BBeneM HOBYIO IEPEMEHHYIO 9C(Z):
1 .
5(2)— 1+ blzfl + bzz—Z e(Z), (1017)

&(z)=e(2)-bz7¢(2)- b,z *5(2)

CoOTBETCTBEHHO, BBIXO/IHAS MIEpeMEHHAs OyIeT paBHA:

y(z)=&(z)+az7&(z)+a,272&(2),

Jlns 3Bena (10.17) BToporo nopsiika BBeJIEM, COOTBETCTBEHHO, /1B (ha30BbIe

MIepEeMEHHBIE TTIEPBOTO MOPSIIKA:
x(z)=2" &(2)
Xz(z) =7 f(z) =z Xl(z);

Tornma ypaBHEHHS I MPOMEKYTOYHOM MIEPEMEHHOMN U BBIXOJIHOM ITEPEMEH-

HOM OyAyT UMETh BU/I:

GE(Z) = e(z)— blxl(z)_ b, X, (Z);
¥(2)=&(z)+azé(2)+a,2*¢(2)
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VYuuThiBas TEOpEMY O CMEUIEHUHU apTryMEeHTa peleTyaTon GyHKIMH, BCIIOM-

-1
HHM, YTO YMHOXKEHHE U300PaKEHUS HA £  COOTBETCTBYET CMEILECHHUIO (3aIE€PIKKE)

-2
opuruHana Ha | Takt,aHa £ - Ha 2 TakTa.

Torga B COOTBETCTBUM € BbIpaxkeHUEM (6.7) cXeMy MOJEIUPOBAHUS MOKHO

MpeACTaBUTH B ciaeaytonieM Buje (puc.10.6).

—
&K .
¢ [K] ! 7' & >
_b1<_
-b_ [
2
Puc.10.6.

B cootBeTcTBUM C IIpaBUJIOM, 3a IICPCMCHHBIC COCTOAHUA BI)I6paHI)I BBIXO/bI

3a7ep>KKu Ha 1 TakT.

VYpaBHEHUS COCTOSIHUSI CUCTEMBI MTOTYYUM, TIEPEXO0/ISI OT U300paKEHUM K pe-

HIeTYaThIM (QYHKLIHSIM.

2 ox2)=£(2)
2, (2)=x,(2).
1] bkl byl el

X2 [k +1] = Xl [k]’ (1018)
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k+1]

rae - % [ 3Ha4YeHUs (Pa30BBIX MEPEMEHHBIX B MOCIEAYIONINI TaKT Bpe-

MCHMU.

Tak kak:

¥(2)=¢(2)+az"é(z)+a,275(2)

H IIPpHU 3TOM, YUUTBIBAA PAHCC BBCACHHBIC IICPCMCHHBIC!

y(z)=&(z)+azé(z)+a,22&(z)=
— e(z)+ (81 _bl)xl(z)+ (az _bz)xz(z);

Y[k]= (8, — )%, [k]+ (8, —b,) %, [k]+e(k) (10.19)

Takum 006pa3om, ypaBHEHUsI COCTOSHUSI MpUHUMAIOT Buj (6.18), (6.19), a mat-

puitel A, B, C, D onpenensroTcst BEIpaKEHUSIMH:

23]
C=(a-b, a,—h,) ;D=(1)

Hamomaum, uto marpunpel A, B, C, D onpeaenstor cucteMy pa3HOCTHBIX

ypaBHeHUH, s5kBUBasieHTHBIX [1D (10.16):

x[k +1]= Ax[k]+ Bek]
y[k]=Cx[k]+ Delk]

10.5.2. Cnoco6 napajijienbHOro MpOrpaMMUPOBAHUS.
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Crioco6 mapasienbHOro NporpaMMHUpPOBaHUS MIPEAIOIAraeT MpeacTaBIeHIe
UCXOJHOM IepeaaTouHoN (PYHKIIMU CYMMOM nepeaaTouHbiX (yHKIUN 601ee HU3KOTo

nopAaaka € moCJICAYOIMNUM UX IIPCACTABJIICHUEM CXCMaMHU MOACIIMPOBAHUA:

W (Z) :W1(2)+W2(Z)-

PaccMoTpuM npruMeneHue croco0a napayuieIbHOro MPOrpaMMHUPOBAHUS HA

npuMepe nepeaaTouHoil GyHkiuu BToporo nopska (10.6):

W(Z)Z 22+a12 +4a,
2° +bz' +h,

[Ipeamnonoxum, 9To XapaKTEPUCTHICCKOE YPaBHEHNE UMEET JBa JCHCTBUTEIb-

HBIX pa3au4HbIX KOpHS (B1,2). B 3TOM ciiyyae ucxoanas nepeaaroyHasi GyHKIHUS MO-
KeT OBITh MPEICTaBIIEHa CYMMOM COCTaBIISIOIIMX:

G

Z— 181 Z— ﬂz

W(z)=1+

rae Koad)(bI/IuI/IeHTLI C1 , C, paccuuThIBaIOTCS 1O CIACTYIOMIMM 3aBUCUMOCTSIM:
Cl = (az _bz + (81 _bz)ﬁl )/(ﬁl _ﬂz) :
C,=—(a,-b,+(a,-b,)5,)/ (- 5) _

Jlanee, aHAJIOTHYHO TIEPBOMY CIIOCOOY:

-1 -1
W(z)=1+ Gz —+ G2 —
1- Bz 1- 4,2

M BBOJAT HOBBIC IICPCMCHHBIC!

Gt ez) E2)=el2)

= e
1_1812 1_ﬂ2271

HepeMeHHHe COCTOSAHUMA OIIPCACIIAIOTCA BEIPAKCHHUCM

(2)= g e2)= Gt ()

0)= 75 ele)= a4 (2)
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CooTBeTcTBYyIOIIAs cXeMa MOJICIMPOBAHUS TIpeAcTaBieHa Ha puc.10.7.:

]
£[K] g
e [k] 1
Z >
x [K]
B[
yIK
€ [K] g i >
1
Z 1%
P, [
Puc.10.7.

Pa3nocTtHbIC YpaBHCHHS CUCTCMBI 6YHyT HUMCTb BUA:

Xl[k +1]: ﬂlxl[k]"_ e[k]
Xa [k +1]: DX, [k]+ e[k];

ylk]= Cx[k]+ Coxo K]+ ek ] (10.20)

[Ipu 3TOM MaTpuibl OyayT UMEThH BU/L:

o g) ol
c=(c, C) D=(

JIOCTOMHCTBO 3TOT0 CIIOCO0A COCTOUT B TOM, YTO MaTpHiia 4 MOJydaeTcs

JIAArOHAJILHOM, HO TIPU 3TOM YHCIIa P B MOTYT OKa3aThCsl KOMILJIEKCHBIMH.
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10.5.3. Cnoco6 mocneaoBaTeIbHOT0 MPOrpaMMUPOBAHUS

OG6mas ero ujaes 3aKJII0YAETCS B CJICAYIOMIEM:

YPaBHEHHIO CUCTEMBI B OIIEPATOPHOM opMe 3amucH MPUAaeTCs BU:

y(z)= (% _ e(z)j. 1-y,z2"

1-Bz° 1- 8,21
U cXeMa MOJICITMPOBAHMS COCTABIIICTCS KaK IMOCJIEI0BATEIBHOCTh OAHOTUITHBIX

kackanioB (puc.10.8).

& K]

%* 71 X, [K] >
1

P
2Kl K y [K]
4’%» z* il > _Vz"é_’

Puc.10.8.

Y];)aBHeHI/IH COCTOAHHUA CUCTCMEI IIPU 3TOM 6y,[[YT HUMCTb BUA:

Xl[k +1] = ﬂ1X1[k]+ e[k];
X2 [k +1] = (B _71)X1[k]+ﬂzxz [k]"‘ e[k];

yIk]= (8, = o x[k]+ (B, = 7 x|k ]+ elK] (10.21)

Matpuust A,B,C,D OynyT onpenensitbest CaeayouMMI BhIPpaXKSHUSIMU:
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A O gft)
181_71 :62 1
C:( 1~ V1 ﬂ2_72); D:(l)'

Marpuna A npu 3TOM ABISETCA TPEYTOJIBHOM.

A=

CocTtaBneHue 6J10K—CXEeMbI MOACTUPOBAHNUS JUCKPETHBIX CUCTEM SIBIIACTCSA
BaYKHBIM 3TarloM UX uccienoBaHus. C NOMOIIBIO OJI0K — CXEMbI MOXKHO PallMOHAIbHO
BbIOpaTh EPEMEHHBIE COCTOSIHUSI CUCTEMBI, & TAKXKE NMEPEHTH K ONMCAHUIO JUHAMUKU
CHCTEMBI B paMKax arapara JUCKpeTHoro npeodpazosanus Jlamnaca unu Z — npeoo-

Pa30BaHU:.

MeToabl TpOrpaMMHUPOBAHUS 1J1s1 IEPENATOYHBIX (DYHKUIUN

BBICOKOI'O ITOPAOIKA

Beimie 66111 pacCMOTPEHBI METOIbI TPOTrPAMMUPOBAHMUS JIJISl TIEPEIaTOUHON
dbynkuuu ([1P) BTOporo nopsika v Mpu yCIOBUHU, €CITH KOPHU XapaKTEPUCTUUECKOTO
ypaBHEHHUS pa3uyHbIe U JAecTBUTENbHBIE. B 001ieM cinydae I1d umeet npousBoiib-
HBIU MOPAJIOK U KOPHU XapaKTEPUCTUUECKOI0 YPABHEHUS, KaK JICCTBUTEIbHbIC, TAK U

KOMIIJICKCHBIC.

Jonyctum I1® B 06111eM CIydae UMEET BU/I:

W)= a,2" +a,2" " +...+a,
bez" +0,z" " +...+b,

IIpsgmoe mporpaMMHUpPOBaAHUE

B ciydae npsimoro nporpammupoBanus 11D npeobpasyercs K BUy:

-1 -n
a,+a,z2 "t +...+a,z
W(z)=-2 "
) b, +bz " +...+b,z""
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I[anee AJITOPHUTM IMOJHOCTBIO COOTBECTCTBYCT paCCMOTPCHHOMY BBIIIIC.

[locnenoBaTenbHOE TPOrPAMMHUPOBAHUE

[Tpu nocnegoBaTenbHOM mporpammupoBanuu 11D pa3ouBaeTcs Ha 371€eMeH-

TAaPHBIC COMHOXKUTCIIN IICPBOTO U BTOPOI'O ITOPAAKOB:

"

_ 2
W(Z):aoz”+alz” Y+..ta, :&Hz—yilﬂ[ Z°+ 7 +7,
bpz" +bz" +. b, by z-Ba P+ BT + By, |

Janee npeoOpazyeM K OTpULATEIbHBIM CTENEHAM Z:

LNy P SN A e Y

w22

1= a1+ B+ By |

n=n+2n,

[Ipu aTOM mpeanonaraem, 4To Bce KOYPGDUIUEHTHI - ACHCTBUTEIBHBIC YUCIIA.
Jlanee peanu3yeTcs BbIIIE PACCMOTPEHHBIN aJITOPUTM IS TOCIEA0BATEIBHOTO

MIPOrPaAMMHPOBAHUS.

by;

B oa A, b
Tpe©oBaHus K TOYHOCTH peanu3anuu koddppuimenton &, B e B e

]

OKa3bIBAKOTCA 3CCh TAKMMH 2KC, KaK 1 B MCTOJIC IIPAMOIO ITPOIrpaMMHUpPOBAHUA.

[lapamiensHoe TpOrpaMMUPOBAHNE

[Tpu napannenpaoM niporpammupoBanuu [1dD pazOuBaeTcs Ha d7eMeHTapHBIC

ClIaracMbIC IICPBOI'O K BTOPOI'O IMMOPAIKOB!:
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i
= = +
n n-1 2
bez"+bz" " +...+b b, a2 Z-f T+ BT +

W(Z)_aoz”+alz”‘1+...+an_a0 1+i C i C,z +C,,

Jlanee aHamornyHO Mpeodpa3yeM K OTPUIATEIHHBIM CTCTICHIM Z:

-1 -1 -2
a, My C.z N2 Cljz +C2jz

W(z)=2{1+>" +>

b, 1-p7t = 1+ﬂljz—1 Jrﬁzjz—2

n=n,+2n,

[Tpu sTOM mpeanonaraem, 4To Bce KOAPGUIIUEHTH - ACHCTBUTEIbHBIC YHCIIA.

CrpykrypHas cxema nu(ppoBoro GuibTpa B COOTBETCTBUU C MPUBEICHHOMN 3a-
BHUCHUMOCTbBIO MOXET OBITh IPE/ICTABIICHA B BUJI€ TAPAJUIETLHOTO COETUHEHUS JIEMEH-
TapHBIX TU(POBBIX (PUIBTPOB (IIOPSIAOK HE BBILIE BTOPOTO).

Kak u npu nocnenoBaTeibHOM IPOrpaMMHUPOBAaHUM, TPEOOBAHUS K TOUHOCTH
BOCTIPOM3BEICHUS OTACIBbHBIX KOA(PDUIIUEHTOB 3/IeCh OKa3bIBAIOTCS MEHEE KECTKUMU
110 CPAaBHEHMIO C peaTu3alMel METOJOM MPSMOI0O MPOrpaMMHUPOBAHUS.

