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BBEJIEHUE

HccnenoBanue cucteM aBTOMaTHYECKOTO YIIPABICHUSI COCTOUT U3 Psijia ATAIOB:
COCTaBJICHHME MaTEMaTUYECKOIO OIUCaHUA (MaTeMaTUYECKON MOJENN) OTAEJbHBIX
3BEHbEB U BCEU CHCTEMbI, aHAJU3 YCTOMUYMBOCTH U YCTAHOBUBIIIUXCSI PEKUMOB, BEIOOP
KOPPEKTUPYIOIIUX 3BEHbEB, MOCTPOCHUE NEPEXOAHBIX IMPOLECCOB. DTOT NEPEUEHb
BOIIPOCOB M OmpelensieT CTpykTypy mnocobus. IlocoOue mnpegHazHayeHo i
UCIIOJB30BaHUsl HA TMPAKTUYECKUX 3aHIATUSAX U JJS  CAMOCTOSITENIBHOM paboThl
CTYJIEHTOB. BOJBIIMHCTBO MNPUBENCHHBIX B HEM 3aqady He TpeOyeT TPOMO3AKUX
BBIUMCIIGHU M MX PEHICHHE MOXKHO TOJNYyYUTh «BPYYHYIO» TOYHBIMU WM
NPUOINKEHHBIMU METOAAMH.

B nocneanue necatuneTusi i BHINOTHEHUS MHOTHUX HAYYHBIX U WHKEHEPHBIX
pacueToB M, B YaCTHOCTH, JIsI aBTOMAaTHU3WPOBAHHOIO MPOECKTUPOBAHUSA CHUCTEM
YIOPABJICHUS, ITUPOKO MPUMEHSIOTCA MAKEThl MPUKIATHBIX MPOrpaMM, BXOMSIIUX B
cucteMy Matlab. ITo ykazanuto npenojaBatesieil mpuMepsl U 3aa4M, IPUBEICHHBIE B
nocoOuu, MOTYT IIpeaJiaraThes JUisl pemenus B cpeae Matlab. /Ins HEeKOTOpbIX U3 3TUX
3a/lay JIOCTaTOYHO MCIOJIb30BaTh cTaHaapTHble (yHkuuu makera Control Systems,
Bxozsuiero B Matlab. J[ns pemenust 6osiee CIOXKHBIX 3a7ad MPUXOJUTCS COCTABIISTH
CBOM IIPOrPaMMBbI, KOTOPBIE BO MHOTHX ClTydasx yI00HO peann3oBaTh B cpeae Matlab.

[lakeT mnpuUKIaAHBIX MOpPOrpaMM CHMBOJIBHOM  Marematuku  (Symbolic
Mathematics Toolbox), Takke Bxoasmuii B Matlab, mo3BoiisieT 00beIMHUTH YUCICHHBIC
¥ CUMBOJIbHBIC BBIYMCIICHHS U TMOJIYYUTH pPEIICHUE psifa 3a/ad B OOIeM BHUIE. DTOT
naket peanusyet 0osiee 100 CHMBOJIBHBIX U YUCJICHHBIX OIEPaIlHii.

[IIrpokue BO3MOKHOCTH JIJI1 UCCIIEIOBAHUS MTPOIIECCOB B CUCTEMAX YIIPaBICHUS
naet npuioxkenue Simulink.

B nocnenneit rimase nocobust JaHO onrMcaHue OCHOBHBIX GyHKIMI makera Control
Systems ¢ mnpumepamMu HUX TNPUMEHEHUS. B mpuiioxkeHWH NpUBEACHBI HEKOTOpPHIC
IpOrpaMMbl aHAJIM3a U CUHTE3a CUCTEM YIPABJICHUS C UCIIOJIb30BaHUEM cpeibl Matlab,
paspaborannbie ¢ yuactueM cryaeHToB kadeapsl KCIIT. Otu mporpaMmbl MOTYT OBITH
MOJIE3HBI OCOOEHHO TIPU BBITIOJIHEHUH JIA0OPATOPHBIX pabOT W MpPU KypCOBOM
npoekTupoBaHun. X MOXKHO HaWTH B y4eOHBIX Marepuanax, pPa3MEIICHHBIX B
Hutpanere B pazaenax kadenpst KCIIT.

J1J1st 3aKperuieHrs 3HaHui TEOPUH YIIPABIICHUS peKOMEHIyeM 00paTuThesi K Web-
caitry http://wps.prenhall.com/esm_dorf_modctrisys_10/. Ha stom caiite umeroTcs
KOHTPOJIbHBIE BONPOCHI M 33Ja4d PA3IUYHON CTEMEHH CIIOXKHOCTU U3 H3BECTHOTO
y4eOHMKA T0 TEOpUU ympamieHUs [6]. B MHTEpaKTUBHOM pEXUME MOXXHO MPONTH
CaMOTECTUPOBAHHE U TPOBEPUTH CBOU OTBETHI.


http://wps.prenhall.com/esm_dorf_modctrlsys_10/

I'maBa l
YPABHEHUSA U IIEPEJIATOYHBIE ®YHKIINUA 3BEHBEB

B 3amavax 5Toil rmaBel HEOOXOAMMO COCTaBUTH MU depeHIanIbHOe ypaBHEHNUE,
CBSI3BIBAIOIIEE BBIXOAHYIO (DU3HUECKYIO BETUYMHY Y C BXOJHOW BETUYMHOMN U, UCTIONB3YS
JUIS  3TOTO COOTBETCTBYIOIIME 3aKoHBl ¢u3uku. B olmem ciaydae mMoJydeHHOE
muddepeHnransHOe ypaBHEHNUE BUIA:

F(y®™,y®=0  y" yu®™ =D ' u)=0

aBisieTcs HenmuHeHbIM. Ecnu ¢yHK1Ms F u ee mepBble YaCTHBIE MMPOU3BOIHBIEC TIO
BCEM aprymMeHTaM HENpepbhIBHBI B TOUYKE JMHeapu3auuu (paboyell ToOYke), TO
JMHEapU30BaHHOE YPaBHEHUE B MPUPAIICHUSX 3alUChIBACTCS B BUJIE:

anAY+ ana Ay D+ + as Ay’ + aoAy = bnAU™ + br1AUM™ D+ + biAu’+ boAu,

rae KodhGuIHMeHTsl @ M Dy paBHBI 3HAYEHUSM COOTBETCTBYIOIIUX YaCTHBIX
MPOU3BOJHBIX TMPU TMOJCTAHOBKE 3HAYEHUW AapryMEHTOB B TOYKE JIMHEapu3aluu
(3amaroTcs 3HAYEHHMsS] BXOJHOM M BBIXOAHOW BEIMYMH U BCEX HUX BPEMEHHBIX
IIPOU3BOJIHBIX, KPOME CTApUIEH MPOU3BOJHOM BBIXOJHOW BEIMYMHBI, 3HAYEHUE KOTOPOH

ONPEIEIAETCS U3 UCXOIHOTIO YPABHEHUS):
oF doF _
= 570 0; b, = ~ 3 O;F,zxel =01,..,n; k= 0,1,.. m
B oneparopHoii (hopme 3TO TMHEAPU30BAHHOE YpaBHEHUE IPUHUMAET BU/I:
APy + ap 1 p" 'y + o+ apy + agy = bypp™u + by p™ u+...+b,pu + byu.
B kpatkoii (hopme MOKHO 3anucaTh NOCIEAHEE YPABHEHUE B BUJE:

a;

y = W,
r7ie
b p™ + b1 p™ 1+...+byp + by d
a,p™ + a,_1p™" t+...+a4p + ay dt

[lepenaTounass (yHKIUS 3BEHA OINPEACISACTCS KaK OTHOIICHHE W300paKCHHS
Jlanmaca BeIX0IHOM BennuuHbI Y(S) K n3o0paxenuro Jlamnaca BxomHnou Benmudarnbl U(S)
IIPH HYJICBBIX HAYaJIbHBIX YCIOBHUIX:

W(s) = Y(s)/U(s).

C To4HOCTBIO 710 0003HaueHus oneparopos W(S) comamaet ¢ W(p).

Jis onricanust (PU3UIECKHUX TPOIIECCOB MTPUMEHSIFOTCSI COOTBETCTBYIOITHEC
ypaBHeHUs ( HarpuMep: 3aKoHbI HproTOHA).

JUIS 2JIEKTPUYIECKUX U DJICKTPOHHBIX YETHIPEXITOIOCHUKOB HUCITOJIb3YIOTCS 3aKOHBI
Owma u Kupxroda B mudpepeHnmnanbHbIX UK OTIEPaTOPHBIX (opMax.

3agaun

1.1. CoctaBbTe TMHEAPU30BAHHBIE YPABHEHUS:
a)y —x2 —x =0 BToukeXo=1, oc)y"+yx+yx'+x+y=0

6)y—Sl7’lx=O XOZO, y’0=x'0=y0=x0=1;
) y— Inx=0 Xo = 1; 3y +yx+xx+x+y=0
e)sinx— cosy= 0 Xo = W4; Yo=x0=0,y=x0=1;



Xo =0;

Xo=1;

w y'+ yBPx+siny4+ x=0

ylo = 1,y0 = O,XO = _1.



1.2. CocraBbTe ypaBHEHHE XUMHUYECKOW pPEAKIMH, €CIH H3BECTHO, YTO
CKOPOCTh IIPOTEKaHUs pEaKUHMH IPONOPLUUOHAIbHA PAa3sHOCTH KOJMYECTBA HE
popearupoBaBLIero BemecTBa Q M KONIMYECTBA IMOITYYMBILIErOCs B pe3yjbTare
peakuuu npoaykra Y.

1.3. 3aBUCHMMOCTH  CONPOTHBICHUS TEPMHCTOpa OT  TEMIEpaTyphl
onpezenserca BepaxenrneM R = Roe®!T; rne Ry = 10000 Om, T — TemmepaTypa B
rpanycax Llenbcus. [lomyuurte nuHEHYI0 MOJIETh TEPMUCTOPA, PaOOTAIOIIETO NPH
T = 20°C, nyisa MabIX U3MEHEHUHN TEMIIEPATYPHI.

1.4. CocraBbTe ypaBHEHHE KOJICOAHUN MATEeMaTHYECKOTO
MasTHuKa (puc. 1.1). Macca masTHHKa paBHa M, JuTMHA HATH — .
BxonHol BeIUUMHOM ABJISIECTCSA BHEIIHMI MOMeHT M, BeixogHou M,
BEJIMYMHON — yroJl OTKJIOHEHUS MasiTHUKA OT BEPTUKAIBHON OCH
o.. BpImonHuTe nuHEapu3aluio MOJYYEeHHOTO YpaBHEHUS MpHU
o.=0 u Haiinure nepenaroynyo pyakommro. i

1.5. Omnpenenure 3aBUCUMOCTH YIJla MOBOPOTa CIyTHHKA OL OT MOMEHTa
Bpaienus M, co3gaBaemoro napoi apuratenei (puc. 1.2). [Ipu BkimroueHnn o1HOM
napbl ABUTaTENel CIyTHUK BPAIIAETCs B OJHY CTOPOHY, MPH BKIIOYCHHUH JIPYTron
napel — B MPOTHBOIOJIOXHYIO CTOpoHY. CHYTHHK CUHUTATh XECTKUM TEJIOM C
MOMEHTOM HUHEPLIHHU J.

o JBurarenu

Puc. 1.2

1.6. CocraBbre ypaBHEHHs M NepeIaTOYHble (DYHKIUM DJIEKTPUUECKHX
1eren, n300pakeHHBIX Ha puc. 1.3.

a) Rl 0) R1 8) R1
w—:l—l_—@ o—1 +—+—2 o |
U1 C Ul UZ U1 II Uz
U, % L C R2
Rz
R2



2) R1 L 0) L e)
g)_:—fv\f\_:l;_g DV Y g
C Uz Ul UZ Rl
Us T —(!|— - c,
U;
C U R
Puc. 1.3.

1.7. Omnpenenute mnepenatoynyro (QGyHKIHIO TENd € HACATbHBIM
OTIEPAIIMOHHBIM ycuiuteseM (puc. 1.4).

a) 0) C
c —
Il C |
i1 1 R,
-
- - |
R — 7 - % ) —
Ve | ? Ugsix U V+ Ussx
@ 2 & 2
Puc. 14

1.8. CocraBbTe ypaBHEHHE JBIDKCHHS Tella, NPHUKPEIUICHHOTO K
HETOABMKHOM CTE€HE C MOMOLIBIO MPYKUHBI, MOJ ACHCTBUEM BHEWIHEH cuibl F.
Macca tena — m. XKectkocTh npyx’uHbl paBHa c. Ha Teno geicTByeT cuina TpeHwus,
MPONMOPIMOHANIbBHAS CKOPOCTU JBWKEHUA. Ko3pduuueHT nponopuuoHanbHOCTH
paBeH K. [Tomyuute nepenarounyro GyHKIUIO 3BE€HA, CUUTAsT BXOIHOW BEJIMYHHOM
cuity F, a BBIXOIHOM — KOOpAMHATY LEHTpa Macc Tena X.

1.9. CoctaBbTe ypaBHCHHE, CBS3BIBAIOIICE YIOJl MOBOPOTA KPYTSIIETOCS
MasiTHUKa o (puc. 1.5) ¢ BHEmIHUM Bpamaromum MmoMmeHToM M. MoMeHT unepuuu
MasTHHUKA paBeH J, KodhPUIMEHT ynpyrocT Npy>kKUHbBI — C, KOAGOUITHESHT BI3KOTO
TPEHUs, MPOMOPIIHOHAIBHOTO YIII0BOM CKOPOCTH, — b.



pd

C1 ———

- J

/777
o
<
~
4—
X
[

—>

e
C
LH/ o, M
f C2

Puc. 15

Puc. 1.6

1.10. CocTaBbTe ypaBHEHHE, CBS3BIBAIOIEE BEPTHKAJIHLHOE IEepEeMEIICHUE
aBTOMOOMJISI X1 OTHOCHUTEJIBHO MOBEPXHOCTH Iocce (puc 1.6) ¢ BHemHe# cuioii f.
Macca aBromo6mits — My; macca konec — My; koaddurment ynpyroctu peccop Ci;
KOd(pPUIIMEHT yNpyrocTu MmHUH — Cz; KOI(PPHUIMEHT BSA3KOrO TPEHUS,
HPOTIOPIIMOHATILHOTO BEPTUKAIBHON CKOPOCTH aBTOMOOMJIS, — K.

Vkazanue: Paz0elite cuctemy Ha ABe nojacucteMbl. OJiHa MojcucTeMa
COCTOUT W3 aBTOMOOWIIs, peccop u aemmdepa ¢ xoddpdunmentom K. Bropyro
MOJCUCTEMY TIPEACTABISIIOT YINPyTWe IMWHBIL. PaccTosiHME IeHTpa KoJjieca OT
MTOBEPXHOCTH III0CCE — Xo.

1.11. CocraBbTe ypaBHEHHE, CBSA3BIBAIOIIEE CKOPOCTh BpaIlEHUS POTOpa
neurarens noctosiuaoro Toka (JAI1T) ® ¢ nanpsbxenuem sikopHoit nenu U, MomeHT
MHEPIUU AKOPS paBeH J, UHAYKTUBHOCTh U COITPOTUBIICHUE SIKOPS — La U Ra, MOMEHT
BpallleHUs  OPOIMOPLMOHAJIEH  SKOPHOMY  TOKYy € KO3 (dUIHEHTOM
nponopuroHanbHoctu C,,, mpoTuBoIIC nmponopuroHanbHa CKOPOCTH BpaILCHUS
potopa ® ¢ kodhdumuenTom npomnopuuoHadbHOCcTH Ce. I[ToTOK BO30YXIECHHUS
ITOCTOSIHEH.

Omnpenenute nepenarounyto pyukiuo AT ns cinyqaes:

a) BxoaHas BenuunHa — U, BbIXOJHAs BeJIMYMHA — (O, MOMEHT
CONPOTHUBNICHUS Mc = const,;

0) BxonaHas BenuurHa — Ua, BBIXOJHAS BEIMYMHA — YToJI MIOBOPOTA POTOpA
(0, MOMEHT CONPOTHUBIIEHUS M. = const,;

6) BXOJIHAsI BEJIMYMHA — MOMEHT CONPOTHBIICHHUSI Mc, BBIXOHASI BEIUYNHA —
o, Ua= const.

1.12. CocraBbTe YypaBHEHHE, CBS3BIBAIOIEEC BBIXOJHOE HampspkeHue U,

9



reacparopa MmOCTOAHHOIO TOKa C HAIPAKCHUCM B036y}K,IIeHI/ISI Ug H CKOPOCTBLIO

BpaIieHust poropa M, cuutasi, 4to U, IponopiuoHaIbHO MPOU3BEACHHUIO (O H TOTOKA
Bo3Oyxnenus @. Ilapamerpsl OOMOTKHM BO30YXJACHUS: HHAYKTUBHOCTh L, H
pe3ucTUBHOE conpoTuBiecHUE R,. [ToToK BO30OYX)neHrs @ 1 TOK IIeTH BO30YKICHHS
CBsI3aHbl KOA((UIIMEHTOM MponoplHoHAIbHOCTH KB. IlomyunTte mnepeaaTouHyro
(GYHKIUIO JIJIs1 ABYX CIIyYacB:

a) BxoaHas BenuunHa — U, BeIxoHas BenmuunHa — U,, © = const;

6) BXOJHas BEJIMUYMHA — O, BBIXOHAs BenmmunHa — U, U, = const.

1.13. B pe3epByap o0bemMoM V, 3aM0IHEHHBIN 10 KPaeB PAaCTBOPOM KHUCIIOTHI
C KOHLICHTPALMEN P, BTEKAET pACTBOP TOM K€ KUCIOTHI C KOHIEHTPALUEH Pex.

KonmdecTBo pacTBOpa, BTEKAIOIIETO B pe3epByap B CAWHUIYY BpeMeHH, paBHO Q.
KommuecTtBo pacTBOpa, BBITEKAIOIIETO U3  pe3epByapa, paBHO KOJIUYECTBY
MOCTYMUBIIEH KUAKOCTH. CUnTass, 4TO MOTYUYAIOIIUNUCS PACTBOP CTAHOBUTCS MTHOBEHHO
OJTHOPOJHBIM, TIONYYHTE YypaBHEHHE, CBS3BIBAIOIIEE KOHIICHTPAIUIO pacTBOpa B
pe3epByape ¢ KOHIIEHTpalued BTEKAIOIIer0 pPacTBOpa, M OINPEACIUTE MEPEeIaTOuHYIO
byHKIHIO.

1.14. CocrtaBbTe nepeaaTouHyr0 (PyHKIUIO 3BEHA, Xy
npuBeeHHoro Ha puc. 1.7. KommdecTtBo XKHUIKOCTH, %@—T\\
BTEKAIONICH B EAWHMIY BPEMEHH, MPOMOPIMOHAIBEHO
OTKPBITUIO  BIyCKHOTO  KjamaHa X.,. KommwyectBo [
KHUJIKOCTH,  BbITEKAalOlmled B  €IMHUILYy  BpeMEHH, [..... Q........
MIPOIMOPIIMOHAIIEHO POU3BEACHUIO OTKpBITHS |
BBIMTYCKHOTO KJamaHa X, M JaBIICHUS KHUIKOCTH, T.C.
KOJIMYECTBA XUAKOCTH B pe3epByape. KoadpduumeHtst
IPONOPIMOHAILHOCTH — ¢1 W c¢2. Paccmorpure mBa
clryyasi: l

@) BXOJHAas BEJIUYMHA — OTKPBITHE BIIYCKHOI'O Puc. 1.7,
KJIanaHa X», BBIXOJAHAsI BETUYMHA — KOJIMYECTBO YKHUJIKOCTH
B pesepByape Q, Xe¢ = Xg0= const,

Xe

0) BXOJIHasl BEJIIMYMHA — OTKPBITHE BBITYCKHOTO KJIalmaHa Xe, BBIXOAHAsS
BEITMYMHA — KOJMYECTBO JKUIKOCTHU B pe3epByape Q, X» = X» = const.
JInHeapu3anuo MpOU3BECTH B TOUKE Xs = Xe0 U Xu = Xuo.



1.15. CocraBbTe ypaBHEHUE ABUKEHUS CEPIECUHUKA e
anekTpomarHuta (puc. 1.8) Maccoil M, MOABEMIEHHOrO Ha - "
OPYKMHE C KECTKOCTBIO C1. DJIEKTPOMAarHuTHas cuiia Fu, \?
JecTByIOIas Ha CEpIEYHHK, IIPONIOPLMOHAIIBHA <‘> =
OTHOLIEHUIO KBaJ[paTa TOKa |, MPOTEKAIOILIEro Yepe3 KaTyIIKY, =
U BeW4IHHBEI 3a30pa §. Koaddument mponopunoHanbHOCTH 1=
C2. Hannure nmepenaToYHyro GpyHKIHIO IS CITy9aeB: L,

@) BXOJHAs BeIMYMHA — BHEMHSSA cuia Fes, P
BBIXOJHAsI BEJIMYMHA — 3a30p O, B paboueil Touke do 1pH | v v
= io = const; d i

0) BXOJHAs BEIWYMHA — CHJA TOKa |, BBIXOJHAs Puc. 1.8
BEJIMYMHA — 330D O B TOUKe & = Oo, | = io mput Feu = 0. T

1.16. CocraBbTe ypaBHEHHUsS, OMNKCHIBAIONINE (PU3MUECKHE TPOIECCHI,
POTEKAIONIME B JBUTATENIE TOCTOSHHOTO TOKAa IPHU YIPaBICHUU CKOPOCTHIO
BpallleHUs] poTopa HampsbkeHueM Bo30yxkaenus U, Bpamarommii MoMeHT
MPOIOPIIMOHANIEH MPOU3BEICHUIO SKOPHOTO TOKa /a M MAarHUTHOTO TMOTOKa @ C
K03 (UIUEHTOM NponopuuoHaIbHOCTH Cg, a MpoTHBOD/IC npomnopuuoHanbHa
IIPOU3BEJCHUIO CKOPOCTH BpalleHUsi poTopa ® W MArHUTHOTO TIOTOKa C
KO3 PUIUEHTOM NPONOPLIHUOHATBHOCTU Cep, MATHUTHBIA MOTOK MPOMOPLMOHAIEH
TOKY B LENU BO30YXJCHUSA C KOIPQPHUIMEHTOM MPOMOPIUOHATBHOCTH Ki.
[TapameTpsl aBUTATENS: MOMEHT HHEPLUMH SIKOpS paBeH J, MHAYKTUBHOCTh H
conpoTuBieHue sSKopsi — L U Ra, MHAYKTUBHOCTH W COMPOTUBJICHHUE OOMOTKHU
BO30yxkaeHus — L, u R,. Onpenenure nepeaaTounyro GyHKIUIO ABUTATENS (BXOIHAS
BenuunHa — U, BeIxo/iHas BenuunHa — ®, U, = const, MOMeHT conpoTuBiieHus M. =

const) B paboueit Touke 1,9, Do, M.
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I'iaBa 2
YACTOTHBIE ®YHKIHU U XAPAKTEPUCTHUKU 3BEHBEB

[Ipu uccnenoBaHUM CUCTEM YIIPaBJICHUS BaXKHOE 3HAUYCHHUE MMEIOT YaCTOTHBIC
XapakTepucTukd. OHU OMHCHIBAIOT BBIHYXKJICHHBIC YCTAHOBHBIIHUECS JIBHXKECHUS
CHUCTEMBI IIPHU T0/1a4e Ha €€ BXOJ rapMOHUYECKOTO BO3/ICHCTBUSI.

B oroi rnmaBe paccMarpuBaeTCs NOCTPOCHHE YAaCTOTHBIX XapaKTEPUCTHUK
OTJICTHHBIX 3BEHHEB U CHCTEM.

Bce dacToTHBIE XapaKTEpUCTUKA MOTYT OBITh TMOJYYCHBI M3 TMEpEAaTOYHON
¢byukiuun W(p) mpu moxacraHoBke B Hee p=jw. Dynkiuioo W(jw), Ha3bIBaeMyio
aMIUTUTYTHO-(a30BOM  9acTOTHOM (GyHKIMEW (MM YacTOTHOM TepenaTOYHOU
(GyHKUIHEH) MOKHO IIPEICTaBUTh B BUJIE:

W(jw) = U(w) +jV(w) = A(w)e/ )
A(w) = /U2(0) + VZ(w); ¢(w) = arctgm
U(w)

JUis  cucteM,  ONUCBHIBAEMBIX  OOBIKHOBEHHBIMH U (pepeHInanbHbIMU
ypaBHEHUSAMH, TIepeaTOYHbIe (YHKITUH MPEACTABISAIOT CO00M TPOOHO- paliOHATbHEIE
¢yakmun  p. Ecim W(p)=R(p)/Q(p), To wuyactoTHas mepemaToyHas QyHKIUSA
cootBercTBeHHO UMeeT BUI: W(jo)=R(jo)/Q(jw).

AMIINTYTHO-9aCTOTHAS XapaKTEPUCTHKA Alw) = W(w)| = :28 Z;:,
a (hazoBo-uactoTHas xapakrepuctuka ¢ (w) = argR(jw) — arg(Q (jw))
e IRG)| = UF @) + V3(@): 1QGw)| = [U(@) + V(w);
Vi (a))) (VQ ((U)>
arg R(jw) = arct ;arg Q(jw) = arct :
gR(j 9<UR(w) gQ( AR
l'omorpad W(jw) Ha3bIBACTCSA aMILTUTYAHO-(a30BOM YaCTOTHOM

XapaKTEePUCTUKON (uiu auarpammont HalikBucra).

B mnpakTthdeckux pacdeTax HUCHONB3YIOTCA JOTapu(MUUECKHE aMIUIUTYIHbIC
xapakrepuctuku (JIAX) u norapudmuueckue ¢daszoBsie xapakrepuctuku (JIDX).
Ananmutnueckue BbipaxkeHus misg JIAX u JIOX onpegensitorcss W3 CAEAYHOUIUX
COOTHOILICHHH:

L(w) =201gW(jw)|,  ¢(w) =argW(jw).

[Ipu stoM o0ObaHO cTposiT acumnroruueckue JIAX. ITlo ocu abcruce
OTKJIQJBIBAIOT 1g ® B JIeKajax WM yKa3bIBalOT caMO 3HAYEHHE YacTOThI B pajl/Cex.,
UCIIOJIBb3YSl JIOTAPU(PMHUUECKYIO IIKATY.

(CoBokynHocTs JIAX u JIOX HazbIBaloOT Takke quarpaMmont bozue).
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Jlorapu(pMuuecKre 4aCTOTHBIE XapaKTEPUCTUKHU YI00HO CTPOUTH Ha CIICIIHATBHO
pa3IMHOBaHHOW Oymare, Korja IO OCH aOCIMCC OTKIAABIBAIOTCS 3HAYCHHUS
4acTOTHl 1O JorapuMuyeckoil mikane. Pa3auHOBaTH Oymary MOKHO C IHOMOIIBIO
nporpamMmmbel  BodePaper, pabGoraromeit B cpexe Matlab. Dty nmporpammy MoXHO
3arpy3uth u3 Uateprer (http://aivt.ftk.spstu.ru).

Tam xe wumeercs mnporpamma BodePlotGui, monesnas mus wu3ydeHUs
acumnroTnyeckux JIAX.

3agaum

2.1. BLIBGI[I/ITC BBIPAKCHHUA U HOCTpOﬁTe BCC YAaCTOTHBIC XAPAKTCPHCTHKH
3BCHLCB, IICPCAATOYHBIC (l)yHKI_[I/II/I KOTOPbLIX UMCHOT BU:

k
W) =57 6) W(p) = k(Tp + 1);
B)W(p)=m; F)W(p)=m

2.2. BeiBequTe BBIPAXEHUS U IIOCTPOUTE BCE YACTOTHBIE XapPAKTEPUCTUKHU

3BEHBEB C MEPEAATOYHBIMU (PYHKIUSIMHU:

k(1+T

a) W(p) :(1+—T21pp)’T1 >T, k> 1,
k(1+T

0) W(p) =(1+—T21;9),T1 <T,k<1.

CpaBHUTE 3TH XapaKTEPUCTUKH.

2.3. Onpenenurte 4acToTy, MpU KOTOPOi (pa3oBkIil CIIBUT 3BEHHEB C
MepeIaTOYHON

1+Tip

w = —
(p) 1+ T,p

T, > To,uwmuT, < T,

(1)213013511“4 CABUT Ha COIIpATarOMMX 49aCTOTaxX OAMHAKOB M 3aBHCHUT OT COOTHOIICHUWA

MMOCTOSIHHBIX BPEMEHHU.
Hapucyiite cxXeMbl 3JIEKTPUYECKUX YETHIPEXMOIIOCHUKOB, HMEIOIINUX
yKa3aHHBIC MepeaaTOuHbIe (PYyHKITUH.

2.4. OnpenenuTe 4YacTOTy, NMPU KOTOPOW (Da30BBIA CIABUT 3BEHHEB C
nepeaaToyHon PpyHKIuen
1+Tip

W(p) = 1T,

HMECT DKCTPEMAJIbHOC 3HAUCHNE U HAWOWUTE ATO 3HAYCHHUE.

T, > To,uwmT, < T,

12
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2.5. Onpenenute NMOCTOSIHHBIE BpeMeHU 1 U T2 (opcupyromiero 3BeHa ¢
nepeaTOuHON (QyHKIIHEH
1
W(p) = #,
+ T)p
00eCIeunBaOIIEr0 MaKCUMaIbHBIN (Da30BbIN cABUT ¢,= 60° Ha yacToTe
»=20 c. IIpoBepbTe pe3yabTar ¢ momMoIso Matlab.

2.6. [Toctpoiite A®UX, JIAX u JI®X HeMuHHMaIbHO-(a30BOTO 3BEHA C
nepeaTOYHON (PYHKITUEH.
W(p) LI T, < T
= —, WIn :
p 1+ T,p 1 2 1 2
CpaBHUTE UX C COOTBETCTBYIOIIUMH XapaKTEPUCTUKAMH MUHHMAaIbHO-(a30BOT0

aHajora.

2.7. Tloctporite ADUX 3BeHa C IepenaTouHON (HYHKIHEH
ke™PT

1+ Tp

2.8. Ha BXOI HMHEpPIMOHHOTO 3BEHA C IMOCTOSHHOM BpeMeHU I=Ilc wu
ko3 dunuenTom mnepeaaun k=10 momaHO CHHYCOMIAIbHOE BO3JCHCTBHE C
gactoToii ®=5 ¢ u ammmurymoit X,, = 2. Onpenenure 3HAYCHUE AMILIMTYIbI
YCTaHOBUBIIUXCS KoJieOaHUi Ha BbIXoje Y, U a3y BBIXOJHOTO CUTHAJA.

2.9. ITocTpoiite mpuommkeHabie AOUX, JIAX u JIOX cucteM ¢ 3a1aHHBIMU
nepeaTOYHbIMU (PYHKITUSIMU:

_10(1 - 10p) _p*(1-p)
a) W(p) = —1¥p A) W(p) = aip)?’
_1-10p _(1-p)?
B W) = 2, 5 W(p) = ——,
p—1 p(p + 1)?
_10(p—1) 10

C nomomrsro Matlab moctporitTe TouHbIC XapaKTEPUCTUKH U CPABHUTE MOJTYUCHHBIC

pE3yabTaThI.
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I'naBa 3
CTPYKTYPHBIE CXEMBI, IIEPEJATOYHBIE ®YHKIIUU CUCTEM
YIIPABJIEHUSA (COEI[I/IHEHI/Iﬁ 3BEHBEB)

IIpu paccmorpenuun CcTpykTypHbIX cxeM CAY MOXKHO BBIICIUTH TPU THUIIA
COEMHEHUI 3BEHBEB: MOCIEA0BATEILHOE, TAPAICIIBHOE U C 00PATHOU CBS3BIO.
[TocnenoBaTenbHOE COECIMHEHHE 3BEHHEB 3aMEHAECTCA 3BCHOM C IMEPEIATOYHOM
byHKIMEH, paBHON MTPOU3BEACHUIO MEPEIaTOYHBIX (QYHKIIMH, BXOIAIIUX B COSTUHCHHE:
n

Woon @) = | [ W)
i=l

[TapannenbHOe COEAVMHEHWE 3BEHBEB 3aMEHSIETCS 3BEHOM C TNE€pPeAaTOYHOMU
dbyHKIMEH, paBHON anreOpanvyeckol CyMMe MepelaTOYHbIX (YHKIUNA, BXOMISIIUX B

COCANHCHUC!
n

Wi () = ) £Wi(p).
3BeHO C TmepenaToyHoil ¢GyHKUIuen i/l/rllp(p), OXBau€HHOE OOpaTHOUM CBS3BIO C
nepenaToyHon (yHKUMel 3BeHa B 00paTHOM CBsAsu Wig,(p), 3aMEHAETCA 3BEHOM C
nepeaTouHoOn PyHKIMEH:
Wi ()
1+ VVnp (p)Wo6p(p)’

Wiks. (p) =

(3Hak + 1715t OTpUIIATEBHOM, a 3HAK — JIJIS TTOJIOKHUTENBHONU 00paTHOM cBsizu). Ecnu
CTPYKTYypa CHUCTEMbI HE MO3BOJIIET BBIICIUTH PACCMOTPEHHBIE COSAMHEHUS (Harpumep,
IpyU HAIWYMKA  NEPEKPEUIMBAIOIIMXCS KOHTYPOB WJIHM  CBSI3€i) MPUMEHSIOTCS
HKBUBAJICHTHBIC CTPYKTYPHBIE TPE0OpPa30BaHUsI, OCYIIECTBISIEMbIC ITyTEM MIEPEHOCA TOUECK
Pa3MHOKEHUA WM CYMMHUPOBAHUS CHUTHAJIIOB 4Y€pE3 3BEHbS BIEPE] WM HA3aJl, Kak
MTOKA3aHO HUXKE:

a)
Vs >2
A KT e K e KT o K S o KT ot K
}_1_1 > [w ] [w ]
l Vi l Yi
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[IpaBumna nepeHoca BO3AEHCTBUM

JUist mostydeHusl nepeaaToyHol (YHKIMH MOKHO TNPUMEHATH Takxke (QopMmyiry
MelicoHa, MO3BOJISIONIYIO0 BEIYMCIUTD NEPEIATOUHYIO (PYHKIUIO MEXAY JIFOOBIMH JABYMS
y3JIaMH CTPYKTYPHOM CXeMBHI [4, 5]:

T S
W(p) _ [(Zk=1 Wnp.k) H':l(l + Wpi)] *
- s
1=, (T £ Wpi)] =

3neck mox Wy, x MOHUMAKOTCS NIEPENATOYHBIE (PYHKIIMU BCEX TIPAMBIX ITyTEH MEXKITY
paccMaTpuBaeMbIMU y3namu; W, — nepenatodnas QyHKIMsA KaKI0r0 KOHTYpa, B3sTas cO
3HAKOM + JIJIsl OTpULATENbHONW 00paTHOM CBsI3U, Mocie ero pasmbikaHus. [Ipoussenenue

—; BKJIFOYAET BCE S 3aMKHYTBIX KOHTYpa. 3Be3710UKa * 03HAYaeT UCKITIOUYCHHE 13 CKOOOK
BCEX YJIEHOB, COJIEpPXKAIMX MPOU3BEICHUSA NEPEeNaTOUYHbIX (DYHKIMI OJHHUX U TeX Ke
3BEHBEB (BKJIIOYAsl 3BEHbS C NMEPEAATOUHON (PyHKIMEN, paBHOU €IMHULIE).