BBIOOP TOTO MM HHOT'O METOJIa MPOTrpaMMHUPOBaHUS 00YCIIOBIJIEH KaK MPaBUIIO
yI00CTBOM peayin3aiu B HU(GPOBOM YACTU CUCTEMBI U ONPEETAETCS B KAXKIOM KOH-
KPETHOM CITy4ae MHIMBUAYAIbHO (KaK MIPaBUIIO B pe3ysIbTaTe CPABHEHMSI KauecTBa
pemienus). [Tog kauecTBOM 371eCh MOHUMAETCS U 001IIee KOJTMYECTBO OTIMYHBIX OT HY-
751 K03 (HULMEHTOB (a 3TO 3HAYUT U 0011ee KOJTUYECTBO ONEPALIHIL), U UYBCTBUTEIb-

HOCTh XapaKTePUCTUK (PUIIBTPA K OKPYTICHUIO KOIPDUIINESHTOB.
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11. MIPEOBPA30OBAHUE KOHEYHO-PASHOCTHBIX YPABHEHUI
K KAHOHUYECKUM ®OPMAM

IlocTaHoBKa 3a1a4n

KoHeuHO-pa3HOCTHBIE YpaBHEHHUE COCTOSIHUS JUHAMUYECKOTO O0OBEKTa:
x[k +1]= Ax[k]+ Bulk]
y[k]=Cx[k]+ Dulk]

OBLIM MOJIyYEHbI HA OCHOBE (DU3MUECKUX 3aKOHOB MJIM PACUETHBIX JAHHBIX C
UCITOJIb30BAaHUEM MAaTEMAaTUYECKUX MOJIEINIEH, MOJYUYEHHBIX TAK)KE HA OCHOBE 3aKOHOB
¢usuku. [Tpu 3T0M UCHONIb3yeMble TEPEMEHHBIE COCTOSIHUS TIPEJICTABIIAIOT COOOM
(dakTHuecKue nepeMeHHble 00bEKTa, TAK YTO ONMHUCAHUE 0OBEKTA B IPOCTPAHCTBE CO-
CTOSIHUI ObUIO OOBEKTHBHO CBSI3aHO ¢ (PM3HUECKON peanbHOCThIO. BBeIEHHbBIE TaKUM
CrI0c0O0M TIIepEMEHHBIE COCTOSHUSL HE MEHSAIOT CBOET0 (PM3MUYECKOT0 CMbICHIA U B JHC-
KPETHOM BapHaHTE OIHUCAHMS.

B HEKOTOpBIX CiIy4asix, OJHAKO, [I0JE3HO BBECTH IIEPEMEHHBIE COCTOSIHUSA, KO-
TOpble (POPMAIIBHO ONPEIEIAIOTCA KaK JUHETHAs KOMOMHAIMS Pa3IMYHbIX (U3nye-
CKHUX NIEPEMEHHBIX COCTOSIHUA. Takoe mpeoOpa30BaHUE BHITIOIHSETCS C LIEJIbIO MOJY-
YEHUsl YPaBHEHUI COCTOSHUS B ONIPENENEHHON KaHOHUYECKOUN opMe, UTO B pse
CJIy4aeB MO3BOJISIET CYUIECTBEHHO YMEHBIIUTh YUCIIO MapaMeTPOB, HEOOXOAUMBIX AJIs
WX OIMCaHUA, WU 00JeryaeT oOHapyKEHHE HEKOTOPBIX CBOMCTB OOBEKTAa U CUCTEMBI.

JlomycTtn N- MepHbIit BekTop X € X x € X_ gpnsercs IOIIyCTUMBIM BEKTOPOM
COCTOSIHUSL HEKOTOPOU CUCTEMBI, UMEIOIIEH COOCTBEHHYIO MaTpuily A pa3MepHOCTH
(nxn). Torga ¢ MOMOIIEIO HEBBIPOXKACHHOW MATPUIIBl T MOKHO ONPENETUTh HOBBIH
BEKTOP

77:T'X?;r=T-x,
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KOTOpBIﬁ TAKKC MOXXHO pacCMaTpuBaTh, KaK BEKTOP COCTOAHUA CUCTCMBI B HO-

BoM 6azuce 1 € 9” = WNuornaa, Hapsiny ¢ Mmarpuiiet T y100HO ¢ BBIUMCIUTEILHON
-1
TOUYKH 3pEHUSI HCIOIb30BaTh 00paTHYIO Matpuily Q =T .
PaccmoTpum nipeoOpazoBaHre CUCTEMBI YPaBHEHUN U3 OJHOTO MPOCTPAHCTBA

X B gpyroe 0 na MIPUMEPE TUCKPETHON CUCTEMBI, OIIPEIEISAIOMIEHCS TOCTOTHHBIMU
napaMeTpamu:

x[k +1]= A-x[k]+ B-u[k]}

y[k]=C-x[k]+ D-ulk]

Moscrasiy svecto XK sexrop: X=T 7 x =T -1 nonyumn:
T pk+1]=A-T* n[k]+B-u[k]
ylk]=C-T-pk]+D-ulk]
nlk+1]=T-A-T*-5k]+T-B-ulk]
ylk]=C-T-nk]+D-ulk]

BBeném o003HaueHUS:

A =T AT
B, =T-B:;

C. =C-T7
D, =D.

VYpaBHeHuUe cUCTEMBI B IPe0Opa3zoBaHHOM Oa3uce:
nlk +1]= A -nlk]+B, -ulk
ylk]=C, -nlk]+ D, -ulK]

OnpeneeHue :

A

KBagpaTabie MaTpuiibl u Ay O00HBI, €CJIU CYIIECTBYET TaKash HEBbI-

POKICHHAS MaTpHUIla T , 4TO
A=T-AT g —T.4.T*

3aMedaHue:

AA,T .
DneMeHThl MaTpul =~ AT 4, A, T 5 oBmem cllydae MOTyT OBITh J€HCTBU-
TEJIbHBIMUA WJIM KOMIUIEKCHBIMH YU CIIAMM.

u ¥
PaBHBI U, CJICA0BATCIIBHO, PABHBI UX COOCTBEHHBIE YHCIIA.
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[Tocnennee yTBepx aeHUE MOXKHO JTOKa3aTh:

det(zE— A )=det(zE-T-A-T*)=det(T -(zE— A)-T )=

—det T -det(zE — A)-det T = det(zE — A).

Takum 00Opa3oM, XapaKTepUCTUIECKOE YPAaBHEHUE MAaTPHUIIBI U, CII€0BATEIb-
HO, €€ COOCTBEHHBIE 3HAUEHHS HE 3aBUCAT OT 0a3mca MPOCTPAHCTBA COCTOSIHUS. Y
IBYX MOJOOHBIX MAaTPUI] PaBHBI U CIIE/IBI U ONPEACTUTEIH, TOCKOJIBKY OHH OIIpees-
10TCSL KO PUITUEHTAMH XapaKTEPUCTHUECKOTO ypaBHEHUSI.

Ha npaxTike NpuMeHSIOT pa3inyHble KAHOHHUYECKUE (OPMBI 3aIHCH ypaBHE-
HUI cocTosiHus. PaccMoTpuM Tpu BapuaHTa:

-kaHoHHuecKkas ¢popma XKopaana;

-KaHOHWYecKasi popMa yIpaBIsieMOCTH;

-KaHOHWYecKas popMa BOCCTaHABIMBAEMOCTH.

Kanoundeckasi opma Kopaana.
JlommycTrM, Bce COOCTBEHHBIC 3HAYEHUS MEPEXOTHON MaTPHUIIbI JTMHAMHUYECKOM

cucrembl 4 B3aumHO pa3iuyHbl. B 3TOM ciiydae ypaBHEHUs, ONTUCHIBAIOIINE TTOBEIE-
HUE CUCTEMBbI MOTYT OBITh MPUBEJEHBI K KaHOHU4ecKou ¢opme Kopoana:

x,[k+1]= A, -x, [k]+ B, -ulk
Y[k]:CJ X, [k]+F)J 'u[k]

z, 0 . 0
A = 0 z, . O El 2 Coe g
A 2 . e .
00 .z 0 0 Znl; Tak Ha3bIBacMas Mart-
puna JKopnana.

Zi- KOPHH XapaKTEPUCTHUECKOTO YPaBHEHHSI.
XapakTepruCTUUECKUI MOJTMHOM MaTPUIbl MOXKET OBITh IPEJICTABIICH B BUJIE:
n
det(zE—A)=det(zE- A )=T[(z-2)
i=1
_ n-1 n __
det(zE-A)=a, +a,z+..+a, 2" +2" =0.
OCHOBHOE TOCTOMHCTBO KaHOHHYECKOM Gopmbl XKopaaHa: MUHUMaIbHOE KO-
JMYECTBO AJIEMEHTOB (HEHYJIEBbIX) B MAaTpHIIE A 45
Henocratku:
1) st onipeienieHnst MaTpuIlbl B KaHOHUYECKO# dopme XKopmana HeoOXoaumo
BHayaJie HaliTH KOPHU XapaKTepUCTUUYECKOTO YPaBHEHUS, MIIM COOCTBEHHBIE YK CIIa

MaTpHULbI A
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2) CoOcTtBeHHbIe yKciia MaTpullsl JKopaaHa MOTYT ObITh KOMIUIEKCHO-
COMpsKEHHBIMU. B 3TOM citydae Bce nocieayrole MaTpuyHble pacu€Thbl CTAHOBSTCS
0oJiee CII0KHBIMU, MMOCKOJIBKY TaKXke OYIyT COAep>KaTh KOMILIEKCHO-CONPSDKEHHbIE

quciia.

Breraucnenus MOXHO, OJJHAKO, YIIPOCTHUTH NPCACTABIICHUCM MAaTPUIIbI )Kop):[a—

Ha UJIN €€ qacTH, BKJIIO‘IaIOH_Ieﬁ KOMIIJICKCHO COIIPSI’KCHHBIC COOCTBEHHEIE quciia, B

BHUJC KBAAPATHBIX 010K0B. B aTOM CJIydac TakKXC I10JIy4ar0T COOTHOIICHUA, KOTOPBIC

6YILYT BKJIIOYAaTh TOJIBKO ﬂGﬁCTBHTCHLHBIC quciia.
HaanMep, CCJIM MaTpuna }KopnaHa COACPIKUT TOJIBKO OTACIIbBHBIC KOMIIJICKC-

HO COIIPAKCHHBIC ITAPbI COOCTBEHHBIX 3Ha‘{eHHﬁ, HaIIpUMCpP:

--------

--------

oooooooo

oooooooo

--------

--------

--------

oooooooo

oooooooo

oooooooo

k k+1
a+tjp O
0 a-]jB

--------

--------

........

........

k k+1
o B
-B o

........

........

........

........

........

........

........

........

........

........

........

........

........

o O O o

k+1

k+1

Takum 00pa3om, Kaxk/1as rnapa KOMIUIEKCHO-CONPSKEHHBIX KOPHENH MOXKET

OBITH MpeicTaBIeHa OJI0KaMu 2*2 Ha TJIaBHOM AUAroHalid, Ha3bIBAGMbIMH KJIETKAMHU

Kopnana.

JIt00y10 cuCTeMy KOHEUHO-Pa3HOCTHBIX YPaBHEHUN C Pa3IMYHBIMUA COOCTBEH-

HBIMHU 3HAYCHUSMH MOXKHO ITpeo0pa3oBaTh K kKaHoHMYecKoi (popme XKopaana:

X,=T-X

i1

X =THX,=QX,
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A, =T-A-T™ Aj :Qfl.A.Q;

B, =T-B;
C,=C.TH
D, =D.

[IpencraBmusis maTpuily Q BEeKTOP-CTONIOIAMHU, MBI TIOTYYHM:

Q=l[t 8y ]
qll qu qln
q = q” 0, = q” R
FI[C qnl qn2 qnn
e _1. .
Torga ypaBHeHHe peoOpa30BaHUs MATPUIL A=Q7-AQ MO>KHO IpecTa-
BUTH B BUAC:
AOQ:Q'AJ HIIH:
A0, e Oy =00, G s O ) A
2, 0 0 0]
0 z 0 O
A0, 000 Gy =[0Gy e 0, ) ’ ;
0 0 0 z)

A [ql’ Ozseees qn]: [qlzl’ S P I qnzn]_
W3 mocneaHero COOTHOIIEHUS MOXHO C(POPMUPOBATH YPABHEHUS JIJIsI pacueTa

AJIEMEHTOB CTOJOIOB () :
A0 =Gz , i=1,...n.

B nannom maTpudHOM ypaBHeHHH cTOJ0€I (; # 0 Ha3bIBaeTCsI COOCTBEHHBIM
BEKTOPOM MaTpPHUIIbI A, KOTOPBIN COOTBETCTBYET COOCTBEHHOMY 3HAYEHUIO Z; .
N3 nipuBe€HHOrO BBIPAXKEHUS CIEAYET, UTO

(ZiE_A)'qi =0 _
det(z,E - A)=0

Tak Kak onpenenuTenb NOCIEAHErO YPaBHEHUS , TO JaH-
HOE ypaBHEHHUE OMpeAeseT TOJIBKO HaNpaBieHue BEKTOPOB (; . X BeIMUUHY MOXKHO
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BBIOMPATH MPOU3BOJIBHO U3 IOMOJHUTEIBHBIX YCIOBUM, HAIIpUMEp, TaK, YTOOBI OT-
JenbHbIC dJieMeHThI Bj u C] ObLIM paBHBI IUHMIIC WK HYITIO.

Paccmompum npumep.

OnpenenuTh ypaBHEHUS COCTOSIHUS B KaHOHM4YEcKou popme XKopraHa:
1) ¢ equHWYHBIMU 3NeMeHTaMu MaTpullbl C; ;
2) ¢ eIMHUYHBIMH DJICMEHTaMU MaTpHIlbl B;

HJIs1 CUCTEMBI, KOTOPAaAd 3adaHa CICAYIOIMUMHA YPABHCHUAMMU:

N\

1 0 1 0

x [k+1]=| -2 1 0] -x[k]+| 0 |-ulk]
0 1 2 10) |

ylk]=( 0,0)-x[k]  D=[o]

Pewienue:

1 osran

OnpeneneHue KOpHEN XapaKTEPUCTUUECKOTO YPABHEHUS CUCTEMBI:
det(zE— A)=0

z-1 O -1
z-1 0 2 z-1
detf 2 z-1 O =(z—1)[ j—( j:
-1 z-2 0 -1
0 -1 z-2
=(z-1P(z-2)+2=(22-22+1)z-2)+2=2°-22° + 222> + 42 -2+ 2 =
=2°-47*+52=0.

Haxonnm xopHH ypaBHEHUS:
z, =0;

f23 HAXOJIUM U3 YPaBHEHHUS 2~ 4z +5=0. Zs=2*V-1=2%]
Z,=2+];, Z3=2-]

2 JTarl

Omnpenenenre cOOCTBEHHBIX BEKTOPOB, COOTBETCTBYIONIUX KOPHSIM XapaKTe-

pucTHYecKOro ypaBHeHns 2, 2, %
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Ha ocHoBanuu npeoOpazoBaHus moao0ous:

A = Q' A-Q

A-Q=Q- Aj .

[Ipeacrasmsis maTpuiy Q — BEKTOP-CTOIOMAMH, TOTYIUM:
A-(0, 0, 05) =(0, 0, 0 ) Ay

(A' 0, A0y, A Q3): (q1211QZ221Q323)

dopmyna 15 pacuera MaTpuilbl Q 1o crondam:

AG=0Z i 3,

(ZE-A)-q =0

2.1. CoOCTBEHHBI BEKTOP, COOTBETCTBYIOIIMI KOPHIO 21~ 0.
1 0 1Yaq, O11 + 03y =0
21 0|q,|=0 17 2G:t0, =0
0 1 2)4q, 0, +20;; =0

Hpumem %=1, Torma %1=-1, %1=2, u, coorBeTCTBEHHO:

O 1
0, =| Uy |= 2
Os; -1 .

2.2. COGCTBEHHBIH BEKTOP LIS “2 — 2+

1 0 1)0y,) (G

-2 10 U, =] U2 (2+j)

0 1 2 O3, U3,

Q12+Q32:q12(2+j)

—20,, +0,, = qzz(z+ J)

q22+2q32:q32(2+j)

=2+ j-1=1+]j. q22:QS2(j):_1+j

Ananornyno: e :1, Torma %2 T.€.
1
9, =| -1+
1+
1
G =|-1-]
AHAaJOTHYHO 1-]

104



Takum 06pa3om, HOPMUPOBAHHASI MaTpuUlla TPeoOpa30BaHUM Q paBHa:

1 1 1 g, 0 O

Q:(q1 Q, qs): 2 -1+ -1-j 0 1P 0
1 1+j 1-j)lo 0 q,

rae 9o, G2 s MPOX3BOJIbHBIC JNIMHBI BEKTOPOB %, % O,

Jlns onpenesieHus JJIUH Gr, Q2 s WCIIOJIb3YEM JIOTIOTHUTEIbHBIE YCIIOBHS.

3 sram.
MacmrabupoBaHue MATPUIBI MPeoOPa30BaAHUS.

3.1. JIonoNHUTENLHBIE YCIOBYS: O Y
C,=C-Q. C=(1 0 O)
di Q. i3

(1 1 l):(l 0 0) 2q, (_1+ j)qlz (_1_j)Q|3
—0qp (1+ j)q|2 (1_ j)Q|3

(1 1 1):(q|1 Ui, C||3)

qu:l; Q|2:1; ;=1

1
B, =|1
3.2. JIonOTHUTENbHBIE YCIOBUSA: L
B,=Q'B
2 1 1
1 (gf 0 0 5 5 0 2q;
A PR DU PO WY (o P
2 " 1l10 107 10 5° 10 10 L
Lo 0 a) g 4 1 1 3 [10) ((2+3))a
———] Ao ot
10 10° 10 5° 10 10

OTCIO[a MOXKHO OILPECIHT: M1 = —2. Qp :(1_3j); Gs :(1+3j).

Hckomple ypaBHEeHHS B KaHOHWYEeCKOH dopme XKopmana mis cirydast 3.2.:

0 O 0 1
x[k+1]=|0 2+j 0 |x[k]+|1|u[k]
0 0 2-j 1

y[k]=[-2 (1=8i) (1+3])]x[K]
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[IpeoOpa3zoBaHne KOMILUIEKTa MaTPULl, OMUCHIBAIOIINX TUHAMUYECKYIO CUCTE-
My B quckpeTHoMm Bpemenu, A, B, C, D k kanonunueckoit hopme XKopmaana Mmoxet
OBITh BBITIOJTHEHO C TIOMOIILIO CTaHAAPTHBIX komaHx Matlab:

sys1 =  ss(AB,C,D)
[Jsys1,T] =canon(sys1," modal')
[AJ,BJ,CJ,DJ]=  ssdata(Jsys1)

B kanonunueckoit popme “modal ” Mmatpuia A; ©IMeeT IuaroHaabHBIN B,
MIPUYEM Ha IJIaBHOM JUAroHalld PacloOKEHbI IeUCTBUTEIbHbIE KOPHU XapaKTepHU-
CTHUYECKOTO ypaBHEHUS, a KaK/Jas mapa KOMIUIEKCHBIX KOpHeH oOpasyeT 010k 2X2 Ha
rnaBHOM quaroHanu. Ecnu, Hanmpumep cuctema 4-ro mopsiika UMeeT KOPHU
a, ytioy=jo f 1o

a 0 0 O

0 0
A=l 7

0 - y O

0O 0 0 g
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Kanoundeckas popMa ynpapjasieMOCTH (CKAJSIPHOE VIIPABJIEHHE)

Kanonuueckoit (opmoii ynpaBisieMOCTH SBJISIETCS 3aIIUCh YPaBHEHUH COCTOS-
HUS JUCKPETHOUW CHUCTEMBI B BUJIE:

0 1 ... 0 0
Xo[k+1]= o g [XalK) O U[k]= AuXq [K]+BaU [K]
-, -4 ... —a4 1

Y [k]=Cq Xy [k]+ DU [k]

)
rae: %0281 - ko PUIMEHTH! XapaKTEePUCTHYESCKOTO YPABHEHHMS:

det(zE-A)=a, +a,z+..+a _,z"" +2z"=0.

OcHOBHBIC CBOMCTBA dTOH (1)OpMI>I 3allMCH 3aKII0YAar0TCA B CJICAYIOIICM:

1) Marpura A HEBBIPOKAEHA, TIOCIIEIHSS CTPOKA MAaTPHUILIBI ONPEIEIAETCS KO-
rdPunreHTaMu XapakKTepUCTUYECKOT0 MOJIMHOMA CUCTEMBI. Bce ocTabHbIe 3JIeMEeH-

ThbI paBHbI HYJIIO 3a UCKIIFTOUCHUEM I Ha AraroHaliv CripaBa OT IJ1aBHOMU JuaroHaliu.

2) Marpuna B: umeer Bee anementsl paBHBIE HYJIIO 33 UCKIIIOUEHUEM MOCIEI-

HEro 3JIEMEHTa, KOTOpbIN paBeH "1".

i !

3) Matpuua npeoGpaszosanus Q=1 | KoTopast [O3BONSET HAM IIPe0OPa30BATH
cuctemy, onpenenseMmyto Habopom (A, B, C, D), B kaHoHHYECKYIO (hOpMY yrpaBIIsie-
MOCTH, MOYKET OBITh BEIYMCIICHA PEKYPPEHTHO TI0 CTOJIOIAM:

XZQ'XR:[CH' qn]xR
Q'A-Q=A,
AQ:QA?’
0 1 0
Alg, a, ... a]=[a, o ... q, 0 o
—8.0 —a1 —an_l

[Aq, Ag, ... Ag,)=[-0,3, 4 -0a .. O.—0a.]
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B.=|"
R 10
TaK KaK BCKTOp BR N3BCCTCH. 1 ) TO MBI MOKEM CHadaJia BBIYUCIIUTD.
0
B=Q-B;=[q, ... q,] 0|7 %
1 h JaJI€C HpOI[OJDKI/ITB 110 OTACJIbHBIM CTOH6HaM:

9, =B
qn_1 = Aqn + an—lqn

0, = qu +aq,
0 = Aql + ann

HOCJIGI[HHH CTpOKa CIYXHUT IJII KOHTPOJIA.

Onpez[eneHHe MaTpHUILbI Q npcamojaract N3BCCTHbLIM 3HAYCHHUC KOB(i)(I)I/IIII/IeH-

TOB XapPaAKTCPHUCTUICCKOIO ITOJIMHOMA.

Kanoundeckasi hopMa BOCCTAHABJINBAECMOCTH

Kanonnueckas ¢popMa BOCCTaHABIMBAEMOCTH JyallbHa K KAHOHUYECKOM (op-
Me yrnpaBisgeMocTd. Eciu Mbl momeTum uHaekcaMu K MaTpuIsl 1 BEKTOp 3Tou (op-
MBI, TO AK:A; : BK:C-IR- : CK:B; : Dy = Dg ]
Kanonnueckoii (opmoii BOCCTaHABIMBAEMOCTH SIBIIIECTCS 3aITUCh YPABHEHHM

COCTOAHUA B BUAC:

0 —&, b0
X, [k+1]= 1 N 0 f“’? X, [K]+ tfl U [k]= A X« [K]+BU[K]
0O ... 1 -a, b, .,

Y[k]=CoX, [k]+ DUIK]
cr=[0 ... 0 1]

OcHOBHBIE CBOMCTBA 3TOM (HOPMBI CJICAYIOIIHE:
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1) Matpuiia HaGJIFOAaEMOCTH HEBBIPOXKICHA, €CJIM CUCTeMa Habmoaema. Pac-

TIOJIOXKCHHUE DJIEMEHTOB B MAaTPUIIE A COOTBETCTBYET TPAHCTIOHUPOBAHHOMN MaTpHUIIC
2) Ecnu cuctema 3amana Habopom marpuir (A, B, C, D), To ¢ momoIbro mo/-
QXK =X Q= T
CTaHOBKH OHa MOXET OBITh TpeoOpa3oBaHa B KAHOHUUYECKYIO Pop-
My BOCCTaHABJIMBAEMOCTH, IJIc MaTpuIia mpeodpazoBanust Q MoKeT ObITh BRIYUCIICHA

PEKYPPEHTHO TI0 CTPOKAM:
X, =T-X
X =TX,
TOFI[a, ITOCKOJIBKY MBI 3HACM ManI/IHyCK y TO MOKEM 3alinucaTh.
A( :T . A.T71
c, =C.T
c,-T=C
Marpuust S« 1 C — matpuist crpoku. Torya sanucsisast Matpuity T 110 cTpo-

KaM:

t =C

Takum 0Opa3oM cTpoka " ompeaessieTcs ajueMeHTaMu MaTpuibl C: "

Crnenyromiasi cTpoka MaTpHUIbl MPeoOpa30BaHUsI ONPEACIIAETCS COOTHOLIEHUEM:

T-A=AT

Otkyna ciaenyer, 4To:

t, 0 ... 0 -—a |t
Ay |t 0 e
t3 0 1 - a, tn
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HpI/IpaBHI/IBaH IMOCJICA0OBATCIIBHO CIIpaBa HAJICBO 3JICMCHTLI MaTpHUIl B IIOCJICI-
HCM YpPaBHCHHH, ITOJTYHHUM:

t =C.

tn—l = tn A + an—1tn
tn—2 - tn—lA + an—Ztn

ooooooooooooooooooooo

0=t A+ayt,
HOCJIGI[HHH CTpOKa CIYXHUT IJII KOHTPOJIA TOUYHOCTH BBIpa)KeHHﬁ.

Dnementsl & , i =0, I, ... N-1 MATPHIIBI A MOXHO ONPEIETHTh C TOMOIIIBIO

det(zE - A)

XAPAKTCPUCTHUYICCKOI'O IIOJIMHOMA HJIK C IIOMOIIBIO AJITOpUTMA CDazmeeBa.

DIIEMEHTBI MATPHLIBI B

B, =T-B

K xaHoHn4eckoi (hopMe BOCCTAaHABIMBAEMOCTH CHCTEMa K — pa3HOCTHBIX

K BBIYHCIISIIOTCS COTJIACHO BBIPAKCHUIO:

ypaBHEHUH, NPECTABIEHHBIX B MATPUYHOU opMe, MOKET OBITh MpeoOpa3oBaHa ¢
MOMOIIIBIO CTaHIapTHOW KoMaH sl Matlab: canon ¢ mapamerpom “companion” — co-
MyTCTBYIOIIAs popMma:

sys1 = ss(A,B,C,D)
[Ksys1,T]  =canon(sys1," companion')
[A..B,C,.D,|= ssdata(Ksys1)

[ksys, T ] = canon(sysL, "companion”)
[Ac,B,.C,,D, |= ssdata(ksysl)
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12. CuHTe3 2JIrOPUTMOB HAOJIIOEHUS

[Ipu penieHnr MPaKTUYECKUX 3a]1a4 YIIPABJICHUS METOJAMH IIPOCTPAHCTBA CO-
CTOSIHUS YaCTO BCTPEYAIOTCS CIIy4yau, KOT1a HE BCE IIEPEMEHHBIE COCTOSIHUS OKa3bIBa-
I0TCSI U3MEPSIEMBIMHU. DTO 0OBIYHO UMEET MECTO B 00BEKTaX C pacmlpe/IeJICHHbIMHU Ta-
pamMeTpamu, B CJIIOKHBIX O0BEKTAX yMPaBIICHUS U TaK Jlajee.