3amaum

3.1. [lonyuure nuddpepenHunanbHOe ypaBHEHUE, CBA3bIBAIOIIEE BBIXOA X
C 3aJIaf0IIUM BO3JIEMCTBUEM g, IO CTPYKTYPHOM CXeMe, IPUBEICHHON Ha puc. 3.1.

r X

- 1/p —r»

o

Puc. 3.1

3.2. CocraBpTe cucreMy AuddepeHIrnanbHbIX  ypaBHEHUH 1O
CTPYKTYPHBIM CX€MaM, IPUBEAECHHBIM Ha puc. 3.2 u 3.3.

15



=
N
V:<

T,p+1

XZ %
T T,p+1
% K;
X5

Puc. 3.2
X, y v,
.-
T,p
X, 1 Yz
—
T,p+1
X3 1 Ya
T3p+1
Puc. 3.3

3.3. CocTaBbTE€ CTPYKTYPHBIE CXEMBI IO CICAYIOIUM MaTEMAaTHYECKUM
OIMCAHUSIM CUCTEM:

a)4y+3y+y=2u
O)y+y+y=u

) {(Tﬂ) + ki + 1)(Top + k, + Dy; = K, [(Typ + kg + 1)x;, + kyxq]
(Typ + kg + D) (T3p + k3 + 1y, = k3[(Typ + kg + 1)x3 + Kk;X4]

(Typ + Dy; +y2 = X4,
r) 3 (Top + Dy, +y, +y3 = Xy,
(Tsp+ Dys +y; = X3

3.4. Ilokaxxute HKBUBAJICHTHOCTb CTPYKTYPHBIX CXEM, M300paKE€HHBIX
16



Ha puc. 3.4.

a) 0)

1 > 1/W >

Puc. 3.4

3.5. IlpuBenuTe CTPYKTYpPHYIO CXEMY pHUC. 3.5 K OHTHOKOHTYPHOMY BUAY,
HE U3MEHSIS NIEPEIaTOYHbIX 3BEHBEB MPSMOI0 TPAKTA.

Puc. 3.5

3.6. Ilonyuute nepenarounbie GyHKIMU cuctemsl (puc. 3.2) mexay 1-
BIM BXOJIOM M BCEMH BBIXOJaMHU.

3.7. TlomyuuTe nepenatounyro GyHKIHO cucTeMsl (puc. 3.3) Mexay 1-
BIM BXOJIOM H 3-UM BBIXOJIOM.
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3.8. IlpeobpasyiiTe CTpyKTypHyIO cxemy puc. 3.6, mpuBens Bce
BO3MYIIICHUS K OJTHON TOUKE — BBIXO/Y 3BEHA C nepenarounoit hpynkmuen Wi.

f

g
" w1l

Puc. 3.6

3.9. HOHy‘II/ITe IMepCcaAaTOIHbIC (1)YHKI.[HH CUCTCM, IIOKA3aHHBIX Ha PHC.
3.7.

a) 6)

X‘T‘%’LW('“) »é—\(» ﬂﬁ@—»ww) ;

Puc. 3.7

3.10. Ilytem CTpYyKTYpHBIX MpeoOpa3OBaHUI MOIYYUTE MepeaaTOuHbIC
byukiuu cuctem (puc. 3.8).

Puc. 3.8

18



3.11. Beruucnure nepenaTouyHyro (pyHKIIHIO 3aMKHYTON CHCTEMBI (pHLC.
3.9) ¢ nomompio pyukiuit MATLAB series u feedback.

g 1 2(0,5p+1 X
(0,5p+1) I
ptl 3p+l

Puc. 3.9
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I'maBa 4
YACTOTHBIE ®YHKIINNU U XAPAKTEPUCTUKU CUCTEM
YIIPABJIEHUSA (COEI[I/IHEHI/Iﬁ 3BEHBEB)

Ilpu nocnedoosamenbHom cOeTMHEHNY 3BEHBEB YaCTOTHAS NIepeaaTouHas pyHKIus
npencrabisger coboit mpomsBenenne ADUX otmensHbIX 3BeHBEB, a JIAX m JIOX
COOTBETCTBEHHO UX CYMMY:

W(jw) =[Ii2, Wi(w),
L(w) =2Li(w) u ¢(w) =Y (w).

Ilpu napannensnom coeTUHEHUU 3BEHBEB YACTOTHAs TepeAaToyHash (PyHKIUS
npenacrasisget coooit cymmy ADUX oT/ienbHbBIX 3BEHBEB.

W(jw) = Xiza Wi(jw).
[Tpubnuxennoe nocrpoenue JIAX mapamienbHOrO0 COEIUHEHHUsS BBINOJIHSIOT 10
ydacTKaM: B 4acTOTHOM Auana3one, rae Li>L, nmpunumaror L=L,, a B nuamnasone, rae
L,>L; mpunumarot L=L,.

Ilpu oxeame 36ena oOpamuoil céA3b10 YACTOTHAS NiepenaToyHast GyHKIUS UMeeT
BU/I:

; _ Wi (jw)
W(jw) = 14+W; o)W (jw)'

rne W;(jw) — xapakrtepuctuka mpsMoit cBsizu, a W, (jw)— XapakTepucTHKa
00paTHOM CBSI3H.

[Tpubnmxennoe nocrpoerne JIAX MOKHO TPOU3BOAUTH CIETYIOITUM 00pa3oM:

1) B amamasone yactoT, rae |[Wi(jw) W,(jw)| << 1, (1.e. L1+L,<0) moxHO
CUUTATh:

(W(jw)| = [Wi(jw)| u L(w) = L (w),

2) B amama3oHe yactort, rae |Wy(jw) Wy (jw)| >> 1 (t.e. L1+L2>0):

W ()| ~ 1/|W, ()] u L(w) ~ —L,(w).

Takum oOpazoM, BHavase cTposT cymmy JIAX 3BeHbeB, a 3aTeM — oOmyro JIAX
COCJTUHEHUS.

Jlst MuHMMAaBbHO-()a30BBIX cucTeM 1o nosrydeHHou JIAX MoxxHO moctpontsh DUX
Ha OCHOBE U3BECTHOM MX B3aUMOCBsI3U. J|J1s1 HEeMUHUMATBHO-(a30BbIX CUCTEM TOCTPOCHUE
XapaKTepUCTUK PEKOMEHayeTcsl HaunHaTh ¢ ADUX.
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3agaun

4.1. Iloctpoiite npumepusie ADUX mociie10BaTeIbHO COEAMHEHHBIX 3BEHBEB 110
A®DUX oTAenbHBIX 3BEHBEB:

ggWi(p)=p—1, W(p)=-p+1,

1 10
OWi(p) = s Wa(@) = -5
10 2
o) W1(p) = (1+I;)’ W2(p) = (1+2p)’

[IpoBepbTe pe3ynbTaThl ¢ OMOIIBI0 Matlab, MOCTpOUB TOUHBIE XapaKTEPUCTUKH.

4.2. IToctpoiite npumepHbie ADYUYX napamieabHO BKIIOUEHHBIX 3BEHBEB:

1
a) Wi(p) = K, Wz(P)ZE, 6) Wi(p) = K, W,(p) =Tp,
K.
6) Wi(p) = Ky, Wa(p) = Kop, Wa(p) =~
4.3. TIloctpoiite acumnrotruueckue JIAX u JI®X 3BeHbEB, BKIIOUYCHHBIX
napasuiesibHo. OnpeenuTe nepeaaToyHbie GyHKINH COCTUHCHUN:

10 100
@) Wi(p) = (1+0,001p)’ W (p) = (0,0001p2+0,001p+1)’
_p o1
o) Wi() = Wa(P) =
10
6) Wl(p) = (0’05p+1)1 WZ(p) = Oll(ollp + 1)

C mnomomipio Matlab mocrtpoiite TOYHBIE XapaKTEPUCTUKH M CPaBHUTE HUX C
ACUMIITOTHYECKUMHU.

4.4. Tloctpoitte acumntoTuueckue JIAX 3B€HbEB, OXBAUCHHBIX OTPUIIATEIBHOU
00paTHOM CB3bI0, 110 JIAX OT/IEIbHBIX 3BEHBEB.

100
@) Wi(p) =10, W>(p) = o0
10 _001p
0) Wi(p) = 0,01p+1)’ Wa(p) = (0,001p+1)’
_ 100 _ 0,001p+1
6) Wi(p) = 0,001p+1)’ W2 (p) = (0,01p+1)’
_ 10p+1 _ 100p
2 Wi(p) = (0,1p+1)’ W2(p) = (100p+1)(0,01p+1)’
_ 100 _ 01p

C mnomomipto Matlab mocTpoiiTe TOUYHBIE XapaKTEPUCTUKH U CPaBHUTE HX C
ACUMIITOTHYCCKUMHU.

4.5. Iloctpoiite JIAX u JI®OX cucrtem ¢ nepeaTouHbIMU (QYHKIUSIMU:

_ 10(10p+1)
a) W(p) = (0,01p+1)(0,1p+1)(p+1)’
_ 100(10p+1)
6) W(p) = p(100p+1)(0,1p+1)(p+1)’
0,1(0,2p+1
& W(p) = 202D

p2(0,05p+1)(0,005p+1)’
10p(0,1p+1)

(0,01p+1)(p+1)’

2) W(p) =
21



[TpoBepnTe pe3ynbrathl ¢ momolso Matlab.

4.6. Ha puc. 4.1 npuBenensl acumnroTudeckue JIAX mMuHUMaIBHO-(PA30BBIX
3BeHbEB. OIpenenuTe X nepeaaTouHbie PYHKIMU U 3alUIINTe BhIpaxkeHus aist OUX.

g

40

201

204

Puc. 4.1

4.7. lloctpoute npumepHbiid Bug ADOUX pazomkHyTol cucteMsl 1o JIAX
MUHHUMAaJIbHO-($a30BoM cucteMsl (puc. 4.1).

4.8. IToctpoiuite npumepHbid Bug JIAX n JI®X pa3oMKHYTOM CUCTEMBI MO
ee ADYX (puc. 4.2).

Puc. 4.2
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I'maBa 5
BPEMEHHBIE ®YHKIIUU U XAPAKTEPUCTUKH

[lepexomHble MPOLECCHl MOMXHO IOCTPOUTH C IOMOIIBIO KIACCHUYECKOTO WIIN
orepaTopHOro MeToAa peuieHus auddepennnanbHpIx ypaBHenuil. [Ipu ucnonb3oBanum
KJIACCHUYECKOTO METOZa BBIXOJHOM CHUTHANl MILETCS B BHJAE CYMMBI CBOOOIHOTO U
BBIHY>KJICHHOTO JIBUYKCHHIA:

() = Y (@) + Yoru (0.

CoOcTBEHHOE BMKEHUE SIBIISICTCS PEIICHUEM OJTHOPOIHOTO AU(PepeHIInaTbHOTO
ypaBHEHHsI. BhIHYKI€HHOE BHKEHHE SBIISETCS PEIICHHEM HEOJHOPOIHOTO yPaBHEHHUS.
CoOcTBEeHHOE IBUKEHHE UMEET BUI:

y.(t) =Y Ciett, tme A;— KOpHH XapaKTepHCTHYecKoro ypaBHeHHs, Ci—
IPOM3BOJIbLHBIE TIOCTOSIHHBIE. BBIHYXIEHHOE ABIKEHUE OIpPENeseTCs] MPaBOM YacThiO

muddepenuransaoro ypaBHeHus. [IponsBonbHble nocTosiHHBIE Cj ONPEAENSIIOTCA MPU

. : n-1
MOJICTAHOBKE HAYaJbHBIX YCIIOBUMN yo,yo,...,yo( ) B obee pemerue Y(t) u ero

IIPOM3BO/IHBIE TI0 BPEMEHHU.

[IprMeHeHME OMEPaTOPHOrO METOA IMO3BOJSCT HCKIIOUUTH JTAll OIMPEACIeHHUs
MOCTOSIHHBIX HHTErpupoBaHus. [Ipy HCIIOIB30BaHMHM OIEPATOPHOIO METOAA CHadvaja
ONPENENSIOT M300pakeHUE BBIXOAHON BenuuuHbl  Y(P), MONB3YsACh IpPaBUIAMHU
npeoOpazoBanus Jlammaca. Opurumban  Y(t) HaxomdaT ¢ MOMOIIBI0  00pPaTHOTO
npeoOpa3oBanus Jlamaca.

Ecnmu um3o0pakeHne HenpepbiBHOW BbixogHou BenuuuHbl Y(P) = G(p)/H(p)
NpEeJCTaBISACT IPOOHO-PAIIMOHAIBHYIO (DYHKIIMIO OT P, TO JJIsl HAXOXKICHUSI OPUTHHAIA B
cllydae TMPOCTBHIX IMOJIOCOB JTOH (DYHKIMM MOXHO BOCIOJIB30BAThCS TEOPEMOM
Pa3IoKCHUS:

y(t)= Z%‘?_pit, i=1,2,...,n, rae pi — mpoctsie mosocsl H(p),
, dH
H'(p; ):d_p‘p:pi :

BecoBast xapakrtepuctrka W(t) mpencTaBiiseT peakiMi0 CHCTEMbI Ha BXOJHOE
Bo3zelicTBUE B Bue O(t) mpu HYJIEBBIX HAYAIbHBIX YCIOBHSX M SBISCTCS OPUTHHATIOM OT
nepexarounoil pynkuu: W(t) = L2 [W(p)].

[Tepexonnas xapakrepuctuka h(t) npeacrapiser peakiuo CHCTEMbI Ha €IUHUIHOE
CTyIIeHYaToe BO3JCHCTBHE TMPH HYJIEBBIX HAyaJbHBIX YCIOBHAX M  paBHA

4|1
h(t)=L" =W(p)|. BecoBas u mepexonHas OYHKIMH CBS3aHBl BBIPAKCHUEM:

w(t) = h(t).
[To BecoBOi WM TEPEXOTHOW XapaKTEPUCTHKAM MOXKHO OIICHHTH KauyeCTBO

MPOIIECCOB  yIpaBjiCHUS (BpeMs IEpPEXOJHOTO TIpoIecca, IepeperyIupoBaHue M
KOJIe0aTeIbHOCTB).
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Ecnu u3BectHa BecoBasi MM EPEXO/IHASI XapAKTEPUCTUKA, TO PEAKIIMIO CUCTEMbI Ha
nr000e BxoiHOE Bo3zelicTBre X(t) MpH HyJIEBbIX HAYAJIBHBIX 3HAUCHUSIX MOYKHO HAWTH C
MOMOIIBIO HHTETpaJia CBEPTKHU:

y(t) = f_th(t — Dw(t)dt = h(t)x(0) + fotx'(T)h(t — 1)dr,

rae  X(0) - 3HaueHne BxoaHOTO curHaia npu t = 0.

B tabnuie 1 npuBeaeHsl pyHKIMU 1 UX n300pakenus Jlaraca.

Taomuma 1
HenpepbiBaas ¢yHKIHs
npeobpa3oBaHue
OpUruHan;
Jlanmaca
(1 oput=20
f(t)_{Oant¢0 a
1(0) .
p
1
‘ p?
t2 1
21 p?
t3 1
3! p*
tk 1
e—(xt 1
pt+a
1 at @
e - -
p(p +a)
1
t —-at
¢ (@ + )2
t2 1
J— e_at —_—
2! @+ a)?
tk 1
k! (p + a)kt?
. B
t —_
sin B 07+ 2
p
cos it 27 1 B2
B
_at . t
¢snp (o + )? + 7
pt+a
—at -
e % cospt @+ a)+ 52
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3agauu

5.1. HemocpencTBeHHBIM HWHTETPUPOBAHWUEM HAWIuWTe OOIIee pelieHue
nuddepeHranbHbIX YpaBHEHUMN:

a) V+y=X,;

0) Y—-y=X;

g) Y+4y+3y=xX.
npu X(t) = a*1(t), a = const.

5.2. Haiinute MMMysIbCHBIC MEPEXOAHBIE XaPAKTEPUCTUKU CHCTEM, CTPYKTYpPHBIE
CXEMbI KOTOPBIX MPEJCTaBIEHBI Ha pUC. D.1.

y
y
iy A - el s
a) a I
6) )
Puc. 5.1

5.3. C momo1pro GopMyIT pa3ioKeHHS HAlIUTE BECOBBIC (DYHKIIMHM CHCTEM:

p+3 .
(01p+1)(02p+1)(05p+1)(p+1)’
p*+p+8p?+4p+1.

p°(p®-1)
(p+1)(p+4)
(p*+p+1)(p+3)°(p+5)

a) W(p)=

0) W(p)=

6) W(p)=

5.4. Onpenenure nepexoAHble U BeCOBble (YHKIUU PA30OMKHYTHIX M 3aMKHYTBIX
CHUCTEM, eCJIH MepeiaTouHble (PYHKIIUN Pa30OMKHYTHIX CUCTEM UMEIOT BH/I:

1,2 Tp* +28p+29

— 6) W(p) = :
p(0.2p+1) ) W(p) pP+3p* +3p+1

a) W(p)=

5.5. Ompenenure 3aKOH U3MEHEHHUsI BBIXOJHOW BEJIWYMHBI JUIsI 3BEHA C
nepeaarounoi ¢pynkruer W(p) = 2/(0,2p+1) npu BXOJHBIX BO3ACHCTBUAX:

a) X=t+0,5t 6  x=¢t

6) x=sint; 2) x=¢el
Y HYJICBBIX HadaJbHBIX YCIOBHUSX.
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5.6. [lepexonnas QyHKIMS CUCTEMBI UMEET BH/I:

a) h(t) = 1/6 — et — 5/3e3t — 5/2e*;
6) h(t) =5 —e? —4cos t-2sin t;
6) h(t) = 1-et + e?sint.

Onpenenure peaki|io CUCTEMBI Ha BXoaHoe BoszeiicTeue X(t) = e 1(t) npu HyseBbIX
HAYaJIbHBIX YCIIOBUSIX.

5.7. CTpykTypHas cxema clesiie CUCTeMbI TpUBeieHa Ha puc. 5.2. Onpenenure
nepexo tHbIi mporecc Y(t) B cucteme npu BxoaHbIx BoznercTBuax X(t) = f(t) = 1(t) u
HYJICBBIX HAYaJbHBIX YCIIOBHUSX.

X(t) 2 y 1
01p+1 '® 1, A

Puc. 5.2

01

5.8. Cucrema 3ay1aHa ypaBHEHUEM COCTOSIHUAS X = 0 x . Haiinure matpuiry @(t)

u X(t) g HavaneHbIx yenoBui X1(0) = 1; x2(0) = 1.

5.9. [lepenarounas GyHKIUS CUCTEMBI UMEET CJIEIYIOIINA BH/I:

b b.p+b
g W(p)=—2 6) W(p)=— P2
a0p+a1 aop +a1p+a2

bep™ +b,p™t +...+b
G)W(p): Opn 1pn_1 m.
a,p" +a,p" "t + ... +a,

Onpenenure, NP KAKMX HAYaIbHEIX YCIOBHAX Y0 M OTCYICTBHHM BXOJHOTO
BO3JIEHCTBHSI IEPEXOIHBIN MPOLECC B cUCTEME 00pa3yeT BECOBYIO XapaKTEPUCTHKY.

5.10. Haiigute n3o0OpakeHUE BBIXOJHOM BEJIMYMHBI MPU OTCYTCTBUU BXOJHOTO

BOSHCﬁCTBHH N HCHYJICBBIX HAaYaJIbHBIX YCJIOBHAX IJIA CICAYIOIUX CUCTCM!

K 3 (-
a)W(p)z(TlpH)(szH), y(-0)=yo,  y(=0)=0;

b : - .
OW(p)=—7—" , Y(0)=Yo, (=0) = iy, J(=0) = jiy;
P +ap +a,p

b,p> +b,p+b
§) W(p)=———F——
agp +a1p +a2p+a3

,Y(0)=Yo, ¥(=0) =y, ¥(=0) = o .
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5.11. Ompenenute nepenarouHble (PYHKIMH CHUCTEM MO 33JaHHBIM BBIXOJHBIM
nporieccam Y(t) u BxoaHbM Bo3aericTBusM X(t). HauanbHbIe yCIOBUS HYJIEBBIC.

a) y(t) =8, x(t) =t + 6t;

6) y(t) = 0,25 + et + (1,25 —1,5t)e®, x(t) =e*;
6) y(t) =-0,5 €'+ 0,5 sint + 0,5 cost, x(t) = sint;
2)y(t) =5/9 +4/3t-5/9e3, x(t)=e3

5.12. Ompenenute nepenaTouHble (YHKIMH CHUCTEM MO 33JaHHBIM BBIXOJHBIM
nporieccam Y(t) u BxoaHbM Bo3aeiicTBHIM X(t). HauanbHbIe yCI0BHS HEHYJIEBEIC.

a)y(t)=-5+8e3+12e2  x(t)=2 upu y(-0)=7, y(-0)=0;
6)y(t) =-4+12t-et+6e?, x(t)=1-e?opuy(-0)= y(-0)=1;
6) y(t) =5/9 + 10/3t—-5/9 3, x(t)=e3. npuy(-0)=0, y(-0)=3.

5.13. Onpenenure n300pakeHNE U OPUTHHAI BBIXOJHOW BEIMYMHEI JISI CHCTEMBI,
UMEIOIIEH B PA30MKHYTOM COCTOSIHUM MepeAaTOuHyI0 (yHKIIHIO:

05 . 8p+5
e 6) W(Dp)=
p(p+1) )= o+ 05)(p+6)

Hauansusie ycnosus y(-0) =10, y(-0)=Vy(-0)=0, npu 3aMbIKaHHU CHCTEMBI

a) W(p)=

OTPHUIATEIILHOM eTMHUYHON 00paTHO# cBs3bio u X(t)= 0.

5.14. OnpenenuTe, Npu Kakux HadanbHbIX yenosusax Y0(0) nepexonuslii mporecc B
cucteme, wu300pakeHHOM Ha puc. 5.2, mnpu Bo3merctBuax f(t) = 1(1),
X(t) = 0 Oyzmer coBmazaTh ¢ MEPEXOAHBIM MPOIECCOM B TOM K€ CHCTEME IPU HYJIEBBIX
HaYaJbHBIX YCIOBHX U Bo3aercTBusx X(t) = 1(t), f(t) = 0.

5.15. Haiinure peakiuio CHCTEMBI, ONTUCHIBAEMON ypaBHEHUEM:
X(O)+6X(t)+11x(t)+6 x(t)=0(t)+59(t)+6 g(t)
¢ HaganpHbIMU yeroBusmu X(0)=1,%(0)=-3,%(0) =9 na sxoxgnoit curnan g(t) = 1(t).

OnpenenI/ITe Ha4YaJIbHBIC 1 KOHCYHBIC 3HAYCHUA BBIXOAHOI'O CUTHAJIA U €T0 JIBYX IICPBLIX
IIPONU3BOJHEBIX.

5.16. Ilpu Kakux YCJIOBHSAX, HAJIOKEHHBIX Ha mepemaTounyio ¢yukmuoo W(p)
(MTOPSIIOK TIOJTMHOMA YUCIIUTEIIS — M, TOPSIOK MOJUHOMA 3HAMEHATe sl — N), HadalbHbIC
YCIIOBHS 3aJ1a4M COBIMAJAIOT ¢ HAYaJIbHBIMH 3HAUCHUSMHU OpUTHHaJa U ero | mumammmx
MIPOU3BO/IHBIX.

27



I'maBa 6

YPABHEHUS ITPOCTPAHCTBA (ITEPEMEHHBIX) COCTOAHUSA
B Teopum aBTOMAaTHYECKOTO YIIPABJICHUS WCIOIB3YIOTCS JBa OCHOBHBIX BHJIA
OMMCAHUsI CHUCTEM: OJIMH — B TMEPEMEHHBIX BXOJBI-BBIXOJBI, IPYTOi — B MEPEMEHHBIX
coctosiHus. [lepBhIii MPUBOANT K TIEpeAATOYHBIM (QYHKITUAM (TIEpeIaTOYHBIM MaTPUIIAM)
¥ YaCTOTHBIM XapaKTEPHUCTUKaM. B 3TOM cilydae BbIXOIHAS Y ¥ BXOJHAS U TIEpEeMEHHBIC
CBSI3aHBI Uepe3 MEPEAATOUHYIO (PYHKITHIO:
y = W(p)u. (2.1)
Bo BTOpoM cilydae cumcTeMa OIMCHIBACTCS YpPaBHEHUSMH, pa3pelIeHHBIMH
OTHOCHTEIILHO MEPBIX MPOU3BOIHBIX IIEPEMEHHBIX COCTOSHUS.
CocTosiHUE CHCTEMBI ONPEICISIETCS BEKTOPHOM mepeMeHHoit  X(t) =
[x1(t), x5 (t), ..., x, (t)], MO3BONISATONIEH OMHO3HAYHO OMPEAETUTHh BBIXOA cUCTeMbI Y(1)
gyepe3 ee BXoJ U m HadaiabHOoe coctosHue X(t)=X(to). IlepeMeHHBIC COCTOSIHHS 4YacTo
SBJIAIOTCSL a0CTPaKTHBIMU BEJIMYMHAMU, KOTOPHIE HE MOTYT OBITh HEMOCPEICTBEHHO
U3MEPECHBI.
VYpaBHEHUS  COCTOSIHUS, JIMHEApU30BaHHBIE OTHOCHUTEIIBHOIO  HEKOTOPOIo
CTAIlMOHAPHOTO PEXXUMa, UMEIOT CTaHAAPTHBIN BU/:
x(t) = Ax(t) + Bu(t),
y(t) = Cx(t) + Du(t), (2.2)
rae A — matpuiia 00beKTa pa3MepHOCTH 1 X 1, B — maTpuiia ynpaBiaeHus: WM Bxoja — N
x m, C — maTtpuna Beixoga — | x n, D — marpuna komnencanuu — I X m. B cnygasx m<n
matpuna D = 0.
[IpeoOpazoBanue ypaBHeHu# (2.2) k Buay (2.1) €e1MHCTBEHHO:
W(p) = C(pE — A)™'B,
rae E — equananas matpuna. M3-3a TpyaHOCTEH 00paleHrss MaTpHUIl BO MHOTHX CITydasx
NepeIaTOYHY0 (DYHKITHIO MPOIIE TOJIYIHTh ITyTeM NMPeoOpa3oBaHus CTPYKTYPHOH CXeMYy,
COOTBETCTBYIOIIEH ypaBHEHUAM (2.2).
[lepexon ot ypaBHeHuit (2.1) K ypaBHEHHSIM cCOCTOsHHS (2.2) HE SBISIETCSA
€MHCTBEHHBIM U 3aBUCHUT OT 0a3uca MPOCTPAHCTBA COCTOSHUI.

Hopmanvnas popma ypasnenuii cocmoanus
Ecimu cucTeMa ¢ OJHHM BXOJOM yIpaBsSeMa M UMEET IEPEJaTOuHY0 ()YHKIIUIO
BHJIA:
W by p™ 4+ b, ,p" %+ ...+ b,
(P) = pt+ a1 p" 4+ . +aptay’
10 Matpunsl A, B, C HOpMaNIbHOro MPEICTABICHHS HMEIOT BHI:

-0 1 0 .. 0 - 0
o 0 1 .. 0 0

A= . o . . . |,B=lol,c=[y by .. bpy byl
o o0 0 . 1 0
| —ay, —a; —a, .. —ap_q] l1J

Ecnu cucrema He ympapmsema, T.e. mapa Marpuii {A, B} BeIpoxnaena, To
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HOPMAaJILHOTO TIPE/ICTABIICHUS HE CYIIECTBYET.

Takum oOpasom, eciu nepeaatounas Gyukuus W(p) usBectHa, To Matpuilsl {A, B}
YIPABJISIEMON CUCTEMBI B HOPMaJIbHOM (hopMe MOTYT OBbITh JIeTKO MostydeHbl. C apyroit
CTOPOHBI, ecnu Matpuilsl {A, B} ympaBmsemoill cucTemsl 3afaHbl, TO AJIs MOTydEHUS
HOpMaJdbHOH (OpMBI  MaTpumbl A  JOCTATOYHO BBIYUCIHTH  KOA(PPUITUCHTHI
XapaKTePUCTUYECKOTO MOJTMHOMA UCXOHON MATPHIIBL.

Kanonuueckue ¢hopmul ypaeuenuii cocmoanusn

R
Ecmu mepemarounas ¢yukmus W (p) = k@) 00BEKTa C OJHUM BXOJOM HMEET

Q(p)
TOJIBKO MPOCTHIE MOJIOCHI Pi (KOPHU XaPAKTEPUCTUYECKOIO YPABHEHHS] ), TO UCIIOJIBb3YIOTCS

ABa KAHOHNYCCKUX IPCACTABJICHUA BU/IA:

0 w0 1
A= Pz B = ,C=[by by .. by by4]
0 0 .. p, 1
1581071
P1 0 . 0 bo
J— O pZ e 0 _ bl _ _ R(pi)
A=t o BT l "C_ 1 1 .. 1 1ltmeb; = )
0 0 .. p, b1

Ycnoeua ynpasensaemocmu u naonrwoaemocmu cucmem
Cucrema (HempepbIBHAS WM JUCKPETHAs), MpeIcTaBiIcHHAs B (opMe ypaBHEHUN
COCTOSIHMSI, YIpaBlisieMa TOT/Ia M TOJILKO Torja, Korma mapa marpuir {A, B} He

BeIpOKIeHa, T.e. panr marpunbl U=[B AB A2B .. A" 1B] pasen mnopsaky
CHCTEMBI N,

Cuctema (2) HnaOmomaema, ecid paHr Marpuilbl Habmomaemoctn H =
[CT ATCT (AT)2¢T .. (A" 1CT] pasen mnopaaxky n, (CT u AT

TPaHCTIOHHUPOBAHHBIE MATPHIIbI).

Ilepexo0 om 00H020 6azuca Kk opyzomy.

*
ITepexon ot opHOM GopMbI K JpYroil 03Ha4aeT nepexos oT oaHoro 6asuca k apyromy X = PX, ot

* * *
OJTHOTO Habopa MaTpPHII (A, B, C) K APYTroMy (A , B ,C ) MIPU HEM3MEHHOU ImepeaTouHON PyHKITHH.
CyIecTBYIOT pa3IMuHbIC BAPUAHTHI pacyeTa MaTpHUIlbl mpeodpazoBanwmsl. [Ipu aToM niepemena 6aszrca U MaTpHIL
HC U3BMCHICT CBOfICTB CUCTCMBI.
Jlist mpuBeieHust MaTpUIIB IF000To Oa3uca ¢ MaTpulleit A o0IIero Bujia K KAHOHUYECKOU opme

pa3MenIeHreM 10 TIIaBHOW IWaroHald KOPHEH XapaKTepUCTHUECKOTO YPaBHEHNS (COOCTBEHHBIX YHCET
MAaTpHIIbI) UCTIONIB3YETCs MPeodpa3zoBaHue:

Ay = M 'AM
rae MaTpuiia M cocTaBiieHa U3 CTOJIOIIOB COOCTBEHHBIX BEKTOPOB MATPHIIBI A.
Ecnu 6a3uc BeIOpan B HopManbHOH (opme ynpaieHus ¢ marpureid @podernyca Ay, TO epexos K

KaHOHMYCCKOM (bOpMC Ad OCYIICCTBIIACTCA C TOMOIIBIO MAaTPUIIbI BaHI[CpMOHI[a MB’ CTPOKH KOTOpOfI HUMCIOT
BUO:
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Martpuna Bannepmonna (3anucana B CTOIOOBOM BHAE UL COOCTBEHHBIX 3HAYEHUH A4, 4,, ..., 4,):

1 1
A A
My = 1 2

noox

IIpeobpaszoBanne Kk MUaroHaaILHON Gopme:
_ -1
Ag = Mp Ap Mg
U rorpa matpuna odmiero Buaa A MoxeT ObITh IpuBeeHa K hopMe Ap CIeIyIOIUM IPeoOpa3oBaHUEM:
Ap = MpM~tAMME?
rae M— martpuna nepexoja K HopMaiabHOH ¢opme ynpaBieHus (yIpaBIsieMOCTH).

Ecnu KOPHHU XapaKTCPUCTUICCKOI'0 YPaBHCHUSA KOMILJICKCHBIC /11,2 =at ]ﬁ, TO MaTpula BaHI[CpMOHI[a UMECT

BU:
o
M, =
B a ﬁ
Y TIPUBOJIUT K TIOyYSHHUIO KAHOHUYIECKOH ()OPMBI B BUJIE:
a B
ao= 5 )
_B a

5Taxoke mepexo]1 OT IPeCTaBICHHS YIIPaBIsieMO# cucTeMbl B 6asuce {A, B}
IIPOCTPAHCTBA IIEPEMEHHBIX COCTOSHHS X B Apyroi 6asuc {A*,B*} moxer
OCYIIIECTBIIATCA C MOMOIIBIO peoOpazoBaHus X*=PX. Matpuua nepexona P sBasiercs
eJIMHCTBEHHOH M MOXKeET OBITh BhruncieHa o ¢popmyne P = U*U™1 rae U =
[B AB A%2B .. A™1B]uU*=[B* A'B (A")?B* .. (A")"1B*].

Ouesugno, U= PU, P! = U(U")L. Jlerko y6eautscs, uto A= PAP?, B'= PB, C”
= CP1. Beibop HOBOro 6asuca {A*,B*} He aBnsgercs npons3BoibHbIM. TpeOyeTcs, 4TOObI
nepeaaTouHble PYHKIIUU UCXOTHOM U TPeoOpa30oBaHHON CUCTEM COBMAJalIH.

Ilocmpoenue nepexoonvix npoueccos N0 ORUCAHUIO CUCEM 8 NPOCMPAHCM e
COCMOSAIHUIL.
VYpaBHEHHS COCTOSAHUS TMHEMHON CUCTEMBI UMEIOT BU/I:
X =AX+ Bu,
y =Cx.

Torma npu HyJIEBbIX HAYAJIBHBIX YCJIOBUSX I M300paskeHu Jlarmnaca nepeMeHHbIX
COCTOSIHUS X Y BBIXOJIa Y TTOTYUYHM:

X(p)=(pE-A)'BU(p),
Y (p)=C(pE-A)'BU(p).

BekTop cocTosHus X Kak PyHKIMS BPEMEHH OINPEACIIACTCS 10 POPMYJIE:
t
x(t) =eAx(0) + [eAt"Bu(t)dr.
0

Bripaxenne O(t) = eA'= LY[(pE-A)?] naspiBaercs nepexomHoii MaTpuiei umm
MaTpUYHOM SKCTIOHEeHTOM. Torna BecoBast PyHKIUs

y(t) = w(t) = L[C(pE-A)B]=CeAB=Cd(1)B.
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[Mepexoanas matpuna O(t) MokeT OBITH IOTYYCHA PA3IUIHBIME CIIOCOOAMMU:

1) MoskHO IpUMEHUTH 00paTHOE MpeodpazoBanue Jlamiaca K KaxXI0My JIEMEHTY
matpunsl ¥ Haiitn (PE-A)*=(pE-A)"/A(p), rue (PE-A)* — npucoequHeHHas MaTpHIA,
A(p)=det(pE-A).

[Ipu 3TOM MOKHO HUCTIOIB30BATH (HOPMYITY PA3I0KEHUS U TAOJIUIIBI
npeoOpazoBanus Jlamnaca.

2) DnemenTsl O(t) MOKHO OIYUUTH 110 (hopmyiie Jlarpanxa-CunbBecTpa:
D(t) = Al = ZlA_ p.El..]A-pi.E[|A-pi.El...|A-p,E |epit
(i = P1)---(P; = Pi_)(P; — Pise)---(P; —Py)

(U1s cirydast IPOCTBIX COOCTBEHHBIX 3HAYCHHUU ;).

3amaum

6.1. IlpeoOpa3yiiTe onucaHusl CUCTEM, 3aJaHHbIE NIEPETATOYHBIMA (DYHKIIUSIMU, B
YpaBHEHUS COCTOSIHUSA:

k
A W) =———"—; 6) W(p) = ;
YWip pt+p+1 YWip p(p+ D +2)
k(p+1) k(p+1)
114 =—— w = ;
5) W(p) p2 —3p+2 D W) pr+p3+2p2+p+1
k(p?+p+1) k(p? +2p+1)
W) == 2 ; e) W(p) =— 3 2 )
p>+2p-+p+1 p*+p>+2pc+p+1

6.2. [TomyunTe ypaBHEHUS COCTOSIHUSI CUCTEM U3 MPEABIIYLIEH 3a/1a4d C IOMOILBIO
dbyukiuit Matlab.

6.3. CocTaBbTe ypaBHEHUS COCTOSIHUS AIEKTPUUIECKUX CXEM, M300payKEHHBIX Ha
puc. 1.1, npuHIB 3a MEPEeMEHHBIE COCTOSHUS HAIPSHKEHUS Ha KOHJIEHCATOpax |
TOKH, TPOTEKAIOITUE Yepe3 UHITYKTUBHOCTH.

6.4. Ha ocHOBe 1mostydeHHBIX B IPEIBIAYILEHN 3a71a4€ YPABHEHUN COCTOSIHUS
AIEKTPUUYECKUX IENEH COCTABbTE CTPYKTYPHBIE CXEMBbI (CXEMbI MOAECIUPOBAHUS),
HCTIOIb3YSl UHTETPUPYIOLLHUE U YCUIIUTEIIbHBIEC 3BEHbS.

6.5. lansl ypaBHeHus ABWKEHHUS cucTteM. [IpoBephTe WX ympaBIsIeMOCTb H

Ha0JII01a€EMOCTb.

X1 = X1 + X3; X1 = X1 +x, +Uu;
a)x; = —x, +u; 6) Xy = Xy;

y = X2 y = X3
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561=x1+x2; X1=X1+xZ+u;

B) XZ = _xZ + u, F) XZ == 2x2;

y = x2' y - xl.

)'Cl = Xy, 5C1 = 2x1 + Xy,
ﬂ)x2=_2xl+u, x2=x1+2x2 +u,

e)

Y = X;. X3 = X1 + Xy + X3;
y = X3.

6.6. Ilo ypaBHEHUAM COCTOSHHSI CHCTeM M3 3amadd  6.5.
COOTBETCTBYIOIINE TIEPEIATOUHBIC (DYHKITUU CHCTEM.

6.7. [lpuBenute ypaBHEHHUS CHCTEM K HOpMaIbHOH dopme:

a)fc1=x1+x2+u; 6X1:2x1+4‘xZ+2u,
X, = 2x5 + 2u. Xy = X1 + Xy + 2U.
X1 = X1 + 2%, +u; 1“)J'c1=—2xl+xz+u;
Xy = X1 + Xy. X, = —3x; +u.