J171s1 TOro 4TOOBI BOCIIOJIB30BAThHCS TEOPUEH TPOCTPAHCTBA COCTOSTHUS JIJISI
yIpaBJieHUs STUMU 00bEKTaMH, HEOOXOIMMO PACCUUTHIBATH HEU3MEPSIEMbIE TTEPEMEH-
HBIE COCTOSIHUSL 00BEKTA MO €r0 U3MEPSIEMBIM BX0OJIaM U BBIXOJaM.

3aa4un, B KOTOPBIX Mbl HE 3HAEM WJIM HE MOYKEM HEIMOCPEICTBEHHO U3MEPUTH
BCE KOMIIOHEHTBI BEKTOPA COCTOSIHUSI, OTHOCATCS K KaTETOPUU 3a1a4 yIIPaBICHUS [IpU
HernoJIHOW uHdopMaIu. Paznuyaror npu 3ToM IeTEPMUHUPOBAHHBIE M CTATUCTUY €-
CKHE METO/Ibl OLICHUBAHUS BEKTOPA COCTOSIHUSI.

PaccmoTpum cuHTE3 1€TEpPMUHUPOBAHHOTO HAOIOAATEINSI COCTOSIHUSI CUCTEMBI
MIOJTHOTO MOPSIAKA, KOTOPBIM MO U3MEPEHUSIM BXOJIHBIX U BBIXOJIHBIX NTEPEMEHHBIX
00bEKTa BOCCTAHABIMBAIOT BEKTOP COCTOSIHUS O0BEKTa (MOJHOCTHIO BCE N KOMIIO-
HEHT).

JlomyctuM, 0OBEKT yIpaBiIeHUS ONMKUCHIBACTCS CUCTEMON YpaBHEHUIA:

X[k +1] = Ax[k] + Bu[k]
y[k] = Cx[k] . M

<
Y o6pexra P=1 BBIXOJIOB, N — MOPSZIOK OOBEKTA.
[IpeamnomnaraeTcsi, 4TO BBIXOHBIC TIEPEMEHHBIC 00BEKTA JIMHEWHO HE3aBUCUMBI,
TakK 4To panr matpuilbl C paBeH .
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Haouonarens JlyenOeprepa nmojHoro nopsiaKa

Wnest cunTe3a HaOII0JAI0IIEr0 YCTPOUCTBA, MpeasiokeHHoro JIyenoeprepom,
OCHOBBIBAETCS HA MPEATNON0KEHUH, YTO MaTpUIlbl A, B 1 C U3BECTHBI, TaK YTO OOBEKT,
MOJIeJIb KOTOPOIO ABJISIETCS YaCThIO HAOJI01aTeNsl, MOKET OBITh MpoMoienupoBaH. Ha
MOiesd 00bEKTa Mbl U3MEPSEM OLIEHKY BEKTOpPA COCTOSIHUS X[K] HaXOJIUM BEKTOp:

ulk]=-K - X[Kk]

]

rae K — Marpuna peryinaropa, ¢ HOMOIIBbIO KOTOPOTO MbI BO3/IEMCTBYEM KakK Ha
peabHbI 0OBEKT, TaK U HA MOJIETTb.

HabGnronaTens onuckiBaeTcsl ypaBHEHHUEM

X[k +1]= A, - X[k]+ B, -ulk]+H, - y[K] ()

321,[[3‘{& 3aKJIIIOYACTCA B HAXOKIACHUU TAKUX MATPHUIT A’” B”’ H” , P KOTOPBIX

XK]

Boruutas ypaBaenue (2) u3 ypaBHeHus (1), Mbl TOJTy9UM BEKTOP OIIMOKH Olle-
HUBAHMSI COCTOSTHUSL:

AX[K] = x[k] - X[k];

AX[K +1] = AX[K]+ Bu[k]- A -X[K]-B -ulk]-H - y[k]=

= AX[K]+ Bu[k]- A -X[k]-B, -u[k]-H_ -Cx[k] =

= A -x[K]-A -X[K]- A -X[K]+(B-B )-u[k]+ Ax[k]- H  -CX[K];

X[k] ACUMIITOTHYCCKHU CTPCMHUTCA K

Ak +1]= A, -A]K]- (A=A, —H, -C) - x[K]+(B—B,)-x{k]. 4

J11s1 TOrO 4TOOBI BEKTOP OITMOKHU AX[K] OIICHKH XIK] acummroriaeckn cTpe-
MUJICS K HYJIIO, TIOJI’KHBI BBITIOJIHATHCS CIICAYIONINAE TPH YCIOBHS:

A =A-H -C;
B, =B;

Mk +1]=(A-H, -C)- MKl
Cucrema, onuceiBaeMasi OCJIETHUM YpaBHEHUEM, TOJDKHA ObITh YCTONYHBOM

cucrtemon. Cienyer OTMETUTb, YTO IIPU BBINIOJIHEHUU YCIIOBUS " BEKTOD

OIITMOKH AX[k] HCYIIpaBJIsIEM, TO €CTh YIIPABJIAIOMINC B03,21€I\/'ICTBI/I$I HC MOT'YT BJIMATDH
Ha €T0 BCIIMYHHY.

Matpunia " cucTembl BHIOUpAETCs TaK, YTOObI KOPHU XapaKTEPUCTUUECKOTO
YPaBHEHMS yIOBIIETBOPSIIA YCIOBUIO:

det(zE-A+H, -C) =f[(z—zi), ‘Zi‘<1
i=1
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IIPU 3TOM cucTema (2) ABJISAETCS yCTONYUBOM, U BEKTOP OLIMOKH AX[K] cTpe-

MUTCS K HYJIIO IPU K—>o0,
[Tocne moacTaHoOBKY BbIpakeHUM (4) B ypaBHEHUE (2) MOJIy4UM yYpaBHEHUE

HaOmroaTess:
X[k +1]=(A-H, -C) - X[k]+Bu[k]+H,, -Cx[k] =
= AX[k]+ Bu[k]+H, - CAX[K]. )

MOo>KHO 3aMETHTh, YTO HAOIIOaTENb IPECTABIISIET COO0H MOJIENb 00BEKTa, Ha
KOTOPYIO BO3JICUCTBYET BEKTOP OIIHOKH AX[K], CooTtBeTcTBYyIOMIAs OJIOK-CXeMa MPH-
BeJieHa Ha puc. 1.

k+1 x[k
u[k] i<l L] MK]
——> B gt = € ——5

A
Hy, N=y-y j§>
%[k +1] x| k] -
N B ! c = y[k]
D
A X[k]

Puc.1. bnok-cxema o0beKTa yrpaBieHus: U HAOIOAATENs COCTOSIHUSL.
[TosryuM OCHOBHBIE COOTHOIIEHUS I pacueTa napaMeTpoB HaboqaTes
noJyiHoro nopsiyika. Mtak, B ciydae BbIOOpa mapameTpoB HaOIIOAATENS B COOTBETCTBUU
C PACCMOTPEHHOM BBIIIE METOAUKOM:
A =A-H -C;
B, =B.
XapakTeprucTUUECKUI MOIMHOM HaOItofaTens OyJaeT UMeTh BUJL:
n
_ _ i
Q(z)=det(zE-4+H,-C)=> 1,-7', 121
i=0 n (6)
biiok-cxema cucTeMsl, peann3yroas aIropuT™ yIpaBIeHus Ha OCHOBE BOC-
CTaHOBJICHHOI'O BEKTOPA COCTOSIHMSL, IIPEACTABICHA HA PUC.2.
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ulk] il X] YIk]

i x[k] J

Puc.2. biok-cxema cucTeMbl, pean3yIomiast allrOPUTM YIIPABJICHUS HA OCHOBE
BOCCTAHOBJIEHHOTO BEKTOPA COCTOSIHUSI.

IMPUMEP. PaccmoTpum IIpOCTOM C BBIYUCIUTEIBHON TOYKHU 3PEHUS IPUMED
pacyeTa nmapaMeTpoB HaOJIOIaTENsl COCTOSIHUS JIJIsl CUCTEMbI BTOPOTO MOPSAKA.
[1ycTh OOBEKT yIpaBI€HHS ONKUCHIBAETCA CUCTEMON YPAaBHEHHIA:

{x[k +1] = AX[K]+ Bu[K]

ylk]=Cx[k]
SHASH
A= B=
re -11) 1) C=(2 0)

Heobxoaumo cripoexkTupoBaTh HUGPOBOK HAOIIOAATENb, KOTOPHI BOCCTaHAB-

JMBAET NMEPEMEHHbBIE COCTOSIHUS Xu[K] X2 K] BBIXO/IHOM MepeMeHHON yIk]
[udpooit HabIIOgATENH COCTOSHUS HMEET PACCMOTPEHHYIO paHee CTPYKTYP-
HYI0 cxemy. Ero ypaBHEHUE COCTOSIHUS 3alUIIETCs B BUJC:

X[k +1] = A- X[K]+ B -u[k]+ H,, - C(x[K] - X[K])

XapakTepucTUIECKOe YpPaBHEHHUE HAOIIOaTeNsl UMEET BUI:
det(zE-A+H, -C)=0

Tak kak

0 1 h 0 1 2h. O —2h 1
A— H . C — _ nl . (2 O) — _ nl — nl

“1 1) (h, ~11) (2h, 0) (-1-2n, 1
TO

z+2h, -1
det(zE - A+H,, -C) =det =(z+2h,)-(z-1)+1+2h,

1+2h, z-1
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z2?+(2-h,-1)-z+1+2-h,—2-h =0

CnpoektrupyeM HaOI01aTeNb, IMEIOIIUI alepUOANYECKYIO PEAKIUIO, IPU KO-

X[k] JOCTUTAET 3HAYCHUS X[k] 32 n WHTEPBAJIOB KBAHTOBAHUS, T/I€ N — MOPSII0K
o0BeKTa ynpasieHus (B paccMaTpuBaeMoM cirydae N=2). st 3Toro HeoOXoaumo,
YTOOBI XapaKTEPUCTHUECKOE YpaBHEHUE HAOII0AaTENs] UMEIO BH/L:

22:0,

TOpOU

hHl =05 u hHZ :O

YTO JJOCTUTAETCA MPU . Takum oO6pazom, Matpuiia Kodg-

(1)I/IHI/I€HTOB 3dMKHYTOI'O Ha6JIIOI[aTCJIH NMCCT BU.

~1 1
A-H -C=
G

3anuiieM ypaBHEHUS COCTOSIHUSI HaOI01aTeNs Npu ulk]=0.

ﬂk+ﬂ:(:i ﬂ.ﬂKh(é S)XW]

3agaarM IPOU3BOJILHBIC HaYaIbHBIC YCIOBHS IS O0BEKTA YIIPABICHUS U
HaOII01aTENS:

)

PaccunTaeM BEKTOpPHI COCTOSIHUSI OOBEKTA YIIPABJICHUS U HAOII01aTEIIA:

a-(, I w3 0 60
x[2]=[_01 ﬂ-[_ol}(:ﬂ,*[”:(: 3@{3 8}(_01){3
x[rs]{_o1 ﬂ'tﬂ:(_olj’x[g’]:{j 3@*@ Qtﬂzm

Kak BUIHO U3 TPOBEIEHHBIX PACYETOB, IEPEMEHHBIE COCTOSIHUS 00bEKTa
yIpaBieHUs U HaOII01aTeNsl HAUMHAIOT COBIIAJaTh Yepe3 /IBa TaKTa KBAHTOBAHUSI.

AJITOPpUTM pacyeTa MAaTpHUIlbl 00pPaTHBLIX cBA3eil Ha0oaaTens Jlyenoep-
repa ¢ NoOMOIbIO CONPSIKEHHON KaAaHOHMYEeCKOH (POPMBbI
nepeMeHHbIX COCTOSIHUS
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Jiist onipesiesieHys nmapaMeTpoB HaO01aTeNsl MOCTYIMM aHAJIOTUYHO CUHTE3Y
perymsiTopa, To €CTh CHavajia npeodpasyeM ypaBHEHUE HAOII0AATENsl K KAHOHUYECKOM

q)OpMC BOCCTAHABJIMBACMOCTH.
X[k]=Q - Xg[KI; (7)
X[k +1] = AX[k]+ Bu[k] + Hy - C[X[k] - X[k]]=
= Ax[k]+ Bulk]+ Hy - y[k]-Hp - C - X[K] ©8)
[Ipeobpa3oBanne k KAHOHUYECKOW (HOpPME BOCCTAHABINBAEMOCTH:
Xg[k +1]=Q - AQ-Xg[k]+Q - Bu[k]+ Q™ -H yy-y[K]
~Q'Hy -C-Q-xglK]

BBenem o0o3HaueHus:

Hug =Q - Hy;
Cg =CQ;
-1 .
) 0 —ag
. 1 ... 0 —d1
Ag=Q7'AQ=|"
_O . 1 - an_l_ . (10)

Kanonuueckas ¢opma 3anucu matpuiibl C UMEET BU/T

Cz=[0 .. 0 1].

yik1=[0 ... 0 1]-xg[k]

Takum 00pa3oMm, MOTYyYUM ypaBHEHHE JIJIsl HAOJII0AATeNsl B KAHOHUYECKOU

dhopmMe BOCCTaHABIMBAEMOCTH:

[0 ... 0 -—ag—huyp | hyp |
1 .. 0 —-a-h h
xg[K +1] = 17 THB2 e[kl + Bg -ulk]+| B2 . yiK]
0 ... 1 —ay_q1—hypn] | PHBn | (11)

XapakTepucTUIeCKOe YpaBHEHUE HAOIIOJaTes:

(ag + hyypy) + (3 + hyg2)Z + ...+ (@1 + hygn) 2" L+ 2" =0.