IMOJIYy4YHUTC

6.8. CocTaBbTe CTPYKTYpHBIE CXEMBI CHCTEM II0 YPaBHCHHSIM COCTOSHUS,

MOJIYYEHHBIM B IIPEABIAYIICH 3a1a4e.

6.9. Haiimute matpuily mpeoOpaszoBanus P, mepepossmiyio cuctemy {A, B} B

apyroii 6asuc {A", B'}, yOenupuuce, 4to Takoe mpeodpa3oBaHue BO3MOKHO:

SA- a- (1] w1 Ha-[i]
oa=[t Yol w =) Y=
wA=F Yo-[] k= Y=Ll
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6.10.Haitnure 3aKkoHBI M3MEHEHHSI BEKTOPOB COCTOSIHHUS W BhIXOJa MHOTOMEPHOM
CHUCTEMBI:
X =% +2X+0, Y=X+X,.

a) .
Xy =2X + Xy,
¢ HavansHeIMU yenoBusamu X1(0) = 1, Xp = -1 npu BxoaHoM curaane g(t) = ev 1(t).
X=-—X, + 0, =Xy,
6) 2T 0; Y1=X%;

X=X +0,, VY,=%+05X,.
¢ HayanbpHbIMH ycrtoBusaMHU X1(0) = -1, X, = 0 mpu Bxoauom curnaie gi(t) = 1(t), gi(t) =

2(1).

6.11. C‘II/ITa}I, 4YTO BBIXOAHBIMH BCIMYHHAMMU SABJIAIOTCA IMCPCMCHHBIC COCTOSHHA,
OIIPCACIINTC IICPCXOIHBIC M BCCOBBIC MATPHUIbI A1 CUCTCM, HMCIOINIUX YPAaBHCHHA
COCTOSAHMUA:

X1=X +X, +U_ X1=2X, +4X, +2u

a) , 6) :
X2 =2X, + 2U X2 =X + X, +U
X1 =X, +2X, +U X1=—2X% + X, +U
0) ; 2) :
X2 =X, + X, X2 ==3% +U
0 6

HaUTE MEPEXOAHYI0O MaTPHUIly

6.12. [Ins cucteMbl ¢ MaTpuIieit A:‘

cocrosiaust D(t).
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I'naBsa 7
YCTONMUYUBOCTH CUCTEM ABTOMATHUYECKOI'O YIIPABJIEHUS

W3BecTHO, 4TO Ui aCUMIITOTHMYECKON YCTOMYMBOCTH JIMHEWHBIX HENPEPHIBHBIX
CUCTEM HEOOXOJUMO M JOCTATOYHO, 4YTOOBI BEIIECTBEHHBIE YACTU BCEX KOpPHEH
XapaKTepUCTUYECKUX TTOJTMHOMOB JIEKAJIU B JIEBOM KOMILJIEKCHOW MOIYIIOCKOCTH, T.€. Re
1,<0,i=1,2,...,n.

VY CTOWYMBOCTD MOXKHO OMPEACNIUTh MO KO3(PPHUIMEHTaM XapaKTepUCTH-UYECKOTO
NOJINHOMA (3HaMEHATeNs NePeIaTOYHON (PYHKIIMH)

D(p)=a,p" +a,p" " +...+a,,p+a,=0
— ¢ momonipko onpenenutens ['ypBuiia, coctaBieHHOTo u3 ko3ddurmentos D(p):

— ¢ npuMeHeHneM Tabauuel Payca:

Croxbern
— 1 C11 =Qp Cip=ay Ciz3 = a4
— 2 Cr =4 Cyp =2a3 Cyz =asg
C
ry = 11
€21 3 C31 =C120 —13C C3p =C13 —13C23 C33 =C1q4 —13C
C
Y = 21
€31 4 Cyp =Cpp —1yC3 Cyp =Cp3 —14C33 C43 =Cpq —14C3y
. Ci21
i - - — J— J—
Ci11 i Ci1=Ci22 " hCi12]| Ci2=Ci 23 1Ci 13| Ci3=Ci 24 " 1Ci14

Cucrema ycToiuuBa, €Clid MOJIOXKUTENIEH ONpeAenuTens ['ypBuna A, U BCe €ro
JMArOHaIbHBIE MHUHOPBI, JIMOO TOJOKUTEIbHB KOA(DPHUIIMEHTHI TEPBOTO CTOJOIA
Tabmmiel Payca.

B coorBercTBUM ¢ KpuTtepueM MuxanioBa cuUCTeEMa YCTOWYMBA, €CIU IOBOPOT
IPOTHUB YacCOBOW CTPENKH BEKTOpa, MPOBEACHHOIO W3 Hadajla KOOPAMHAT B TOYKY
ronorpada MuxainoBa

D(jo)=a,( jo)"+a(jo) ™" +...+2a,,(jo)+a,

IpY U3MEHEHHUHU ® OT HYJIS 10 OECKOHEYHOCTH, paBeH Nt/2.

Ilo xpurepuro HalikBucra 3aMKHYyTasi CUCTEMA yCTOMYMBA, €CIU MOBOPOT IIPOTUB
YacOBOW CTPEJIKM BEKTOpa, MPOBEACHHOTO n3 Touku (-1, J0) B TOUKY ® aMILIMTYIHO-
(a30BOI YaCTOTHOM XapaKTEPUCTUKU PA30OMKHYTOU CUCTEMbI TPU U3MEHEHUU () OT HYJIS
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T, < .
10 OECKOHEUYHOCTH paBeH E(ZI +1 ), rae [1-duciio mpaBbIX MOJIOCOB MEPeIaTOuHON

(GYHKIUH pa30MKHYTOM CHCTEMBI, M-4HCIIO TTOJIFOCOB HA MHMOM OCH (BKJIIOYAs V- YHCIIO
MOJIFOCOB B HYJIE).

[Ipu ucronp30BaHnM JOTapUPMUIECKUX YaCTOTHBIX XapaKTEPUCTHUK B cirydae M=0
3aMKHyTas CHUCTEMa YyCTOWYMBA, €CIU anreOpamdeckas CyMMa IepexoioB (a3oBoi
XapaKTepUCTUKoN JwmHuM =+/x, /=1,3,5,... B 00JJaCTH YacTOT IOJIOKUTEIHLHON

Jorapu(pMUUECKON aMIIUTYJHOW XapaKTEPUCTHKU PAa30MKHYTOW CUCTEMbI paBHa [1/2.
[TonmoxxuTenbHBIM CcUUTAeTC Nepexo]l (Pa3oBOW XapaKTEPUCTUKON JTUHUN +/77 CHHU3Y
BBEPX.

JUis BblIeNieHUsT 00JacTeil YCTOMYMBOCTM B IUIOCKOCTH JIByX HEM3BECTHBIX
napametpoB A u B u3 xapakrepuctuueckoro ypasaenus D(p)=0 monacranoBkoit p=jw
MOJIy4arOT CUCTEMY M3 JIBYX YPaBHEHUI:

ReD(ja)):O:> A-P(w)+B-Q(w)+R(w)=0;
ImD( jo)=0 A-P(w)+B-Q(w)+R,(w)=0.

Pemenune 3Toi cuctemsl paBHO:

-R Q R -R
acB_ PR Qg Ay [ —Ry|

A P Q A P Q

P, Q P, Q,

Koopaunatsl Touek 4(®) HaAHOCAT Ha OCh abciuce U B(w) — Ha OCh OpAMHAT. ITUM
CTPOro OMpEenessaeTCs MOPSA0K 3alUCH CUCTEMbI YpaBHEHUMU (T.€. MOPSAOK CIIeIOBAHUS
ypaBHEHUH B cUCTEME U KO3 (ULIMEHTOB B KaXJAOM YPaBHEHUHU) U €r0 CBS3b C BLIOOPOM
oceil koopauHat. Mi3MeHeHue 3Toro nopsiaka, a Takke U3BMEeHeHue 3Haka Ko (OUIIMEHTOB
OJIHOTO W3 YpaBHEHUU MOXET MPUBECTH K OIIMOKAaM B OINpEAENIeHUH 001acTu
YCTOMYMBOCTH IO NMPABWJIAM IITPUXOBKU KpUBBIX. [Ipn namenennn o ot 0 10 o0 KpuByrO
B=f(4) mtpuxyoT 1BOIHON MTPUXOBKOH ciieBa, eciiu A>0, u cupasa, eciu A<0. Uepes
TOYKH @, , B KOTOPBIX A(®, ) nin B( @, ) IpefcTaBisioT HeonpeaeneHHocTs Buaa 0/0 uim

o0/o0 IPOXOAAT OCOOBIC MPsIMbIE. YPaBHEHHsI OCOOBIX MPSMBIX HAXOMASAT MOJACTAHOBKOM
3HAQYEHHH @; B OJJHO U3 ypaBHEHMI cucTeMbl. OcOObIe PAMBIE INTPUXYIOTCS OJMHAPHON

IITPUXOBKOU B CTOPOHY INTPUXOBKH OCHOBHOM KPUBOM, ECIIU ONPENETUTEND A B TOUKE ®,
MenseT 3Hak. Ipu @, #0 nmm @, #00 0coOble IpsAMBIE ITPUXYIOTCS JBOMHOM INTPUXOBKOM.

B cnydae, ecnu BelleCTBEHHAass U MHHMMAasi 4aCTH YPABHEHUS HEIMHEWHO 3aBUCAT OT
napaMeTpoB A u B, BONpPOC O IITPUXOBKE PEHIAETCA [0 3HAKY OINPEAETUTENs
JIMHEAPU30BAHHBIX YPABHEHUM.

Bo MHOrux mpakTHYecKUX Clydasix MMapaMeTpbl CUCTEMbI U3BECTHBI HETOYHO WJIU
MOT'YT HU3MEHATHCS B OMNpeIeNeHHbIX mpenenax. s aHanuza yCTOMYMBOCTH TaKUX
CUCTEM C  HEONpeIeNEHHbIMU  [MapaMeTpaMu  pacCMaTpUBAIOT  CEMEMCTBO
XapaKTePUCTUUECKUX TTOJTMHOMOB:

f(p)=a,p" +a,p "+ +a,, aada; €[a;,a,1,i=0,1,2,...,n..
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Torma cucrema ycroWuuBa MpHM 3aJaHHBIX BapUalMiIX €€ MapamMeTpoB, €CIIH
YCTOMYUBBI XapaKTEPUCTHUECKUE ITOJIMHOMEBI CO CAEAYIOIIUMHU KOd(DOUIIUEHTaAMU:
(1) (aol§1’§2153154’_5‘5@61571---)
(2) (3,3,8,,85,8,,35,35,87,--)
(3) (20,3,3,,23,24,35,35,37,---)
(4) (ap,a,,a,,a;3,84,85,84,a,,...)

J1iist N=3 10CTaTOYHO MPOBEPUTH OJUH moarHOM — (1):
— 3 2 —
f(p)=a,p°+a,p"+a,p+a,,

st N=4 — nBa moauHOMa — (1) u (2), st N=5 — tpu monmmuoMa — (1), (2) u (3). Ilpu N>6
HEO0OXO0IMMO MTPOBEPUTH BCE UeThIpe MmosimHOoMa [11].

3agaum

7.1. Uccnenyiite yCTOMYMBOCTH CHUCTEM, ONHCHIBAEMBIX IU(()epeHInaTbHBIMU
YpaBHEHUSIMU:

a) $i+2>k+x:u;
0) 5&+2>k—x:u;
8) 5Z+2$i+4k+5x:u;

7.2. UccnenyiiTe yCTOMYMBOCTH CHUCTEM, OMUCHIBAEMBIX IU(PEpeHITNATBHBIMU
ypaBHEHUSIMU:

X1:X2, Xl:—X2+U1,

a) | 0)

X2 ==X, —2X, +U. X2 ==X, +2X, +U,.

7.3. Onpenenure yCTOMYMBOCTH PABHOBECHOTO COCTOSIHUSI CUCTEM, OCYIIECTBUB
MpEABAPUTEILHO JIMHEAPU3AIUIO YPABHEHUN COCTOSTHUA:

a) 6)

2. VI H .

7.4. Onpenenute yCTOMUUBOCTh CUCTEM MO XapaKTEePUCTHUECKUM YPAaBHEHUSIM:
a) 3p°+ p?+2p+1=0,
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6) p* +p+3p>+2p+1=0,

6) p°>+3p*+2p®+p®+4p+1=0,

2) 7p" +6p° +4p°> +5p* + p*2p? +3p-1=0.
ITpoBepnTe oTBEeTHI ¢ ToMoIb0 Matlab.

7.5. IIpn KakuX NOJIOKUTEIBHBIX 3HAYCHUSX IAPAMETPA @ CUCTEMA

X, =—axX, +U,
X, =(a—2)X; +U, +U,

X3 =—X, —2ax; — U,
OyJeT yCTONYHBOM.

7.6. IIpoBepbTe yCTOMYMBOCTh CUCTEMBI X = A - X, €ClIi KOMIIOHEHTBI MaTpUIlbl A
MOJIOKUTEIIbHBI:

—d; —ap 0
A=| a, —ay —ay
0 as, 0

7."7. JaHO XapaKTEpUCTUYECKOE YPABHEHUE YCTOMYMBOUN CUCTEMBI
Ap® +Bp?+Cp+D=0.
Onpenenute, yCTOMYUBBI JIU CUCTEMbI, XapaKTEPUCTUUECKUE YPABHEHHS KOTOPBIX
UMEIOT BUI:

a) Bp* + Cp>* +Dp+ A =0
6) Cp3+Dp?+Ap+B =0
B) Dp®> + Cp*+Bp+A =0

7.8. JlaHO XapaKTEepUCTUYECKOE YPABHEHHE YCTOMYNBOU CUCTEMBI:
n n-1
a,p +a,,p +...+ap+a,=0.
Ycroituusa Jii CUCTEMa, XapaKTEPUCTUYECKOE YPaBHEHUE KOTOPOU
n n-1
Qp +ayp " +...+a,,p+a,=0.

7.9. Onpepennre YCTOMYMBOCTb PA30OMKHYTOM UM 3aMKHYTOM CHCTEM IO
nepeIaToyHon (PyHKIIMN pa3OMKHYTONU CUCTEMBI:

100
Wi(p) = ; W(p) =
@) W(p) p3+3p2+30p+1 6) W(p)

@+ D@+2)(@+3)

50(p+1) 2(p+ 1)
41753+ 12p2 — 1 ;W) = 3 2 '
p> + 12p Op + 100 p*+3p> +2p-+p

5)W(p)=p
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[TpoBepnTe oTBeTHI ¢ ToMoIbo Matlab.

7.10. Omnpenenute 3HA4YECHHUsS] KpUTHYECKUX Kod(pduuumentoB ycwienus K mo
nepeIaToYHbIM (PYHKIIUSM Pa30MKHYTBHIX CUCTEM:

W _ K _ ) W(p) = K(p+1) _
DW= oD +ner+n VO T Do+
K+l _ K@*+p+2)
DWE =iy Do +3) DW= v a

7.11. Tloctpoiite rogorpad MuxaiinoBa U onpeaeauTe yCTOMYMBOCTb CUCTEM IO
XapaKTePUCTUUECKUM YPAaBHCHUSIM:
a) p* +2p3 +5p? +4p + 4 = 0;

6) p* + 4p3 + 5p% + 2p + 4 = 0;

6) 3p* +p3 +3p2 +4p+1=0;

2) p*+ 2p* +8p+5=0;

0) p° +p* + 7p3 + 4p% + 10p + 3 = 0.

[TpoBepbTe oTBeTHI ¢ Momotibio Matlab.

7.12. T'ne wnaumHaetrcsi romorpad MuxaiiioBa, eciu XapakTEPUCTHUECKOE
ypaBHEHUE UMEET:
a) HyJIeBbI€ KOPHHU;
0) HEYETHOE YUCJIO MPABbIX KOPHEH;
B) YETHOE YHCJIO TIPABBIX KOPHEH, TNOO MpaBble KOPHU OTCYTCTBYIOT.
Bmone kakoii ocu yxomur B OeckoHeuHocTh rogorpadp D(jo) mnpm  o—oo
U @) 4ETHOM N,
6) HE4eTHOM N?

7.13. Omnpepenutre yCTOWYMBOCTh CHCTEMbI M YHCIO TNPAaBbIX KOPHEW st
rogorpados Muxaiiiosa D(jo), nzo0paxeHHbIX Ha puc. 7.1.

38



d)

%
+]

+]

n=-8

7 R
:
SEOND-

Puc. 7.1
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7.14. Ha puc. 7.2 npuBenen roxorpad D(jo)
Pa30MKHYTOM CUCTEMBI 4ETBEPTOIrO HOpsIIKa.
Onpenenure yCTOWYMBOCTHD W YHCIIO MPaBbIX KOpPHEH
3aMKHYTOM CHCTEMBI, €CJIU NepenaTouHas GyHKIUSI
Pa30MKHYTOM CI/ICTCMBI MMEET BUL!

a) W) —D( : 0 W)= 5o
10 1
&) W) = S’Tg)

Puc. 7.2

7.15. Janbl nnepenaTouHble GyHKIIUN PA30MKHYTBIX CUCTEM:

a)W(p)=%+1, 6)W(p>=%_1.

C IIOMOIIBIO KPHUTCPUA HaiikBucra HCCHeﬂYﬁTC YCTOP'IQHBOCTB 3aMKHYTBIX CUCTCM.

7.16. PazomkHyTasi cucTeMa uMeeT NepeIaTOuHy0 (PyHKIIUIO

W(p)=1%
p°+1
[TocTpoitte AOYX u onpenennure yCTOMUMBOCTh 3aMKHYTOM CUCTEMBI.
C nomomkto Matlab:
@) IPOBEPHTE MOJYYCHHOE PEIICHUE,
0) ompenenuTe 3amachl YCTOWYMBOCTH, €CIM OKAaXKETCS, 4YTO 3aMKHYTas CHCTeMa
YCTOMYMBA.

7.17. YcroiiumBa 1M 3aMKHyTass CHUCTE€Ma, €CIU TnepeaaroyHas (QYHKIUS
2

P +2

p-1

Pemmmre 3amauy ¢ momomipro Matlab, mis wero mocrpoiite ADYX pazoMkHYTOM

cucteMbl. OnpeenuTe 3amnacbl YCTOMYMBOCTH, €CJIM OKaXETCs, UYTO 3aMKHYTasl CUCTeMa
YCTOWYHBA.

paszomkHyTO# cucteMbl W( p)=

7.18. Onpenenure yCTOWYMBOCTD 3aMKHYTBIX CHCTEM I10 aMIUIUTYIHO- (ha30BbIM
4acTOTHbIM xapaktepuctukaM W(j®) pa3oMKHYTBIX, H300pakKeHHBIX Ha pHc. 7.3.

Paccmorpure  ciydawm, korga  Touka (-1, J0)  WMMeeT  KOOpAMHATHI
A,b,B,T.
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7.19. HactotHbie xapakTepucTuku W(j®) pa3oMKHYTBIX CHCTEM ITOKa3aHbI Ha PHC.
7.4. Onpenenute mnpenenbl M3MEHEHHs KodpduuueHta ycuiieHus K pazoMKHYTOU
CHUCTEMBI, B KOTOPBIX 3aMKHYTasl CUCTeMa YCTOWYHMBA.

f1=1
Mo e}

Puc.T 4

a) . &

|

Ipad

w=I0

Pue. 7.5

7.20. Ha puc. 7.5 npuBeneHbl 4acTOTHbIC XapakTepucTuku W(j®) pa3zoMKHYTBIX
cucteM 0e3 yueTa MOoCJIeJOBaTEIbHOTO COSAMHEHHOT0 3BeHA IIOCTOSTHHOTO 3aI1a3/[bIBaHuUSI.
Ompenenute npeaensl U3MEHEHNsT BPEMEHU 3ama3abiBanus T >0, B KOTOPBIX 3aMKHYTast
CHACTEMA YCTOWYHBA.
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7.21. Onpenenure yCTOMUYUBOCTh 3aMKHYTBIX CHCTEM MO Jorapu(pMuuecKum
AMIUTUTYAHBIM U ()a30BBIM YaCTOTHBIM XapaKTEPUCTUKAM PA30MKHYTBHIX CHCTEM,
NpPUBEACHHBIM Ha puc. 7.6.

a) L

MaM=Val

5) YA
Y oA=2
—_— M=l
\ r-l.gu'r'
|
t
|
A\ Y
" Sy SRR . W
-qu}
""]\‘J(“*\"
Puc. 7.6
@ L (w) D

we] .
%iﬁﬂd}
¥ 1
$()a-T hi\.;? Lgw

Puec, 7.7

7.22. Ha puc. 7.7 npuBeneHsl JorapuMUYECKUE XapAKTEPUCTUKH PA3OMKHYTOU
CUCTEMBI, YCTOWYHUBOM B 3aMKHYTOM COCTOSIHUU. Ompenennure, BO CKOJIbKO pa3 HYKHO
U3MEeHUTh KodhdummenTt ycuneHus K mnpu oTCyTcTBUM 3ama3fplBaHHsl M KaKoe

44



3ama3bIBAaHNEe MOXET OBITh BBEIECHO MpuU Hem3MeHHOM K, 4ToOBI 3aMKHyTas cucTema
OblJ1a Ha TpaHUIE YCTOMYMBOCTH.

7.23. Ompenenure YCTOMYMBOCTh 3aMKHYTOM CHCTEMbI MO JIOrapu(pMUYECKUM
aAMIUTUTYJHBIM YacCTOTHBIM XapakTepucTHKaMm (puc. 7.8) MHUHUMaIbHO-(a30BbIX
Pa30MKHYTBIX CHCTEM.

&) &) AL
< AL \\T g ?}B\L
_ * -50 &0
--H"“---. 20
lged L gw Lgw
=& O\
- &0
&) AL 9) 4L
\-w
Lgew tqw
a0
&) r L

Puc. T8

7.24. Uccnenyhite yCTOWYMBOCTh 3aMKHYTOW CHCTEMBI IO JIOTapU(PMUYECKUM
YaCTOTHBIM XapaKTEPHUCTHKAM, €CJIH TepelaTodHast (PyHKIUS PA3OMKHYTOH CHUCTEMBI

W(p)- = .
p(10p+1)(p+1)(0.2p+1)

[TpoBepbTe pemienue ¢ momorpo Matlab.
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7.25. IlepenaTounast yHKIHS pa30MKHYTON CUCTEMBbI
2p+4
W(p)= 2 .
p(2p+1)(0.125p° +0.05p+1)
C momompto Matlab moctpoiite norapudmudeckue 4acToTHbIE XapaKTEPHCTHKH
cuctembl. OnpeieuTe 4acToTy @, , P KOTOPOH aMILIUTYHAs XapaKTepucTHKa paBHa 0

nb u 4yactoty w,, mpu KoTopoil ¢aza paBHa-180°. Cpenaiite 3akimoueHue 00
YCTOWYHBOCTH 3aMKHYTOH CHCTEMBI.

7.26. Uccnenyiite yCTOMUMBOCTh CUCTEMBI M3 MPEIBIAYIIEH 3aa4d C TTOMOIIBIO
kputepusi HalikBucra.

7.27. Janbl XapakTepucTuieckue ypaBHeHus cuctem: [locrpoiite J[-pazOuenue mo
JIBYM IapaMmeTpam A u B:

a)Ap® +p? +p +B = 0; Dp® +A(P* +2) +Bp — 4 = 0;
6)p +Ap? +Bp +1 = 0; mp*+ Ap3 +2p2 +Bp+1=0;
B)p® —Ap*+ (p+ 1)B+1=0; e)p +p2+Ap + AB =0

7.28. TlocTpotite kapTuHy [[-pa3OueHus B IMJIOCKOCTH IMOJOKUTEIBHBIX 3HAYCHUI
napametrpoB (K, T) misi CUCTEMBI, TepenaTodHas (YHKIUS KOTOPOM B Pa30MKHYTOM
COCTOSIHUMU:

K .
% W(p):(2p+1)(0.2p+1)(Tp+1)’
K
6) W(p)= |
W)= DT

Bocnons3yittecs nporpammoiri DCOM. (Cwm. [punoxenue).

7.29. B cucreme ¢ XapakTepUCTUYECKUM YPABHEHUEM
p’ +a,p® +a,p + a, =0 napamMeTpsl ABJISTIOTCSA HEONPEIETCHHBIMU M MOT'YT IPHHHMATE
3HaueHus: 6<a; <20, 15<a, <80, 8<a,; <40. Onpenenure, ycToN4MBa JI1 CUCTEMA
BO BCEI1 00JIaCTH Bapualuy apaMeTpoB.

7.30. IlepenaTounast GpyHKIUS PA3OMKHYTON CUCTEMBbI

K
W = )
)= o Tp (T, p+1)

Homunanbueie 3Hauenus mnapamerpoB: K =4,T, =1c.,T, =0.5c. IIpoBeppre

YCTOMYMBOCTb CHUCTEMBI, €CIIM €€ IapaMeTpbl M3MEHSIOTCA B CIEAYIOLIMX Ipeaeliax:
3<K<5,06<T,<15,02<T,<0.7.
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I'maBa 8
YCTAHOBUMBIIUECSA PEXKUMBI CAY
]_IJ'ISI HCCICAOBAHUA TOYHOCTHU CHUCTCM YIIPABJICHHA B YCTAHOBUBIINXCA PCKHMAX
HCIIOJIB3YCTCA N3BCCTHAA TCOPEMA OIICPAIMMOHHOI'O HCUYHUCIICHUA O KOHCYHOM 3HAYCHH U
Yyem = lim Y(t) = lim pY(p)
{—0

p—0
rnie Y(p) = Wp)F({p), a F(p) - wusobpakeHne BHEIIHETO BO3JICUCTBHUS,
IPUII0KEHHOTO K CUCTEME.
B dacTHOCTH, ISl CTaTHYECKOTO pEXKHMMAa 3aMKHYTOW CHCTEMBI OTKJIIOHCHHE
BBIXOJHOW BEIMYHMHA Y,.n , BBI3BAHHOEC MPHJIOKEHUEM MOCTOSHHOTO BO3JCHCTBUS
f.n»=CONSt, BeIpaxkaeTcsi COOTHOIICHUEM:

) . Wyg(p)
0...= e
oo = UM )

rae W(p) — nepenarouynas GyHKIUS pa3oMKHYTOH cucteMsl, Wiy (p) -iepenarounast
(GYHKIMS y4acTKa CHCTEMBbl OT MECTa MPHJIOKEHUS BO3MYINAIOIIEro Bo3aencTus f 1o

BBIXOJIHOW BEJIMYMHBI Y.
JIoOpOTHOCTH CUCTEMBI IO BO3MYILIEHUIO OMPEICISIECTCS OTHOIIIEHUEM BO3MYIIICHUS
f (kak mpaBwMIIO, IIOCTOSTHHOTO) K OIIMOKE & , BBI3BAHHOM 3TUM BO3MYIIICHHEM:

_J
gr= -
&r
BbIHYX/I€HHYI0 COCTaBIIIONIYI0 oOwmuOKku HenpepsiBHOM  CAY B ciywae

) i

n .
BO3IECHUCTBUS Ha HEE IOJMHOMMAILHOTO BO3MYIICHHMS Buaa f(1)= Y q;f', MOXHO

i=0

NpcaACTaBUTb B BUAC psAlda:

e(t) = cof () + &1 f (£) +

e f (1) f(t)  c, f™(0) I FO
o1 + 33' +.. o = ZCiT(t),

i=0
re KodhPUIMEHTHI OMUOOK ¢j TMPEICTABISAIOT COO0M KO (DUIIUESHTHI Pa3II0KESHUS
nepeaarouHoi ¢pynkimu o omudke W, (p) B psa MakiiopeHa 1mo cTeneHsm p, T.e.

d'W.(p)
i
dp =0
KoaddurmenTs! ommbok Takxe MOryT ObITh HalJIEHBI TyTEM JIEJICHUS TIOJIMHOMA

YUCIUTCIA Ha ITIOJJHMHOM 3HaAMCHATC/IA HAYNHAas1 C MJIaAIInuX CTENCHEH.

B ycraHoBHBIIEMCS pEXUME, BBI3BAHHOM T'apMOHHYECKHM BO3JICHCTBHEM
f(t)=fmsin(wt), BeIXOIHAS BEIMYMHA B CITydac HEMPEPHIBHBIX CHCTEM HMEET BHI:

y(t) = ymsin (w t + @), rae Yn=|W,(j ®)|fm, a p(w) = argW,(jw).

Ci

3agaum

8.1. B cucreme, mpecraBiieHHOM Ha puc. 8.1, mepegaTounbie GyHKIIUU UMEIOT BU/I;
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bP+b pp+p, .
Wl(p): 21 0 1 WZ(p): 21 0 )
P faPtao o2P taP+ao
X € ¥ Ompenenure, npu Kakux KodpuuueHtax mneperaToqHon
W, (p) .
) dbynkuu Wy(p) B cTaTHdecKOM pexkrumMe OyAeT UMETh MECTO:
a) crarnueckas omuoka =0, 6) y=X.
W,(p)
Frc. 8.1

8.2. Ompenenure cratusm cuctemsl (puc. 8.2) mo BosmyineHuto f. [TapameTpsr
cucreMel: K; =5, K, =2, K3=5, Ky =0,2, T,= T, =0,05 ¢, T3.= 0,1 ¢. Craruueckas
3aBUCUMOCTH BBIXOJHOH BenmunHbI OoT f mpuBenena Ha puc. 8.20.

Ha kakyro BelTMYMHY U3MEHUTCS BBIXOTHON CUTHAJ Y TIPU H3MEHEHU U BO3MYIICHHSI

Ha 50%, 100% ?

8.3. Jlns mpenpiayteit 3agaun 8.2 onpeaenuTe, KakoB TODKEH ObITh KO PHUIeHT
yeunenus cucteMbl K=K Ky K3 yTo6561 00ecnieunTs nojiep:kanue Yy, ¢ Tounoctsio 0,1%
npu n3MeHeHur Bo3mymieHus Ha 100%.

a) R y 6)
K, 1 \
0.8 ——

X K, K, v
> >

T,p+1 T, p+1

-

T.p+1 0 1 f

Puc. 8.2

8.4. OnpenenuTe MOPSAIOK acTtaTW3Ma MU JOOPOTHOCTH cUcTeMbl (puc. 8.3) Mo
BXOJTHOMY BO3JICHCTBHIO § U BO3MYyIIeHUIO f.

v/

KS
> K g K2
(g L _— J’—
- T,pt1 p(T,p+1)
Puc. 8.3
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8.5. Ompenenure yCTaHOBUBIIYIOCS OIIMOKY CIESAIICH CHUCTEMBbl, HMEIOIIEH
NepeIaToYHy0 (PYHKIMIO B Pa30OMKHYTOM COCTOSIHUU

(p)= 50
Wil P )= 01p +1)(002p +1)

TP JBYDKEHHUH 3a1AI0IIEH OCH ¢ IOCTOSTHHOM ckopocThio 0,1 pan/c. Kakum nomkeH ObITh
KO3 GUIIUEHT yCHIIeHU, YTOOBI CKOpocTHas ommoOka He npesbimana 0,001 paz. ?

8.6. IlepenaTounast pyHKIMS pa30MKHYTOM CIIESIICH CHCTEMBI UMEET BHI:
100(0,05p +1
W(p)=—5 X005+ )
P (01p+1)(001p+1)
Haiiti yCTaHOBUBIIYIOCS OINMOKY CIIEKEHHS IPH BXOAHOM BoszeicTum X(t)=at?, rume
a=5c?

8.7. B 3aK0oH perynupoBaHus CTaTHUECKON

Y CUCTEMBl €  MepeJaTouyHol  QyHKIuen
W(p) — K

W =

JUISL  TIOBBIIMICHWS]  TOYHOCTH  BBEACHO
KOPPEKTUPYIOIIEE BO3ICUCTBUE 110 HHTETPATY
or ommbku (puc. 8.4). Omnpenenure
Puc. 8.4 YCTAaHOBUBIIYIOCS OIIMOKY mpu OTpabOTKe
BXOHOTO Bo3xercTBus X(t) = ap+aut.

8.8. Onpenenure Tpy NMEepBbIX KOADPHUITUEHTA OITMOKU SIS CICASIICH CHCTEMBI C
nepesaTouHon PyHKIMEH B pa30MKHYTOM COCTOSIHUM

K
W(p)= :
P(Tp+1)(T,p+1)
Haiinute BwIpakenume s ommOkm cuctembl &), ecom  K=100, T;=0,01 c,
T,= 0,1 ¢, n BXxomHoe Bo3nelicTBue X(t)=ap+ast+at?=10+2t-0,5 t2.

8.9. Haiinure xoadduuments ommOku U BbipaxkeHue &) cuCTeMbl, UMEKOIICH
NepeIaToYHyI0 (PYHKIMIO B 3aMKHYTOM COCTOSIHUU

2p+10
W(p)=t=— P2
X 0,05p +105p +3p+10

npH 3ajaronieM BosaercTeun X(t)=2+5t+10 t2.

8.10. IlepenaTounas GyHKIUS PAa3OMKHYTOM CJIESIIECH CUCTEMbI
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K 20
W(p)= =
p(Tp+1) p(0lp+1)
Ha Bxon cucremsl mopgaercsi BosaeiictBue X(t) = 2sin(5t). Ompenenute ommoOKy B
YCTAaHOBHUBILIEMCS PEXKHME.

8.11. Jlns mpedpigymiero TmpuMepa OMNpeaAeinuTe, KaKhuM JIOJDKeH OBITh

KO3 PUIIMEHT yCUIIEHUSI CUCTEMBI, YTOOBI OIIMOKA CIICKEHUS HE MPEBBIIIANA &n=6" mpH

TapMOHUYECKOM 3aJIaf0IIEeM BO3ACHCTBUY ¢ aMIUIUTYI0H X,, = 10 epad. n gactoroit w= 2
-1
c-.
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I'maBa 9
CJIYUYAUHBIE MNPOLECCHI B JIMHEUHBIX CUCTEMAX

B »TOM pa3zgene naHbl 3alayd Ha OMpEAENICHHWE Pa3JIMYHBIX XapaKTEPUCTHK
CITy4allHBIX BEJIMYMH U MPOIECCOB, MPOXOXKIACHUE CITyYalHbIX CUTHAJIOB Yepe3 JIMHEHHBIE
CUCTEMBbI, BBIOOp MapamMeTpoOB CHUCTEMbl MO MHUHUMYMY CpPEIHEro KBaJIPpaTUYHOIO
OTKJIOHEHHS.

JI1st onMcaHusl CTAlMOHAPHBIX CIyYalHbBIX MPOLECCOB UCIOJIb3YIOTCS CIEAYIOIINE
COOTHOIIECHHUS:

1 [+
Ree(2) = Jim — f (Ox(t — T)dt;
+00

1
Nm - » y()x(t — 1)dt;

+00

S, (w) =j R, (De /@%dr;

— 00

Ryx(z') =

1 (** .
R, (7) = E_[ Sy(w)el**dw;

— 00

Dy = Ry (0) = %j+w5x(w)dwr Af, = Dy /Sx(0),

rie R, (7) — aBTOKOppensIMoHHas GYHKIHs CirydaitHoro mporiecca x(t);

Ry, (7) — B3auMHas KoppelsuroHHas QyHKLHs CaydaiiHbix npoueccos y(t) u x(t);
S, (w) — cexTpanpHas IIOTHOCTH CiTydaiiHOro mporiecca x (t);

D, — nucriepcus ciydaiiHoro npoiiecca x (t);

Af, — SKBUBaJIEHTHAs T10JIOCA TIPOITYCKAHMUSI.

CBsA3p MEXIYy XapaKTEpPUCTUKAMH CIy4allHOTO CHUTHAJIA HA BBIXOAE JMHEWHOU
CUCTEMBI C XapaKTEPUCTUKAMH CIIy4YalHOI'0 CHUI'Haja Ha €€ BXOJAE ONPENeIsIeTCs
CJIEAYIOLIUM COOTHOLICHUEM:

Sy(w) = [W(jw)|? * Sy(w),

riae S, (w) — crekTpaibHast IJI0THOCTh BXOJHOTO CiTydaiiHOro curnana x(t);
Sy (w) — cnekTpanbHas MI0THOCTh BHIXOJHOTO CiTydaitHoro curnana y(t);

W (jw) — yacToTHast XapaKTEPUCTHUKA JTUHCHHON CHCTEMBI.

Jlns  ompeneneHuss JUCIEPCUM  BO3HUKAET HEOOXOJIMMOCTh  HAXOXXJICHUS
WHTETPaJIOB BUA!

1 [*e
D= —f S(w)dw.
2w J)_,
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I[JIH €0 BBIYHMCIICHUSI HCKOMBIN HHTCTpAJ CHa4dajla MpUBOAAT K BUILY:
b 1 (**  B(jw)
2n )_, A(Jw)A(—jw)

dw,

e
B(jw) = by(jw)?" % + by (jw)*™™* + - + by, jw)? + bp_1,

A(w) = ag(o) + a;o)" 1+ -+ a,_,(w) + ay,.

COOTHOIIIEHNS, CBS3BIBAIONIME 3HAYCHHE JUcCrepcMr D €O 3HAYCHHUAMM
k03 PunrenToB moarnHoMoB G (jw) u A(jw).

b
D, = ;
1 2apa4
_bo + aObl
a
D, = ————;
2apa4
apa.b
_azbo + a0b1 - Oa—;z

D, =
3 2ay(apasz —ajay)

3amaum

9.1. OnpenenuTh cpenHEE 3HAYEHHUE, 3HAUCHUE CPEHETO KBaJApara U JUCIIEPCHUIO
CIIy4allHOW BEJIMYMHBI, UMEIOLIEN pAaBHOMEPHOE PACIIPEICIICHUE B IIPEIENIaxX OT Xq 10 X5.

9.2. Onpenenuts KOPPEISIHUOHHYIO (YHKIUIO MO peaau3aliu 3PproJudeckoro
npoiiecca: a) x = C; 0) x = A sin wt.

9.3. OmpenenuTh CHEKTPaNbHYIO TJIOTHOCTH S(w) I CiiydaitHOTO Tpoliecca,
UMEIOIIETO KOPPEISIIIMOHHYIO (DYHKITHIO:

a) Ry () = C?, —T<t<T;
2

0)R,(7) = — oS WoT.

9.4. Haiitu qucnepcuto U KOppesilHOHHYI0 (GYHKIUIO U1 CIy4yaitHOTro Impolecca,
MMEIOLIETO CIIEKTPaIbHYIO INIOTHOCTB:
Anpu— Q< w< (),
s@={""y
0 nmpu |w| > Q.
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9.5. Ilo peanu3anuu AByX MPOLIECCOB ONPEAEIUTh X B3aUMHYIO KOPPEISIUOHHYIO
byHKIHIO:
a) x = A sin wt, y = B sin 2wt;
6) x = A sin wt, y = B sin(wt — ¢).

9.6. OnpenenuTh 4acTOTy HauOOJIbIIEH COCTABIIAIONIEN CIEKTPA IIyMa Ha BEIXOJE
cxeMbl puc. 9.1, ecinu Ha ee BXOJ IMOJAETCS OEJIbI IIyM CO CIIEKTPAILHOM IIOTHOCTBIO
S(w) = 1.

— S A4 N N :
x(t) L o y(t)
T c
Puc. 9.1

9.7. HaiiTu BeIpakeHUE JJi1 SKBUBAJECHTHOM MOJIOCH MPOMyCKaHUs OeIoro myma
JUTst cxeMbl puc. 9.1. Beraucnuts skBuBanieHTHyo nosocy npu RC = 0,1cu L/R = 0,5c.

9.8. Ha Bxoa cnensmei cuctemsl (puc. 9.2) mojmaercst ciiydallHbI CUTHalI CO
CIIEKTPAJIbHOM TNIOTHOCTBEO
S(w) = 2at/(1 + w?t?).
OnpenenuTs CpeaHEKBAIPATHIHYIO OIMMOKY CHCTEMBI MPH OTCYTCTBUU momex n(t) u

f@®).

n(f) f(f)

X(t)

y(t)
—

% 1
K ™| p(Tp*1)

Puc. 9.2

9.9. Ha Bxox crnensieit cucteMsl (cM. puc. 9.2) BozaeicTByeT nomexa n(t) B Buae
Oeioro  mrymMa  CO  CHEKTpalbHOM  mioTHOCThIO  Sp,(w) = N.  Omnpenenutsb
CPEIHEKBAIpaTUUHYI0 OIIMOKY CHCTEMBbl IMPHU OTCYTCTBHHM BXOJHOTO curHana x(t) u
nomexH f (t).

9.10. Onpenenuts 3HaUeHHE KO3 dunnenTa ycuiaeHus K mis ciensieid CucTeMbl
(cM. puc. 9.2), obecreunBaroiero MUHUMYM CPEIHEKBAIPATUYHON OITHUOKH TIPH TI0/1a4ue
Ha Bxo# curHana x(t) co cmekrpanbHol mioTHOCThIO S(w) = 2at/(1 + w?T?) m
OJTHOBPEMEHHOM BO3JEHCTBUHM ToMexu Nn(t) B BuAe OENOTro IIymMa CO CIEKTpaIbHON
m10tHOCTEIO Sy (w) = N npu T = 0,05¢, 7 = 10¢, a = 2 pag.?, N = 0,0002 pax.2*c.
[Tomexa f(t) oTcyTcTBYET.
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9.11. Ha cunenauyro cuctemy (cM. puc. 9.2) mopaercss BXOJHOM CHUTHAI CO
CHEKTPaNbHON MIOTHOCTEIO S, = 2Ba?/(w?* + f?), a Ha Ban JBUraTeNs BO3IEHCTBYET
HIoMexa THUIa HeperysipHor KadukH f (t) co crieKTpaabHON MIIOTHOCTHIO

14 Y
N o W By
Onpenenuth BBIPAKEHUS [UIsI  CPEJHEKBAAPATUYHOW  OMMOKM, €CIM ToMexa
HEKOppeJIMpPOBaHHAs ¢ BXOAHBIM curHaioM. [lomexa n(t) orcyrcrByer.

9.12. Omnpenenuth AMCHEPCUIO CUCTEMBI (3amada 9.11) mpu AEHCTBUM TOJBKO

BO3MYIIICHUsI Ha Bany pasuratens f(t). VHepIMOHHOCTHIO nBHUTATENs TpEeHEOpEeYh
(T = 0).

54



I'nmasa 10
KOCBEHHBIE OLIEHKU KAYECTBA IIEPEXO/IHbIX ITPOLHECCOB

J1J1s OLIEHKH Ka4yecTBa MEPEXOAHOTO MPOoIecca IPUMEHSIOTCS YaCTOTHBIC,
KOPHEBBIC M HHTETPAIbHBIC KPUTCPHH.
B 4acTOTHBIX METOIaX JIJIst ATOM U UCTIOIb3YIOTCS:
IoKa3atelb KoyiebaTelbHOCTH M (MakCHMallbHOE€ 3HAYCHHE AaMIUTUTYTHOM
YACTOTHOM XapaKTEPUCTUKU 3aMKHYTON CUCTEMBI);
pE30HaHCHAsI YacTOTa @), PH KOTOPOH JOCTUTAETCS STOT MAaKCUMYM;
JUATa30H IOJOKUTEIBHBIX YacTOT @), B KOTOPOM 3HAYCHHE BEIICCTBEHHOMN
gacToTHOU Xapakrepuctuku U(w) He mensbie, yem 0,2U(0);
JacToTa cpe3a ., NpH KOTOPOH aMIUIMTYJHO-YaCTOTHAs XapaKTCPHUCTHKA
Pa30MKHYTOM CHCTEMBI paBHa 1.
V3 wWHTErpaJIbHBIX OIICHOK KadyecTBa IEPEXOJHOIO Tpoliecca Hambosee
" 2
pacnpocTpaHeHbl KBaJpaTH4yHbIA Kputepuil |, = j[( y(t) - y(oo)] dt w yay4iIeHHBIH
0

" 2
KBaJpaTUYHbIM  KPHUTEPUM I, =] [( y(t)—y(©))* +7? y’2] dt. CoOTHOIIICHHH,

CBSI3BIBAIOIIME 3HAYEHUS ITUX KPUTEPHUEB C KOIDPUITMEHTAMU YUCITUTENS U 3HAMEHATEISI
nepeaaToyHon (PyHKIIMU CUCTEMbI, TPUBEACHBI, HarIpuMep, B [1].
B wacTHOCTH, J7151 CUCTEMBI, UMEIOIIIEH MepeaaTOuHy 0 QYHKIIUIO

b
W(|o)=a 3 > ,
3P ta,p +ap+a

7°bla,
s=1,+ :
2(aya, —ay3;)

_ b & + a;
2a; "a, @aa, —aya,

P

KopHeBbIMH KpUTEpUSMH KauecTBa MEPEXOJAHOTO IMPOIecca SIBISIOTCS CTENCHb
YCTOHYMBOCTH 77 = MiN|ai| U cTenenp KosedaTenbHOCTH 1 = MaX |G/ ail, tie Ai = ai £ 5
— KOPHH XapaKTEPUCTHUECKOTO YPABHEHHSI CHCTEMBI.

CreneHb YCTOWYHMBOCTH 7 TO3BOJISIET OIIGHUTH CBEPXY BpEeMs MEPEXOIHOTO
nporiecca: T < 3/7, a cTeneHb K0jae0aTeIbHOCTH £ - JaTh OLEHKY KOJe0aTeIbHOCTH BCErO
NIEPEXOHOTO MPOoIIecca.

Jlnst ompeaesieHus] CTEIeHH YCTOWYMBOCTH 7) B XapaKTEPUCTUUYECKOM IMOJUHOME
D(p)=aop"+aip™+...+a, nenaror 3ameny p = Q-7 U MOJIy4arOT ""CMEIEHHbBIN" T0aMHOM"
D(g)=coq"+c1q"1+...+Cy. Kooppuuumentsr ¢ (i=1,2,... n) ompenensorcs no Gopmyie:

1 d"'D(p)
C = o
(n-1)! d™p P
HaXOXJeHHUs monuHoma D(Q) Ha TpaHMIle YCTOHYHMBOCTH C TIOMOIIBIO KpPUTEPUEB
YCTOMYHUBOCTH.

CreneHb yCTOMYMBOCTH 7 OIpEAENSeTCs W3 YCIOBUS
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3agaum

K

p(Tp+1)
Omnpenenute cooTHomeHue Mexay K u 7, mpu KOTOpoM cuctema 0y1eT UMETh ITOKa3aTelb
KOJIEOATEILHOCTH HE O0JIee 3aJaHHOro 3HaueHus M.

10.1. Ilepenarounas ¢pyukuus pazomkayroid CAY umeer Bug W(p)=

10.2. Ilepematounas  (QyHKIUS  PA30OMKHYTOM  CHCTEMBI HMEET  BHI

K
W(p)=—j . Ompenenure  ycioBue, TMpU  KOTOPOM  TOKa3zarelb

PI1(T;p+1)
1=
K0JIe0ATCIIPHOCTH 3aMKHYTOH CHCTeMbl He OynaeT mpeBbimarh 1 (N — IpPOM3BOJLHOE
YHUCJIO0).

10.3. IlepenaTtounass (YHKIUS PA30OMKHYTOM CIEIAIICH CHUCTEMBI HMEET BH/I

K
Wip)= p(Tp+1)?

3HaueHue K, cooTBeTcTByoiee MUHUMYMY l2. Haiinure MunuMansHoe 3HaueHue |z,

. BeruncnuTe KBaApaTUYHYIO MHTETPAJIbHYIO OIIEHKY |2 1 onpeenuTh

K(Tp+1)

10.4. TIlepematounas ¢yHKIus pa3oMkHyTON cuctembr W(p)= 5

Bbluncnure KBaJpaTUUHYIO HWHTErPajbHYI0 OLEHKY |3 JUIsl 3aMKHYTOW CHCTEMBI H
ONPENCIINTE 3HAYECHHE ITOCTOSSHHOM BpEMEHM 7, COOTBETCTBYIOLIEE MHUHUMYMY OSTOU
OLICHKH.

10.5. J{aHbl XapakTepUCTUUECKNE YPABHEHHSI aBTOMATHUYECKUX CUCTEM:
a) p*+5p*+8p+6=0;
6) p>+8p*+19 +12=0;
g)  p*+9pd+46p*+124p +120=0;
2)  p*+6p®+23p?+ 34p +26 = 0.
Onpenenure CTENEHb YCTOWYMBOCTH 77 U CTETIIEHb KOJIEOATEIIbHOCTH LL.

K

P(Tp+1)
Onpenenure cTeneHb KOieOaTeTbHOCTH A U COOTHOUIEHUE MEXIY HA00pOoTHOCTHIO K 1
MOCTOSTHHOW BpeMeHH T, TPHU KOTOPOM MEPEXO0IHBIH MPOIIECC B 3aMKHYTOM cucTteMe OyaeT
anepHOIUYECKUM.

10.6. Ilepematounas ¢yHKIus pa3zoMkHyTOM cucrempl W(p)=

10.7. Tlepenatounast QyHkuus pa3zoMkHyTOH cucremMbel W(p)= K(L:l)

Omnpenenute cooTHoueHue mexay K u 7, mpu KOTOpOM B 3aMKHYTOM cucteme OyayT
UMETh MECTO:
@) He3aTyxarolue KojeoaHus; 6) anepuoINnYeCKUil IepeXo/IHbIN TTPOIIeCC.
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I'maBa 11
AHAJIN3 U CUHTE3 CUCTEM YIIPABJIEHUSA

Memoo kopuesozo zooozpadha.

KopneBbie rogorpadgsl Mo3BOJISIOT BRIOPATh 3HAYEHUS OJHOTO WM HECKOIBKUX
napaMeTpoOB CUCTEMBI NIl 00ECIICUCHHUS KEIaeMOro KauecTBa MPOIECCOB YIPABICHUSI.
KauecTBeHHBIN BUJ KOPHEBOTO To0rpada Jerko MOCTPOUTh, HCTIONIL3YSl €r0 OCHOBHBIE
CBOMCTBA (CM., HarIpumep, [2]).

B cpene Matlab kopHeBbie Togorpadsl CTpOsT ¢ MOMOIIbIO (GYHKIMA cemMeilcTBa
rlocus. Ilpu 3TOM XapaKTepPUCTUYECKOE YPABHEHUE 3aMKHYTOW CHCTEMbI JOJDKHO OBITh
IPE/ICTaBIICHO B BUJIE

1+KW,(S) = 0,

rae K — Bapsupyemslit napametp. iM MokeT ObITH J1I000# apaMeTp, HO Yalle BCEro 3To
KO3 GUITUSHT TIepeaun pa3oMKHYTON CUCTEMBL. W, (S) — SKBHBaJICHTHAS TIepeIaTOuHas
dyHKIms. 1 mocTpoeHus: KOpHeBoro rogorpada B koManaHoe okao Matlab BBoguTcs
nepeaaTogHas GYHKIUS W (S).

3Has KellaeMble MTOKa3aTelld KauecTBa NEPEXOJAHOro MpoIecca, Ha TOCTPOEHHOM
KOpPHEBOM rojiorpadge MOKHO BbIOpaTh TpeOyeMoe 3HAaYEHHE BapbUPYEMOT0 TapaMeTpa,
IpU KOTOPOM OyayT 00€ecleueHbl 3TH MOKa3aTelld KauecTBa.

Mooanvnoe ynpasnenue.

JIuHaMUYeCKHE CBOMCTBA CHUCTEMBI YNPABICHHS ONPEIEIAIOTCS MHOXKECTBOM
MOJIFOCOB €€ TepenaToyHor (yHKuMU. 3agady CHUHTE3a YINpPaBJSIOUIEr0 YCTpPONCTBA,
00€CIeUnBaOIIEro  JKeJlaeMoe pa3MElIEHUE TOJIFOCOB, HA3bIBAIOT  MOJAIBHBIM
YIPABJICHUEM.

JUist ToTy4YeHusl JKEeaeMOro PacIoyOKEHUsl MOJIIOCOB MEpPeAaToyHOM (DyHKIIMU
CUCTEMBI

x=Ax + Bu (11.1)
BBOJISIT B 3TOM CHCTEME JIMHCHHYIO0 O€3bIHEPIIMOHHYIO O0OPaTHYIO CBSI3b IO MTEPEMEHHBIM
COCTOSIHUS:

u = KXx. (11.2)
C yderom obpatHoii cBsizu ypaBHenue (11.1) mpumet Bu:
x=(A+BK)x+Bu. (11.3)

BoiOupast anemMeHTbl MaTpullbl 00paTHbIX cBsized K, MOXHO mMOIy4uTh
XapaKTePUCTUUECKUN IMOJIMHOM, 00ECIEeUMBAIOUINI TpeOyeMoe KauecTBO MEPEXOAHOI0
npouecca. Hanbonee npocto onpenenuts Matpuny K B ToM cilydae, KOrja ypaBHEHUE
(11.1) 3agpano B HOpMmanbHOU (popme. IlycTh xapakTepUCTUUECKUH MOJIMHOM CUCTEMBI
(11.1) 6e3 oOpaTHOI CBSI3HU:

D=p"+ap™ + ... +anp + an
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TpeOyetcsi, 4TOOBI KOpPHM XapakTepuctuueckoro ypaBuenus (11.3) wumenu
3a/laHHble 3HAaYeHUs A1, Ay, ..., An. TOrma xapakTepucTUYECKU MOJIMHOM MaTpHIlbl (A +
BK) 3amkHyTO# cucTeMbl Oy1eT UMETh BH/I:

D=(p-Wp-)..p-)=p"+a p" " +..+a_,p+a, .
Ecnu K siBiisieTcst BEKTOPOM-CTPOKOM

*

Kea, -a, a,-a, . a-al,
TO B cHUCTeMe OyAeT 00eCHedeHO >KeTaeMOe PaCMOJIOKEHHUE IMOJIIOCOB TepeaaTOYHON
byHKIUH.

Ecimu ypaBuenue (11.1) 3agano He B HOpMalbHOU ¢opMme, TO MpeABAPUTETHHO
clemyeT HaiTh ipeoOpaszyrontyro Matpuity P nepesona (11.1) B HopmanbHyto hopmy (CM.
r1aBy 2). 3aT€M OT BBIUYMCIECHHOW BEKTOP-CTPOKU K 111 HOpMaTbHOM CHUCTEMBI MOYKHO
NepPEeNTH K BEKTOP-CTpoKe Ko 00paTHBIX CBSI3€M 1J1s1 HCXOAHOW MaTPHIIbI C TOMOILBIO TOTO
xe npeodpazoBanus: Ko = PK

3agaum

Metoa kopHeBOro rogorpaga

11.1. Cucrema ¢ eAMHUYHON OOPATHON CBSI3bIO UMEET B Pa30OMKHYTOM COCTOSIHUU
NEePEeIATOYHYIO0 (PYHKIUIO
W(p)= K(p+0.2)

P p*+p>+4p+5

a) IlocTpoiite kopHeBoii rogorpad u onpeaenute, npu kakux K cucrema ycroiiuupa B
3aMKHYTOM COCTOSTHUU
0) Onpenenute, npu kakoMm K koauiireHT 3aTyxanus { UMeeT MaKCUMalbHOE 3HAaUCHUE
Y OLICHUTE BPEMsI IEPEXO0IHOTO IIpoLiecca

11.2. Cuctema ympaBjicHHUSI UMEET SAMHUYHYI0 00paTHYIO CBs3b. llepemarounas
byHKIUS IPSIMOU T1eNTH

W(p)= K(p+10) |
p(p+1)(p+20)(p+50)

a) Onpenenute 3Ha4YeHKnE K, Mpu KOTOPOM KOMIUIEKCHBIM KOPHSIM Oy/IE€T COOTBETCTBOBATH
kodhumment 3aryxanus (= 0.8;

0) OrneHuTe BpeMs mpoiiecca;

B) IlocTpoiiTe nepexoaHy0 XapakTEPUCTUKY 3aMKHYTOW CHUCTEMBbI U ONIPEACIIUTE BPEMs
MpoIlecca U MepeperyanpoBaHue.

11.3. TlocTpoiiTe KOpHEBO rojgorpad CUCTEMBI ¢ €AMHUYHOM OOpaTHOMN CBSI3BIO,
K(p+1)

— -

P (p+9)

a) Onpenenure 3HaueHue K, mpu KOTOPOM BCe TpU KOpHS OyAYT NEWCTBUTEIbHBIMU U

OJINHAKOBBIMH;

ecnu nepenatouras GyHkius npsmoi memu W( p)=
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0) Onpenenure 3HaYEHUS 3TUX KOPHEU U OLIEHUTE BPEMSI MIEPEXOAHOTO MPOLIecca;
B) [locTpoliTe nepexoHbIi mpolece Mpy CTYNEHYaTOM BXOJHOM CUTHAJIE U ONPEACIIUTE
BpeMs Ipoliecca U MepeperyiupoBaHue.

11.4. Cucrema ¢ eqMHUYHOM OOpPATHOM CBA3BIO B PA30OMKHYTOM COCTOSIHUM UMEET
NepeIaTouHy0 (PYyHKIIUIO

4p+12)
p(p+1)(p+3)

W(p)=

a) [TocTpotite KopHEBOI TO0Tpad
0) Onpenennure KOPHU XapaKTEPUCTUUECKOTO ypaBHEHUS nipu Z = 0.6; 2; 4.
B) [locTpoiiTe nepexoaHbIe MPOIECCH MPU CTYIIEHYATOM CUTHAJIE Ha BXO/IE U ONPEICIINTE
nepeperyaupoBaHue U Bpemsi porieccoB (1o Kputeputo 5%).
Vkazanue.  XapakTepuCTHUECKOE  ypaBHEHHE  3aMKHYTOM  CHCTEMBI  HaJ0

R(P) _ 4
Q(p)

NpCaABapUTCIIbHO IIPCACTAaBUTh B BUAC 1+

11.5. Ilepenarounass QyHKIUs pa3sOMKHYTOW CHUCTEMBI C €IMHMYHON OOpaTHOMN
CBA3BIO

K(p*+4p+8)

p(p+4)
a) C momompio KopHEBOTO Toaorpada ompenenure kodpduimeHT 3atyxaHus ( u
noMuHUpYroiue kopHu npu K =75 c.;
0) OrneHuTe BpeMsl IIEPEXOTHOTO MPOIIECCa;
B) [locTpoliTe nepexoHbIi mpoLece Mpy CTYNEHYaTOM BXOJHOM CUTHAJIE U ONPEACIIUTE
BpeMs TpoIiecca U epeperyIupoBaHue.

MoaanbHoe ynpaBJieHue

1
11.6. llepenarounas Qyukuus obbekra ynpasienus W(p)=—; . Onpenenure
KO3 PUIIMEeHTbl 0OpAaTHBIX CBS3€l MO MEPEMEHHBIM COCTOSHHSI TaK, YTOOBI MOJIIOCHI
3aMKHYTOW CHCTEMbI UMEIU 3HauUeHUs -1+], -1-].

11.7. lana nepenarounas GpyHKUHs 00bEKTa YIIPaBICHHUS:

W(p)=—g 3
p*+2p +p+4
[TomyunTe ypaBHEHUSI COCTOSHUSI B HOPMaJIbHOUM (DOopMe M OTNpeAesuTe MaTpUIly
00paTHBIX CBS3EH, TPU KOTOPOU TOJIIOCH MEPeNaTOYHON (YHKIIMK 3aMKHYTON CHCTEMbI
AMEIOT 3HaueHusd: -1, -2, -3.
CocTaBbTe CTPYKTYPHYIO CXEMY CUCTEMBI C OOPATHBIMH CBSI3SIMH M TIPOBEPHTE
HAWJECHHOE PEIICHUE.
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11.8. Onpenenute marpuiibl KO3 OUITMEHTOB 0OPATHOMN CBSI3U CUCTEM U3 YCIIOBUS
MOJTyYEHUS 3aJJaHHBIX ITOJTFOCOB MEPEIaTOUYHON PYHKIIMHA 3aMKHYTON CHCTEMBI:

20
a) iy = -2, A, = -4, W(p)=— ;
p°+4p+20

1
p’+01p?+05p+3’

6) 1 =-0,3, 123=-0,1+j0,2, W(p)=

[IpoBeprTe moaydeHHOE pemieHue ¢ mnomoinpio Matlab, mis yero 3amurmre
YpaBHEHHS COCTOSIHUS HCXOIHOM CUCTEMbI B HOpMAJIBHOM (DopMe U IPUMEHUTE (PYHKITUIO
place.

11.9. Ilpouieccrl B OOBEKTE YNPABICHUSI ONUCHIBAIOTCS YPABHEHUEM COCTOSTHUS:
-2 -5 1

3 -10 0
C nomompto Matlab (bynkumm acker wmm place) ompenenure Takyro MaTpuiry

00paTHBIX cBs3el K, mpu KOTOPO MOIOCH NEPENATOYHON (PYHKIIMU 3aMKHYTOM CUCTEMBI
UMEIOT 3HAaYeHHS —2 U —3.

X+| (U.
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I'nmaBa 12
JUCKPETHBIE CUCTEMBbI YIIPABJIEHUSA

12.1. MaTemaTH4ecKoe onucaHue AUCKPETHBIX CUCTEM YIIPABJICHUSA

JIuHeiHas TUCKPETHAsE CHCTEMa OMUCHIBACTCS PA3HOCTHBIM YpaBHEHHUEM
any[k+n] + anay[k+n-1]+...+ agy[K] =bmu[k+m] + bmau[k+m-1]+...+ bou[K], (12.1)
riae U[K] — Bxoanoii curnai, a Y[K] — BeixoaHo# currai, K — muckpeTHoe Bpems..
[MpumenuB Z-mpeoOpa3oBaHUe K JICBOM M MPaBO 4YacTH 3TOTO ypaBHEHHUS MPH
HyJeBbIX HauaabHBIX yernoBusax (Y[0]=y[1]=...=y[n-1]=u[0]=...=u[m]=0) noay4uum cBs3b
MEKTy BXOJIOM M BBIXOIOM, KOTOpasi ONPEAEIACTCS B BUIC:
b,z" +b, 2" ... +bz+D

az"+a, 2" +. . +az+a,
rne Y(z)=Yy[k]z ™, z=e"".
k=0

Jpyroii cmnoco0 omnucaHusi JAUCKPETHBIX CHCTEM — B (opMe MepeMEHHBIX
COCTOSIHUS. Y paBHEHUS COCTOSIHUSI IMHEHHON AUCKPETHOM CUCTEMBI UMEIOT BUJL:
x[k +1]= Ax[k]+ Bu[k], (12.3)
y[k]= Cx[k] + Du[k].
31mech X — BEKTOp BBIXOJIa Pa3MEPHOCTH N, U — BEKTOpP BXOAa pa3MEpPHOCTH M,
Y — BEKTOp BbIxoj1a pa3mepHocTH |, A — MaTpuiia 00bekTa pa3MepHoOCTH nxn, B — marpuia
yIpasyieHus: wii Bxoja — NXm, C — marpuna Beixoaa — IXn, D — maTpuiia komreHcanum —
Ixm. B coydgasx m<n matpuia D=0.
[Ipumensis k cucreme (12.3) Z-npeoOpa3oBaHue, MOIYYUM CBA3b MEXKIY
n3oo0paxenusmu Bxoaa U(z) u Beixoaa Y(2) B Bue:

Y(z)=C(Ez-A)?*BU(z)=W(z),
re nepenatounas gpyukmus cucrembl W (z)=C(Ez — A)™B.

Y(z)=

OU(z)=W(z)U(z), (12.2)

Hopmanwvnaa gpopma ypasnenuii cocmosanua. Ecnu cuctema ¢ OJHUM BXOJOM
yhpaBisieMa U UIMeeT MepeaTouHyo (yHKIIMIO BUA:

bn1Z™ ™ +by2z" 2+ ...+ bo
2"+ 2"tz +ay

To MaTpulsl A, B, C HOpMaIbHOIO IpeCTaBICHHS UMEIOT TAKOM K€ BU, KaK U JJIs
HETIPEPLIBHBIX CHCTEM:

W(z)=

0 1 0 0 0]
0 0 1 0 0
A=| .. o |.B=|0],C=[by by - ba2 bal-
0 0 0 1 0
| —a, —a,; -—a, eeoTa | 1
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Eciu cucrema ©He ynpaBnsema, T.e. mapa Martpunl {A, B} Bepoxnena, To
HOPMAJILHOTO MIPE/ICTABIICHUS HE CYIIECTBYET.

Taxum o6pasom, ecau nepenatounas pyukmuus W(z) ussectHa, To maTpuiisl {A, B}
YIOPABISIEMOM CHUCTEMBI 8 HOPMANbHOU opme MOXHO JIETKO Toiyuutb. C apyroit
CTOPOHBI, ecJIi MaTpuIlbl {A, B} yrpaBisemMoil cucTeMbl 3a71aHbl B HEKOTOPOM Oasuce, TO
JUISL  TIOJMYYEHUSI HOPMANbHOU  Qopmbl MATPULLl A TOCTATOYHO  BBIYUCIHTH
KO3 PUIIMEHTHI XapaKTEPUCTUUECKOTO MOJTMHOMA UCXOIHON MaTPHIIBIL.

Ycnoseua ynpasnaemocmu u nabdnwoaemocmu  OUCKpemHvIX  cucmem
OTIPEIEISAIOTCS C TIOMOIIBI0 KpuTepueB KamMaHa, mMeromux Takyro ke Gopmy, Kak | Jist
HEIPEPHIBHBIX CHCTEM.

Ilepexo0 om 00n020 6a3uca K Opy2omy OCYUIECTBIISIETCS TaK K€, KaK U B CIIy4yae
HETPEPHIBHBIX CHCTEM.

Ilepexo0 om nenpepwviénoii moodeau K ouckpemuoiu. Ecii HenmpepbIBHAS 4acTh
npescTaBiieHa B (popme ypaBHEHUH COCTOSIHUS, TO TIEPEXO0/] K JUCKPETHOM MOJIETTH MOKHO
OCYIIECTBUTD JBYMS CITIOCOOAMHU.

Tounas mooens.

x[Kk +1] = A"x[K] + B u[K],
y[k]=Cx[K],

T
roe A" =eAT, B*=[eA'Bdt, T —mnepuox KBaHTOBaHWSL
0

CoOCTBEHHBIE YMCIa A MaTpuibl A HENpPEepHIBHOW CHCTEMBI M MaTpumbl A’
JICKPETHON MOJENH CBS3aHbl COOTHOIIEHHEM J =e?', MOJTOMY €CIlM HempephbIBHAS

MoJIeb yeToiumBa, T.e. Re(Ai) < 0, To auckpernas Toxe ycroiunsa (|1 | < 1) u B y3max
KBAaHTOBAHUS 3HAYCHHSI BEKTOPA COCTOSIHHSI COBITAIAOT.

Lpubnusicennas mooeins.

[IpousBognass B cucreMe auddepeHIMaNbHBIX YpaBHEHUH MOXKET ObITh
pHUOJIFKEHHO MPE/ICTaBIIcHA B BUJIC:

(D) ~ x[k +1] — x[k]

A’ = (E+AT), B"= BT. Cneayer 3aMeTHUTb, 4TO ISl IPUOIMKEHHON MOIEIN HEOOXOIMMO
BLIOMpATh IIAr KBAHTOBAHUS U3 YCJOBHMS YCTOMYMBOCTH CHCTEMBI Pa3HOCTHBIX
YPAaBHEHHMI:

. Torna marpunsl A” 1 B” B quckpeTHOM MOIENIN UMEIOT BULL;

‘1 +AT ‘ <1 ,20e A, — cobcmeennvie wucia mampuybl .

HUmnynocuvie cucmemvi. OIHUM W3 BHIOB JUCKPETHBIX CHCTEM SBISIOTCS
MMITYJIbCHBIE CUCTEMBI. B mpocTeiiem ciydae OHU COAEPKAT UMITYJIbCHBIM JJIEMEHT U
HENpPEepbIBHBIN 00BEKT ynpaBiieHus. IMITyIbCHBIN JIEMEHT MOKHO MPEACTaBUTh B BUJIE
UJCABHOTO MMITYJIbCHOTO KJF0Ya C IEPUOJOM KBAaHTOBaHHMA | U (HOPMUPYIOIIETO
JIeMEeHTa (IKCTPamnoJIsATOpa), MPEBPAILAOLIEr0 MOCIEI0BATENBHOCTh HMITYJIBCOB B
IIOCTOSIHHBIA CUTHAJl B TEYEHHE BCEr0 MEpUOJa KBAHTOBAHUs, KOTOPBIM 3aTeM
BO3JICHCTBYET HA HEMpPEPBIBHBIN 00BEKT ympasieHus. [lono6HOro Tvma 3KCTpanoiasTop
HOCUT HA3BAHME JKCTPANOJATOpPA HyJleBOro mnopsaka. CTpyKTypHas CX€Ma CUCTEMBI
npeacTaBieHa Ha puc. 12.1.
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X(p) L Y(p)
= Sl W (p) ——> W.(p) >
nna
Puc. 12.1

[TepenaTounast pyHKIHMs SKCTPAIIOIATOPA HYJIEBOTO MOPSIKA UMEET BHI:
W.(p)=2@-e")~11-z1), z=e".
P P

Takum o00Opa3oM, NHCKpeTHas mepeaaToyHas (YyHKUHS Pa30MKHYTOM CHCTEMBI
OKa3bIBAETCSI paBHOM Z-peoOpa30BaHUIO HEMPEPBIBHOM YACTH COBMECTHO C
HKCTPANOJIATOPOM U ONPEIEIAETCS BEIPAKEHUEM

W(z)=(1-z7" )z{v‘#}

Hudghpoananozoevie cucmemol. CTpykTypa IU(POAHATOTOBOM  CHCTEMBI
aBTOMATHYECKOTO yIIpaBJIeHUsI MpeicTaBIcHa Ha puc.12.2.

X
ALl P D(z) (> LAII (= H(p) Y>

Puc. 12.2

VYrpomienHo BxoaHou npeodpaszoBatenb (ALIT) moxxeT ObITH IpEACTaBIICH B BUJIE
UJICATHPHOTO UMITYJILCHOTO 3JIEMEHTA, KOTOPBIN MpeoOpa3yeT HeNMpephIBHYIO (DYHKITHIO
BpeMeHU B pemieryaTyro ¢GyHkuuio. Beixognoit mpeobpazoBatens (LIAIT) moxHO
MPEACTaBUTh B BUJE MJCATHHOTO KIF0YA M DKCTPANOJATOpa HyJeBOro mopsiaka. Torma
nepeaaroyHas GQyHKIUS Pa30MKHYTONH CUCTEMBI UMEET BHI:

W(z)=D(z)(1—z‘1)Z{¥}.
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B Tabnuie 2 npuBeneHsl Z-u300pak€HUs] HEKOTOPBIX pelIeT4aThiX (yHKIUH, a
TaKXke MPOU3BOAdAIIe (PYHKIIMN BpeMEeHU U UX u300paxenus Jlamnaca.

TaOmuma 2
[TpousBosias HenpepbIBHAS QYHKITUS
Opurunan IMpeobpasoBanue | Pemeruaras pynkuus | Z - npeoOpa3zoBaHue
Jlannaca
1i6é t =0,
f(t)= — o[ k
(t) {O'I'éé t=0 Lk] 1
I(t) 1/p 1[K] £
z-1
1 T Tz
t 2 2
P (z-1)
1 T?z(z+1
0.5t2 3 0.5(kT)? (—3)
P 2(z-1)
1 z
e-at —akT _ yk ) d = —aT
p+a € d z—d ¢
. a : zsin(aT)
sin(akT
sin(at) pr+d (akT) 72— 2zcos(aT )+1
2 J—
cos(at) 2p 5 cos(akT) ZZ zcos(ar )
P +a z°—2zcos(aT )+1

3agaun

12.1. TIpeoOpa3yiiTe onucaHus AUCKPETHBIX CHCTEM, 3aJaHHBIX IepeIaTOTYHBIMHU
GYHKIUSAMH, K BUTY B TIEPEMEHHBIX COCTOSIHUS:

_ K B K .
a)W(Z)_zz+z+l' 6)W(p)_z(z+1)(z+2)’

_ K(z+1) . _ K(z+1)
e)W(p)—22_32+2, 2 Wp) 2+ 2842722+ 2+1
0) W(p)= K(z°+z+1) | ) W(p)= K(z°+2z+1)

722 4+272%2 4741 7+ 7284272+ 741

12.2. JlaHbl ypaBHEHHs JBWXXEHUS JUCKPETHBIX cucTeM. [IpoBepbTe HX
YIPABISIEMOCTh U HAOIIOJAEMOCTb.

X [k +1] =X [K] + X, [K], X [K +1] = % [k] + X, [k] + u[K],
a) X,[k +1]=—x[k]+u, 6) X,[k +1]=x,[K],
yIk]=x;[k]. yIk]=x,[K].
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X [K +1] =% [k]+ X, [K], X [k +1] = x, [K] + X, [K] + u[k],
8) X[k +1]=—-x,[k]+u[k], 2 X[k +1]=2x,[Kk],
y[k]= %, [K]. y[k]=x[K].

12.3. Tlo ypaBHEHHMSIM COCTOSIHUSI CHUCTEM U3 3adaud 12.2 momydute
COOTBETCTBYIOIIME MEepPEAATOUHbIE PYHKIIUU JUCKPETHBIX CUCTEM.
[TpoBepnTe perienus ¢ momoiipio Matlab.

12.4. TlpuBenute ypaBHEHHUS COCTOSIHHUS JIUCKPETHBIX CHCTEM K HOPMaJbHOMN

dbopme:
2 X [k+1]=x[k]+2x,[k]+u[k].

X, [k +1] = 2%, [K] + %, [ k]
x [k +1] =—2%[k]+2%,[k]+u[k]

9 X, [k +1] ==3% [K] +u[k]

12.5. CoctaBbT€ CTPYKTYpHBIE CXEMBI CHUCTEM IO YPABHEHHUSIM COCTOSIHUA,
IIOJIyYEHHBIM B 3a1a4e 12.4.

12.6. Halinute Matpuily npeoOpazoBanusi P, mepeBojsiyo cucteMy u3 0asuca
{A,B} B gapyroii Gasuc {A",B’}, mnpemBapuTeIbHO YOEIMBIINCH, UYTO TAKOE
npeoOpa3oBaHre BO3MOXKHO:

2 1] 1 . 01 . |0
a) A= ; B=| A" = ; BT =| |;
RIS PR
(1 2] 1 01 0
0) A= ; B=| | A® = ; B =] |
12 3] 1 14 1
(2 1] 1 ., 130 .11
B) A= ; B= A" = ; B =] |
Lol Alonr el

12.7. Tlomyuute nepenaTounble GyHKIMU AUCKPETHOU cucTembl (puc. 2.1), ecnu
HEIpepbIBHAS YAaCTh UMEET BUJI:

10 2
W =—,; o)W = -
a) W(p) 01 YW(p) o(p+2)
K ) B 1
B)W(p)zm, )W(p)= p2+4p+4.