CpaBHuBas K03hOUIIMEHTBI ATOT0 YpaBHEHUS ¢ KO3 PUIIEHTaMU 5KeTaeMOTro
XapaKTEPUCTUUECKOT0 ypaBHEHUs (6), onpeensieM napameTpbl HaOII0AaTeNs:

hygi =Pi-1—aj-1, 1=12,..,n,

Martpuia oOpaTHOM CBsI3U HAOIOAATEN B €CTECTBEHHOM 0a3uce (MCXOAHOM):

Hy =QHup
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rae Q — maTpuila npeodpa3oBaHMs UCXOAHOM CUCTEMbl YPABHEHHUM K KaHOHU-
4yecKoi (hopMe BOCCTaHABIMBAEMOCTH.

AJTopuTMBI IpeoOpa30BaHKs MATPUILIBI K KAHOHUYECKUM (popMaM MOAPOOHO
M3JI0KEHBI B KHUTaX 10 MATPUYHOMY CUUCIIEHUIO, a TAKXKE 10 MUKPOIIPOLECCOPHBIM
CUCTEMaM M XOPOILIO peanu3yrorcs Ha DBM.

IMPUMEP. PaccmoTpum yXe MIPUBEACHHBIN paHEE MIPUMEP pacyeTa Mmapamer-
pPOB HaOJIFOIaTENS COCTOSIHUA ISl CUCTEMBI BTOPOTO MOPSAKA.

[TycTh OOBEKT yIIpaBICHHS OMUCHIBAETCS CUCTEMON YPaBHEHUIA:

x[k +1] = AXK] + Bu[k

y[k]=Cx[k]
o oj
_(1 c=(2 0

&
A:
e -1 1’

Heobxoaumo cripoextupoBaTh HUGPOBON HAOIIOAATENb, KOTOPHIH BOCCTaHAB-

JIMBAET IEPEMEHHBIE COCTOSTHUSA X1 [K], X2 k] I10 BBIXOJTHOM ITEPEMEHHOU yIk] , C AC-
M10JIb30BAHUEM COTIPSKEHHON KaHOHMUYECKOH (POPMBI IEPEMEHHBIX COCTOSHUSI.
3anuieM XapakTepUCTUUECKOE YpaBHEHUE 00BEKTa YIIPABIICHUS:

Z -1 2
det(zE — A) =det 1 1 =2°-z+1

Taxum o6pasom, 20 =1, a=-1 Martpuia A MOXKeT ObITh IPUBEIEHA K CO-

NpsHKEHHOW KaHOHUYECKOU (popMme:

0 - ap 0 -
AB = =
1 -y 1 1
J71s1 3aMKHYTOTO HaOJII01aTeIs:
0 —ap—hpp
Ag —Hpyg-Cp =( h
1 - -hyp2
JIns ciyvas anepruoIndecKor peakinuu Hauaem:
—8p —hyp =0=hypy =-ap =-1
—& —hygy =0=hpgy =—a =1
Takum obpazom:

o)

Martpuiia npeodpazoanusi Q B JaHHOM MpuUMepe paBHa:

(0 05
Q= 05 -05

Toraa OKOHYATCJIbHO IOJIYUIUM:
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0 05)(-1) (05

Hu=QHue =05 _o5)1 1 /7| o

Cunres Ha0J1101aTeJIsl COCTOSTHUSI OHUKEHHOI 0 nmopsiika

Panee Obuta paccMoTpeHa METOIMKA CHHTE3a HAOMIOAATEIS TOJTHOTO MOPSKA,
KOTI'/Ia MOPSAKK HAOJII0IaTeNsl U CUCTEMBI coBafanu. B obiiem ciayyae, Tak kak I
BBIXO/IHBIX NIEPEMEHHBIX SIBJISIOTCS JIMHEMHBIMU KOMOWHAIIUSIMU MIEPEMEHHBIX COCTOS-
HUsI, HEOOXO0AMMO BoccTaHaBMBatTh He 6osiee N~ cocrosumii. DTa unes peanusyer-
csl B HaOJIo1aTelie MOHMKEeHHOro nopsiaka. Cineayer, 0IHaKO, OTMETUTh, YTO MPHU
onpenesieHnH ' mepeMeHHbIX COCTOSIHUS HEMOCPEACTBEHHO MO0 HAOII0JaEMbIM BBIXO-
JlaM UMEETCSI MEHBIIIe BOBMOXKHOCTEH B 00ecriedeH TpeOyeMoi THHAMUKHN HaOJTT0-
JaTers.

PaccmoTpum GyHKIIMOHATBHYIO CXEMY CUCTEMBI C HaOJI01aTeIeM TTOHMKEH-
HOT'O MOPSAKA.

Ak +1] x[k] ylk]
! B Z_1 C >
A
R;
wik+1] k] ~z X|k]

B, = -

4

Puc.3. biok-cxema 00beKTa yrpaBiaeHUs U

Ha6J'IIO,Z[aTeJ'I$I COCTOAHUMA ITOHUKCHHOTI'O ITIOPA KA.

X[k]

Ha6monarens umeet mopsimok N — 1. Komnonentsr N - mepHOro Bextopa
obpasyrorcs u3 N — T BoccranaBmuBaeMBIX COCTOSIHMI B BHIE BEKTOpA WIK] 5 r -

MEpPHOI'0 BEKTOpa y[k].

Ha6nronaTenh MOHMKEHHOTO TIOPSIKA MOXKET OBITh CITPOCKTUPOBAH C UCTIONb-
30BaHHMEM IMPUHIIUAIIA TPE0OPA30BaHUS K COMPSHKEHHON KaHOHUYECKO# opMe repe-
MEHHBIX COCTOSIHUA. PaccMOTpHUM cucTeMy ¢ OJHUM BXOJOM U OJTHUM BBIXOJIOM.

X[k +1]=A- x[k] + B - u[K],

y[k]=Cx[K].
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[lycTh cuctema siBnsieTcs: ynpaisgeMoi u Habmoaaemo. C moMoIibo nmpeoo-
pa3oBaHUs

h[k]=Pxk]
cucTeMa npeodpa3yercsi K CONpsKeHHONM KaHOHUYECKOH (hopMe rmepeMeHHbIX
COCTOSIHUS

h{k +1] = A(hlk] + Byu[k] ’

_ -1
rJie MaTpuna Al =PAP HUMEET BU
0O 0 - 0 -—ag
1 0 --- 0 -
Al=0 1 --- 0 —ay
0O 0 --- 1 —ap

VYpaBHeHUE BbIX0OJa IPeoOpa3yeTcs K BULY
yIK]=Cpx{k]

-1
e C,=CP =0 0 --- O 1)-(1xn)-ManI/IIla.

Ha6J'IIOI[aT€J'II> ITOJIHOI'O IIOPpsAAKaA IJISA HCXOI[HOﬁ CUCTCMBI OIIUCBIBACTCA YpaB-
HCHHUCM

X[k +1] = (A—QC)X[k] + Bu[k] + Qy[k] ’

—(nx
rae Q-(nx1) MepHas Matpuia. Habmonarens noaHoro nopsaka Jiisi Cu-
CTEMBI, IPEACTABICHHON B CONPSX)KEHHOM KAHOHUYECKOU (hopMe, ONUCHIBACTCS ypaB-
HEHUEM

hik +1]= (A - KyC)h[K]+ Byulk] + Ky[k]

rre Q1 - (Nx1)
C,=(0 0 --- 01

ylk]=hn[k],

TaK YTO HEOOXOJHUMOCTb B BOCCTAHOBJIICHUU hy [K] ornagaeT. YToOkI BoccTa-

- MEpHasi MaTpulia 00OpaTHOM CBsA3U HaOMoaaTens1. Tak Kak

, TO OTO O3HA4YaCT, 4TO

HOBUTB OCTaBIIUCCs (n _1) IMCPEMCHHBIC COCTOAHUA U UMCTb BO3SMOKHOCTD IIPOU3-

BOJIbHO (DOPMHUPOBATH COOCTBEHHBIC 3HAYCHUSI MATPHIIBI 3aMKHYTOT0 HAOII01aTeIs,
TTOJIOXKHAM

1 0§O -B1
010 -
M=l T B2
0 0.1 -Bpa
0 00 1
Torna
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100 B
010
Vs BZ
0 0 1 Bng
0 00 1

-1
DTO POBEPSETCS HEMTOCPEICTBEHHBIM BBIYHCICHHEM Tporn3BeneHuss MM .

[IpeoOpazyem Tenepb CUCTEMY C IEPEMEHHBIMU COCTOSHUS h(k) x cienyrouen

CUCTCMC
Wik +1] = Apwk] + Bou[k]
yIk]=Cowlk]

rxe WK]=Mhlk]

Takum obpazom:
Ay =MAM ™. By =MBy. C,=C;M

10%0 —B1 L 0 —a 10%0 B1
Ay, = MAM = 01 O_BZ 0 1 0 -a 01 OBZ
0 01 —-Bp : 0 01 Bpa
000 1 ' 000 1
00 1 —-ap
00..-B1 -ag+ap_1Pfs
10.-B2 —a+ap_1f2 100 B
_|01mPBs mag +anaPs 010 P |
............................................ 0 0 1 Bry
00...-PBpng —an_2+an_1Ppg \0 0. 0 1
00.. 1 -ayg

00..-B1 -P1Bn-ag+ap_1P1
10..-B2  B1-BnaB2-a1+ap_1B2
01..-B3 B2-BnBz—az+an_1P3

2
00..-Bn-1 Bpna-Bn1—an—2+an-1Bn-
00... 1 Ppi-apa

Marpuia C2 pmeer BUL:
C;=(0 0 .. 0 1)
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VYpaBHeHue HabI0AaTeNsl B HOBOM 0a3rce UMeeT BUJ:
WK +1]= Ay - W[k] + By -u[k] + L - Co - (W{k] — W[k])
Tax xax Y[KI=WnlKl WnlkI=wq[k] .

L-Cp - (Wk]-w[k])=0

CJIEZIOBATENIBbHO:

Wik +1]= Ay - W[k] + By - u[k]

[IpencraBuM NOJIy4EHHOE YPaBHEHHE B CIIEAYIOIIEM BUJE:

[Wl[k+1]} - ( ......... '&2 .......... .......... R ] : [Wl[k]J + [ng -u[k]
Whk +1] 00 ..1 Bn-1—an_1 Wi [K] by |

rac.
W
W
wh=|
V_Vn -1

Takum obpazom:

Wik +1]= Ay - WHK] + Ry - Wy [K] + By - u[K]
nimn

W'k +1] = Ay - W[K] + Ry - y[k]+ By - ulk]

~

XapaKTEepUCTUYECKOE YPABHEHUE MATPHULIBI Az

det(zE — Ap)=2" +Bq- 2"+ . +Bpz+P =0
BekTop cocTosiHMS, pacCUMTaHHBIA HaOIIOAATENIEM:
x[k]=(MP) - w[k]

HNPUMEP. PaccMoTpuM yKe NpUBEAECHHBIN paHee MPUMEP pacyeTa napaMeT-
POB HaOMIOAATENS] COCTOSIHUSA JUIsSl CHCTEMBI BTOPOTO TOPSAKA.
[TycTh OOBEKT yIIPaBICHHS OMKUCHIBACTCS CUCTEMON YPAaBHEHUIA:

x[k +1] = AXK] + Bu[k

y[k]=Cx[k]
B_(Oj
1) c=(2 o)

&
A:
e -1 1’

Heobxoaumo cripoextupoBaTh UG POBOM HAOIIOAATENh TOHWKEHHOTO TIOPSI/I-

Ka, KOTOPbI BOCCTAHABJIMBAET IIEPEMEHHYIO COCTOSHUS X2[K] 10 BBIXOJHOM Tepe-

MEHHOU ylk] .
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Marpuna P, npeo6pasyromas matpuily 4 B cOnpskeHHYI0 KAHOHHYECKYIO
dbopmy, UMEET BUI:

P:(_zz cz)J

3anuiieM BHUI MAaTPHUIIbI A2 HJIs1 CUCTEMBI BTOPOT'O ITOPAAKA:

AZ:[—Bl -t _aO"'al‘BlJ

1 PL—2
3nech 0.9 . KO3 (HUIIUEHTH XapaKTePUCTUYECKOTO YPaBHEHUS MATPHUIIbI 4.
Z -1 2
det(zE — A) = =2°-72+1
1 z-
ag=1,a=-1 P1
Takum o6pazom, 51 . [Tapametp "1 onpenensiercs us xapakrepu-

CTUYECKOTO YPABHEHUS MATPHLIBI 4z

Z+Bl:0_

JUIst MOTy4YeHus arepruoIHYECKOro Mporecca MmojaoKuM =0
[IpeoOpazoBaHHbBIN HAOIIOAATENH IEPBOTO MOPSAIKA ONMUCHIBAETCS YPABHEHU-
eM:

Wik +1]= Ay - WHK]+ R, - Y[K] + B, - u[k]

rac

'&2:_[31:0;

R2=—B12—ao+a1°[31=—1;

er-wee-(y P () (o)
0 1 2 0)\1) \o

Tornma:

Wk +1] = —y[k]+2- u[k]

Ilycth ulk]=0, 3amaauM MpoU3BOJIbHBIE HAYAIbHBIE YCIOBUS JIJIsl OOBEKTA
yIpaBieHUs U HaOII0AaTEeNs:

1
x0]= (oj; wH0]=05

Tornma:
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0 -1
A= (_ J; Hel= (_ J X
yl0]1=2. y[1]=0. y[2]=-2
w't]=-2. w'[2]=0.