[Iepnon xBanToBanusa T=0.1 c.
[TpoBepbTe Nony4eHHoe pemieHue ¢ momoiipio Matlab (bynakmms c2d).
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12.8. TlomyuyuTe TOUHYIO U TMPHUOIMKEHHYIO IHUCKPETHYIO MOJENb HEMPEPHIBHOM
CUCTEMBI C NepuoJIoM kBaHToBaHus 1=0.1 c.

X; =X + X, X =X +X,+U
y=Xz, Yy=Xz,
X=X+ X X;= X +X,+ U
y= X, y= Xq
X, = 2X +X,
X1: X2 D
. X, = X +2X,+ U
0) X,= —2%+ U e) .
X3= Xy +X,+ Xg
y= X
y = X3

12.2. YacTOTHBIE XapaAKTEPUCTUKH TUCKPETHBIX CHCTEM

YacToTHBIE XapaKTePUCTUKH JUCKPETHBIX CHCTEM MOXHO TIOJYyYUTh U3
nepenaTounoii pynkuuu W(z) npu nopcraHoske B Hee Z=€/7, rae @= @l —OTHOCUTEILHAS
yactora. UsMenss @ ot 0 1o m B W(E/?), ctposar ADUX, AUX, ®UX, aHanOrnuHbIE
JaCTOTHBIM XapaKTEPUCTHKAM HETPEPHIBHBIX cucTeM. OJTHAKO MX MOCTPOCHHUE B TaKOM
BapHaHTE OKAa3bIBACTCSI HEYMOOHBIM BCIICJICTBUE TPAHCIICHICHTHOCTH BBIPAKCHHUH,
CoJIepKaIIiX YacTOTY, ¥ MIEPUOJANYHOCTH YACTOTHBIX XapakTepUCTHK. [loaTomMy Gombioe
pacipoCTpaHEeHUE TMONYYHJIA YaCTOTHBIE TIepeNaTodHble (YHKIUM H YaCTOTHBIC
XapaKTEPUCTHKU C MCIOJIB30BAHMEM TaK Ha3bIBaeMOM mceBmodacToThl A. Ilepexon k
TICEBIOYACTOTE OCYIIECTBIISCTCS Ha OCHOBE OMIMHEHHOTO MpeoOpa3oBaHMS:

LT
o0 xaz-1)

J— e — ,
‘ a T(z+1)

T
1- .4
2
(T — mepro KBaHTOBAHUA, (| — KOMIUIEKCHAS MIEPEeMEHHAas )

2 T
¢ mocneayroiei nocranokoit B W(z) u 3amenoii g Ha jA. [Tpu atom 4 = —tg( %) . Takum

00pa3oM MOXKET OBITh MOJydeHa 4YacTOTHAas TMepenatoyHas (yHKIUMS Ha OCHOBE
TMICEBI0YACTOTHI jA:
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1+j/1I
T
1- jA—
. 2

W(e*T)=W(ji)=W

Ota QyHkuusa wucnoipzyercs i noiydeHus ADOUX, AUX, OUX, JIAX u
JI®OX, aHAIOTMYHBIX YACTOTHBIM XapaKTEPUCTHUKAM  HEMPEPBIBHBIX ~ CUCTEM  IIPH
n3MeHeHnu A ot 0 10 0ECKOHEYHOCTH.

3agaun

12.9. BeiBenuTe BBIpaXEHHS M IOCTPOMTE BCE YACTOTHBIE XapaKTEPUCTUKH
3BCHLCB, IICPCAATOYHBIC (1)}’HKI_[I/II/I KOTOPBIX UMCIOT B!
kT
a) W(z)=—1; 6) W(z)=kT(z-1).
Z —

12.10. IlocTpoiiTe BCe YAaCTOTHBIE XapaKTEPUCTHUKU 3BEHBHEB C MEPEIaTOYHBIMU
byHKIUSIMU:

22
IW(2)= )z 08)’
~22(z-08)
OW(2)= = 05)’

12.3. YcT0iunBOCTD AMCKPETHBIX CHCTEM

JIist yCTOMYMBOCTU JUCKPETHBIX CUCTEM BCE MOJIIOCHI MEPEJATOYHON (PYHKIUU
W(z) wiu xopHHM XapakTepucTHUecKoro monuHoma D(z) moymkHBI OBITH PacIONIOKEHBI
BHYTPU OKPY>KHOCTH CIMHHYHOTO PAJNyca, T.€. TOJDKHO BBIMOJIHATHCS ycioBue |zi| < 1.
B HexoTOphIX cHy4asx YCTOHYMBOCTH MOXHO OMNPEACIHTh HEMOCPEICTBCHHBIM
BBIUHCIICHUEM KOPHEH Z;.

[Tpu wcHoNB30BaHUK ANTeOpanvdecKUX KPUTEPUCB YCTOMUHUBOCTH B BBIPAKECHUH
W(z) win D(z) caemyer mepedTd K HOBOM HMEPEMEHHON ( C MOMOIIBIO OMIMHEHHOTO
npeooOpasoBanus Z=(1+q)/(1-q), koTopoe 0ToOpaXkaeT OKPYKHOCTh €IMHUIHOTO paryca
B Z-IUIOCKOCTH B MHUMYIO OCh (J-TIJIOCKOCTH, @ BHYTPEHHOCTD €IMHUYHOTO KPyTa B JICBYIO
HOJYTUTOCKOCTh (. TakuM 00pa3oM, MpHU JaHHOW MOJCTAHOBKE MOJY4YaeTCs ypaBHEHHE,
YCJIOBHSL YCTOMYUBOCTH JIJISI KOTOPOTO TaKHUE JKE, KAK Y HETIPEPHIBHBIX CUCTEM.

JInsi TpUMEHEHUS YaCcTOTHBIX KPUTEPUCB YCTOWYMBOCTH C TEMH  IKe
(bopMyITHpPOBKaMH, YTO H JJIsi HEIIPEPBIBHBIX CUCTEM, TIPOM3BOJIAT 3aMeHy (=jA, rie A —

wt
OTHOCHTENBHAs TceBaouacTora (A =1g ?) :
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IIpn 5TOoM B kputeprun HalikBrucTa BMECTO 4ncia IPaBbIX MOIKOCOB MIEPEIATOYHON
(YHKIIMM HENPEPBIBHOM Pa30MKHYTOH CHCTEMBI YYHTBIBaeTCS 4ucio moiitocoB W(z),
MOJTYJT KOTOPBIX |Zi|>1, nim 4KciIo mpaBbIx MOMIOCOB nepeaarounon ¢pyunkmmu W(Q).

3aMeTHM, YTO B OTJIUYHME OT HEMPEPBIBHBIX CHUCTEM YCTOWYMBOCTH TUCKPETHBIX
CUCTEeM 2-TO MOpsAKA 3aBUCHT OT YUCIICHHBIX 3HAUCHHH MapaMeTpoB (B 4aCTHOCTH, OT
ko3 dunmenta ycuienus). HeoOXoauMbie W JOCTATOYHBIC YCIOBUS YCTOWYMBOCTH
CHUCTEMBI C XapaKTepUCTHYeCKUM mosmHomMoM D(z)=z,+ajz+a, wmmeror Bua: D(0)<1,

D(1)>0, D(-1)>0.

3anaum

12.11. HccnenyiiTe YyCTOMYMBOCTH JWHAMHUYECKHX CHCTEM, OIHMCHIBAEMbIX
YPaBHEHUSIMU:

a) 2x[k+1]+x[K]=u[k];

0) X[k+2]+0,5 x[K]=u[K];

8) SX[k+1]-x[k]=u[K];

2) X[k+2]-x[k+1]+ 0,2 x[K]=u[K];

0) X[k+3]+2 x[k+2]+x[k+1]=u[K];
e) X[k+3]-0,5 x[k+2]+0,2 x[k]=u[k].

12.12. MWccnenyiiTe YCTOMYMBOCTh JWHAMHUYECKHUX CHCTEM, OIHCHIBAEMbIX
YPaBHEHUSIMU COCTOSTHUSL:

a) xa[k+1]=x:[K] +2x[K],
xo[k-+1]=dx. [K] +3%2[K] + u[K],

6) xa[k+1]=-x2[K]+ u[K],
xo[k+1]=x.[K],

6) 1 [k+1]=-x2[K]+ u[K],
xo[k+1]=x:[K] -%2[K]+ u[K],

12.13. Onpenennre yCTOWYMBOCTh CUCTEM IO XAPAKTEPUCTUYECKUM YPABHEHHSIM:
a) 52° +22° +32+1=0,

6) 22 +2%+2+1=0,

6) 2°-132+04=0,

2) 32 +2°+2z+1=0.
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12.14. Onpenenure yCTOWYMBOCTH PA3OMKHYTOM W 3aMKHYTOW CHCTEM IIO
nepeaaToyHo! (PYHKIMU pa30MKHYTOW CUCTEMBI:

011z 01
W(z)= : o)W (z)= :
W(z)= 67,4078 W)= 73,704
01 1
W(z)= ; W(z)=——"—.
¢) W(z) 22 -152+06 2JW(z) 22 —7+1

12.15. XapakTepuCTHUYECKOE YPaBHEHUE CUCTEMbI UMEET BUJ:
2+ (K-1,5)z+ 0,5 =0.
Omnpenenure auana3oH 3HayeHUM K, mpu KOTOpbIX cucTeMa yCTOMUYMBA.

12.16. Ompenenure 3HaueHUE KpUTHUYECKOTO Koddduimenta ycwienus K 1o
YCIIOBUIO yYCTOWYMBOCTH 3aMKHYTOM CHCTEMBI, €ClIM mepenaTouyHas (GyHKIUS
Pa30MKHYTOM CUCTEMBI

Kz

W(Z):(z—l)(z—0,78)

12.17. Tloctpoiite rogorpad MuxaiiaoBa u onpeneauTe yCTOMYNBOCTh CUCTEM IO
XapaKTEPUCTUUECKUM YPABHEHUSIM:

a)52° +22° +3z2+1=0,
6)2° +2°+7+1=0,
6)z*-132+04z=0.

12.4. YcranoBuBLIMECSH PEeKUMbI JUCKPETHBIX CHCTEM

JIns uccnenoBaHusi TOUHOCTH AUCKPETHBIX CAY B yCTaHOBUBILMXCS PEXKUMAX
VICTIOJIB3YIOTCSI U3BECTHBIE TEOPEMBI ONIEPALIMOHHOTO UCUUCIIEHUS O KOHEYHOM 3HAUYECHUH:

Y= lIMYLKT =lim(1- 2 )Y (2).

-1
B YaCTHOCTHU, IJId CTATHYCCKOI'O PCKHMaA 3aMKHYTOﬁ CUCTEMBI OTKJIOHCHHC

BBIXOAHOM BEIMYMHA Y. , BBI3BAHHOE TPHIIOKEHHWEM TIIOCTOSIHHOTO BO3/EHCTBHUS
f.»=CONst, BEIpakaeTCs COOTHOLICHUEM:

W)
Y =Uimy o T,

rne W(z) — mepemarounas ¢yHkuus pasomkHyTou cuctembl, Wy (Z)-mepemarounas

(YHKIMS y4acTKa CHCTEMBI OT MECTa IMPHJIOKEHHUS BO3MYILNAIOIIErO BO3JCHCTBUS 0

BBIXOJTHOW BEJIMYMHEI Y.

BoinykeHHyl0 cocTaBisomlylo omuOku HempepsiBHOH — CAY B ciyuae

n .

BO3NCHCTBUS Ha Hee MOTMHOMMATbHOrO Bo3Mymenms Buaa f|k]=Yak', moxmHo
i=0

IPE/ICTAaBUTh B BHJIE Psla:
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" (i) i T
S[k]:Zcif [k]’rﬂeci:{dm(?p)
i=0

l } , T — IIar KBaHTOBaHMUS.
il dp 0

3agauu

12.18. B cwucreme, CTpyKTypa KOTOpod JgaHa Ha  puc. 12.3,

Wi(z2)=— Kz , W,(z)=1. Omnpenenure, mnpum Kakux Kod(ppHuIUeHTax

Z —a1Ztag
nepenaTouHon pyHkmu Wi(z) B craTHIeCKOM pesxuMe OyAeT UMETh MECTO:
@) craTudeckas ommbka e = 0, 6) Yy = X.

X e v
F
W, (z) -

W,(2)

Puc. 12.3

12.19. Jana cuctema perynupoBanus ¢ 9BM B KOHType ynpaBieHuUs
(puc. 12.2), y koropoii D[z] = 10; H(p)=0,5/p, nepuon keanroBauus T=0,1. Onpenenure
YCTaHOBUBIIYIOCS] OUTUOKY VYycr JJI1 BXOJHOTO CUTHANA
a) x(t)=2;
6) x(t)=2 + 0,5t.

12.20. B cucreme perynupoanus (puc. 12.2),
1-az? _ )
D[z] =k, Tibs ' H(p)= 2,5/p*.
rae kgy=10;a=0,7; b =0,5, nepuox kBauToBanus T = 0,2.
Omnpenennure yCTaHOBUBIIYIOCS OIMUOKY JIJISl BXOAHOTO CUTHAJIa
a) x(t) = 1;
o) x(t) =1+ 0,5¢;
8) X(t) = 1+ t2,

12.21. B cucreme perynuposanus (puc. 12.2)

D[z] =kq, rme kg=10; H(p)=2,5/p*; T=0,2.
Omnpenenure yCTaHOBUBIIYIOCS OIIKMOKY JIJIsl BXOAHOTO CUTHAja

a) x(t) = 1;

6) x(t) =1+ 0,5t.
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12.5. IlepexoaHblie mpouecchbl

[Ipu HcroNB30BaHUM ONEPATOPHOTO METOJIAa CHAyYala OMPECIIAIOT U300pakeHUe
BeIxoqHOW BenuumHbl Y(Z) = W(2)X(z). Opurunan Y[K] (pemerdatas GyHKIHs)
BBIYHUCIISICTCS Kak oOpaTHOe Z-TIpeoOpa3oBaHuUe:

o+inlT
yIk1=2 ()=

[ Y(eP")ePTdp= —§Y( z)z*dz.
To—jmlT
Ecnu nzo0paxxeHre BRIXOAHON BeIuunHbl Y(Z) = G(Z)/ H(z) npencrasnsier apoOHO-
palnroHaAIBbHYIO (GYHKIIMIO Z, TO JUUIsl HAXO0XKICHHSI OPUTHHANA B CIy4ae MPOCTHIX MOITFOCOB
9TON (PYHKIIMU MOKHO BOCIIOJIb30BAThCS TEOPEMOU Pa3IoKeHUS:

dH
YK =32 g4

, rme Zj - mpocroit momoc, H'(z;)=—
H'(z ) dz
Boeruncnute 3HaueHus opuruHaia Y[K] B JHMCKpeTHBIX TOYkax MOXKHO 0Oe¢3
HAXO0XJICHUS TIOJIOCOB M300paKEHUs, HCIIONB3ys pazioxenue Y(z) B psx Jlopana. U3
omnpenaeneHus: Z-mpeoOpa3oBaHUs CIEAyeT:

Y(z)=§)y[k]z"‘ _y[0] +y[1]zt +y[2]2% + y[3] 23 +

PaznoxuB moObiM criocoboM wuzoOpakeHue B psan JlopaHa mo yObIBaronium
CTETICHSIM Z, TTIOJTYIHM:

Y(z) = co +C1zt + Ccz? + gzt + L.

(ITpaxtruecku psia JIopaHa MmoTydaroT AeICHUEM YUCIUTENS HAa 3SHAMEHATE b, HAUWHAS CO
CTapIINX CTETICHEH ITOJIMHOMOB. )

CpaBHuBas 1Ba psja MEKIy COO0H, MOKHO YCTaHOBUTH, UTO

y[0/=co, Y[1]= c1, y[2]=C2, Y[3]=C3 m T.0.

BecoBas xapakTtepuctuka auckpeTHor cucteMbl W[K] mpemcraBisieT peakiuio
CUCTEMBI Ha BXOJIHOC BO3JCiCTBHE B BHJIC O[K] mMpu HyJIeBBIX HaYalIbHBIX YCIOBHSX U
SABIISIETCS. OPUIHHAIIOM OT nepenarounoi Gpynkumu: W[K] = ZH{W(2)}.

[Tepexoanas xapakrepuctuka h[K] mpencraBiseT peakiinio CHCTEMbI Ha SIMHUYHOES
CTyIIeHYaToe BO3JCHCTBHE TIPU HYJICBBIX HAYaJIbHBIX YCJIOBHAX M  paBHA

7=z *

h[k]=Z _1[%W( z )}. B3auMocBs3bp Mexay BECOBOM M MEPEXOJHON (YyHKUUSAMHU
Z J—

BeIpakaetcsi cootHomenueM: W[K] =V h[k].
3axaun

12.22. HenocpeiCTBEHHBIM PELIEHUEM PA3HOCTHBIX YPABHEHUN ONPENEITUTE
nepexoAaHbie PyHKIIMU CUCTEMbI U TOCTPONTE MEPEXOIHBIE TPOLIECCHI:

a) y[k+2] +y[k]=x;

6) y[k+2]-025y[k]=x;

6) Y[k+2]+0.25y[k]=x;

2) YI[k+2]+4y[k+1] +3y[k]=x
npu X[K]=al[k], a = const.
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12.23. C nomotupio GopMys pa3iokKeHHs HallAuTe BECOBbIE (PYHKIIMH CHCTEM,

UMEIOITUX MepeaaTouHble (YHKIUU:

01
a) W(z)= ;
) W(z) 722 -132+04
Z
0) W(z)= ;
) W(z) z2-15z2+05
2
6) W(z)= 2°+22+1

7% -157> +05z

12.24. Cuawurasi, 9TO BBIXOJHBIMUA BEJIMYMHAMH SIBJISTFOTCSI TIEPEMEHHBIE COCTOSHUS,
ONPENECTIUTE MEPEXOJHBIE M BECOBBIC MAaTPULBI JJII CUCTEM, MMEIOIIMX YPaBHEHUS

COCTOSHUA .
0 1
k+1]= k
@ X[k-+1] ‘_2 Py
2 -1 1
o) x[k+1]=[1 0 1x[K]
1 -1 2
0 1
k+1] = k
o x[k+1] ‘_4 R
0 1 0
2 x[k+1]=[0 0 1x[K]
2 -5 4

12.25. C nomotpio Z- mpeodpa3oBaHus OMPEISTUTE MEPEXOTHYI0 MATPHUILY
COCTOSIHUSI CHCTEMBI, CBOOOTHOE JIBHIKEHHE KOTOPOU OMUCHIBACTCS CUCTEMOM
Pa3HOCTHBIX YPAaBHEHUI:

a) x[k+1]:_04 ;x[k]
01 0

6) X[k+1]=[0 0 1[x[K]
2 -5 4

6) x[k+1]:_02 _13x[k]
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12.26. Ilepenarounas GyHKIUS 3aMKHYTOM TUCKPETHON CHCTEMBI:

W(z)= Y(z) 035z+03 .
G(z) z°-z+07
a) Beruucnure nepexoiHy0 XapaKTepUCTUKY CUCTEMBI C MOMOIIbIO GyHKIIMU StEP, 3a1aB
Bpems nporecca t=[0:1:20].
6) C nomomipto QyHKIuH 02C ompeaenuTe SKBHBAJICHTHYIO  HEIPEPHIBHYIO
nepeIaToyHyo (GyHKIIMIO, rojaras nepuoja kBaurtoBanus T =1 c.
6) C nomomibto GyHKIMKU Step MOCTpONTE MEPEXOJHYIO XapaKTEPUCTUKY HEIPEPHIBHOM
CHUCTEMBbI ¥ CPABHUTE €€ C MOJIyYeHHOM B II. (@).
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I'maBa 13
HNCCJIEJIOBAHUE CUCTEM YIIPABJIEHUSA
C UCIIOJIB30OBAHUEM MATLAB

Cucrema Matlab B HacTositiee Bpemsi MIMPOKO HCIIONB3YETCS MPH BBITOTHCHUU
Pa3IMYHBIX HAYYHO-TEXHUYECKHX pPacyeTOB. DTO MHTEPAKTHUBHAS CUCTEMA, MMEIOLIAas
CBOIl $3BIK, MOIIHBIE CPEJCTBA OTJIAAKA M PA3BUTHIA MOJH30BATEIbCKUI MHTEpEC.
Matlab mpumensiercs st 00ydeHusl BO MHOTHX YHUBEPCUTETAX Pa3IMYHbIX CTpaH. B 3Toit
rJIaBe TOCOOMS JTaHO ONMCAHWe OCHOBHBIX KOMaHI W QyHKIui makera Control System,
Bxozsmero B Matlab, mpuBenmensl mpumepsl MX TPUMEHEHHUsS ISl pacyeTa CHCTEM
aBTOMATHYECKOTO ynpasieHus. B IIpunoxkeHun k 3TOM IIaBe NPUBEIECHBI HEKOTOPBIE
nporpamMmsl Ha si3eike Matlab, paspaborannbie 1 Bcmonb3yeMble Ha Kadeape aBTOMaTHKU
Y BBIYUCIUTEIbHON TEXHUKH.

13.1. MATEMATHYECKHWE MOJEJIY JIUHEHHBIX CUCTEM

MareMaTtuyeckre MO JTUHEHHBIX CTAllMOHAPHBIX IMHAMUYECKUX CUCTEM B
Matlab MoryT ObITh TpeaCTaBICHBI TIEPEAATOUYHBIMU (BYHKIUAMH (B ABYX opMax) Wim
YpaBHEHUSIMU B MPOCTPAHCTBE COCTOSIHUI. MOXKHO MOJIB30BATHCS JIFOOBIM U3 OMTUCAHUN
U TIEPEXOUTH OT OJIHOTO K IPYTOMY C TTIOMOIIBIO CHIEIIUAIBHBIX KOMaHI.

Ilepeoamounvie hynkyuu

[Tepenarounas ¢yHKIUS OJHOMEPHOM CHCTEMBI, UMEIOIIEH OJMH BXOJ W OJWH
Beixo1 (SISO — single input, single output) npeacraBisieT OTHOIICHHUE BYX MMOJIMHOMOB
ot S (v p):

H(s) = bS" + b, S" 4.+ by _ B(s)’
as"+a s"t+..+a, Als)

m<n. (13.1)

[MomuHomer B(S) m A(S) 3amaroT BEKTOpPaMH-CTPOKaAMH HX KOA(D(UIMCHTOB,
KOTOPBIEC PACIIONIAraroOT MO YOBIBAIOIIEH CTEIICHH S:

yucauTenb (numerator) num=[by, by-1 .. bol,

3Hamenarenb (denominator) den=[a, an-1 .. aol .

Takum oOpa3zoMm, komanma tf (num,den) co3gaeT MEpPenaToOYHYI0 (YHKIIHIO

SISO-cucremsr (13.1).
[TpuMmep .
» num=[1 27];
» den=[3 4 5];
» H=tf (num, den)
Transfer function:
s + 2

3 s"2 4+ 4 s + 5
[Tepenarounas marpuia MHoroMmepHoit cuctemsl (MIMO — multi input, multi
output) comepkuT nepenaTovHbie GYHKIIUH OT BCEX BXOJIOB KO BceM BbixonaMm. Kaxmas
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U3 ATUX NEPeIaTOYHBIX (PYHKIIMH 3a1a€TCSI COOTBETCTBYIOIIMMHU BEKTOPAMU
KO2(PUIIMEHTOB YUCIIUTEIIS M 3HAMEHATE.
s+1

s> +4s+5

S
Hanpumep, unciurens N(S) = [
S+ 2

} U 3HameHarenb D(S) =
omnpenensaor nepenatounyto marpuity MIMO cuctembl, uMeromeil oMMH BXOJ U JIBa
BBIXOJIA:

s-1

s+1

S+2

S2+4s+5
[TepenaTounyro pyHkuio H(S) MoXKHO co31aTh, 3a/1aBasi YHCIUTEIIb H 3HAMEHATEITb

MacCCHUBaMH AYCCK, COACPIKAIIUX UX KOB(I)(i)I/IIII/IGHTbII
» N={[1 -1];[1 21};
» D={[1 1];[1 4 5]};
» H=tf (N, D)
Transfer function from input to output...
s - 1
#1: -————-

H(s) =

#$2: —————
s"2 + 4 s + 5

OTMeTHM, 4TO YHUCJIO BXOJOB CHUCTEMBI PABHO YHWCIY CTOJIOIOB Matpullbl H, a uucio
BBIXOJIOB — YUCIIY €€ CTPOK.

Hleb'nOJlIOC‘Hoe onucanue

Hpyras ¢opma npecTaBieHus nepeaToqyHon GyHKIMN — HYJIb-TIOJIIOCHOE
onucanue wim zZpk-gpopma:

H(S):k(S—zl)(s—zz)...(s—zm) m<n, (13.2)

(s=p)(s=py)(s=D,)
rae z; (i=1,...,m) — Hyyu (Zeros) nepeaarouHo (QyHKIIHH,
p; (=1,...,n) — momrocsl (poles) nmepenarouHoit GpyHKIHH,

K — ckanspHbIid KOOQPUIMEHT, paBHBIH —7.

a

n

Jns cozmanust ZpkK — momenu (13.2) ucnonb3yercst komanaa zpk (z, p, k) .
HanpumMmep, 3amaB BEKTOPB HYJIEM, I[OJIOCOB M KO3QOMUMeHT K, OOJIydYMUM:
» zpk ([0 -2],[-1+2i -1-2i -5],10)

Zero/pole/gain:
10s (s+2)

(s+5) (s”"2 + 2s + 5)

KommiekcHo-conpsiKeHHbIE HYJIM U TIOJIFOCHI CIICTYET 3a/1aBaTh MapaMH.

Jiis maoromepHoi (MIMO) cuctemsl ¢ M BXogamu U N Beixogamu ZpK — moens
CO31a€TCs AaHAJIOTUYHOW KOMaHI0M sys=zpk (z, p, k) ,
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rJie Z ¥ P — MacCUBHI siueek N X M, B kotopbix Z{i, |} u p{i, j} — BekTOpHI HyINIEH 1
TIOJTFOCOB TIEPeAaTOYHOM (DYHKIMH OT BXOJa | K BBIXOY |,
K —n X m— marpuna ko3pPpUIMEHTOB I KaXI0T0 KaHaJa.

Hanpmumep,

» zpk ({[];[-1 -21},{1;[0 2]}, [5;10])

ompernesyiieT CUCTEeMy C OIHYMM BXOIOM ¥ IOBYMS BHXOIAMM:
Zero/pole/gain from input to output...

#1: —-———--

Ipyrom npumep. Ecnm

» z={[] =-5;[1-1 1+1i] [1};
» p={0 [-1 11;[1 2 3] []};

» k=[1 3;2 0];

TO COBIAaeTcsa CHUCTeMa C OBYMS BXOINAMM UM IOBYMS BEXOIAMMU:
» H=zpk(z,p, k)

Zero/pole/gain from input 1 to output...

#2: -
(s=1) (s-2) (s-3)
Zero/pole/gain from input 2 to output...
3 (st+5)
#l: ——————————-

#2: 0

[Tepenatounsie pynkiuu MIMO cuctem kak B ¢popme (13.1), Tak u (13.2) MOxKHO
CO3/1aTh C MIOMOIIBI0 00beIMHEeHNS (KOHKaTeHaIun) coctapisitomux ee SISO —
OMUCaHUM (CM. HUXKE).

Onucanue 6 npocmpancmee COCMOAHUU

DT0 OCHOBHOM criocob onucanus cucteM B Matlab. B atom cityuae ypaBHeHus
CHCTEMBI IMEIOT BU/I:

d_x = AX + Bu
dt (13.3)
y=Cx+Du,

r7ie X — BEKTOpP COCTOSTHUS (pa3MepHOCTH N ),
U — BEKTOp BXoja (pasMepHOCTH M),
Y — BEKTOP BBIX0/1a (pa3MEpPHOCTH ),
A, B, C, D — maTpuiibl COOTBETCTBYIOIINX PA3MEPHOCTEM.

76



Jlnst co3maHust OMMCaHWsS B TMPOCTPAHCTBE COCTOSHUN HCTONB3YETCS KOMaHa
sys=ss (A,B,C,D) . DTa KOMaHJa CO3JIacT MOJEIb 00beKTa (SS-MOJICIIb) C HMEHEM
Sys, coxpansiss B mamsatu matpuiiel A, B, C, D, pasmMepHOCTH KOTOPBIX JIOKHBI OBITh
corjiacoBaHbl. B IpOTUBHOM ciTydae BBIBOJMUTCS COOOIIEHHUE 00 OmmoKe.

Jlns Mopenent ¢ HysJeBoi Matpuiieil D MOXHO 11 KpaTKOCTH 3amuckiBath D = 0,
YTO O3HAYAeT HYJICBYIO MAaTPHUIly COOTBETCTBYIOIIEH Pa3MEPHOCTH.

ITIpu paGote B cpeae Matlab o00bekTEI MOTIYT pa3nMyaThCSA MO THIIAM MOJEIICH
(HampuMep, OJHM 3aJal0TCs TepelaTOYHbIMU (YHKIUSIMH, JAPYTHE — ypaBHEHUSIMHU
COCTOSIHHSI WJTM HYJIb-TIOJIFOCHBIM omricaHueM). CTaHOBHUTCS HESICHBIM, B Kakou (Gopme
OyJIeT TOoJydeH pe3yabTaT. ITOT BOMNPOC pa3peliacTcsl CIASAYIOUUM HpPAGUIOM
npuUoOpuUmMemos.

Monenu Buna tf, zpK u SS parmxupyroTcs corjiacHO HepapXUH:
ss > zpk > tf .

Oto o3HayaeT, yTo ZpK mmeer npuopuret nepen tf, a SS uMeer nmpropHTeT U TIEpeT
tf u mepen zpk.

JlpyrumMu clioBaMH, TPU JIOOBIX OIEpanusXx ¢ MOJACISIMU pPa3HBIX THIIOB B
pe3yJbTare MmojJyqacTcs:

— SS-MO/JIeJIb, €CIIM UMEETCs, TI0 KpaliHe Mepe, oJ1Ha MOJIeb B SS-hopme,

— Zpk-Momenb, eciii HET SS U €CTh, 110 KpaliHeil Mepe, oaHa ZpK-Moenb,

— tf-mozennb, ecau Bce Mozenu uMeioT ¢popmy tf.

Pabora ¢ oObekTaMu pPa3IUYHBIX THUIIOB BBIMOJHSACTCS CICIYIOIIUM OO0pa3oM.
Pe3ynbTupyromuii THIT MOAEIH OTPEEISCTCS 10 MPABIITY MPUOPHUTETOB, M BCE MOJICIH
IpeoOpa3yroTCs B 3TOT THII, & 3aTEM BBITTOTHSIIIOTCS HEOOXOMMBIC OTICPAIIHH.

Jluckpemmnoie mooenu

YToOBI cO3/1aTh JUCKPETHYIO MO/IENIb 00BEKTA C 3aJaHHBIM MEPUOIOM
JMCKPETHOCTH, CJICAYeT K BXOJHBIM aprymenTam ¢ynkuuii tf, zpk u SS 106aButh nepuon

JUCKPETHOCTH TS, U3MEPsEMbIi B CEKYHIaX:
sys=tf (num, den, Ts),
sys=zpk(z,p,k,Ts),
sys=ss(A,B,C,D,Ts) .

Hanpumep, xoMaHIa
» sys= zpk(0.5,[-1 0.5],2,0.05)
coszzmaeT zpk-Momensb:
Zero/pole/gain:

2 (z-0.5)

(z+1) (z-0.5)
Sampling time: 0.05

Ecnu nepuoa TUCKPETHOCTH AJIs TUCKPETHOM CUCTEMBI HE OIIPEICIICH
(mecnieruIIMpoBaH), TO YKa3bIBaeTCs 3HaUeHue 1S = -1.

Buviroenenue noocucmem
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B cnydae MHOTOMEpPHBIX CHCTEM OBIBa€T HEOOXOIUMO BBIJCIHTH HEKOTOPYIO
MOJICUCTEMY, CBA3BIBAIOIIYIO OIPEACICHHBIE BXOJ W BBIXOJ. BbIJIeIEeHHE HYXHOU
MOJCUCTEMBI TPOU3BOAUTCS OINEPATOPOM subsys=sys (i, ), I/ic NEPBbIA UHJIECKC i
yKa3bIBa€T HOMEp BBIXOJA, a BTOPOM MHIEKC |- HOMEp BXoja. Pe3ynbprHpyroimas
nojcucTeMa OyAeT MOJICNIbIO TOTO YK€ THIIA, YTO U SYS.

Ecmn, Hanmpumep, cucrema ¢ ABYMS BXOJaMHM U TPEMS BBIXOJAMHM 3aJlaHa
nepeaTouHor matpuieid H, To s BbIIEIEHUS TMOJCUCTEMBI, CBS3BIBAIOIIEH BTOPOM
BXOJ[ C TPETHUM BBIXOJOM, CIEIYyEeT yKa3are: H32 = H(3, 2).

Omnepatop sys (3, 1:2) BblIEISAET MNOJCUCTEMY, CBS3BIBAIOIIYIO NEPBBIA H
BTOPOM BXO/JIbI C TPETHUM BBIXOJOM.

Ceoiicmea mooeneii

Monenu cuctem, co3naBaembie B Matlab ¢ momombro ¢ynxmmii tf, zpk, ss,
COXPaHSIOT JJAHHBIC CHCTEM (YUCITUTENN U 3HAMEHATEIH, HYJIU U ITOJIOCH TIEPeIaTOYHBIX
¢dbynkmmii, matpursl A, B, C, D u 1.1.). X Ha3sBaroT Taxke LTI- oobekTamu (Linear
Time Invariant). DT 00BEKTHI MOTYT TaK)Ke COJICPIKATH JOMOJHUTEIIbHYIO HH(POPMAITUIO
0 cucTeMe (MMEHa BXOJIHBIX U BBIXOJHBIX TIEPEMEHHBIX, TIEPUO] TUCKPETHOCTH, BXOTHBIC
3aJIeP KK, JOMOJHUTEIBHBIE MaHHBIE O MOJCTH M T.1.). DTy HHGOPMAIHMIO HA3bIBAIOT
cBoiicTBamu Mozenen (niau LT1-00bekToB).

Kaxxioe cBOMCTBO ycTaHABIMBAETCS AP0l apTryMEHTOB:

cpoiictBo (PropertyName), snauenue (PropertyValue).
[lepBbIil apryMeHT — Ha3BaHUE (MMs) CBOWCTBA WUJIM €r0 COKpAIIEHUE C JOCTATOYHBIM
YKCJIOM 3HAaKOB JuId uWAcHTH(UKalmu uMeHd. Hampumep, 'inputname' wmm ero
cokparienue 'inputn’, ‘outputname’ (‘outputn’). Bropoit aprymeHT — 3HaYeHHE, KOTOPOE
IIPUIAETCSA CBOWCTBY.

OcHOBHBIE CBOMCTBAa 0OBEKTOB MPUBEACHBI B CJICAYIOIICH TabJIHIIE.

CBOHCTBO Ommcanune Tun maHHBIX

InputName Ha3Banust BXon0B MAaCCHB STUECK

OutputName Ha3Banust BEIXOI0OB MAaCCHB STUECK

Notes OnucarenpHast ”HGOPMAITUS | TEKCT

Ts ITepron TMCKpETHOCTH CKaJIsip

Variable [lepemeHHbIE TEPEIaTOYHON | CHMBOJIBI
byukmuu 's', 'p', 'z, 'zN-1'

Userdata JlononHuTeNnbHbIE JaHbIE IIPOU3BOJILHBIE

Crretturyeckumu cBoiicTBamH |ti-00beKTOB ABISIOTCS:
s tf-moneneit — num, den, variable;
g zpk-moneneit — z, p, K, variable;
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I SS-Mmopeneid — a, b, ¢, d, StateName — nmena nepeMeHHBIX.

CaoiicTBa Iti-00bEeKTOB MOXHO YCTaHOBHUTH MHPU CO3JAHHH 3TUX OOBEKTOB C TIOMOIIBIO
komaHg tf, zpk U ss.

Hanpumep, coszzmapas tf-obOmexT, yKasHBAOT M €TI0 CBOMCTBA:

» h=tf (10, [1 2 3], 'inputn', "Hanpsaxenmue', 'outputn', 'ckopocTp');

» h

Transfer function from input "mHanpsxexnme" to output "ckopoctTp":
10

s"2 + 2 s + 3

Jpyroii cmoco® cCOCTOUT B Ha3HAUEHUU CBOMCTB CYIIECTBYIOIICH MOAETH
KOMAaH/IoU set.

Hanpumep:

» h=zpk ([],[-1 -2],5);

» set (h, "inputn', 'maByieHue') ;

» h

Zero/pole/gain from input "maeisienme" to output:

(s+1) (s+2)
B »TOM mIpuMepe MMS BBIXOIa HE YCTAaHOBJIEHO.

[To ymomyanuto nmepeMeHHasi mpeoOpa3oBanus Jlammaca ob6o3Havaetcs OyKBOM S.
MO’KHO 3aMEHHTD €€ TIepEeMEHHOM P, YKa3aB UM IepeMeHHOM U ee 3HaueHue : ('variable',
P).
B ciaygae MIMO-cuctems! nisi ykazaHUSI HMEH KaKJOTO BXOJa M BBIX0JIa UCTIOIB3YIOT
MAaCCHBBI STY€EK M3 CTPOKOBBIX MepeMeHHbIX. Hanpumep, it cucteMsl h ¢ 1Bymst BXogaMu
UX UMEHA Ha3HAYalOTCS TaK:
set (h, "inputname', { 'remneparypa'; 'naBienue’ })
B ciyuae Ss-mMozaeneit cBoMcTBO 'statename’ mo3BosiseT MPUCBOUTh UMEHA NEPEMEHHBIM
COCTOSIHHSI.

Jlanupie O cBo#MCTBax O0OBEKTa SYS MOXHO TMOJTYYUTh, BBITIOJHUB KOMAaHIY

get (sys).

[Tpumep .
» h=tf (10, [2 1], 'inptn', 'HanpsaxeHue', 'outptn', 'cxopocTr',
'user', 'crymeHt') ;

» get (h)
num = {[0 107}
den {[2 1]}
Variable = 's'
Ts = 0
Td = 0
InputName = {'Hanpsaxenwue'}
OutputName = {'ckxopocTnb'}
Notes = {}
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UserData = 'crynment'

]_IaHHBIC 00 OTACIBHOM CBOICTBE 00BEKTAa MOYKHO IMOJIYUUTb, YKa3aB UMs 3TOTO
CBOICTBA MOCJIE UIMEHHU 00BHEKTA.

[Iprmep.
» sys=ss ([l 2;3 4],[1;1],[1 0]1,0);
» Sys.a
ans =
1 2
3 4
» h=tf (10, [4 5]);
» h.num
ans = [1x2 double]
» h.num{1l}
ans = 0 10

Ilpeoobpaszoeanue mooeneii

Ecnu kakas-mi6o Mojiens CUCTEMBI SYS co3/laHa, TO €€ IpeoOpa3oBaHue B APYTYIO
(GhopMy MOKHO BBIITOJTHUTH MPOCTHIM 00pa3oMm:
Sys ss=ss(sys),
sys zpk=zpk(sys),
sys tf=tf(sys).

[IycTe, Hanpmumep, uMeercsa tf-momenp cucTeMel. l[IpeobpasyeM ee B SS—
dopmy .

» sys=tf(1l,[2 3 4]);

» SyS ss=ss(sys)

a =
x1 X2
x1 -1.5 -1
X2 2 0
b =
ul
x1 0.5
X2 0
c =
x1 X2
2l 0 0.5
d =
ul
yl 0

Continuous-time system.

Mopaenu B nmepeMeHHBIX COCTOSIHMSI MOTYT MMETh pasnudHbie (opmbl. [laker
Control System mo3BouisieT co31aBaTh KaHOHUYECKHE POPMBI IBYX TUTIOB — MOJIAJIBHYFO U
NPUCOECMHEHHYIO0, a TaKKe MPeoOpa3oBBIBATH MOJEIM K HOBOMY 0asuCy, HUCIOIB3Ys
BbIOpaHHYIO MaTPHILy TOI0OHOTO peoOpa3oBaHUsl.
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B kanonmueckoli moodanvnoii (popMme (HA3BIBAEMOUN TaKKe KOPJAHOBOW) Ha
JMaroHaJId MaTpHIlBl A pacronararTcs cOOCTBEHHbIE 3HAUCHUS MAaTPHIIBI, IPUYEM TIape
KOMIUTIEKCHO-COTIPSIKCHHBIX COOCTBEHHBIX 3HaUEHUI COOTBETCTBYET OJIOK pasmepa 2X2,
TaK)KE pACIOJIOKEHHBIM HA JUaroHadd OdTOW MaTpullel. Tak, ISl CHUCTEMBI C
COOCTBEHHBIMHM 3Ha4eHUsAMU (A1, G £ Jo, A,) MOAaIbHAs MaTpULA A UMEET BUJ:

A 0O 0 O
0 o o O
0 —-o o O
0 0 0

MonansHast popma cucTeMsl SYS co3aaeTcst PyHKIHeH
csys=canon(sys, 'modal') .
Marpuiia A npucoedunennoi KaHoHUYECKOU GopMbl (Ha3bIBAEMON TaKKe
bpoOEHMYCOBOIN) [J11 CUCTEMBI C XapaKTEPUCTUUECKUM MOJIUHOMOM
p(s) = s"+ags" .. .+a,

IMEET BU/I:
0 O ) - a.n
1 0 O saa - an_l
1 O ) - a.n_2 .
0O 0 0 .. -4
[Ipucoennuennas dbopma CHUCTEMBI Sys co3/1aeTcs byHKIUEH
csys=canon (sys, 'companion') .
Oyukuus [csys, T]=canon (sys, 'Tun') BBIBOAAT HA JOHUCIUICA TaKkKe

MaTpuily T mpeoOpa3oBaHusi, B KOTOPOM HOBBII BEKTOp cocTosiHuA X = TX. Marpuna T
MO>KET 0Ka3aThCs MyCTOM, €CIIM UCXOAHAs CUCTEMa HE SIBJISIETCS SS-MO/IETBIO.

[Ipucoenunennast kKanHoHU4eckasi hopmMa MOKET UMETh TIJIOXYI0 00YCIOBICHHOCTD,
MO2TOMY €€ MPUMEHEHHUSI 10 BOBMOXXHOCTH HaJI0 U30erarh.

IIpeoGpa3oBanue SS-mojesneil K HOBOMY 0a3UCy C 3a/IaHHBIM IPEOOPa30BaAHUEM
T ocymecTBisieT pyHKIUs sSysT=ss2ss (sys, T) . [Ipu 5TOM HOBBII BEKTOP COCTOSIHUS
X =TX, a npeoOpa3oBaHHbIC MaTPUIIbI CUCTEMBI UMEIOT BUJ]
A=TAT"', B=TB, C=CT".

[Tpu moxo o0yCIOBIEHHBIX MAaTPHUIIaX BOSHUKAIOT BHIYMCIUTEILHBIC TPYTHOCTH.
UtoObl mx u30€kaTh, MOXKHO BBITIOJIHUTH MAaCIITAOMPOBAHME MATPHUIl SS-MOJEIU C
yetBepkont marpunr {A, B, C, D}, ucnons3ys npeobpazoBaHue MOJ00US C HOBBIM
BEKTOPOM COCTOSIHUSA X = [X W auaroHanbHON Matpuied T U ckamsipoM o TaKUMH, YTO
MaTpuIa

TAT! TB/a
oCTt 0
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UMEeT MaJible 4ucia OOYCIOBIIGHHOCTH IO OTHOIICHHWIO K 3aJade Ha COOCTBEHHBIC

3HaueHus. MacitabupoBanue MOENH SYS MPOU3BOIUT QYHKIIMS:
[sysb,T]=ssbal (sys, condT),

npudeM BxoJHas BeauurHa CONAT 3amaeT BEpXHIOK TPAHUILY YHUCIIa 00YCIOBICHHOCTH

s Matpunbl T; mo ymonuanuio npuHumaercs T=1/eps. Jlns Beraumcienus T u o

ucnoip3yercs pyHknus balance, Bxoasmas B sapo Matlab [12].

[Tpumep.
» a=[0 -2e3;1 100];
» b=[1;1];
» c=[1 0];
» d=0;
» sys=ss(a,b,c,d);
TO0npemenuM dmcia OOYCJOBJEHHOCTM MaTpPMUEBL A
» condeig(sys.a)
ans =
4.4755e+001
4.4755e+001
BrINOJIHMM MacuTabupoBaHMEe MaTpML CHUCTEMB M HalIeM 4YKucia
OOYCJIOBJIEHHOCTM MaclTabMpOBaHHOM MOILeJU
[sysb,T]=ssbal (sys);

» condeig(sysb.a)

ans =

2.3378e+000
2.3378e+000

B pesyibTaTe MacUTabMpPOBaHMSA UMCIa ODYCJIOBJIEHHOCTM YMEHBUMIIUCH
npuMepHo B 19 pas, M3 yero cjenyeT, UYTO TOUHOCTL BHUMCIJIEHUS
COOCTBEHHEIX SBHAQUEHMUM I[IOBEICMJIAChH B TaKOe Xe UKCJIO pas.

o° o°

M

IIpeoGpa3oBanue HenmpepbIBHOI Moaesu SYSC B auckpeTHyto SysD ¢ mepuomgom

JTUCKPETHOCTH TS BBIMOJTHSAETCS KOMaH 01 c2d:
sysD=c2d (sysC, Ts) .

OG6patHoe mipeoOpa3oBaHne JUCKpPeTHOW cucremMbl SysD ¢ mepuomom

JUCKPETHOCTH 1S B HeNMpepPbIBHYIO Mojieb SySC BBINMOIHSIETCS KOMaHI0M d2C:
sysC=d2c (sysD, Ts) .

B o0oux ciaywyasx 1O YMOJYAaHMIO MPEIINOJNAraeTcsi  HCIOIb30BaHUE
AKCTpaIoysIiTopa HyJeBOro mnopsaka. OpHako, BO3MOXKHO TaKXe€ HCHOJIb30BAHKE
AKCTPATOJIAIIMH IIEPBOTO MOPS/IKa, OMITMHEHHOW anmpokcuManuu u 1p. [14, 15].

OyHkmsa sys=d2d (sys, Ts) GopMUpyeT AUCKPETHYIO MOJIETIb CUCTEMBI SYS C
HOBBIM [IEPUOJOM JUCKPETHOCTHU TS.

[Tpu pabote B Matlab cienyer umers B Buay cieayroriee:

1. Tpu BO3MOXHBIX (OpPMBI MOJIENIei HE pPaBHO3HAYHBI TPHU BBITOJTHCHUH
BBIUMCIICHUA. B 9acTHOCTH, TOYHOCTH BBIYUCIICHUN ¢ {f-MOIENsIMU BBICOKHX MOPSIKOB
MOXET OKa3aThCsl HU3KOM. [10ATOMY B TakHMX CilydasX peKOMEHIYETCSl UCIOJIb30BaTh SS-
MOJIE/IM, a TMepenaToyHble (YHKIMU MNPUMEHATHh IJIs1 MPOCMOTpa W HMHTEPIpPETAUU
pe3ynbTaTOB.

2. [IpeoOpazoBanue Kk (popme mepeaaTroyHo (YyHKIMKU MOXKET BbI3BaTh MOTEPIO
TOYHOCTHU. B pe3ynbTaTe HyJIM U MOJIOCH EPEAATOYHON PYHKIIUU MOTYT OTIUYATHCS OT
napaMeTpOB UCXOAHOM Mojenu B ZPK miu SS-opme.
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3. IIpeobpazoBanue B SS-opMy HE SIBISCTCS €IMHCTBEHHBIM JJISI OJTHOMEPHBIX
CUCTEM, a B MHOIOMEPHOM CJyda€ HE TapaHTUPYET IOJIYYECHHS MHHUMAaJIbHON
peanu3zaruu. [103ToMy BBITOJHEHHE TTOCIIEA0BATEILHO IpeoOpa3oBanuii u3 Ss B tf-hopmy
1 00paTHO B SS-(hOpMy MOKET J1aBaTh pPa3IMUHbIC MATPHUIIBI CUCTEMBI U IAJKE Pa3JIMYHOE
YHUCJIO MEPEMEHHBIX COCTOSHUS.

13.2. IPEOBPA3OBAHUA CTPYKTYPHbBIX CXEM

[TpeoOpa3oBaHne CTPYKTYPHBIX CXEM CHUCTEM yrpanieHus B Matlab Beimonasiercs
C IOMOIIBI0 PYHKIUH, MPUBEICHHBIX B CIIEAYIONICH TadIuIE.

append 00BeIMHEHHE MoJieel ¢ 100aBJIEHHEM BXOJI0OB U BBIXOI0B
series MOCJIEA0BaTEILHOE COeAMHEHNE (YMHOXKEHUE) MOIEeH
parallel | mapamienbHOE COSTUHEHHE (CIOKEHNE) MOICICH
feedback |coenuHnenue ¢ oOpaTHOM CBSI3bIO

connect 00beIMHECHUE MOJICIICH C UCIIOJIb30BAHUEM MATPHUIIBI
COCIUHCHMUI

Oyakus sys=append (sysl, sys2, .., sysN) oObeIUHIECT BXOJIbI U
BbIX0/1bI L TI-Mozeneit moo6six BUoB SYS1, ..., SySN u ¢popMupyert pe3yJbTUPYIONIYIO

MO/IEITb, IOKa3aHHYIO Ha puc. 13.1.
Jlis ss-moxeneii Sysl u sys2 ¢ marpuriamu [Al, B1, C1, D1]u [A2, B2, C2, D2]
byHKIUsA append cO3aeT pe3yJbTUPYIONIYIO MOJENb B BUJIE:

(x1| [AL 0© x17] [BL 0]ful
x2| [0 A2][x2| |0 B2||u2]
'yl] [ClL 0][x1| [Dl O]ful]
'y2| |0 C2||x2| [0 D2]||u2

Bce ™Momenu AomxHBI OBITH JMOO HENPEPBIBHBIMH, JIUOO AHCKPETHBIMU C
OJMHAKOBBIM MEPUOJIOM IUCKPETHOCTHU. PE3yIbTUPYIOMINI TUIT MOJETN ONIPEAECTSACTCS Ha
OCHOBE MIpaBwiia NpuOpUTETOB. OrpaHUYECHUI HA KOJUYECTBO BXOJHBIX apTyMEHTOB HE
HAKJIAIbIBACTCA.

OyHKIUA sys=series (sysl,sys?2) BBIIIOJIHAET  MOCJICNOBATEIHLHOE
coenunenue naByx LTI-mopmenent, korma BXxogaMu BTOPOW MOJEIU SIBISFOTCS BBIXOIbI
nepBoi. JTa QyHKIMS SIKBUBAJICHTHA ONEPAIIMM YMHOXKECHHUS:
sys=sysl*sys2.

OyHKIUA sys=parallel (sysl, sys2) BBITIOJIHIET rapajijieJIbHOE
coeaunenue nByx LTI-monenel u S5KBUBaJICHTHA ONEPALIUN CIIOKECHUSA:
sys=sysl+sys2.
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Appended system sys

Uz —P»| sysl > v

U, —T1»| sys2 > v

uw —T | SysN YN
Puc. 13.1

Jlns oObeauHeHus: Mojienield B (hopMe rOPU30HTAIBHOM KOHKaTeHaluu (puc. 13.2)
npenHasHayeHa QyHKuusa sys=[sysl, sys2].
Beprtukanbayto koHkareHanuto (puc. 13.3) BoINONMHIET QYHKIUS
sys=[sysl;sys2].

Uz Y1
—» Sysl sysl >
u
y
Uy Y2
—p| Sys2 sys2 —»
Puc. 13.2 Puc. 13.3
Oyuknua sys=feedback (sysl,sys2) CO31a€T MOJEJIb CUCTEMBI C

OTpULIATENBLHON 00paTHOM CBSA3bIO, KOTAAa B MPSAMOW LIEMM BKJIIOYEHA cucTema sysl, a B
e 00paTHOM CBA3U SyS2.

B ciydae monoxuTenbHoO 00paTHOM CBSA3M UCHOJB3YyeTCs 00palieHne
sys=feedback (sysl,sys2,+1).

Ipumep. IlycTb 0OBekT Cc LTI-MOmesipd P OxXBadeH enNVHMYHOM

OTpPHULIATEJIbLHOM O00OpaTHOM cBA3bl (pmc. 13.4). IIna 3aMbIKaHUSa CUCTEME
cryenyeT NpuMeHuTh OyHkuUMio Hy = feedback (P,1).
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P
Puc. 13.4 Puc. 13.5

Ijiga cucTeMel, [NOKaz3aHHOM Ha puc.l13.5, HaOZo MCHOOJIL30BATH QYHKIIMIO
Hx = feedback(l,P).

B uwacTHOCTHU, eciu

P=tf(1,[1 0]);

» Hy=feedback (P, 1) ;

Transfer function:

s + 1
» Hx=feedback (1, P)
Transfer function:

B 6onee o011eM citydae, mokazaHHOM Ha puc. 13.6, ciegyer npuMeHsTh oOpanieHue
sys=feedback (sysl, sys2, feedin, feedout) .

> sys1 — >
+> |

u | % i y
sys2 !
Puc. 13.6

B atom ciiyudae Bektop feedin comepkuT HHIEKCHI BXOAHOTO BEKTOpA CUCTEMBI SYS1
U OTIpe/IeNsIeT, KaKue e¢ BXO/Ibl BKIIOYAIOTCS B KOHTYp 0O0paTHO# cBs3u. Bekrop feedout
OIPENETISIET, KaKHe BBIXO/IbI sysl WCIIOJIB3YIOTCS JU1sL
o0OpaTHoO1 cBs3u. Pe3ynbTrpyrorias MoJiesb SyS UMEET Te K€ BXOJIbI ¥ BBIXOIBI, UTO 1 SYS1
(c coxpanenuem ux mopsaka). [lo ymom4aHuio cuumTaeTcs, 4yTO OOpaTHas CBSI3b —
OTpULIATENIbHAS.
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IpuMmep. [IycTe 0OBeKT P, 3aIaHHBM B NPOCTPAHCTBE COCTOSHUM, MMeeT 5
BXOHOOB M 4 BHXOIa, a perynarop K B uenm oOpaTHOM CBA3M MMeeT 3 BxXoIa
M 2 BHIXOIa. YTOOH MNOOKJIOUUTL BHXOIEL 1, 3 M 4 oOBbeKTa KO BXOIaM
peryiaropa, a BHXOIHE peryjiaTopa KO BxomaM 4 m 2 ofOwekTa, HaIOo yKaszaThb

feedin = [4 2];

feedout = [1 3 4];

H = feedback (P, K, feedin, feedout)

@ynkuus connect.

J11st moTyyeHust SS-MOJIEH CIIOKHBIX CUCTEM UCIIOJIb3YIOTCS TIOCIIEIOBATENBHO (DYHKIIUH
append u connect. [Ipu stom QyHkums append co3gaeT 0JI0YHO-AHATOHATBHYIO
MoOZieNIb SYS 0e3 ydeTa CBsi3el MEXIy OTIEIbHBIMH CHCTEMaMH. 3aTe€M C TOMOUIBIO
byHKIIMM connect GopMupyeTcs SS-MOJEINb C YUeTOM coeIMHEeHnH 0710Kk0B. CHHTaKCUC
3TOU (PYHKITUH:

sysc=connect (sys, Q, inputs, outputs) .

3necy maTpunia Q onmchIBaeT CBA3M MekIy Onokamu. Kaxkmas ctpoka matpuibl Q
COOTBETCTBYET OJIHOMY BXOJY CHUCTEMBI; MEPBBIA JIEMEHT CTPOKH — 3TO HOMEpP BXOJa,
CJIETyIOIINE SJEMEHTHI YKa3bIBAIOT HOMEpa BBIXOJIOB, KOTOPBIE CYMMHPYIOTCS Ha 3TOM
Bxojie. [Ipy BEIYMTaHUHM CHUTHATIOB COOTBETCTBYIOIINE HOMEPA BHIXOJIOB YKa3bIBAIOTCS CO
3HaKOM MHHYcC. Hanmpumep, eciim Ha BXOJ 7 MOCTYIAOT CUTHAJBI C BBIXOAOB 2, 15 u 6,
IpUYeM CUTHAJ C BbIXOJa 15 mocTymaer co 3HaKOM MUHYC, TO COOTBETCTBYIOIIAs CTPOKA
MaTpullbl cBsizei Q uMmeeT BUL
[72-156].

Bekropsl INputs u Outputs ompenenstor, Kakue BXOJIbI U BBIXOJbI BCEH CHCTEMBI
SBIISIOTCA BHEIIHUMU. Hanpumep, eciii BHEIIHUMU SBISIOTCSA BXOABI 1, 2, 15 1 BbIXOBI
2, 7 cucteMsl Sys, To inputs = [1 2 15]; outputs = [2 7]. Pe3ysibTupytoiias cucrema SysC
OyAeT UMeTh UMEHHO 3TH BXO/bI U BBIXO/IBI.

[Tockonpky mpu BBOJE OOJBIIOTO0 00bEMa JAHHBIX JIETKO JOMYCTUThH OIIUOKY,
ClIeTyeT TPOBEPHUTHh MOJYyUYEHHYI0 MOJENh KaKUM-THOO CIocoOOM. 371eCh BO3MOXKHBI,
HanpuMep, TaKHe PEKOMEH 1Al H:

— clefyeT yOeAUThCs, YTO TIOJIOCH U CTaTHYecKrue KO GUITMEHTHI Tepeadn
CUCTEMBI SIBIISIOTCS IPUEMIIEMBIMU;

— MOYHO TTOCTPOUTH BPEMEHHBIE ¥ YACTOTHBIE XapaKTEPUCTHKU CUCTEMBI U
CPaBHHTH UX C 0XKHIAEMBIMH.

Ecnu Bo3HHKaeT HE0OX0JUMOCTh MHOTO paboTaTh CO CTPYKTYPHBIMU CXEMaMH, TO
pPEKOMEHIyeTCs MCIOIBb30BaTh cucteMy Simulink, koTopast sBJsIETCS MOITHBIM
UHCTPYMEHTOM MOJICTTMPOBAHUS TUHAMUYECKUX CUCTEM.

13.3. YHHPABJIAEMOCTbB, HABJIIOJAEMOCTb U MUHUMAJIBHOCTbD

Jliist cuctem, 3aIaHHBIX B IPOCTpPaHCTBE cocTosiHuil Matputiamu A, B, C, D,
BaXXHYIO POJIb UMEIOT CBOMCTBA yNPaBIsSIEMOCTH U HAOII0JaeMOCTH.
J51is Toro, yTOoOBI cUcTeMa ObliIa IOJTHOCTHIO YHPAsIAeMOoll, HEOOXOANUMO U T0CTATOYHO
BBINIOJIHEHUS OJTHOT'O U3 YCIIOBUI:

— marpuna ynpasmsiemoctn Co=[B AB A’B .. A"']
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uMeeT NoJHbIH paHr: rankCo = n;

e T
— rpaMuad ynpasisiemoctd Wc = | eA"'BBTe” Tdr HEeBBIpOXKIeH, T.¢. detWc= 0.
0
Jlis TOro, yToOBI CHCTEMa OblLIa IOJHOCTHIO HAOAI00aeMoil, HeOOXOAUMO HU
JI0CTATOYHO BBIIOIHEHHUS OJHOIO U3 CIEAYIOUIUX YCIOBHIA:
— maTpuna Habmogaemoct Qo = [CT ATCT (AT)’CT ... (AT)™CT]
MMeET NONHEIH panr: rank0o = n;

o T
— rpaMua Habmonaemocta WO = | e” *cTce™dt uesbiposknen: detWo= 0.
0

Oyuknus Co=ctrb (sys) (cokpam. controllability) dopmupyer marpuiy
ynpasisemoctd CO 1Jii CUCTEMBbI, 33JJaHHON B MPOCTPAHCTBE COCTOSHUM, a (YyHKUHUS
Oo=obsv (sys) (cokpami. observability) — marpuny nadmomaemoctu Q0. Jlamee
MOJKHO OIPEJC/IUTh PaHr IMOJYYEHHOW MAaTPHIIbI, BHIMONHUB kKoMaHay rank(Co) wim
rank(Oo).

@yHkuuun Wc=gram(sys, 'c') u Wo=gram(sys,'o') dQopMupyot
rpaMHaHbl YIPaBISIEMOCTH U HAOIOAAeMOCTU. ['paMuaHbl UCMOIB3YIOTCA TakKXKe s
IIOCTPOCHHSI MUHUMAJIBHBIX PEAIM3ALUNA CUCTEM.

['pamuanbl ynpaBiaseMOCTH W HAOMIOJAEMOCTH BBIYHUCIISIOTCS IMyTEM PEIICHUS
MaTpUYHBIX YpaBHEHUM JIAIIyHOBA COOTBETCTBEHHO:

AW.+WAT + BB™ =0,
ATWO + WoA + C'C=0.

B caywae, ecim cucrema OKas3bpIBa€TCS HEIMOJHOCTBIO YIPABISIEMON HWIU
HETOJHOCTHI0 HA0JII01aeMO#, MOKHO BBITIOJTHUTH MEPEX0]] K MUHUMAJIbHOW peaau3aiiiu.
DTO O3HAyYaeT yJajeHUE HEyNpaBsieMbIX U HEHAOIOJAEMbIX MEPEMEHHBIX COCTOSHUS
WIN COKpAIIICHHNE OJTMHAKOBBIX HYJICH M MOJIIOCOB a1 Moaeie B popme tf u zpk. Takue
OTIEpAIIUU BBITIOJHSIET PYHKIUS

sysr = minreal (sys).

JIist BBIZICICHHUST HEYIpaBsieMON M HEHAOJI0aeMOi YacTel CHUCTEMBl MOXKET
UCIIOJIb30BAThCS MPeoOpa30BaHUE YPaBHEHUW COCTOSHHS K OJHOW W3 KAHOHHMYECKHUX
dbopm ¢ nmomompio pyHkUA ctrbf u obsvf. Ilpu cokpailieHUu HyJIEW U MOJIIOCOB
HEMOCPEICTBEHHO BBIIOJIHSETCS TIOUCK ux OJIMHAKOBBIX
(B mpeenax gonycka) 3Hadenuil. [lepegarounsie GyHKIMM peodpasyroTes B ZpK-popmy.
BennuuHa gormycka 1Mo yMOJYaHHIO MPHHSATA paBHOM SOrt(eps), rae eps — MalluHHAsS
TOYHOCTh. OTO 3HAUYCHHE MOXET OBbITh YBEJIUYCHO TMPUMEHEHUEM KOMaHJbl
sysr=minreal (sys, tol).

B pesynbrare npuMeHeHus onepanuy minreal mojiy4aeTcs MOJAENb IOHUKEHHOU
Pa3sMEpPHOCTH.

[Ipu npyrom mnoaxoje K MOHWAKEHHIO PAa3MEPHOCTH CHUCTEMbI MEPBOHAYAIBHO
OPUMEHSIETCS aJTOPUTM MOCTPOEHUSI COATaHCUPOBAHHOM peain3aluu, KOTOopas HMEET
paBHble (M JUAroHajbHbIE) TpaMHaHbl  YOPABIIEMOCTH M HAOJIOIaeMOCTH.
CootBetcTBytomas GyHKIHS UMEET BU:

sysb=balreal (sys) .
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Oyukuua [sysb, gl=balreal (sys) BO3BpallaeT TAKKE BEKTOP {J, COCTOSAIINHI
W3 JMAroHaJbHBIX JJIEMEHTOB PE3YJbTUPYIOWIETO TrpamMuaHa. llocime mnoctpoeHus
cOajaHCUPOBAHHOW pealu3allid JraroHaidb ( MOXKeT OBITh HCMOJIb30BaHA ISt
ITOHWKEHUA MOPsKa MOJIENIH. Tak Kak BEKTOP J XapaKTEpU3YET CTENECHD YIIPABIAEMOCTH
U HaOJI0IaeMOCTH MO COaJaHCHPOBAHHOM MOJIETH, TO MOXXHO NpEeHEOpeub TEeMHU
MOJIaMH, KOTOPBIM COOTBETCTBYIOT Majibie 3HaueHus (i), coxpaHuB HanOoJiee BayKHBIC
JTUHAMUYECKUE CBOMCTBA MCXOJHOM cucTeMbl. Ilocie BBIONMHEHUS 0aJaHCUPOBKH IS
yIaJCHHS dTHX MOJ MPUMEHsI0T GyHknuo modred, koTopas CylmIeCTBYeT B HECKOJIBKHX
MOIU(PUKAITHSIX.

OyHknua sys=modred (sys,elim) IIOHMKAET IIOPSIAIOK CHUCTEMBI IIpH
COXpaHEHWW 3HA4YeHHS Kod(duimeHnta mepegaun (YTO COXPAHAET YCTaHOBUBIIICECS
3HAYCHHE IEePeXOJHOr0 Tporecca). Bekrop elim ompenenser Homepa TepeMEHHBIX
COCTOSIHUS, KOTOpPbIC MOJKHBI OBITh yAaneHbl. [Ipou3BOJIHBIE OT ITHUX MEPEMEHHBIX
COCTOSIHMSI IPUPABHUBAIOTCA HYJIIO W [OJYYEHHBIE YPaBHEHUS pa3pelIaroTCs
OTHOCHUTEJIBHO OCTaBIIMXCS COCTOSHUM. PesynpTupylomas cucrtema OyIeT HMETh
TIOPSZIOK, MCHBIITN, YeM IepBOHAYaIbHAas, Ha YKCIIO SJICMEHTOB B BekTope elim.

OyHKUd rsys=modred(sys,elim, 'del') mpocTo yIamsdeT NMEPEMEHHbIC
COCTOSIHHSI, ompeensieMbie BekTopoM elim. DToT crnocod He rapaHTHPYeT COXpaHCHUS
ko3 dunreHTa rnepeaayn, Ho JacT JYUIIYIO alllIPOKCUMAIIUIO YaCTOTHBIX XapaKTEPUCTHUK
U IIEPEXOTHOTO MpoILecca.

Jlns npumenenus: (yHKIuMu balreal Mouenb 00bEKTa SYS JOJDKHA OBITh
YCTOWYMBOM, yNpaBisieMON U HAOJII01aeMOM.

pumMmep 1. IlycTe 3amaHa CHUCTeMa C MaTpULaMu
» A=[-2 1 0;0 -3 =-3;0 0 =-5];

» B=[0;1;171;
» C=[1 0 07;
» D=0;

» sys=ss(A,B,C,D);

[IpoBepUM yNpPaBJISEMOCTb UM HaOJIOIAEMOCTb CUCTEMEH.

» Co=ctrb(sys);

» rank (Co)

ans = 2

CucTeMa HEIOJIHOCTBI YyIpaBJsgeMa, Tak kak rank (Co)<n=3. IpoBepum
HabJII0IaeMOCTh .

» Qo=0bsv (sys) ;

» rank (0Oo)

ans = 3

CucTemMma NOJIHOCTBIO Habiomaema: rank (Oo)=n=3. Onpenenum ee
MMHMMAJIbHYIO Peanm3alyio C IIoMomblo byHKUMM minreal. IIpenBapUTeJIbBHO
npeobpasyeM Momesib B zpk-dopmy.

» h=zpk(sys)

Zero/pole/gain:

(s+2)

(s+2) (s+3) (s+5)

Cucrema SBJISeTCH HEMUHMMAJIbHOM. OINpenesiMM MUHMMAJIbHYI peajiM3aliMio.

» hr=minreal (h)

Zero/pole/gain:
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pumep 2. PaccMoTpuM crenyoumy oOBeKT B dopme zpk-Momenm
» sys=zpk([-10 -20.01],[-5 -9.9 -20.1],1)
Zero/pole/gain:
(s+10) (s+20.01)
(s+5) (s+9.9) (s+20.1)
[locTpouM nOJisgs HEeTroO cOaljlaHCUPOBAHHYI peasm3alilio
» [sysb,gl=balreal(sys);
» g
g = 1.0062e-001
6.8039e-005
1.0055e-005
/3 aHanMza IOuaroHalM J Ppe3yJbTUPYIEI'O I'pPaMMaHa BMIOHO,YTO
IocJyieIHVE IOBe IIepeMeHHEEe COCTOSHMSA CcJjlab®o CBSA3aHB CO BXOIOM M BHXOIOM.
YoanyM 3TU COCTOSHMS C IoMombl GyHKUIMM modred M HaMIeM MUHUMAJIbHYIO
peanuzaumuio B zpk-dopwme.
» sysr=modred (sysb, [2 3], 'del");
» zpk(sysr)
Zero/pole/gain:
1.0001

13.4. BPEMEHHBIE 1 YACTOTHBIE XAPAKTEPUCTHUKHA

Bpemennvie xapakmepucmuku
[TocTpoeHre BpEMEHHBIX XapaKTEPUCTUK BBIMOIHIETCS C MOMOIIbIO (YHKIHA,
nepedyeHb KOTOPBIX PUBECH B CIEAYIONIEH TadauIe.

step nepexoiHasi QyHKIUS

impulse UMITYJIbCHAS TIepexo iHas (BecoBast) (pyHKIUS
initial peakiysl Ha HEHYJIEBbIE Ha4aJbHbBIEC YCIOBHS
lsim peakius Ha MPOU3BOJIbHBIN BXOJIHOM CUTHAJ
gensig TeHEepaTop BXOJIHOI'0 CUTHAJIA

Komanga step (sys) pacCUMTBIBAET U CTPOUT MEPEXOAHYIO XapaKTEPUCTUKY
cucteMbl sys, 3amanHoil LTI-mMomenpto mro6oro Buma. DTa MOIETh MOXET OBITH
HEIPEPHIBHOM U TUCKPETHOM, OTHOMEPHON U MHOTOMEPHOU. J[J11 MHOTOMEPHOUM CUCTEMBI
CTPOSITCSI TEPEXOAHBIE XAPAKTEPUCTUKU II0 KAXKIAOMY KaHAIy BXOI-BBIXOA. Bpewms
MOJICIMPOBAHUSI BBIOMPACTCS AaBTOMATUYECKHU, WCXOAS W3 JAMHAMUYECKHUX CBOWCTB
CHUCTEMBI.

Komannma step (sys, t) MO3BOJISIET HA3HAYUTh BpeMsl MOACIMPOBAHMS, YKa3aB

mn6o t=Tfinal — MOMEHT OKOHYAaHMSI MOJACIUPOBAHUS B CEKyHAAX, JIMOO BEKTOp t =
O:dt:Tfinal.
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JInst TUCKpETHBIX CHUCTeM 3HadeHue Imara dt OmKHO OBITh PaBHO MEPHOIY
JIUCKPETHOCTHU.

Komannasl

step(sysl,sys2,..,sysN),

step(sysl,sys2,..,sysN, t) TMO3BOJAIOT IOCTPOUTH Ha OJHOM Tpaduxe
MEPEXOAHBIE XAPAKTEPUCTUKH HECKOJIBKUX cuUCTEM. [Ipu 3TOM BCE CHUCTEMBI HOJLKHBI
HMETh OJIMHAKOBOE YMCJIO BXOJIOB U BBIXOJIOB.

KpuBsie nepexoaHbIX MPOILECCOB HECKOJIBKUX CHUCTEM Ha OJHOM Tpaduke MOXKHO
M300Pa3UTh PA3TMUYHBIMU CTHISIMHA (Pa3TMYHBIC IIBET, TUTT K MAPKEPhI JTMHUH ), UCTIOJIB3Y ST
KOMaH1y

step(sysl, 'PlotStylel', .., sysN, 'PlotStyleN")
WM €€ MOIU(DUKAITUIO C IBHBIM YKa3aHUEM BPEMEHU (CM. BBIIIIE).

Hanpumep, step(sysl,'k',sys2,'g--',sys3, " 'b+') BuBener
XapaKTEePUCTUKY [EePBOM CUCTEMEHl CIIJIOWHOM JIMHMEN YepHOT'O LBeTa,
XapaKTEPUCTUKY BTOPOM — WTPUXOBOM 3EJIEHOM JIMHMEN, TPpeTbel — CUHEN

JIMHUEeM, IIOMEeUYeHHOM BHAKOM +.

Oyukuuu [y, t,x]=step(sys), [yv,t,x]=step(sys,t) BBIUUCIAIOT
MIEPEXOTHBIE XaPAKTEPUCTUKU M BBIBOJSAT BEKTOPHI BHIXOJA Y, BpPEMEHH t U TIEpEMEHHBIX
cocTosiHUA X. ['pauku pu 3TOM HE CTPOSITCSL.

[Ipy BBIUMCIEHUAX MEPEXOJHBIX XAPAKTEPUCTUK TMPUMEHSETCS CIEAYIOLIHMA
anroput™M. HemnpepbiBHBIE Monenu mnpeoOpa3yloTcsi B SKBUBAJICHTHBIE JIUCKPETHbHIE
MOJIEJIM C JKCTPANOJISATOPOM HYJIEBOro mnopsaka. llepmon nuckpeTrHocTu BbIOMpaeTcs
aBTOMATUYECKHU, UCXOJ U3 TUHAMUYECKHX CBOWCTB cucTeMbl. Eciii ke 3ajaH BEKTOp
Bpemenu t = 0:dt:Tf, To 3Hauenue dt ucmnonb3yercst Kak mepuo TUCKPETHOCTH.