0.5 ~2 0
wol=( %)) w=[ ) wor=( °,)
[Tocne HpOBe’,ZIeHI/ISI 06paTH’01“0 peoOpa3oBaHus HOTYUUM:
x[k]=(MP) L. wik].

0 05)(1 0) (0 05
(05 05] [o 1}2(0.5 0.5];

Oos o5z ) uzs)

05 05) (2 ) \1.25

0 05
{5 oo,

0 05
X[Z]:(o.s o.5j (—2}[—1]_

Kax BHIHO U3 PE3YJIbTATOB, JOCTUTHYTAA OLICHKA COBIIAAACT C BCKTOPOM CO-

(MP)=pl.m

CTOSIHUS 00BbEKTa YIIPABJICHUA YCPC3 1 IICPHUOJ KBAHTOBAHMA.
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10.

11.

13. IPUMEPBI 3ATAY JJI51 CAMOCTOSTEJIbHOMN PABOTHI

5.1. OnpenesieHne BbIY€TOB

OnpenenuTs BbIYET PYHKIIUU:

S

F(s)= cos(s)

Omnpenenutsb BbIYET QYyHKIUU:

s+1
(s-1)°

F(s)=

Omnpenenutsb BbIYET QYyHKIUU:

s-1

PO = sy

OnpenenuTs BhIYET PYHKITUU:

_2s%+s

Fis)= s(5s+1)

OnpenenuTs BbIYET PYHKITUU:

F(s)= (s+1(s-1)
s?(s+05)

OnpenenuTs BTOPYIO MPSMYIO PA3HOCTh OT PEIIeTYaTON QyHKIIUU:
f[kT]=ao+a,*kT+a,*(kT)%
OnpenenuTs BTOPYIO MPSMYIO PA3HOCTh OT PEIIeTYaTON QyHKIIUU:
f[KT]=2*KT+0,4*(kT)%
OnpenenuTs NEePBYIO MPSIMYIO PA3HOCTh OT pelieTyaTon GyHKIUU:
f[kT]=ap+a,*kT+a,*(kT)%
OnpenenuTs NePBYIO MPSIMYIO PA3HOCTh OT perieT4aTon QyHKIUU:
f[KT]=2*kT+0,4*(kT)>.
OnpenenuTs NEPBYIO MPSIMYIO Pa3HOCTh OT PEIIeTYaTON PYHKITUU:
fkT]=ap - 2*KT - 1,4*(kT)%
Haiitu opurunan nist GyHKIINA:

z2(z +1)

F(z)= .
) (z-1)
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12. Haiitu opuruHan 1jst QyHKIAN:

z

F(z)=———.
(2) (117

13. Haiitu opuruHan s QyHKIIAN:

Z2

F(z):z—.
(z°-2z+1)

14. Tlo 3amaHHOMY M300paXEHUIO CUTHAJIA:

Z2

F(z):z—
(z°-2z+1)

IOJTyYUTh JICJICHUEM YHCIIMTENIS Ha 3HAMEHATEeNhb TIepBhIe IITh Touek mnporecca f[KT].

15. [lo 3amanHOMY M300paKEHUIO CUTHAIA

z2(z +1)

F = )
(2) (217

HOJIYYUTh JICJICHUEM YUCIUTENSI Ha 3HAMEHATEIb TIePBbIe MATh Touek mporecca f[KT].
5.2. Onpenesienne Z- nepeaaTouHoil GPyHKIIUH

16. 3amanHa CTpyKTypHas CXeMa CHCTEMBI:

v

f
_’i%_’ | —> DHII — 433

(OHII- skcTpanonsTop HyneBoro nopsiaka, T=0,2c¢).

[Tonyuuts Z- nepenarounyro GYHKIIUIO 3aMKHYTON CUCTEMBI T10 YIIPABJISIO-
IEMY BO3/CHCTBHUIO.

17. 3apana cTpyKTypHas cXeMa CUCTEMBI:

—:1§T§>—>L

[Tonyuuts Z- nepegatounyo GyHKIHUIO 3aMKHYTON CUCTEMBI 110 OLIMOKeE.

v

v

o K
OHII | (Tlp+1)(T2p+1)

18. 3anmana CTpyKTypHas cXxeMa CUCTEMBI:
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v

v

K
OHIT o >

— 1

Onpenenuts Z- nepeaaTouHyto QYHKIIMIO CUCTEMBI.

19. 3apana cTpyKTypHas cXxeMa CUCTEMBI:

g K
— J_ » OHII el [

v

Onpenenuth Z- nepeaaTouHyro pyHKIUIO CUCTEMBI.
20. Tlomyuuth Z- mepenaTouHy0 (PYHKIIMIO CHCTEMBI C SKCTPANOIITOPOM

HYJIEBOI'O MOPSAKA, HEMPEPhIBHAS YAaCTh KOTOPOI UMEET MepelaTOUHYIO (DYHKIUIO:

5

Wis)= s(s+1)(s+10)"

21. Haiitu Z- nepenatoynyo (HyHKIIUIO JUCKPETHON CUCTEMBL:

v

_ K
' J_ > OHII p(T,p+1) '

22. Haiitu Z- nepenatoynyo (HyHKIIUIO JUCKPETHON CUCTEMBL:

— > K I »
J— (T p+1)(T,p+1)

5.3. Pacuer nepexoaHbIX MPOLECCOB B UMITYJIbCHBIX CHCTEMAX

23. Paccuurtarh nepexoHbIN MPOIECcC B CUCTEME, 3aJJaHHOM CBOeH Z- miepe-

JATOYHOM (DYHKLIHEH:
52-05
2% +1,22 40,32

W(z) =

. k
Bxonnoti curnan g[KT]=2", HauanbHble yCIIOBUS HYyJICBBIC.
24. PaccunTtarh 3HAUYEHUS MEPBBIX IIATH TOYEK repexoHoro nporecca B VC,
3aJIaHHOM CBOEH Z- nepeaaTouyHoN (PyHKITUEH:

z-0,7
72 4+0,62+0,08

W(z2) =
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Ha BxoaHo# curnan, Z- nu300pakeHue KOTOPOro UMEET BUI:

y4
z-0

G(2) =

, [P HYJICBBIX HAYAJIbHBIX YCJIIOBUAX.
1

25. HOJ'Iy‘II/ITB AHAJIMTHYCCKOC BBIPAKCHUC AJISI pacCducTa IICPCXOAHOI'0O IIpPO-

1ecca B CUCTEMe, 3aJJaHHOM CBOCH Z- mepeaaTouHON (QyHKITUEH:

5

W(z)= .
72 -127+036

. k
Bxonnoit curnan g[KT]=2", HayaibHBIE YCIIOBHS HYJICBEIC.
26. TlomyyuTh aHATUTUYECKOE BBIPAKCHHE VIS pacdera MEepexXOIHOTO IMpo-

1ecca B CUCTEMe, 3aJJaHHOM cBoel Z- TepeaTOuHON (PyHKIIHEH:

52-05

W(z)= 5 .
Z2°+12z+0,32

Bxonnoii curnan g[KT]=1+k, HauanbHbBIC YCIOBUS HYJIEBEIC.

27. Paccunrtarh myTeM ACIICHHS MOJMHOMA YHCIUTENS HA MOJMHOM 3HAMEHa-
TeJis 3HAYCHUS TEPBBIX MATH TOYEK IepexojHoro mpoiecca B MC, 3amaHHON cBOEH
Z- mepenaTouyHon (PyHKITHCH:

52-05

W(z)= 5 .
z°+12z+0,32

Bxoanoti curnan g[KT]=1+k, HadaabHbIC YCIOBHUS HYJICBBIC.

5.4. Pacuer ¢B0OOOTHOI0 ¥ BHIHYK/IE€HHOTI'0 JIBUKEHUI B cCCTEMeE

28. Haiitu cBoOOgHOE ABMKEHHNE JUHAMUYECKON CHUCTEMBI, OIIUCHLIBAEMOM
ypaBHCHUEM
X[k+2]-2x[k+1]+x[K] = 29[K],
gkl = 2
MIPY HAYaJIbHBIX YCIOBHIX

X[0] = 1; x[1] = 2.

29. HaiiTu BBIHY>KJICHHOE JBI)KCHUE JUHAMUYECKON CUCTEMBbI, OTTUCHIBAEMOM
YPaBHEHHEM
X[k+2]-2x[k+1]+x[K] = 2g[K],
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BO3HMKAIOIIIEeE MOJ1 IEHCTBUEM BXOJHOTO CUTHAJa
gkl = 2"
IIPY HaYaJbHBIX YCIOBUSIX
X[0] =1; x[1] = 2.
30. HaiiTu peakuuio TUCKPETHON JUHAMUYECKON CUCTEMBbI, OMICHIBAEMOI
ypaBHEHUEM
X[k+2]-5x[k+1]+6x[K] = g[K],
Ha BXOJIHOM CUTHAII
glk/ = I+k
MIpU CIEAYIONINX HAYAJIbHBIX YCIOBUSIX:
x[0] =1; x[1] = 2.

31. Paccumtarth CBOOOJHYIO COCTABJISIONIYIO JUHAMHUYECKOTO TPOIECca, BO3-
Hukaromero B MIC, noBegeHne KOTOPON OMUCHIBAETCS KOHEYHO-PAa3HOCTHBIM ypaBHE-
HUEM:

X[k+2]-5x[k+1]+6x[Kk] = g[k+1]- 3g[K],
Ha BXOJIHOM CUTHAII
glk/ =«
MIPU CIEAYIONINX HAYAJIbHBIX YCIOBUSX:
x[0] =1; x[1] = 1.

32. PaccumTaTh BBIHYXKICHHYIO COCTABIISIONIYIO JUHAMHUYECKOTO TIpOIlecca,
Bo3HUKatoiero B UC, noBeneHne KOTOPOH OMUCHIBAETCA KOHEUYHO-PA3HOCTHBIM ypaB-
HEHHUEM

X[k+2]-5x[k+1]+6x[Kk] = g[k+1]- 3g[K],
Ha BXOJIHOM CUTHAI
gkl =1
IIPU CIIETYIONINX HAaYaIbHBIX YCIOBUSX:

x[0] = 1; x[1] = 2.

33. HaiiTn aHanTuTHYECKOE BBIPAKEHHUE JJI PEIICHUS] KOHEYHO-PA3HOCTHOTO
ypaBHEHUS
5x[k+2]-6x[k+1]+x[k] =0
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IIpH CICAYIOMNWX HAaYaJIbHBIX YCJIOBHAX:
X[0] =1; x[1] =-1.
34. Haiitn aHaIuTHYECKOE BBIPAKCHUC TJIA PCIICHHUSA KOHCYHO-PA3HOCTHOI'O
YpaBHEHHUS
X[K+2]-4x[k+1]+4x[K] =k
IIpu CICAYIOINUX HAYAJIBbHBIX YCJIOBUAX!
x[0] = 1; x[1] =O.
35. Haiitn aHanuTHueckoe BBIPAKCHUC JIA PCIICHHUSA KOHCYHO-PA3SHOCTHOI'O
YpaBHEHHUS
x[k+2]-4x[K] =2
IIpH CICAYIOINUX HAYAJIbHBIX YCJIOBUAX!
x[0] = 0; x[1] =1.
36. Haiitn aHanuTHdeckoe BBIPAKCHUC TJIA PCIICHHUSA KOHCYHO-PA3ZHOCTHOI'O
YpaBHEHUSA
X[k+2]-9x[Kk] =k-1
IIpH CICAYIOINUX HAYAJIbHBIX YCJIOBUAX!

X[0] = 1; x[1] =2.

5.5. [locTpoeHue NMCeBI0YACTOTHBIX XapPAKTEPUCTHK
AMCKPETHOU CUCTEMBbI

37. Tloctpouth norapuGMUYECKHE TCEBIOYACTOTHBIE XAPAKTEPUCTUKH HM-

MyJIbCHOM CUCTEMBI, 3aIaHHON CBOel Z-TiepeaaTouHon (PyHKIHUEeH

B z-0,2
(z+01)(z-0,4)°

W(z)

38. Tloctpouts norapudmMuueckue MnceBaoyacToTHbie Xxapakrtepuctuku HC,

3aJlaHHOM CBOEl Z-niepeaTouHOl QyHKIHEH:

z-01

W)= (z-0,2)(z-01)

39. Tloctpouts morapudmMudecKkue mceBaouacTOTHbIC XapakTepuctuku UC,

3aJIaHHOM CBOel Z- mepeaaTouHoN (DYHKITHUEH:
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(z-1)z

22+22+1.

W(z)=
40. IloctpouTts JorapudmMudeckue ceBaoYacTOTHbIC XapakTepucTuku UC,
3aJIaHHOM CBOEH Z- mepeaaTouyHon (PyHKITUEH:

2z+1
W(z)=—"""—.
1°-2z+1
41. TloctpouTts JorapudmMudeckue ceBaoYacTOTHbIC XapakTepucTuku UC,
3aJIaHHOM CBOEH Z- mepeaaTouyHon (PyHKITUEH:

W(z):(l_dz)(z_l).
z° —d

5.6. AHAJIM3 TOYHOCTH JHUHEHHBIX MMIYJIbCHBIX CHCTEM

42. 3apana z-11® pa3oMKHYTOTO KOHTYpa CHCTEMBI C €UHIUYHOMN OTpHUIIa-

TEJILHOM 0OPAaTHOM CBA3BIO

K
W(z)=———.
(2) 7 -0,02
Bxonxnou curnan
47
F(z)=——.
(2) 1

[Tpu xakoii BenmuunHe K, yCTaHOBUBIIIASCS OUIMOKA B 3aMKHYTOW CHUCTEME Oy-
IET yAOBIETBOPATH HEPABEHCTBY €0, < 0,27 OLEHUTh yCTOWYMBOCTH 3aMKHYTOH CH-
CTEMBbI MPU NOJIYy4YeHHOM K.