Komanap! rpynmbl impulse BBIYUCISIOT U CTPOAT PEAKIUI0 HA HMITYJIHCHYIO
dbynkuuro dupaka o(t) mis HEMpephIBHOW CUCTEMBI WM HA €IMHUYHBIN UMITYJIBC — IS
JVCKPETHOM CUCTEMBI. DTa peaklMsl Ha3bIBAETCA UMITYJIbCHOM NEPEXOTHON WIIM BECOBOM
dbynkuueii. Komanael impulse uMeroT Te ke MoauduKaiuu, 94To u step.

Ipumep. [NOCTPOUTH BECOBHE XAPaAKTEPUCTUKU CUCTEMH C OBYMS BXOIAMM.
» a=[-0.5 -0.8;0.8 0];

» b=[1 0;1 3];

» c=[2 5];

» sys=ss(a,b,c,0);

» impulse (sys)

BecoBre xXapakKTEepUCTUKM IIOKaszaHH Ha puc. 13.7.
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Impulse Response
From: Ul From: U2

14+

12

10t

Amplitude

0 VAN
RV
4t
0 6 12 18 240 6 12 18 24
Time (sec.)
Puc. 13.7

Komanap! rpynmel initial pacCUMTHIBAIOT M CTPOAT PEAKIUIO HA HEHYJIEBBIC
HayaJbHbIE YCIIOBUS JJIsI CUCTEMBI, 3aJaHHOU B IIPOCTPAHCTBE COCTOSHUM:

X=Ax+Bu, x(0)=x0;
y =Cx.

OcHoBHass kKoMaHja »dTod rpymmnbl initial (sys,x0) cTpoutr rpaduxu
MEPEXOJAHBIX TMPOILECCOB, BBI3BAHHBIX HEHYJIEBBIMA HAYAIbHBIMU YCIOBUAMHU IO
MEPEMEHHBIM COCTOSIHUSI ISl SS-MOJIETU. DTa MOJIeNIb MOKET ObITh HEMPEPHIBHOW WITU
JTUCKPETHOM, OHOMEPHOUN WJIM MHOTOMEPHOM. OHAa MOYKET UMETh UJIM HE UMETh BXOBI U.
[IpoAOMKUTETLHOCTh MOJICTUPOBAHUS  OIpPEACISeTCS aBTOMATUYECKH TaK, YTOOBI
aJIcKBaTHO OTOOPa3UTh MEPEXOIHBIN TTpoIiecC.

Komanma initial (sys,x0,t) mO3BOJAET $SBHO YKa3aTb MPOJOKUTEIBHOCTh
MOJICIUPOBaHUS (CM. BBILLE).
Ecnu ykas3aTh BBIXOJHBIE apryMEHTHI B JIEBOM YacCTH, TO BBIBOJSATCS BEKTOPHI BBIXOJA,

BPEMCHU U ICPEMCHHBIX COCTOSHUA:
[y,t,x]=initial (sys,x0),
[y,t,x]=initial (sys,x0,t).
I'paduku mpu 3TOM HE CTPOSITCS.
IpuMmep. IloCcTpoMM MNEPEXOOHEM NPOLIECC B CHUCTeMe 2-T'0 HOopAOKa:

» a=[-0.5 -0.8;0.8 01];

» c=[2 5];
» x0=[1;07;
» sys=ss(a,[],c,[]);

» initial (sys, x0)
[lepexOOHEIM MNpoOlleCcC Noka3aH Ha puc. 13.8.
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Initial Condition Resulis

Amplitude

Tim & {zsac.)

Puc. 13.8

Jns pacdera U MOCTPOCHUS EPEXOIHBIX MPOLECCOB MPU MPOU3BOJIBHBIX BXOJIHBIX
BO3JCHUCTBUSX MPEeAHA3HAYECHA KOMaHaa 1sim (sys,u, t) .

WNurtepBan wmonenupoBanust 3agaercs BekropoM t = 0:dt:Tfinal. Bxonnoe
BO3JICMICTBUE U 33/1a€TCSI MATPULIEH C YUCIIOM CTPOK, pABHBIM JUIMHE BEKTOpA t, U YUCIOM
CTOJIOIIOB, paBHBIM YHCIY BX0J0B. Kaxxmas ctpoka u(i, :) 3aaeT 3Ha4Y€HUS BXOJHOTO
CUTHaJIa B MOMEHT BpeMeHH t(1). Mojienb sys MOKET ObITh HETPEPBIBHOM U JUCKPETHOM,
OJHOMEPHOW M MHOTOMEPHOM. B IHCKpEeTHOW MOAEnr BEKTOpP U BCErAa COOTBETCTBYET
BEKTOPY t U TOITOMY MOCIETHUNA MOXKET ObITh OMYIIEH UM 3aMEHEH IMYCTHIM MAaCCUBOM.
B ciydae HenpepbsiBHOM Mojenu mar dt ucrnonb3yercs: Kak NeproJ JUCKPETHOCTH MpuU
npeoOpa3oBaHUM HEMPEPHIBHOM MOJICNIM B JUCKPETHYIO. B TeX ciiydasix, Korja 3HaueHUe
dt cnuIIKOM BEJMKO M MOXKET BBI3BaTh CKPBIThIC KojeOaHus, mapameTp dt u3MeHseTcs
aBTOMATHUYECKH.

Komanma lsim(sys,u,t,x0) mnOpuUMEHSETCS TOJBKO ISl SS-MOJEJIEH U
YUYUTBHIBAET HAYAJIbHBIE YCIOBUSA ISl IEPEMEHHBIX COCTOSTHHUS.

Hpyrue Moaudukaym KOMaH bl

lsim(sysl,sys2,..,sysN,u,t),

lsim(sysl,sys2,..,sysN,u,t,x0),

lsim(sysl, 'PlotStylel', .., sysN, 'PlotStyleN',u,t),

lsim(sysl, 'PlotStylel', .., sysN, 'PlotStyleN',u, t,x0);

[y,t,x]=1lsim(sys,u,t),

[y,t,x]=1lsim(sys,u,t,x0).

Wx Ha3HaueHUWE U CMBICI Takue e, KaK y MOJOOHBIX KOMaHJ, BBIMOJHSIOIINX
MOCTPOEHUE MEPEXOTHBIX XapaKTEPUCTHK.
Hekoropble cTaHmapTHblE€ CUTHAJbI JUIsl MCIOJIB30BaHUS B KOMaHIax Isim MOXHO
CreHEpUPOBATH C TOMOIIBIO PYHKITUH
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[u, t]l=gensig ('<Tun>', tau)
[u,t]=gensig('<Tmn>', tau,Tf,Ts).
Bo3MOXHBI ciieayronue TUIlbl CUTHAJIOB:

sin CHHYCOH/Ia
square MPSAMOYTOJIbHBIN NEPUOANYECKUN CUTHAI
pulse MEPUOINYECKUE UMITYJIbChI

OyHKIUS gensig BO3BpaAIIaeT BEKTOP t 3HAUEHU BPEMEHHU U BEKTOP U 3HAUEHUU
cUrHaja u. ApryMeHT tau yKa3bIBaeT MEpHoJi CUTHaIa B ceKyHaaX. AprymeHTsl Tf u Ts
YCTaHAaBJIIUBAIOT IIPOIJOJIZKUTCIIBHOCTD I[GﬁCTBHSI CUTHAJIa U IICpuoa IUCKPETHOCTHU IJIA
IrcHCpaTopa UMITYJILCOB.

BxomHoM curHan u m BpeMs t MOXKHO BKIIOYMTH IPSAMO B KOMaHAy lsim u
MOACIUPOBATh IIPOHCCCBI B CHUCTCMC C OIHHUM BXOIOM. Tak kak t OJHO3HA4YHO
OIIPCACIIACTCA IapaMCTpaMU Tfn TS, MOJKHO TaKKC 'rCHCPHUPOBATb BXOIHBIC BOBI[GﬁCTBPIiI
A1 CUCTEM CO MHOTUMH BXOJaMU ITYyTEM ITOBTOPHBIX BBI3SOBOB KOMAH/IbI gENS ig.

IpuMep. IloCcTpOoUTE HNEePEexXOmHBIM IPOLECC B CUCTEMe Ha BXOOHOU
NPAMOYTOJIBHEIN [NEPUOIMUECKMIM CUI'HaAJ C nepmonoM 5 c. CucTeMa MMeeT OIOMH
BXOI M IOBa BHXOIA.

BHauaJjie CreHepupyeM BXONOHOM CUTHAJ C IHOMOmbH OYyHKUMM gensig, a
3aTeM BHIIOJIHMM MOINEJIMPOBAHUE .

» [u,t]l=gensig('square',4,10,0.1);

» h=[tf(2,[1 2 3]);t£([1 -11,[1 1 51)1;

» lsim(h,u,t)% IlepexonHBM NPOLIECC IOKaszsaH Ha puc. 13.9.

Linear Simulation Results

Amplitude

0 2 4 6 8 10
Time (sec.)

Puc. 13.9
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YQacmommnole xapakmepucmuku

[lepeueHb OCHOBHBIX (DYHKITUN JIJISi TIOCTPOCHUS YAaCTOTHBIX XapaKTEPUCTHK JaH B
cieayromie TabauIe.

bode JorapupMUUEcKue  aMIUINTyaHas W (a3oBas  YaCTOTHBIE
XapaKTEPUCTHUKU (nuarpammel bone)
margin 3aracel yCTOMYMBOCTH 110 MOAYIIO U (aze

nyquist | rogorpad HailikBucra

fregresp |BBHIYKCICHHWE YAaCTOTHOW MEpPeNaTOYHON (YHKIMU TpPU 3aJaHHBIX
3HAYCHUSAX YaCTOTHI

evalfr BBIUMCJICHHE YAaCTOTHON NepeaaToyHOW (YHKIMH TpPUH OJHOM
KOMIUIEKCHOM 3HaY€HHH YaCTOTHI

Komanga bode (sys) cTtpout jorapudmuyeckue amIUIUTYyIHYIO U (a30BYIO
gacTOTHbIe  XapakTtepuctuku LTI-mMomenm sys. Drta Moaenb MOXKET  OBITh
HENPEPHIBHOM U TUCKPETHOW, OJJHOMEPHOM M MHOTOMEPHOM. B ciydyae MHOroMepHou
MOJICJIM Ha DKPaH BBIBOJATCA YACTOTHBIC XAPAKTEPUCTUKH JUISI KOKIOTO KaHala BXOJI-
BBIXO/I. JIMana3oH 4acToT onpeaesieTcsl aBTOMaTHYECKH 110 3HAYCHUAM HYJIEH U IMOJIFOCOB
nepeaTOYHON (PYHKITHUH.

Komanma bode (sys, {wmin, wmax}) CTPOUT YaCTOTHBIE XAPAKTEPUCTUKU B
Jrara3oHe OT wmin A0 wmax (B paj/c). MoxHO 3a7aBaTh W Kak BEKTOP B paji/c WU B
JorapuMUYECKUX eAUHUIAX (IeKaaax):

w=logspace (dl,d2,N), rme N- xkomudgectBo Touek. (Ecam ykasarh
w=logspace(dl, d2), To BexTop OyaeT cocTosiTh U3 S0 TOUEK.)

Jnss  cpaBHEHMST HECKOJIBKMX CHUCTEM MOXHO IIOCTPOUTh WX YaCTOTHBIC
XapaKTePUCTUKU HAa OJJHOM TpaduKe C MOMOIIbI0 KOMaH]T

bode (sysl,sys2,..,sysN),

bode (sysl,sys2,..,sysN,w) .

Bce cuctembl TOMKHBI UMETh OJMHAKOBOE YHUCIIO BXOJOB M BBIXOJIOB, CPEIM HHUX
MOT'YT OBITh KaK HEMPEPHhIBHBIC, TAK U JUCKpPETHBIC. [[BET, TUN 1 MapKepbl TMHUNA MOXKHO
3aJ1aTh KOMaHAaMH1

bode (sysl, 'PlotStylel', .., sysN, 'PlotStyleN'),

bode (sysl, 'PlotStylel', .., sysN, 'PlotStyleN', w)

OyHKIUH

[mag, phase, w]=bode (sys),

[mag, phase,w]=bode (sys, w) BBINOJHAIOT pacueT XapaKTepUCTHUK 03
BBIBO/Ia TpauKOB HA DKPaH.

3anachl YCTOMYMBOCTH MO MOAYJIO U (pa3ze, a TakKe COOTBETCTBYIOIIUE YACTOTHI
OIPENCISIOT C MNOMOIIBIO KOMaHAbl margin (sys). Ilpy 3TOM Takxke CTpOUTCS
nuarpamma boze.

Ecnu ykaspiBatoTCsl BBIXOAHBIE apryMeHTHI (B JIEBOM YacTH), TO IOCTPOCHUE
YaCTOTHBIX XapaKTEPUCTUK HE TPOU3BOAUTCS:

[Gm, Pm, Wcg,Wcp]=margin (mag, phase,w) .
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[TocTpoenue rogorpada HaiilkBrcTa BBEITIOTHIETCS KOMaHIaMHU:
nyquist (sys), nyquist (sys,w),
nyquist (sysl, sys2,..,sysN),
nyquist (sysl, sys2,..,sysN,w),
nyquist (sysl, 'PlotStylel',..,sysN, 'PlotStyleN'),
[re,im,w]=nyquist (sys) .

[IprumeHeHne 3TUX KOMaH]I aHAJIOTHYHO KOMaHaaM Irpynnsl bode.

lIpyMmep. ONpemesmMTh 3Balach YyCTOMUMBOCTM CJEOyIelr IMCKPEeTHOM
CUCTEMH :
» Hd=tf ([0.048 0.046],[1 -1.81 0.91]1,0.1)
Transfer function:
0.048 z + 0.046
z*2 - 1.81 z + 0.91
Sampling time: 0.1
» [Gm, Pm,Wcg,Wcp]l=margin (Hd)
Gm = 1.9565e+000 Pm = 1.2419%9e+001
Wcg = 5.3935e+000 Wcp = 4.4164e+000
BrlpasmuM 3arnac yCTOMUMBOCTM IO MOOYJIIO B IB.
» 20*10gl0 (Gm)
ans =
5.8297e+000
[IokaxeM BTM 3alach Ha JOTapudMMUeCKMX XapaKTepUCTUKAaX.
» margin (Hd) % Cm. pumc. 13.10.

Bode Diagrams

Gm=5.8297 dB (at 5.3935 rad/sec), Pm=12.419 deg. (at 4.4164 rad/sec)
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Oynkuuss H=freqgresp (sys,w) (cokpameHue oT frequesy response)
paccuMThIBA€T 3HAYEHHsA YACTOTHOM mepenatouHoi ¢yukuuu LTI-momenn npu
JNEUCTBUTENBHBIX 3HAYEHUAX YACTOThl (B pan/c), 3aJaHHBIX BekTopoMm Ww. Jliud
HEMPEPBIBHBIX CHUCTEM — ATO 3HAYECHHE IMepeAaToyHou QyHkuuu nupu s=jw. Jlis
JTUCKPETHBIX cucteM dYacToThl W(1),...,w(N) otoOpaxaroTcs Ha TOYKH €IWHUYHOU
OKPY>KHOCTH npeoOpazoBanueM z=exp(JwTs), rae Ts — mepuo AMCKPETHOCTH.

[IpuMep. OnpenesMTh BHAUEHMS YACTOTHOM [NepemaTOuHOM OGYyHKLMM
CHUCTEeMBl C OIOHMM BXOIOM M IOBYMS BHEIXOIaMmMu Ha uyactorax 1, 10 m 100
pan/c.

» P=[tf(1,[1 11);tE£([1 -11,[1 2])]

Transfer function from input to output...

1
#1: -————-
s + 1
s - 1
#2: ————-
s + 2

» w=[1 10 100];
» H=freqresp (P, w)

H(:,:,1) =
0.5000 - 0.50001
-0.2000 + 0.60001

H(:,:,2) =
0.0099 - 0.09901
0.9423 + 0.28851

H(:,:,3) =
0.0001 - 0.01001

0.9994 + 0.03001

Oyukuus fresp=evalfr (sys,w) BbUHACISIET 3HAYCHHE TMEPEIATOUYHOU
bynkuuu LTI-Moxenu sys 1151 0JHOTO 33JaHHOTO KOMIUIEKCHOTO 3HAUYCHUS apTyMEHTa W.
Ota (pyHKIMS ABIsSETCS yNpOUIEHHOW Bepcueit pyHkiuu freqresp.

IpuMmep. BEHUMCAMTBL 3HAUYEHMUE I[ePeNaTOUYHOM OGYyHKUUM IUCKPETHOM
cucTeMe Ipu z = 1+7.

» P=tf([1 -11,[1 1 1]1,-1)

Transfer function:

z - 1

z"2 + z + 1

Sampling time: unspecified

» w=1+7;

» evalfr (P, w)

ans =

0.2308 + 0.1538i
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ITpocmomp xapakmepucmuk lti-o6vexmos

B cocrase Control System Toolbox umeeTcst criermansHas cuctema JUisi IPOCMOTpa
BPEMEHHBIX M YaCTOTHBIX XapaKTePUCTUK pa3niHbIX Iti-moneneit — LTI Viewer.

Ota cucreMa HuMeeT COOCTBEHHYIO pabouylo cpeay, Koropas (opMupyercs
HE3aBUCHMO OT paboueii cpeapl Matlab, ograko Mexmy HUME BO3MOXEH OOMEH JTaHHBIMU
gepe3 OKHO mpocMoTtpa. s Toro, 9ToOBI MPOCMOTPETh XapaKTEPUCTHKH CUCTEMBI C
nomomeio LTI Viewer, Hano:

— co3narth Iti-moens cucteMsl SYS B koManaHoM okHe Matlab,

— Be3BaTh LTI Viewer komanmoii Itiview(sys).

[Tocne atoro B padbouem moje LTI Viewer B okue "Systems" ciieBa mosiBUTCSA 00BEKT
C UMeHeM SYS. DTOT OOBEKT Jajee MOKHO aHainm3upoBaTh cpeactBamu LTI Viewer,
BBEIOMPAsi COOTBETCTBYIOITYIO OIIIHIO TI0 MMPABON KHOIKE MBITITH.

Jnst Toro 4ToOBl MOXKHO OBLIIO pabOTaTh ¢ MOJEIBIO SYS B CIEIYIOIIUX CeaHcax
IPOCMOTpA, HaJI0 COXPAHUTh CO3JIaHHBIN 00BEKT B paboueii oOmactu Matlab, u B Hauane
OUYepEeHOTO ceaHca BeIMOIHUTH KoMaHy Load Workspace, a 3atem Bei3Bath LTI Viewer,
KaK OITFCAHO BHIIIIE.

Pabora ¢ LTIViewer mocraroyHo mpocra, OJHAKO HMPH HEOOXOAMMOCTH OoJiee
oAPOOHBIE CBEJICHHS O HEW MOXKHO HaiTh B [14, 15].

13.5. AHAJIN3 YCTOUUYUBOCTHU JIUHEMHBIX CUCTEM

AHanu3 yCTOMYMBOCTH JIMHEMHBIX CHCTEM MOKHO BBIIIOJIHUTH HEMIOCPEACTBEHHON
MIPOBEPKOI HEOOXOIMMBIX U JOCTATOYHBIX YCJIOBHM yCTOWYUBOCTH (NIPSMOM METO), a
TaK)K€ C MOMOILBIO KPUTEPUEB YCTOMYMBOCTH (KOCBEHHBIE METO/BI).

Kak u3BecTHO, HenpepbIBHAS JIMHEWHAS CUCTEMA YCTOMYHBA, €CIIU BCE MOJIFOCHI €€
nepesaTtoyHo (QpyHKUUMU (MM COOCTBEHHbIE 3HAUYEHMSI MATPHIbl CUCTEMbI) UMEIOT
OTPULIATEIIbHYIO0 BELIECTBEHHYIO YacTh, T.€. PACIOJAraroTCs B JIEBOM KOMIUIEKCHOM
MOJIYIUIOCKOCTU. J[J11  yCTOMYMBOCTH JUCKPETHOM CHUCTEMBbl TpeOyercs, 4ToObl Bce
MOJIFOCHl TEPEaTOYHON (YHKUHMU PACTOIArajuch BHYTPU OKPYXHOCTH EIUHUYHOTO
panuyca.

ITockonbky ocHOBOM cuctembl Matlab sBIsIIOTCS XOpomio pa3paOoTaHHbBIE
JITOPUTMBI MATPUYHBIX OTIEpaIliid, TO aHAJIU3 YCTOMYMUBOCTH B cpezie Matlab nocrarouno
IPOCTO BBIMOIHSIETCS IPSIMBIM BHIYMCIIEHUEM TIOJIFOCOB NIEpeIaTOuHON (GyHKIUHU (KOpHEH
XapaKTepUCTHUECKOT0 TIOJMHOMA) MJIM COOCTBEHHBIX 3HAUEHUN MaTPULIbI CUCTEMBI.

[Ipu ananuse ycToWuMBOCTH lti-Mo/€71eii ccTeM MOKHO HUCTIONh30BaTh QyHKIIUH,
IpUBEJICHHBIC B CIeAYyIOIel Tabnuie.

pole, eig BBIYUCJICHUE MOJIIOCOB MOJIENN

pzmap BBIYHUCJICHUE MOJTIOCOB U HyJIeH U 0TOOpaKeHHE UX
PaCIOJIOKEHUSI HA KOMIUIEKCHOM MJIOCKOCTH

poly BBIYUCJICHUE XapaKTEPUCTUUECKOTO MOJTMHOMA

roots BBIYUCJIEHNE KOPHEW MOJMHOMA

rlocus OCTPOEHUE KOPHEBOro rogorpada
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OyHkun p=pole(sys) ©U poles=eig(SysS) BBIUUCIAIOT IOJIOCHI
OJTHOMEPHOW WJIM MHOTOMEPHOU MOJIETIN CUCTEMBI SyS, KOTOpas 3a/1aHa B ss, zpk win tf-
dbopwme.

Komanma pzmap (sysS) BBIUHACISET NOJKOCHI W HYJIW HENPEPHIBHOW WIIH
JIUCKPETHOW CUCTEMBI M JAET KAPTUHY MX PACIIOJIOKEHUS HA KOMIUJIEKCHOM TIOCKOCTH.
[Tomochkl  TMOKa3bIBaKOTCS 3HAKOM X, a Hyiu — 0. Ilo pacnosoxenuro
MOJTFOCOB MOYKHO HE TOJIBKO CJIeJaTh 3aKJI0UEeHHE 00 YCTOWYHMBOCTH, HO M JIaTh OLICHKY
KayeCTBA MPOLIECCOB.

Ecnu ucnonb3oBats oOpaiieHue [p, z]=pzmap (Sys), TO MOJIOCHI U HYJIHU
BBIBOJIAATCSI B BUJIE BEKTOPOB-CTOJIOIIOB, HO KapTHHA UX PACIIOJIOKCHUS Ha JHUCIUICH He
BBIBOJIUTCS.

OyHKIMU p=poly (sys) up=poly (A), Tae sys — Iti-Moens cucTeMsl B 100011
dbopme, a A — MaTpula NOpsiiKa N, MO3BOJSIOT BBIUUCIUTH BEKTOP KO3(PUIIMEHTOB
XapaKTEPUCTUYECKOTO TTOJIMHOMA

p(A) = det(LI-A) = agh"+ar A"+ +ang At+an.

KopHu xapakTepucTUUECKOro IIOJIMHOMA MOXHO 3aT€M HaWTH, HNPUMEHUB
GyHKIHIO r=ro00ts (pP).

Bimsaue ko3¢ dunrenTa yCuieHus: Ha yCTOMIMBOCTh 3aMKHYTOW CUCTEMBI MOKHO
BBISICHUTh, IPUMEHUB MOCJIEIOBATENIBHO PYHKIIUU rlocus (sys) U
[k,poles]=rlocfind(sys). OnHako B OCHOBHOM 3TH ()YHKIIUU MPUMEHSIOT JJIsi
pelieHus 3aJ1a4 CHHTe3a (CM. HUXKe).

B psanpe cinyyaeB aHamu3 yYCTOMYHMBOCTH IIPEANOYTHUTEIBHEE TMPOBOAUTH C
HCTIOJIb30BAHUEM M3BECTHBIX KPUTEPUEB YCTOMYMBOCTHU. Tak, MOXHO NPUMEHUTH
kputepuil HaitkBucta, /uist 4ero cieyer MOCTPOUTh aMIUIUTYIHO-(a30BYI0 YaCTOTHYIO
XapAKTEPUCTUKY PA30MKHYTOW CHCTEMbI C TIOMOIINBIO KOMaHIbl nyquist. s
MPUMEHEHUST JIOTapU(PMUYECKOTO KPUTEPHUS CTPOAT JiorapuMHUUECKHUE YaCTOTHBIE
XapaKTepUCTHKHU (KoMaHaa bode).

B HeEkoTOphIX Cilydasx MOJE3HBIM OKA3bIBACTCA MPUMEHECHUE NPYTUX KPUTEPHUEB
yCTOWYMBOCTU. B mpuiioxkeHu K riaBe 7 B KadyecTBE NMpUMepa NpuBeAcHa (DYHKIUSA
routh, peanm3yromas anroputm Payca.

B npaktuueckux pacuerax yacTto TpeOyeTcsl BBIJACIUTH 00JIACTH YCTOMUYHMBOCTH B
MJIOCKOCTH HACTPaMBaE€MbIX I[1apaMETPOB CHUCTEMbl WJIM BBINOJHUTH J[-pa3OueHue
TUIOCKOCTH ATUX MapaMeTpoB. [l pemeHus 3Tux 3a1a4 MOKHO TPUMEHUTH ITPOTPaMMBbI
stabreg (cokp. stability region) u Dcom (cokpamenue or D-composition). DTu

IIPOrpaMMBbl NIPUBEACHBI B IPWIOKEHNH. KOMMEHTapun K HUM JaHbI TaM XKe€.
[Ilpumep 1. IlepenmaTouHas QyHKLMSA PA3OMKHYTOM CMUCTEMEI

G(s)=1/s(2s*+3s3+2s2+3s+4) . OnpeneqmUTb YyCTOMUMBOCTL SZaMKHYTOM CHUCTEMH.
» numg=1; UM CIUTEJb
» deng=conv ([l 0],[2 3 2 3 4]); 3HaMeHaTelb

» G=tf (numg, dengqg) ;
» H=feedback (G, 1)

nepenatoduHasa QyHKUMA
3aMElKaHMre oOOpaTHOM
CBA3U

o o o° o° o°

Transfer function:



2 s™"5 + 3 s™M + 2 s”"3 + 3 8”2 + 4 s +1

[®)

% ompenejieHME IIOJICOB INEPENaTOUYHOV QYyHKUIUM
» poles=pole (H)

poles = 0.4535 + 0.99611
0.4535 - 0.99611
-1.0464 + 0.48241
-1.0464 - 0.48241
-0.3144

Tak KaK MMEITCS IIOJIOCHE C IIOJIOXMTEJIbHOVM BeUEeCTBEHHOMU JacTpO, TO
3aMKHYTaAd CHucCTEMa HGYCTOIZLIMBB..

[Ipumep 2. OnpelesUTb OPEeHeJIbHBEM 10 YCTOMUMBOCTU KODQOULMEHT
nepenmadyy CHUCTEMH, MMEKIEeY XapaKTePUCTUUeCKUM I[1OJIMHOM
q = s34+18s2+70s+K, noJsilarasg, 4uTo K MOXeT MNPMHMMATL SBHAYEHMS OT 1 IO
2000.

CocTaBuM OpoTrpaMMy OJiS OIpenesyieHMS NpeleJibHOT'O 3HaueHusa K.

K=[1:1:20007;

for n=1l:1length (K);
g=[1 18 70 K(n)];
poles=roots (q) ;
r=real (poles);

o

InpoeneJiel VM mal' M3SMEHEHUA K

o°

XapaKTEePUCTUUECKHUM [1OJIMHOM
onpeneJyieHMe KOPHEM I[IOJIMHOMAa
bopMMpPOBAHME BEKTOpPA BeUecCT-—
BEHHEIX UYacTel KopHeM nnud K(n).
YCJIOBME IIepexona KOpHeN

B IpPaBYy IIOJYIIJIOCKOCTBb

if max(r)>=0,

00 0° o® o° o° o° o° o oP

poles BEIBOI IIE€PBOT'O KOPHHA, MMENIEITO
real part>0.
K=K (n) BEIBOII COOTBETCTBYKIETO
3HaueHMmsa K.
break
end
end
poles =
-18.0000

0.0000 + 8.36661
0.0000 - 8.36661

K = 1260
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13.6. CHHTE3 JIMHEMHBIX CUCTEM YIIPABJIEHUA

B 6ubmmorexe Control System peann3oBaHbI TpH OCHOBHBIX TPYIIIBI METOJOB CHHTE3a
JUHEWHBIX CUCTEM:

— METO/Ibl, OCHOBaHHbIE HA U3YYEHUHU PACIIOJIOKEHNUS KOPHENW XapaKTEPUCTUYECKOTO
YPaBHEHHUS 3aMKHYTOM CHUCTEMBbI B KOMIUIEKCHOM IJIOCKOCTH (Haubosiee pa3BUT B HTOM
rpymie MeTo/l KOpHEBOIO roforpada);

— CHHTE3 OOpaTHBIX CBSI3€H 10 MEPEMEHHBIM COCTOSHUS, O0€CIEUMBAOLINX
3aJJaHHOE PACIIOJIOKEHUE KOPHEH XapaKTepUCTUYECKOIO YpaBHEHUS (WM CIEKTP
MaTpPHIbl CHCTEMBI) — TAK Ha3bIBAEMOE MOJAIBHOE YIIPABJICHHUE;

— METOJIbl CHHTE3a PEryJsTOPOB MO HMHTETPAIbHBIM KBAaJIPAaTUUHBIM KPUTEPHUSIM
KauecTBa (3aJ1a4M JIMHEWHO-KBAIPaTUIHOTO ONTUMAJIBHOTO YIIPaBICHUS MO NEPEMEHHBIM
COCTOSIHMSI MJIU IO BBIXO/IY CUCTEMBI).

Memoo kopuesozo zooozpagha

OTOT METOJ MO3BOJISIET IOCTPOUTH B KOMIUIEKCHOW IIJIOCKOCTH PAaCIOJIOKECHUE
HyJIEH ¥ MOJIOCOB MEepeAaToYHON (YyHKIUH, a TAKKE TPAEKTOPHUH IOJIOCOB 3aMKHYTOMH
CUCTEMBI MPU U3MEHEHUH OJHOTO mapamerpa. MOKHO Takxe peliarh 3ajady BbIOOpa
ATOr0 M3MEHSEMOTO MapaMeTpa TaK, YTOOBI MOJIIOCHI CUCTEMBI UMENIU TpeOyemble WM
Osm3kue K TpeOyemMbIM 3HaueHHs. OOBIYHO TAKUM MapaMeTpoM SIBISIETCS KOI(P(ULIUEHT
oOpatHoii cBsi3u K (mim ko3 durmeHT nepeaaun pasoMKHYTOW CUCTEMBI).

[lycTh nepenarounast pyHKIUS CUCTEMBI SYS 0€3 00paTHOM CBS3H

h(s) = n(s)/d(s).
Toraa noJrrocel 3aMKHYTON CUCTEMBI — 3TO KOPHU XapaKTEPUCTHYECKOTO YPABHEHUS
q(s) = d(s)+kn(s) = 0.

KopueBoii romorpag — 3TO TpaeKTOpPUM MOJIOCOB 3aMKHYTOW CHUCTEMBI MpHU
U3MEHCHUH KO3 HIMEeHTa Tepeaauyd K B MPearnosoKeHWH, 4To oOpaTHas CBSI3b —
OTpULIATEIIbHAS.

[TocTpoenue kopHEeBOro rogorpada cucteMsl SyS Mpu U3MEHEHUH KodpduimeHTa
oOpaTHO¥ CBs3M K BBITTOJIHAETCSA KOMaHA0i rlocus (sys).

[Tpu sToM 3HaveHus: KoddduireHta K BEIONPAOTCS aBTOMATUYECKH TaK, YTOOBI
BETBHM KOPHEBOI0 rojorpada Obuiv riiaJKUMi KPUBBIMHU.

Komanma rlocus (sys, k) MO3BOJIAET 3a1aTh BEKTOP K Kak BXOJHON apryMeHT
U TOCTPOUTH KOPHEBOW rogorpad B BbIOPAHHOM JMANa30HE HM3MEHEHUS H3TOrO
koa(pduirenTa.

Komanael [r,k]=rlocus (sys), r=rlocus (sys, k) BBIBOIIAT Ha
JUCIUJIE MacCHB [ TOJIIOCOB 3aMKHYTOM CHCTEMBI M COOTBETCTBYIOIIME 3HAUYCHMS
koapduimenta mnepemaun. IlocTpoenne KopHeBOro rojaorpada TMpud STOM  HE
POU3BOIUTCH.

IpuMmep. IlocTpoMM KOPHEBOM romorpad cienyomel CUCTEMEH:
» sys=tf£([0.5 1],[0.001 0.035 0.35 1 0])
Transfer function:

0.5 s + 1



0.001 s”4 + 0.035 s*3 + 0.35 s™2 + s
» rlocus(sys)
Kopuerolt romorpad moxaszsaH Ha pmc. 13.11.
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Puc. 13.11

C momotpio KoMaHAbl sgrid MOXXHO HaHECTH Ha KOMIUJIEKCHOM IIOCKOCTH, B
KOTOPOM TMOCTPOEH KOPHEBOU rojorpad, CrnenuaibHy CETKY MOCTOSHHBIX 3HA4YCHUI
koa(pdunmenTa 3aryxanus (ot 0 go 1 ¢ marom 0.1) u codctBennsix yactoT (ot 0 g0 10
pan/c. ¢ marom 1 pazn/c.). Komanna sgrid(z,wn) HAHOCHT CETKY IOCTOSHHBIX
3HauYeHMUM K0d(PuIMeHTa 3aTyxaHusi U COOCTBEHHOM YaCTOTHI, 3aJJaHHBIX BEKTOPAMH Z U
wn. Takue xe TelCTBHS I JUCKPETHBIX CUCTEM BBITIONHSICT KOMaHIa zgrid.

C nomompto (yHkuuu [k,poles]=rlocfind(sys) mnocie MNOCTPOCHUs
KOpPHEBOTO rojorpada Ha HEM MOXKHO BBIOpATh >KETAaeMy0 TOYKY (COBMECTHB C HEW
MEPEKPECTHE CIICIIMAIEHO CO3IAHHOTO ATOM KOMAaHJI0M Kypcopa) U ONPeeIUTh 3HAUCHHE
ko3 durreHTa 00paTHO# cBs3M K B 3TOM TOUKE.

Oyukuusa [k,poles]=rlocfind(sys,p) MO3BOJSET 3a1aTb BEKTOp
JKETaeMbIX TIOJIFOCOB M 3aTe€M OTBICKaTh Ha KOPHEBOM Tojorpade Onrmkaiime o
PaCIoOJIOKEHHUIO TIOJIFOCHI C BBIBOJIOM Ha JHCIUICH COOTBETCTBYIOMIMX KOA(D(HUIIMEHTOB
nepeaayu K.

[IpuMep. OnpemenuTb 3HAaUeHMe KoadduuMeHTa OOpPaTHOM CBA3M, IIPU
KOTOPOM 3aMKHyTas cucTeMa OyIeT uMMeThb ko30dmumeHT z3aryxaHusa z=0.7.

» h=tf([2 5 1],[1 2 31)

» rlocus (h);

» sgrid;

» [k,poles]=rlocfind(h)

BubepeM najiee Ha ronmorpade Touky, B kKoTopou z=0.7 (pmc. 13.12)
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Imag Axis

Real Axis

Puc. 13.12

BeiOpaHHas ToOdYKa I[IOMedYeHa SHaKOM +.
selected point =
-1.0737e+000 +1.0789%e+0001
k = 1.9213e-001
poles =
-1.0694e+000 +1.0782e+0001
-1.0694e+000 -1.0782e+0001
[lpoBepMM 3HaUeHME KOBQIULMEeHTa BaTyXaHULd:
» z=cos (atan(1.0782/1.0694))
z = 7.0420e-001

JIJisi IpOEKTUPOBAHMSI CHUCTEM YIPABICHUS METOJIOM KOpPHEBOro rojorpada B

Matlab nmeercs cnieranbHast mojacucTeMa — rpaduueckuiit HHTEpdenc MPOSKTHPOBAHMUS
C TOMOIIBI0 KOpHEBBIX romorpados The Root Locus Design GUI (RLD GUI). Dra

MOJICUCTEMA BBI3BIBAETCS KOMAaHA0M r1tool.
B cpene RLD GUI MoxHO HE TOJIBKO CTPOUTH KOPHEBBIC Troaorpadnl, HO U

AHAJIN3UPOBATh B UHTEPAKTUBHOM PEKHUME BIUSIHUE MAPAMETPOB CUCTEMBI HA KOPHEBBIE
rojorpadsl, a TAKXKE HA BPEMEHHBIC U YACTOTHBIE XapaKTEPUCTUKH 3aMKHYTON CHCTEMBI.