43. 3apana z-11® pa3oMKHYTOr0 KOHTYypa CUCTEMBI C €TMHUYHON OTpHIIa-

TEJILHOW 0OPAaTHOM CBA3BIO

W (z) = L.
(z-1)(z-0,8)
BxoaHow curnan
F (Z) — i

(z-9*
[Ipu kaxoil BennunHe K ycTaHOBHUBIIAsiCS OMIMOKAa B 3aMKHYTOM cucTeme Oy-
I€T yIOBJIETBOPATH HEPABEHCTBY €., < 0,17 OuLeHuTh yCTOMYMBOCTH 3aMKHYTOH CH-

CTEMBI IIPU MOJy4eHHOM K.
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44. 3anana z-11® pa3oMKHYTOTO KOHTypa CHUCTEMbl C €JUHUYHOU OTpHUIIA-

TEJIbHON OOPAaTHOM CBSI3BIO

K
W(z) = 5 .
z°-0,3z+0,02
BxoaHoM curnan
6z
F(z)=—.
@)=

IIpu kakoil BennunHe K ycTaHOBHBLIASCSA OIIMOKAa B 3aMKHYTOW cucTeMe Oy-
IEeT YAOBIETBOPATh HEPABEHCTBY €, < 1? OLIEHUTh YCTONYMBOCTh 3aMKHYTOM CHCTe-
MBI TIPHU NOJIy4eHHOM K.

45. 3apana z-I1® pa3oMKHYTOrO KOHTypa CHUCTEMBI C €IMHUYHOW OTpHIa-

TEJILHOM 0OpaTHOM CBA3BIO

e P S—
(z-1)(z+0,2)
Bxonnou curnan
F(2) = 6z

T

[Tpu xakoil BennuuHe K yCTaHOBHBIIASCS OIIMOKA B 3aMKHYTOH cucteme Oy-
IET yIOBJIETBOPATh HEPABEHCTBY &), < 0,57 OLEHNTh YCTOMYMBOCTH 3aMKHYTOH CH-
CTEMBbI MPU NOJIYy4YeHHOM K.

46. 3amana Z-I1® pa3oMKHYTOTO KOHTypa CHCTEMBI C €IMHUYHOU OTpHIla-

TEJIbHOU 0OPAaTHOM CBA3BIO

K

W(z) = .
(2) z2-0,6z+012

BxopaHol curnain
f(t)=5, T=I.
IIpu xakoii BenuunHe K, yCTaHOBUBILASCS OLIMOKA B 3aMKHYTOW cUCTEME Oy-
I€T YAOBJIETBOPATh HEPABEHCTBY €, < 1?7 OLIEHUTh YCTOMYNBOCTh 3aMKHYTOM CHCTe-
MBI TIPU NOJIy4eHHOM K.
47. 3apgana z-1I® pa3oMKHYTOTO KOHTypa CUCTEMBI C €IMHUYHOW OTpUIlA-

TEJIBLHOU 0OPAaTHOM CBA3BIO
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(=]
BxonaHol curnan
f(t)=2t, T=I.
[Ipu xakoi BenmuuHe K, yCTaHOBHBILASACS OIMOKA B 3aMKHYTOW cuUCTEME Oy-

IET yIOBJIETBOPATh HEPABEHCTBY &), < 0,87 OLEHNTh yCTOMYMBOCTH 3aMKHYTOH CH-

CTCMBI IIPHU IIOJIYYCHHOM K.

48. 3apmana VC:

v
v

25
t

[TapameTpbl CUCTEMBI:

l_
A 4

S(p) 5

T=I; ew=0,1; S(p) - nmepenaroynas GyHKLUUS SKCTPANOIATOPA HYJIEBOIO
MOpsIKa;

f(t) = 4t.

Hatitu K, onileHUTh YCTOMYHUBOCTH CUCTEMBI.

49, 3amana UC:

\ 4
\ 4
v

—I%Q—e» 1 S(p) =

[TapameTpbl CUCTEMBI:

T=0,1; eyn=0,2; S(p) - mepenaTouHas QyHKIHA SKCTPANOIATOPA HYJIEBOTO
nopsiaka; f(t) = 2.
Haiitu K, OEHUTH YCTOMYMBOCTD CUCTEMBI.

50. 3amana UC:

v

f e y
_’%9_’ 1 > D

[TapameTpbl CUCTEMBL:

T=1; e,,»,=0,1; S(p) - nepenaroynast GyHKIUSI FKCTPAIONIATOPA HYJIEBOTO IO-

pAIKa;

f(t) = 4t.
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Haiitu K, olleHUTh yCTOMYUBOCTH CUCTEMBI.

51. 3amana UC:

f e y
I_®T — | > oTES)

[TapameTpbl CUCTEMBL:

v

T=0,1; e,:»w=0,2; S(p) - mepenarouHas (yHKIMS SKCTPANOIATOPA HyJICBOTO
MOPSIJIKA,;
f(t) = 2.

Haiitu K, O€HUTH YCTOMYUBOCTD CUCTEMBI.

5.7. Ilepexoa ot Z-nepenaTouHoii GyHKIUM K CHCTeMe PA3HOCTHBIX YPaBHEHU
(MeToaABI MPOrPAMMMPOBAHUS)

52. Cmoco0oM mpsMOro MPOrpaMMHUPOBAHKS  OTIPEISTUTh YPABHEHUS COCTO-
saust UC, 3amanHoi cBoet Z- mepeaaTouHon (PyHKIHEH:

5z7-0,4z°

W(z) = .
(2) 0,32z%+1,2z+1,0

53. Cnocobom mpsIMOTO MPOTPAMMHPOBAHUS OMPEIEIUTh YPAaBHEHHSI COCTO-
saust UC, 3amaHHoON cBoeH Z- mepeaaTouyHoi (PyHKITHCH:

z-0,42°
W(z)= m :
54. Crnoco0OoM MapaieTbHOTO MPOrpaMMHUPOBAHUS TTOJTYYUTh YPAaBHEHHUS CO-
crosinusa VIC, 3amanHoi cBoelt Z- epeaTouHon PyHKIHUEH:
-0,4z+1,0
2°+2+016"

W(z) =

55. Cnoco0OoM mapajieIbHOr0 IPOTrPaMMUPOBAHUS TIOJYYUTh YPABHEHUS CO-
crostaus IC, 3amanno cBoeit Z- mepenaTouHon (hyHKIHEH:

-0,4z+10
z22+7+016"

W(z) =

56. 3amana Z-nepenatouHas (QyHKIHS OOBEKTa:
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W(z)= le .
(z-1)

3anucaTh METOJOM IOCJIEIOBATEIBLHOTO MPOTPAMMUPOBAHUS YPABHEHHS CO-
CTOSIHUSI O0BEKTA.

57. 3amana Z-nepenarodyHas GyHKINS 0OBEKTa:

z+1

W(z)= .
(z-1)(z+04)

3anucaTh METOJOM ITOCJIEIOBATEIBLHOTO MPOTPAMMUPOBAHUS YPABHEHHS CO-
CTOSIHUA 00BEKTA.

58. 3apana Z-nepenatouHast GyHKIU 00OBEKTA:

22+z+1

(z-1)(z+04)

W(z)=

3anucaTh METOJIOM MapaJlIeIbHOTO MIPOTPaMMHUPOBAHUS YPABHEHHS COCTOSIHUS
0OBEKTA.
59. 3Banana Z-nepenarouyHas GyHKIUS 0ObEKTA:
2% +1
(z+1)(2-04)

W(z)=

3anucarh METOJIOM IapajuIeIbHOTO IPOrpaMMHUPOBAHUS YPABHEHHS COCTOSTHUS
o0BEKTA.

60. 3amana Z-nepenatouHas QyHKIHS O0OBEKTA:

22+z+1

W(z)=
(z-1)(z+04)

3anucaTh METOJIOM MPSIMOTO MPOTPAMMHUPOBAHUS YPABHEHUS COCTOSTHUS 00D~

eKTa.
61. 3anmana Z-mepenarouHas GyHKIMA 0ObEKTA:
w(z)=—22
z°+2z+1
3anucaTh METOJIOM TMPSIMOTO MPOTPAMMHUPOBAHUST YPABHEHUSI COCTOSIHUS 00b-
eKTa.

62. 3anmana Z-mepenarouHas GyHKINS 00ObEKTA:
2z+1

22 2741
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3anucath METOOM MapalICIbHOTO MPOTPAMMHUPOBAHUS YPABHEHHUS COCTOSHUS
0o0BeKTA.

63. 3amana Z-nepenaTouHas QyHKIUS 0OBEKTA:

W(z)=—"—.
(z-1)

3anucaTh METOJIOM ITOCIIC0BATEILHOTO MMPOTPAMMHUPOBAHHMSI YPABHEHHUS CO-
CTOSIHUSI O0OBEKTA.

64. 3anmana Z-mepenatovHas GyHKIIAS 0OBEKTa:

W(z)=2"2
(z-2)
3amucaTth METOAOM IOCJIEIOBATEIIBFHOTO MPOTPAMMHPOBAHUS YPaBHEHHS CO-
CTOSTHUSA 00BEKTA.
65. 3amana Z-mepematovHas QyHKIIAS OOBEKTa:

B z-1
(z+1)?*"

W(2)

3anucarhb MCTOAOM IIPAMOIO IIpOorpaMMHUpPOBaHUA YPABHCHUSA COCTOSHHA 00B-

eKTa.
5.8. AHAJIM3 TOYHOCTH JHUHEHHBIX UMIYJIbCHBIX CHCTEM

66. 3anmana Z-mepenarouHasi GyHKIMS PA30MKHYTOTO KOHTYpa CUCTEMBI C OT-
puUlIaTeNIbHONW 00paTHOM CBsA3BIO ( KO (UIIMEHT 0OpAaTHOU CBSI3U paBeH 1):

_ (z+0.1)(z-0.5)
(z-1) (z-0.1)

W(z)

PaccunTtaTh 3HaueHWE YCTAHOBUBIIEHCS OIIMOKHA, BO3HUKAIONIEH B CUCTEME
NpU MPOXOoxJaeHUM curHana g[kT] =2kT. Meton pacueta: k03hOUITUEHTHI OIIHUOOK,
pPacCCUMTHIBAEMBIX JICJIEHUEM MTOJIMHOMA YUCIIHUTENS HA TTOJIMHOM 3HaMEHAaTEesl.

67. 3anmana Z-nepenatrodHas (QpyHKUHS Pa30OMKHYTOTO KOHTYPa CUCTEMBI C

OTpHUIIATEIHLHON 00paTHOM CBsI3bI0 ( KOAhUITMEHT 00paTHOM CBsI3U paBeH 1):

)= (z+0.1)(z-0.5)
(2-0.2) (z-0.1)

W(z
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Paccuutarh 3HaueHHE YCTaHOBHBmeﬁCH OIIII/I6KI/I, BOSHHKaIOHleﬁ B CHCTCMC

npu MPOXOXKIAEHUH curHana g[kT]=2T. Merog pacyera: kodpuumeHTsl ommooxK,

pacCUMTHIBAEMBIX JCJICHUEM MTOJTMHOMA YUCIIUTEIIS Ha MTOJIMHOM 3HaMEHATEsl.
68. 3amana Z-nepepatouyHas PyHKIMS PA30MKHYTOTO KOHTYpa CUCTEMBI C OT-

pUIaTeNbHONU 00paTHOM CBs3BIO (KO3 uImeHT oOpaTHOU csB3U paBeH 1):

(z+0.1)(z-0.5)
72.097-01

W(z)=

PaccunTtaTh 3HAaYCHHWE YCTAHOBHUBIICHCS OIIMOKH, BO3HUKAIOUICH B CHCTEME
pu TIpoxokaeHnu curHana g[kT] =3kT. Merox pacuera: K03 UIIMEHTHI OMIMOOK,
pacCUNTHIBACMBIX JICIICHHEM MOJMHOMA YUCIIUTESI Ha TTOJIMHOM 3HaAMEHATEJIs.

69. 3anmana Z-nepenatouyHas GyHKIHS pa30MKHYTOTO KOHTYpa CUCTEMBI C OT-

puUIaTeIbHOM 00paTHOM CBA3BIO (KOd(DuIMeHT 0OpaTHOM CBsI3U paBeH 1):

_ (z+0.1)(z-0.5)
(z-1) (z-0.1)

W(z

Paccuutarh 3HaueHHE YCTaHOBHBmeﬁCH OHII/I6KI/I, BOSHHKaIOIHeﬁ B CHCTCMC

Py TPOXOXKJIeHUM curHana g[kT]=2kT. Merox pacuera: Teopema O NPEACIbHOM

3HAYCHUU PeIIeTYaTon PyHKIIUH.
70. 3anana Z-niepepatoyHasi PYHKIMS PA30MKHYTOTO KOHTYpa CUCTEMBI C OT-

puUlIaTeNIbHONU 00paTHOM CBsA3BIO ( KO (UIIMEHT 0OpAaTHOU CBSI3U paBeH 1):

)= (z+0.1)(z-0.5)
(2-02) (z-0.1)

W(z

PaccunTtaTh 3HaueHWE YCTAHOBHBIIEHCS ONIMOKW, BO3HHUKAIOIIEH B CHUCTEME

MpY NpOXOXJAeHNMU curHana g[kT] = 2T . MeTtoa pacuera: TeopeMa O NpeAeIbHOM 3Ha-

YEHUH pereT4aTon QyHKIINH.
71. 3anana Z-niepepatouyHasi PyHKIUS PA30MKHYTOTO KOHTYpa CUCTEMBI C OT-

pulIaTeIbHONW 00paTHOM CBA3BIO (K0AhDUITMEeHT 00paTHOM CBSI3U paBeH 1):

(z+0.1)(z-0.5)

W(z)= 7 -
z©-09z-0.1

Paccuntarth 3HaueHHE YCTAaHOBUBILEHCS OLIMOKH, BO3HUKAIOIIEH B CHUCTEME
IpyU NPOXOXKJIeHuM curHana g[kT] =3kT. Merox pacuera: TeopemMa O NPEAECIbHOM

3HAYEHUHU PEIIeTYATON QYyHKIUU.
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/2. 3anmana Z-nepenatoyHas GyHKIHMS PAa30MKHYTOTO KOHTYypa CUCTEMBI C OT-

puLaTensHON 00paTHOM CBA3bIO (K03 duieHT oOpaTHOH CBSI3U paBeH 1):
K,,(z+0.1)
W(z)= Zf’y— _

z°-09z-0.1

BxoaHoW curHai MOCTOSHHBIN, paBHBIM 1. OnpenenuTs, Npu KaKoW BEIUYUHE
Koy ycranoBuBIIasics omuOKa B 3aMKHYTOU CHUCTEME OYJET yIOBIETBOPSATh HEPaBEH-
CTBY €y, <1. OCHUTD YCTOMYMBOCTb 3aMKHYTOW CHUCTEMBI IIPH NIOJTy4eHHOM KoY.

/3. 3anana Z-nepenatouyHas QyHKLHUS pa30MKHYTOIO KOHTYpa CUCTEMBI C OT-

pHUILIaTeIbHOM 00paTHOM CBA3bIO (KOA(hPUIIMeHT 00paTHOM CBSA3U paBeH 1):

Koy
(2-0.2) (z-0.1)

W(z)=

Bxoanoti curnan nocrosinubii, paBHbiid 10. OnpenenuTs, Ipu KaKoW BEJIMYUHE
Koy ycranoBuBIIasica ommOKa B 3aMKHYTOM cucTeMe OyJeT yIOBJIETBOPATh HEPABEH-
CTBY €y, <1. OCHUTD YCTOMYMBOCTD 3AMKHYTOM CUCTEMBI IIPH NOJy4eHHOM KoY.

74. 3anana ctpykrypsas cxema UC:

v
v
v

J%@” L > ou = %

TpeOyetcst HaliTu Takoe Koy, mpu KOTOPOM YCTaHOBMBIIAsICS OImMIKUOKAa B 3a-

MKHYTOH cHCTeMe OyIeT yIOBJIETBOPATH HEPABEHCTBY €,.,<l. OLEHUTH yCTOHYH-
BOCTb 3aMKHYTOH cHCTeMbI Tipu nostydeHHoM Koy. [Ipu pacuerax npunsate 7=1c, f=21.

75. 3anana ctpykrypHas cxema UC:

v

f
_’i%_’l > DHIT —> —X

TpeOyetcst HaiiTu Takoe Koy, mpu KOTOPOM, YCTaHOBUBIIIASICSI OITMOKA B 3a-

MKHYTOH CHCTEME OyIET yAOBIETBOPATH HEPABEHCTBY €y, <1. OLICHNTh yCTOMYMBOCTD

3aMKHYTOUW CHCTEMBI ITpH mosrydeHHOM Koy. [1pu pacuerax npunsats 7=Ic, f=2t.
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5.9. AHaIM3 YCTOMYHBOCTH JIMHEHBIX UMITYJIbCHBIX CHCTEM

76. JluHaMHUYecKWe TIPOIECCHl B  CHCTEME  OIMCBHIBAIOTCS  KOHEYHO-

Pa3HOCTHBIMH YPaBHCHHSIMH
X1[K+1] = 0.2x,[K] + 3.5%,[K] — u[k];
Xo[k+1] = 8.0x.[K] + 0.5%,[K].

TpeOyercst OIEHUTh YCTOHYMBOCT CHUCTEMBI M PACCUMTATh 3HAYCHUS BEKTOpA
COCTOSIHVISI CHCTEMBI B IIEPBBIC TPH TaKTa KBAHTOBAHUSI.

Hawanmensie yemosust:  X;[0]=0, x,[0]=0.

Yupasisromee Bo3aciicteue: U[K]=0,2K.

77. JlnHaMHYeCKHWE TIPOIECCHl B  CHCTEME  OIMCBHIBAIOTCS  KOHEYHO-
Pa3HOCTHBIMH YPaBHCHHSIMH

X1[k+1] = 1.2x,[K] + 3.5%,[K] — u[K]
Xo[k+1] = 0.5%,[K] + u[K]

TpeOyercst OLEHUTh YCTOMYMBOCTh CHUCTEMBI M PACCUMTATh 3HAYCHUS BEKTOpA
COCTOSIHHMSI CHCTEMBI B TIEpPBBIC TPH TaKTa KBaHTOBaHWs. HadallbHBIC YCIOBHS:
X1[0]=1, x,[0]=0.

Yupasistomee Bo3aeicteue: U[K]=0,2.

78. JluHaMuueckwe TPOIECChl B  CHUCTEME OIUCHIBAIOTCS ~ KOHEUYHO-
Pa3HOCTHBIMH YPaBHCHHSIMH

X1[K+1] = 1.2x([K] + 3.5%,[K] — u[k];
Xo[k+1] = 0.5x;[K] —1.8 xo[K] + u[K].

TpeOyercst OLIEHUTh YCTOMYMBOCTh CHCTEMBI U PACCUMTATh 3HAUCHUS BEKTOpPA
COCTOSIHVISI CHCTEMBI B IIEPBBIC TPH TaKTa KBAHTOBAHUSI.

Hauanenbie ycnoBus:  X;[0]=0, x,[0]=10.

VYupasistoniee Bo3aeicteue: U[K]=0,2+0.1k.

79. JluHaMHYeCcKHWe TIPOIECCHl B CHCTEME  OIMCBHIBAIOTCS  KOHEYHO-
Pa3HOCTHBIMHU YPaBHCHUSIMHU

X1[k+1] = 3.5%,[K];
Xo[k+1] = 0.5x;[K] —1.0 xo[K] + u[k].
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Tpebyercst OLIEHUTh YCTONYMBOCTH CUCTEMBI U PACCUUTATh 3HAUEHUSI BEKTOpa
COCTOSIHMSI CHCTEMBl B TIEpPBbIC TPH TaKTa KBaHTOBaHHWS. HadanbHBIE YCIOBUS:
X1[0]=1, x,[0]=1.

Yupasisttomee Bo3aeiicteue: U[K]=1.

80. unamuueckue TPOIECCHl B CHCTEME OIMCBHIBAIOTCS  KOHEYHO-
Pa3HOCTHBIMU YpPaBHCHHUSIMHU

X1[K+1] = - 1.2x;[K] + 0.5%;[K] — u[K];
Xo[k+1] = 0.8x.[K] —0.1 xo[k] + u[K].

Tpebyercst OIEHUTh YCTOWYMBOCTh CHUCTEMBI M PACCUMTATh 3HAYCHUS BEKTOpA
COCTOSIHVSI CHCTEMBI B ITEPBBIC TPH TaKTa KBAHTOBAHUSI.

Hauansnbie yemoBust:  X1[0]=0, x,[0]=0.

Yupasistomee Bo3aeicteue: U[k]=0,2+0.1k.

81. JuHamuueckwe TIPOIECChl B CHCTEME OITMCHIBAIOTCS  KOHEYHO-
Pa3HOCTHBIMHU YpaBHEHUSMHU

X1[k+1] = Xo[K];
Xo[k+1] = x[K] + u[k].

TpeOyercst OlEHUTh YCTOHYMBOCTD CHUCTEMBI M PACCYMTATh 3HAUYCHUS BEKTOpA
COCTOSIHHSI CHCTEMBI B ITEPBBIC TP TaKTa KBAHTOBAHUS.

Hauanbneie yemoBust:  X;[0]=0, x,[0]=0.

Yupasistomee Bo3aeicteue: U[K]=0.1k.

82. JluHamHuuecKue TPOIECChl B CHCTEME OIMCHIBAIOTCS  KOHEYHO-
Pa3HOCTHBIMH YPaBHCHHSIMH

X1[k+1] = 3.5%,[k] — u[K];
Xo[k+1] = 0.5x,[K] —1.8 xo[k] + u[K].

TpeOyercst OLIEHUTh YCTONYMBOCTh CUCTEMBI U PACCUMTATh 3HAYCHUS BEKTOpA
COCTOSIHMSI CHCTEMBI B TIEPBBIC TPH TaKTa KBaHTOBaHWs. HadallbHBIE YCIIOBHS:
X1[0]=0, x,[0]=0.

VYupasstomee Bozaeiictaue: U[K]= 1.0 - 3.5x[K] .

83. JluHammueckue TPOIECCHl B CHCTEME OIMCHIBAIOTCS ~ KOHEYHO-
Pa3HOCTHBIMHU YPaBHECHUSIMU

X1[k+1] = 3.5%,[K] — u[K]
139



Xo[k+1] = u[K]

TpeOyeTcst OLIEHUTh YCTOMYMBOCTh CHCTEMBI M PACCUUTATh 3HAUYCHHUS BEKTOpa
COCTOSIHUSI CHCTEMBI B TICPBbIC TPU TaKTa KBAHTOBAHHSI.

Hawanensie yemosust:  X;[0]=0, x,[0]=0.

VYupasisromee Bo3aeicteue: U[K]= 1.0 - X;[K].

84. JluHamMHWuYeCKHME TIPOIECCHl B  CHCTEME  OIMCHIBAIOTCS ~ KOHEYHO-
Pa3sHOCTHBIMHU YPaBHEHUSIMH

X1[K+1] = 1.2x.[K] + 3.5%,[K] — u[k];
Xo[k+1] = 1.8 X,[K] + u[K].

TpeOyeTcs OlEHUTh YCTOMYMBOCTh CHUCTEMBI M PACCUMTATH 3HAYCHHS BEKTOPA
COCTOSIHUSI CHCTEMBI B TICPBbIC TPU TaKTa KBAHTOBAHHMSI.

Hauwanmenbie yenosust:  X;[0]=0, x,[0]=10.

VYupasistoiee Bozaeictaue: U[K]=0,2+ x.[K].

85. JluHamMHuYecKHWe TMpPOIECChl B CHCTEME  ONMCHIBAIOTCS  KOHEYHO-
Pa3HOCTHBIMHU YPaBHEHUSIMH

X1[k+1] = 3.5%[K] — u[K];
Xo[k+1] = u[K].

TpebOyeTcs OlEHUTh YCTOMYMBOCTh CHUCTEMBI M PACCUMTATH 3HAYCHHS BEKTOPA
COCTOSIHUSI CHCTEMBI B TIEPBbIC TPU TaKTa KBAHTOBAHHSI.

Hauwaneneie yenmosus:  X;[0]=0, x,[0]=0.

Yupasstonee BozaeicTeue: U[K]= 1.0 - x;[K]- X2[K].
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3AK/IIOYEHUE

B ydueOHOM mocoOuu paccMOTpPEHBI IPUMEPHI PELICHHS 3JIEMEHTAPHBIX MPaK-
TUYECKUX 3aJ]ay, CBSI3aHHBIX C QHAJIM30M JIMHEHHBIX JUCKPETHBIX CUCTEM (CUCTEM C
KOMIBIOTEPHBIM YIPABIECHUEM), KOTOPbIE MOTYT CIYKUThb 0a30i Ui JajbHEHIero
U3YYEHHUS] 3TOr0 BEChbMa MHTEHCHUBHO Pa3BHBAIOLIEIOCS HANPABJICHHS CUCTEM YIIPaB-
JeHUs. AKTYalbHOCTh JAHHOTO MOCOOHS BO3PACTAaeT B CBSI3U C IEPEXOJOM Ha HOBBIE
®I'OC u pa3BUTHEM KOMIETEHTHOCTHOI'O MOAX0/Ia K MOCTPOCHUIO Y4eOHOro Mpoliec-
ca. B mocoOuu npeacraBineHsl 3aJaHUs sl CAMOCTOSITENIbHOM pabOThI, KOTOpPBIE TaK-
K€ MOTYT OBbITh UCIOJIB30BaHbI U ISl POPMUPOBAHUS TECTOBBIX 3aJaHUM JJIs TEKyIlle-
r0 ¥ UTOTOBOTO KOHTPOJIS 3HAHUM CTYJIEHTOB IO COOTBETCTBYIOIIMM pa3lieliaM Kypca
«KomnproTepHOE yIIpaBiIeHUE MEXATPOHHBIMU CUCTEMAMM.

CoBpeMEHHBIN CHEKTP NPWIOKEHHM KOMIBIOTEPHBIX CHUCTEM YIPaBJICHUSA
BECbMa IIMPOK, MO3TOMY IMpaKTHYecKass padoTa SIBISETCS HEOOXOAUMBIM YCIOBUEM
ri1yOOKOTO U3Y4YEHHUs] METOJIOB aHAJIM3a U CUHTE3a CUCTEM YIIPaBJICHUS U MOATOTOBKH
CHEUATNCTOB COOTBETCTBYIOIIUX MPOQUIIEH.

B nanbHelieM miaHupyeTcsl BBIITYCK COOTBETCTBYIOIIMX MOCOOMI (BTOpas u
TPEThSl YACTH), OPUEHTUPOBAHHBIX HA PEIICHUE 3a]1a4 aHAJIN3a U CUHTE3a JUCKPETHBIX
CUCTEM yIpaBieHUs (CUCTEM C KOMIBIOTEPHBIM YIPABJICHHEM) BO BPEMEHHOM 00ia-

CTH.
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