Pazmewenue nontocos 3amMKHymoil cucmembol.
Mooanvnoe ynpasnenue

3amaBasi OMPENEICHHOE PACIOJIOXKCHHUE IIOJIFOCOB CHUCTEMbl B  KOMIUICKCHOM

MJI0CKOCTH, MOKHO IPUOJU3UTh Ka4€CTBO IIPOLIECCOB YIPABIICHUS K KeJTaeMoMy. 3a1auy
BbIOOpa OOpATHBIX CBA3EH IO MEPEMEHHBIM COCTOSHUS, OOECIEUYMBAIOIIUX KEITAeMOe
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pa3MelleHre MOICOB (MM 3aJJaHHbIM CIIEKTP MaTpPULIBI CUCTEMbI) HA3bIBAIOT 3aJadeil
pa3MeleHus MOJICOB WIH 3aJa4€l MOAAIBHOTO YIIPABICHUS.

[TycTh ucxonnas cucrema (6€3 JOMOTHUTEIBHBIX OOPATHBIX CBSI3€H) OMUCHIBACTCS
YpaBHEHUSIMH

X = AX + Bu
y = Cx + Du.

Eciu sta cucrema ympaBisemMa, TO MOXHO pealn30BaTh OOpaTHYIO CBSI3b IO
MEPEMEHHBIM COCTOSIHMSI, TaKyl0, YTO MpPHU yMpaBieHUU U = -KX MOJIOCH 3aMKHYTOU
cucteMbl (coOcTBeHHBIE ymcina maTpuibl A-BK) OynyT wmeTh 3amaHHBIC 3HAYCHMSL.
OpHako cieyeT UMeTh B BUJY, YTO 3aJlaHUE€ JIOOOT0 MPOU3BOJIBHOTO PACIOIOKEHUS
MIOJTFOCOB MOXKET MOTPe00BaTh OOJIBIIKX O BETMYMHE KO DUITMEHTOB 00pAaTHBIX CBS3CH
WJIM MIPUBECTH K OOJIBIINM MEepePEeryIUpPOBAHUIM 10 MEPEMEHHBIM cOCTOsIHUSA [3].

Bektop K 00paTHbIX CBsA3€l JUIsi OJHOMEPHOM CHCTEMBI C PaCHOJIONKEHHUEM
MIOJIFOCOB, 33IaHHBIM BEKTOPOM P, BeIUUCIIeT PyHKkuus K=acker (A, B, p) .

OpHako Il CHUCTEM BBICOKOTO TOpSIIKA W IUIOXO OOYCIIOBJICHHBIX CHCTEM 3Ta
(GYHKIHST MOXKET MPUBECTH K 3HAYUTEIBHBIM ITOTPEITHOCTSIM.

Oynkuus  K=place (A, B, p) no3BoisieT  paccuutatb  marpuny K
ko3 puIeHTOB 00paTHOM CBSI3U JJIsi MHOTOMEPHON MM OJHOMEPHOU cucTeMbl. [lpu
ATOM MPEANOJIaraeTcs, 4YTO BCE BXOJbl CUCTEMbI JOCTYMHBI JUIsl yIpaBiieHus. [[nuHa
BEKTOpA ] )KEJTAEMOT0 PACIIOJIOKEHUS MOJTIOCOB 3aMKHYTOM CHCTEMBI I0J>KHA OBITh paBHA
yuciny cTpok marpuibl A. OyHKIMS place BBIBOAUT COOOIIEHHWE O YHCIIE TOYHBIX
JNECATUYHBIX LU(pP Yy TMOJIOCOB 3aMKHYyTOM cuctembl. Ecnu kakue-mubo0 MOJIHOCHI
OTINYAIOTCA OT JKEeJIaeMbIX 3HaueHWi Oomee uvemM Ha 10%, TO BEIBOAUTCS
COOTBETCTBYIOILIEE MPEAYNPEKIACHHE.

OyHKIMSA place  UCHONB3YET aITOPUTM, KOTOPBIM MO3BOJISIET MOJYYHUTh
pobacTHOe pellieHne, I03TOMY PEKOMEH]IyeTCs NMPUMEHSTh €€ BMECTO acker Takxke U
st omqHOMEpHBIX cucteM. O0e (yHkimu (acker u place) NpPUMEHUMBI Kak s
HETMPEPBIBHBIX, TAK U JJIs1 AUCKPETHBIX MOJICIICH.

OyHkiuio place  MOXHO TMPUMEHITh Takxke Ui pacueta BekTopa L
K03 PUIIMEHTOB Tepenayn HaOMIoAaTeNss COCTOSHUS MHOTOMEPHOW CHUCTEMBI, €CIH
UCIIOJIb30BaTh OOpaienue L=place (A’, C’),rtneA’, C’- TpaHCIOHUPOBAHHBIC
MaTpHIIbI.

[TpuMmep.
» a=[0 2; 2 -31;
» b=[0; 1];

» p=[-1+0.51 -1-0.51i];
» k=place(a, b, p)
place: ndigits= 15
k = 2.6250 -1.0000
YbernuMcsa, UTO CHUCTeMa C OO0OpaTHOM CBS3bI MMEeT SBaIaHHBE I1OJIIOCH :
» eig(a-b*k)
ans =
-1.0000 + 0.50001
-1.0000 - 0.50001
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Cunme3 onmumanbHbIX Pe2yiAmMopos N0 UHMESPATbHBIM KEAOPAMUUHbIM
Kpumepuam Kauecmea

OdbdeKTHBHOCTH YIIpaBICHUS B IMHCHHONW CHCTEME

X:Ax+Bu

y=Cx+Du
MOJXHO OLCHUTDb MHTCTPAJIbHBIM KBAAPATHYHBIM KPUTCPUCM Ka4CCTBA

J(u) = j(xTQx +UuTRU + 2x " Nu)dt,
0

BecoBbie matpuist Q, N, R yuuThIBatoT BaXKHOCTh OTKIOHEHUI EPEMEHHBIX COCTOSTHUS
U 3arpar Ha ynpasieHue. Matpuna K oOpatHoi cBsizu U = -KX, MUHUMH3UpPYIOLIEH
YKa3aHHBIM MHTErPAbHBIN KpUTEpH, onpenensercs Beipaxennem K=RY(BTS+NT), rue
S — pemenue anrebpandeckoro ypaBHeHus: Pukkaru
ATS+SA-(SB+N)R1(BTS+NT)+Q=0.

Oyakmus [K, S,e]l=1qgr (A, B, Q, R, N) BBUHCISICT MATPHUILy OOpPATHBIX CBS3EH
K, a Takxke pemenue S ypaBHeHUS Pukkath W COOCTBEHHBIE 3HAYEHUS MATPHUIIBI
3aMkHyTON cuctembl €=eig(A-BK). Eciu apryment N omymieH, TO M0 yMOJTYaHUIO
cuntaercst N=0.

Nmeercs Taxoke aHamornuHas QyHKus d1gr i JUCKPETHBIX CUCTEM.

B ciywae, korga MUHIMU3HPYETCS HHTETPAJIbHBINA KPUTEPHIA

Ju) =] yTQy +UTRU+ 2yTNu)dt,
0

YYUTHIBAIOIIMK OTpaHUYCHHS Ha BBIXOAHYIO BennuuHy Y, mMaTpuiia K oOpaTHoO# cBs3u
= -KX BBIYHCISAETCS C IOMOIIBIO (DYHKITUU
[K,S,e]l=1gry(sys,Q,R,N).
Mopenb cucteMbl SYS B 3TOM ciiydae 3aaaercs yerBepkod matpuil {A, B, C, D}. Ilo
ymoyanuto, eciau matpuiia N onymena, monaraercs N=0.

B Tteopun ympamieHus HaxoAsT OOJbIIOE MPUMEHEHHE ypaBHeHUs Pukkatu u
ypaBHeHusi JlsmyHoBa. [l pelieHus HENPEphIBHBIX alreOpanyecKux ypaBHEHHM
PuxkaTtu npeaHazHaueHa rpynna GyHKIui care, a 11 JUCKPETHBIX — dare.

Oyukuua X=lyap (A, Q) HaXOIUT pPEUICHUE HENPEPHIBHOIO MATPUYHOIO
ypaBHeHus JIsmyHoBa BU1a
AX+XAT+Q=0,
rae A u Q — KBaJipaTHbIE MAaTPHUIIBI OJIMHAKOBBIX Pa3MEPOB.

Jlns pemienust 06001eHHOTO ypaBHeHus JIsimyHnoBa (vm ypaBHeHusi CuiibBecTpa)
BHUA

AX+XB+C=0
HUCHOJIE3YETCS (byHKuI/m X=1lyap (A,B,C). Marpuusl A, B, C H0KHBI HMETh
COTJIaCOBaHHBIE pa3Mephl, HO HE 0053aTEIHHO JTOKHBI OBITh KBAJPaTHBIMHU.

JIns peleHus IUCKpEeTHOro ypaBHeHus JIamyHoBa
ATXA-X+Q=0
npuUMeHsieTcst oOpaienne X=dlyap (A, Q).
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13.7. NIPUMEPBI PACUETA CUCTEM YIIPABJIEHUSA

IMpumep 1.

Ha puc. 13.13 npuBeaeHa cxema cieadineil cuctemsol. [lapamMeTpbl CUCTEMBI:

kor(hPUIIMEeHTHl Mepefayn JaTyuKa yriia MoBOpPOTa M JaTdyMKa OoOpaTHOM CBS3U
K1=57.3 B/pagx;

kodppunment ycunenus yeunurens Ko=100; koadduimenT nepenauu aABUraTeIs
Ks=8 pan/B-c;

OoCTOsIHHBIE BpeMenu — yeunurens [,= 0.01 c., nuratens — 0.2 c.;

ko3 PUIIMEHT Tepenadyn OT MOMEHTa Harpy3ku M, K cKOpocTH BpaiieHus Kg =
1600 pan/v-cm-c;

nepeaarouHoe uucio peaykropa Ks = 0.001;

ko3 uimenT nepemaun obOpatHoM cBs3u mo ckopoctd Kg = 0.01 B-c/pan;
WHEPIIMOHHAS MOCTOsTHHAsL BpeMeHu oopatHoit csizu T = 0.001 c.

Tpebyercs:

— MOJY4YUTh NepenarouyHble (YHKIHUA 3aMKHYTOW CHUCTEMBI MO 3aJaHui0 U U
BO3MYIIEHUIO My;

— TOJIYYUTh MOJIEIb CUCTEMBI MOHUKEHHOW pPa3MEPHOCTH, UCHOJIb3Ys (PYHKIIUU
balreal u modred,

— MOCTPOUTH JIoTapu(PMUUYECKHE YaCTOTHBIC XapaKTEPUCTUKU MOJIENICH MOJHON U
ITOHVYKEHHOW Pa3MEPHOCTEM;

— CpPaBHUTH NEPEXOAHBIE XAPAKTEPUCTUKU MOJEJIEH MOJHOM W TMOHHKEHHOU
Pa3MEpPHOCTEM.

M
K4
p(Twp+1)
1 2 3
u ) y
K2K3 L
g B . —>| DD K >

Kep -
Tup+1 -
6
— K1 -
Puc. 13.13

U — 3ajiarolee Bo3IeHCTBHE;

Y — yroj noBopoTa UCIIOJIHUTEIBHOIO MEXaHU3MA.

1 — maT4MK yria moBOpoTa; 2 — YCHJIMTENb U IBUTATENb; 3 —peIyKTOp;
4 — nepenaya OT Harpy3KH K yrily MOBOPOTa BaJla IBUTATEIIS;

5 — oOpatHas CBSI3b [10 CKOPOCTH;

6 — maT4rK oOpaTHOI CBS3U.
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CocraBuM nporpaMmy pacuera.

test

CJIEIANASA CUCTEMA

[IpuMeHeHMe OYHKLUMM append, connect, minreal, balreal, modred
CpaBHeHMe OuarpaMMm Bome M MNepeXOIHHX XapaKTepUCTUK
hl=tf(57.3, "inputn', 'u'); OaTuyK yIJla [IOBOpOTa

o0 o©

o0 o°

o°

h2=tf ([800]1,[0.002 0.21 1 01); % YyCUNIMUTEJbL M OBUIT'aTellb
h3=tf£(0.001, 'outputn', 'y'); % penyKTop
h4=tf([1600],[0.2 1 0], "inputn', 'MH') ;% BIMSAHME MOMEHTa HaATPY3KU
h5=tf ([0.005 0],[0.001 1 1); % TaxoreHepaTop

he=tf (57.3); % OCHOBHas obpaTHas CBA3b

[©)

% oObeIMHEeHVE 3BEHBLEB B CUCTEMY

sys=append (hl,h2,h3,h4,h5,h6);

% YCTAHOBJIEHME CBS3EM MeXOy 3BEeHDLIMU

Q=[2 1 -6 -5; 3 2 -4 0; 6 3 00; 52 -4 01];

inputs=[1 4]; BHENHMVE BXOIEI

outputs=[3]; BEIXOI

sysc=connect (sys, Q, inputs, outputs) ; [IOJIydeHMe MOOesiu

CUCTEMEl C YUYEeTOM CBS3eM

nepenatouHas QyHKUIMA
(OJ19 KOHTPOJIA PEeUeHUH)

% INOJIydeHMe MUHYMAJIbHOM peayiM3aluM: COKpalleHMe OO0IMX MHOXUTEJeN

FTUMCIIMTEJIS M 3HaMeHaTeJd

syse=minreal (sysc) ;

[sysb,g]l=balreal (syse) ; % DaJlaHCUPOBKaAa

Hb=tf (sysb) % OJI9 KOHTPOJIA PEeleHUS

o0 o©

o® o° o

Hc=tf (sysc)

o\

Oyukuus balreal onpenenser T.H. cOaTaHCHPOBAHHYIO MOJIEIb CUCTEMBI, KOTOpast
UMEET pPaBHBIC W JWAroHaJbHbIC TPaAMHAHBI YIPaBISEMOCTH W HaOmomaeMoctH. Mx
JMaroOHATBHBIMH JJIEMEHTaMU SIBJISIFOTCS COCTABJISTIOIIME BekTopa . [Ipu BeIMOTHECHUAN

xoman bl balreal momyueno
g = 0.5574
0.0667
0.0096
0.0000

Marebie 3HaueHus ABYX nocieaHux (3 u 4) s1eMEHTOB BEKTOpa § yKa3bIBaIOT, YTO
JIBE TIEPEMEHHBIC COCTOSTHUSI CJ1a00 CBSI3aHBI CO BXOJIOM U BbIX0JI0M Mojeu. [ToaTomy nx
MOJKHO YAQJIUTh C MOMOIIbI0 (GyHKIMH Modred, moHU3UB NMOPSAAOK MOICIH, JIJIS Y4ero B
grciie apryMeHToB modred yka3bIBarOT COOTBETCTBYIOIIUE COCTaBIIsomne BekTopa ¢ (3
u 4). OTMeTUM, YTO peylIMPOBAHHASI MOJIE]Ib CHCTEMbBI UMEET BTOPOIl MOPSIIOK.

sysr=modred (sysb, [3 4], 'del"); IIOHMXEHME TMopsanka

%
Hr=tf (sysr) % OJI9 KOHTPOJIS PEeleHUS
bode (syse, '-',sysr, 'x") % IuarpamMel Bogae
gtext ('YacTOTHEHE XapaKTEPUCTUKU sysSe M sysr') % HaOnmcu
pause
step(syse, '-',sysr, 'x"), grid % IepexOoIHBIM Mpollecc
gtext ('for syse u sysr') % HaOomcu
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Kak BuaHo u3 puc. 13.14 u 13.15 yacTOoTHBIE XapaKTEPUCTUKH HCXOJHOU M
peAyLMpPOBaHHOM MOJENeld pa3iIuyaroTcs B O00JIACTH BBICOKUX 4YacTOT, OJHAKO
NEPEXOIHBIE XapaKTEPUCTUKHU BECbMa OJIU3KH.

Bode Diagrams

YacToTHble XapaKTEPUCTUKM SySe U SySr
From: u From: MH

-50
o -100
RS)
©
3 -150
i<
g
s -200
> 200
@
RS)
S 100
g
o > 0
5
F 100
-200
-300 - -
10° 10 1ad° 10° 10"
Frequency (rad/sec)
Puc. 13.14
Step Response for syse u sysr
From: u From: MH
1.2

Amplitude

-‘M—a

_0.2 L L L L L L
0 0.125 0.25 0.375 0.9 0.125 0.25 0.375 0.5

Time (sec.)

Puc. 13.15
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JInst 3TOM ke chensieid CUCTEMBI (He MPOU3BOAS PEAYKIIMU MOEIH) ONpEAeIuM
BJIMSIHAE OOPATHOM CBSI3U IO CKOPOCTH Ha XapaKTep MPOIECCOB OTPAOOTKU 3aarOIIEro
Bo3aelicTBUsA. [lepenaToyHyr0 (QYHKIHIO CHCTEMbI MOJYYHUM JPYTHM  CIIOCOOOM,
UCIOJIB3Ys alreOpandeckue npeodpasopanus u Gpyuknuto feedback.

% cyemsamas cucrTema (BXOI - 3amaHmue, BHEXOI — yIT'OJI IIOBOPOTA)
% BIMSHME OOPaTHOM CBA3M IO CKOPOCTM Ha KadeCTBO [IPOLIECCOB;
% Ha OonIHOM I'paduke - NATH NEPEeXOIHBIX IIPOLEeCCOB

% (mna pasauuHeX k)

hold on

for k=0:0.002:0.006; % xondbuuMeHT HepemauM TaxoI'eHepaTopa
hl=tf(57.3); % UBMEPUTEJILHEI B3JIEMEHT

h2=t£ (100, [0.01 1]); % ycuImMrTeJb

h3=tf(8,[0.2 1 01); % IOBUTATEJb

h2 3=h2*h3; % YCUIIUTENbL-IBUT'ATEIb

hd=tf([k 01, 1[11); % TaxoTreHepaTop

h5=t£(0.001) ; % penykTop

h23 4=feedback (hZ 3,h4);

o°

YCUMIINTEJIb M IBUI'aTeJlb
Cc oOpaTHOM CBA3bID
Pa30OMKHYTas cucTema
3aMKHyTas CucreMma

oo

sys=hl*h23 4*h5;

H=feedback (sys,1);

o°

o°

t=0:0.01:3;
y=step (H, t); % NepexonHasd XapakKTepuCTHUKAa
plot(t,y):;
xlabel('t, cex'), ylabel('y'") % HaAIIMUCU
title ('llepexonHele xapakTepuctuky npu k = 0:0.002:0.006) ") ;
end
MepexoaHble xapaktepucvkm npu k = 0:0.002:0.006)

18r

16|

14r

Lj_ AAAAAVA
= \/\/V

0.8

0.6

0.4

0 I I I
0 0.5 1 1.5 2 2.5 3

t, cex

Puc. 13.16
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B 3aBucumoctn oT TpeOoBaHuil Kk mpoueccy ymnpasiaeHus (puc. 13.16) MoxHO
BBIOpaTh BEJIMUMHY OOpATHOM CBSI3HU.

IIpumep 2.

OnpenenuTs 00J1aCTh YCTOMYUBOCTH CUCTEMBI C XapaKTEPUCTUUCCKUM TTOJITMHOMOM
q=p3+ (x-1.2)p>+(y - 0.8x +0.48)p + (0.16x - 0.4y + 0.936)
B IUIOCKOCTH BapbUPYEMbIX IapaMeTpoB (X, Y).
JLoist peuieHus 3TOM 3a/1auu BOCIIOJIb3yEMCS MpOrpamMMON
stabreg (g, range x,range y), KOTOpas IPUBCACHA B IIPUTIOKCHHH.
BxonHble JaHHBIE 3alUIIeM B BHAe M-(daiiia, KoTopbii Ha3oBeM test stab.

% test stab

echo on

% XAPaKTEPUCTUUECKUN [IOJIMHOM

g='I[1l, x-1.2, y-0.8*x+0.48, 0.16*x-0.4*y+0.936]"';
x=[0.1:0.1:8]; % HOpenejibl M3MEeHeHUd IapaMeTpa X

y=[0.1:0.1:6]; % Hnpenejbl M3MEeHEeHMs lIapaMeTpa y
W3 xomangaoro okua Matlab BezoBeM 3TOT (haiii, a 3aTeM — MpOrpamMmy MOCTPOEHHS TPAHUIT 00J1aCTH
YCTOMYHBOCTH.

» stabreg (g, x,V)

['panuiia o6sacT yCTOMYMBOCTH TIOKa3aHa Ha puc. 13.17.

OBNACTb YCTOMYMBOCTU CUCTEMb

55
5 )
7
45

~

A~
//

Ve

35 _/-/_/_/

e
/|
S

> 3
25 |\
2 N
15
1
05
1 2 3 5 6 7 8
Puc. 13.17
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Ipumep 3.

[TpoBecTu /[-pazdoueHme MmIOCKOCTH mapaMeTpoB (X, Y) UIsl CHCTEMBI U3 TIpuMepa 2.
[Tpumenum porpammy D-com (cm. [Tpunoxenue).

[e)

% lpumep IO-pazbueHusa IJOCKOCTM IBYX IIapaMeTpoB
echo on

q= "1, x-1.2, y-0.8*x+0.48, 0.16*x-0.4*y+0.936]"';
x = [0:0.1:10];

y = [0:0.1:101];

decom( g9, x, y )

[Tocrne BpIBOJIa HA DKpaH TPaHUI] 00JIaCTEH € pa3IUYHBIM YUCIIOM IIPABBIX KOPHEH ¢
MIOMOIIBIO MBIIIU MPOU3BOAUTCS pPa3MeTKa STUX 00JIacTeil — yKa3bIBAE€TCS YHCIIO MPABbIX
KOpHEH B mpeJiesiax Kaxk10M u3 o0acTei, Ha KOTOphIe pa30duTa IMIOCKOCTh TapaMeTPOB.

Kaprtuna JI-pa3ouenus nokazana Ha puc. 13.18.

D-pasbuenue

10

7 3 *D(1)

el

= =

o~ /_
~ 7

*D@2)

lfxfwﬁu
S

Puc. 13.18
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Ipumep 4.
JIBurarenab BHYTPEHHETO CTOpaHUs

PaccmoTrpum 3anady BbeIOOpa onTUMalibHBIX HacTpoek [IH-perymnstopa B cucteme
PEryIMpPOBAaHUS BUTATENsl BHYTpeHHEro cropanus [9]. CTpyKTypHasi cXxeMa CHUCTEMBI
naHa Ha puc. 13.19.

1 2 3
; K(Tp + 1) . 1 . 1 -
Tp "] 015p+1 o 2.84p +1

42p+11025 |
p2+4.2p+11025 |

Puc. 13.19
111U - perynsitop; 2, 3 - oOBEKT ynpaBieHus; 4 - MEXaHUYECKHI (LIEHTPOOEIKHBIN) TaTUNK
00paTHO¥ CBsI3H;
U - 33/1ar0111ee BO3ACHCTBHE; Y - BBIXO/HAs BEIMYMHA (4acTOTA BpAIllEHNUs)

CocraBum nporpammy uccienoanus. Hactpoliku perymnstopa Oyaem onpenensiTh
Ha OCHOBE KOPHEBBIX KPUTEPHUEB KauecTBa C MCIOJb30BAHUEM IIpOrpaMMbl rtanalti.
(Onmcanue 3ToM MpOrpamMMsbl JaHO B MPUIIOKEHHH ).

[IpeaBaputenbHO TpeOyeTcss OMpeNeanTh MEPEeNaTOuHY0 (PYHKIHUIO 3aMKHYTON
CUCTEMBI U YKa3aThb 00JIaCTh BapHaLlUU IapaMETPOB PETYIIATOPA.

Yucnurens nepesaToyHon (PyHKIIMU 3aMKHYTON CUCTEMBI

R=kTs3 + (k+4.2kT)s2 +(110.25kT+4.2k)s + 110.25k,
3HaAMEHaTENb:

Q = 0.284Ts> + 4.1328Ts* + 44.659Ts® + (332.535+4.2k) Ts?+
+(110.25kT+110.25T+4.2k)s + 110.25k.

Hcxomublie nanHble j1s TporpaMMbl rtanalti BBOJSATCS € MOMOIIBIO M - (haiia,
KOTOPBIM 3alKMCBIBAIOT B BUJC QYyHKIMH [R,Q, areal=dvs (a) . OTMeTHUM, 9TO UMS
¢aiisia MOXKET OTJIMYAThCS OT UMEHU (DYHKITHU.

function [R, Q, area] = dvs( a )

dyHkUMS, GopManmMlyolas MCXOOHBIE HOAaHHHE IJIS NpoTrpaMMmel rtanalti
damnyl HacTpauBaeTCsa I[I0OJIb30BaTEJIEM

a - TeKyllee 3HauUeHMe BeKTOpa BapbUPYEMEX IapaMeTpOB CUCTEME

a = [a(l) a(2)]

R,Q - umcamTesp M 3HaAMeHATEeJIb [IepelNaTOdYHOM OQYyHKUMM,

BHUMCJIEHHHE B TEKYIEMW Touke a

area - objacTh BapualuumM napamMeTpoB a(l) m a(2). 3amaeTcs
noJjib30BaTEsIEM B QopmaTe: [MuMHMMYM a (l),wmar a(l),makcumyM a(l); %
MUMHMMYM a (2),mar a(2), MakcuMmyMm a (2)]

o°

o° o° o°

o° o° o°

o°
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Qo Q

% NB! 3BHaMeHaTeJlb INepelaTOUHOM OQYHKIMM HEeOOXOOMM MOJIS BBEUMCIIEHUS 3
CTeleHelM YyCTOMUMBOCTU U KoOJIeOaTeJIbHOCTH.

UycauTesb MCIOJb3YETCHa IOJIA [NOCTPOEHMUS MNEePexXOIOHBIX XAaPaKTEPMUCTUK
B BEIOPAHHOM TOUKE Ha IIJIOCKOCTU IBYX BapPbUPYEMHX IapaMeTpOoB
CUICTEMEI

o° o° o°

o

s BamaHue oOOJacTM BapMauumM napaMeTpos a(l) m a(2)

area = [ 0 0.1 15; 0 0.1 5 71;

% B msTOM daliye MOXHO NepeoDO3HAaUMTh BapbUPyEMBIE IapaMeTpPH

k=a(l); T =a(2);

% BanaHue ko2QOMLUMEHTOB UMUCIMTEJIS M 3HaMeHaTensd I.Q.

% OHM 3alMCHBATCSA IO yOEIBAHMIO CTENeHeM s

R = [ k*T k+4.2*k*T 110.25*k*T+4.2*k 110.25*k 1;

O = [ 0.284*T 4.1328*T 44.659*T (332.535+4.2*k)*T...
110.25*k*T+110.25*T+4.2*k 110.25*k ];

BezoBem mporpammy rtanalti. B kadecTBe BXOMHBIX MapaMeTpPOB YKAKEM HMsI

(aiisnia ICXOAHBIX JAHHBIX.
» rtanalti('dvs')

ITocne okOHYaHMsI BBIYMCIICHUN B NHTEPAKTUBHOM PEKHUME IIPOU3BOIUTCSA IIOMETKA
JIMHUU paBHOM CTENEPU YCTOMYMBOCTH U KOJIEOATEIBHOCTH.

3arem BbIOMpaeTCs TOUYKA HA MIIOCKOCTH MAapaMeTPOB, NIl KOTOPOU MPOU3BOIUTCS
JNanbHEHIM aHanu3 (MOCTPOEHUE TMEPEXOJHOTO MPOLEcca, OINPEACIIEHUEe KOpHEM
MIOJIMHOMA | T.JI.)

Pabouast unpopMatys npu BBIIOJHEHUH IPOTPaMMBbI OTOOPaXKaeTCcsi B KOMAHIHOM
oxne Matlab.

Tekymme 3HAUYEHUS [aPaMETPOB CHUCTEMH :

al = 5.336226

a2 = 1.000000
BHaueHMe CTelNeHM yCTOMuMBOCTM: 1.234210
3HaueHMe cTeneHu koJjebaTesbHOCTHM: 6.918893

Pesynbratel pacueTroB mnpuBenensl Ha puc. 13.20 — 13.22. Kak BuaHo wu3
nepexoaHoON XxapakTepucTuku (puc. 13.22), BpeMst nepexoAHOro Mpolecca He MPEeBbIIIAET
3HaueHust 3/ , TOe T - CTeNeHb YCTOWYMBOCTH, WM paBHO 3 cek. llpu sTom
IepepEryIupoOBaHue
c < 15%.
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Shability

5%
; l Okt
45% S =
43 /,6_22525‘f{——— —
3.5% |31:.-u:.11 ine =]
3 5 [ Grid
AN 0.3505
2534
i 047576
E |
24 0.6010;
E|
5
]
1.5%
&
Coordinates
al= | R 1IR7 Aol Finish
a2= | - pply inis

Puc.13.20

Ha puc. 13.20 nmoka3zan skpaH JucCIUles NpPH BBIBOAE JMHUN PABHOTO YpPOBHS
crernenu ycroitunoctu. CripaBa 1 BHU3Y OCHOBHOTO MOJISI BUJIHBI KHOTIKY yTipaBieHus. B
JIEBOM HIDKHEM YTITY YKa3aHbl KOOPJAMHATHI BBIOPAHHOM TOUKH Ha MJIOCKOCTH IMapaMeTpoOB

perynstopa. (Jta Touka Ha rpaduKe OTMEUYEHA KPY>KKOM).
Ha puc. 13.21 mnokazan »53KpaH T0pu BbIBOJAE JIMHUA pPaBHOM CTENEHU

kosebaTesbHOCTH. COOTBETCTBYIOLIAs MEPEXOAHASI XapAKTEPUCTUKA IIPUBEIECHA HA PHUC.
13.22.
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Puc. 13.21

Bri6epem npyryto TOUKy Ha IMIIOCKOCTH MapaMeTPOB.
Tekymme 3HAUYEHUS [IapaMEeTPOB CUCTEMH B DTOM TOUKE:
al = 1.919740
a2 = 1.402778
BHaueHMe cTeneHm ycromumpocTm: 0.517427
BHaueHMe cTeneHu kojgebaTenbHOoCTHM: 5.484464

[lepexonHas XxapakTepuCTUKa ISl 9TUX HACTPOEK pEryisTopa MOKa3aHa Ha pHC.
13.23.
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IHPUIIOXKEHUA

IIporpamma routh

function [rr] = routh( C );

$ROUTH - omnpelejieHMEe YCTOMUMBOCTM CMCTEMBl 10 KpuTepuio Payca
C - BeKTOpP KO3OIMUMEHTOR XapaKTEPUCTMUUECKOTO IIOJIMHOMAa

B MCCJIeOyeMOV TouKe

rr - KOJIMUETBO INIPaBHEX KOPHEN

o o° o°

o)

r = 0; % IlpennojiaraeTcs, UYTO IIPAaBHX KOPHEM HET
[lpoBepka MNOJIOKUTEJIBHOCTY BCeX KOZOOMIMEHTOB XapaKTEepUCTUUECKOIT'O
[IOJIMHOMAa

ifCc(1) <O

[}

%
%

KosdpduimeHT npm cTaplmen CcTeleHM
OTPMLIATEJIbHEIM ?

o° o o°

cC =-20C; I3MeHeHre SBHaKOB BCeX KOBQOUUMEHTOB
end
% llocTpoeHMe U aHaM3 Tabamuel Payca
N length( C ); % KommuecTrO CTpok B Tabiamuie Payca
M= fix( (N=-1) / 2 ) + 1; % KommuecTBO cToJsbUOB B Tabmauie Payca
R = zeros( N , M ); % PesepBUpPOBaHME NaMATU IOJI9 TaOJIMULIE

% ¥ 3alloJIHEHME €& HYJIAMU
Cl =([CO0O0QO0]; % OopMMPOBaHME MOIMUOULUMPOBAHHOTO
% noJmHOMAa

for I =1 : 2 : M*2 % HeueTHBIE MHIEKCEH

R( 1, ceil( I / 2 ) ) =Cl(TI); % llocTpoeHMEe IIEPBOM CTPOKMU

% TaOJIMLIE

end
for I = 2 2 : M*2 % UYeTHBHE MHIEKCEL

R( 2, I/ 2 ) =C1(1I); % llocTpoeHMEe BTOPOM CTPOKM TabJMLE
end
for I =3 : N % L¥WKJI IO CTpOKaM

L=R(I-2,1)/R(I -1, 1); % MHOXUTEeJIL IJIS CTPOKU
% IlepBHIM BJIEMEHT B CTpPOKe

R(I, 1)=R(I -2, 2)-L*R(I-1, 2);

o)

% IlpoBepka CMEHH 3HaKa [IepBOr0 3JIeMeHTa CTPOKM TeKyllero CToJdLa
if R(I, 1) *R(I-1, 1) <O

rr = rr + 1; s COoOTBETCTBYET HAJUUMI IPaBOI'O KOPHSA
end

VIHIOeKC [OoCJIegHeI'O HEeHYJIEBOTO
BJIEMEHTA CTPOKM
LIuxJ o croJyblam

o° o oo

R(I, K)=R(I-2,K+1)-L*R(I-1,K+1);
end
end % I[pucBOeHMe INpMUBHaAKA YyCTOMUMBOCTU
if rr == 0
'Cucrema ycTomMumBa. '; % BeIBOI cooOmeHus 00 yCTOMUMBOCTU
else

disp( sprintf (
'paBBIX KOPHEM. '
end

%$s %d %s', 'Cucrema HeycTOMuUMBA. MMmeercs', rr,
)
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IIporpamma stabreg

function [] = stabreg( gq_string, range x, range y )

o)

o® o© A° o© A° o O o\

3

v l=]

o)

o

STABREG (coxp. stability region) .llocTpoeHre I'paHMLE 00JIaCTHU
YCTOMUMBOCTM IO IOBYM [apaMeTpaM X, Y IJS CUCTEMH
C XapaKTepUCTMYEeCKMM ypaBHEHMEM, 3alaHHEM B CTPOKe J string

g string - crTpoka, cozepxallas CHMBOJIBHYI 3alMCh BHaMeHaTeJs
nepenaTouyHor GYHKUMM KakK OYHKIMM BAaPbUPYEMHIX IapaMeTpoB X U Y
range x - Maccub abcumcc B dopMare [MMHMMYM:MAT :MaKCUMyM]

range y - MacCuUB OpAMHAT B (QopMaTe [MMHMMYM:WAI:MaKCUMyM]
Paspaboran B.Kpaccum

length( range x );
length( range vy );
= zeros( m, n );

MaTpuiia, COOTBETCTBYyMIAS IIJOCKOCTU OBYX
IapaMeTpoOB, HEHYJIEBHE 3HAUEHUS BJIEMEHTOB
KOTOPOM T'OBOPSAT O HEYCTOMUMBOCTM CUCTEMEL
CxaHMPOBAaHME U MNPOBEepKa Ha YCTOMUMBOCTL B IIJIOCKOCTHU (X,V)

o o o°

for i = 1:n
for j 1:m
X = range x( 1 ); Texymasa abcumcca
y = range y( J ); Texymada opIoMHAaTAa
g = eval (g string); 3HaueHMe BHaMeHaTeJsa B

¢}

o)
°
o)

°

TeKylIeM TOouKe
[IOJIIOCEl B TEKYIEM Touke

o® o oA° o° o°

p = roots( g );

if max( real(p ) ) <O
P(3J, i) = 0; $ CucreMa ycCcToMuMBa
else
P(j, 1) = 1; % CucTeMa HeyCTOMUMBA
end
end

nd

[IocTpoeHMe rpaHul] OOJIAaCTU YyCTOMUMBOCTMU.
[lapameTrp 'k' ycTaHaBaIMBaeT LUBET JIMHUM — UYEPHEHIN.

contour ( range x, range y, P, 1, 'k' ); % moCTpOeHME JIMHMI YPOBHSA
grid on;
xlabel ( 'x' ), ylabel( 'y' );

IIporpamma Dcom

function [] = dcom( g string, range x, range y )

O 0 A 0 A A A° O A° O° A° o° o o°

DCOM (coxp. D-decomposition) . IlocTpoeHue D-paz3bueHuUs B
[IPOCTPAaHCTBE OBYX BAaPbUPYEMHX [1apaMeTpPOB X,y CUCTEME
C XapaKTepUCTMYECKMM ypaBHEHMEM,3aIJaHHEIM B CTPoke J string

g _string - cuMBOJIbHaA 3anMChb 3HaMEHATeJId NepefaTOduHOM QYyHKUMM
C IOBYyMA BapbMPyEeMBIMM IapaMeTpaMM X U Y

range Xx - Maccup abcumcc B dopmMaTe [MUHUMYM:MAT :MaKCUMYM ]
range y - MaCCHMB OpAMHAT B dopMaTe [MUHUMYM:MAT :MaKCUMYM ]

[lpyMep BHI3OBA:

g _string = '[1, x-1.2, y-0.8*x+0.48, 0.16*x-0.4*y+0.936]";
range x = [0:0.1:10];

range y = [0:0.1:10];

dcom( g string, range x, range y );
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n = length( range x );
length( range y );
P = zeros(m, n );

3
I

MaTpuila, COOTBETCTByKUIAs MNJIOCKOCTMU
IOBYX IapaMeTpOB, HEHYJIEBHEe 3HAUEHUS
BJIEMEHTOB KOTOPOM TOBOPAT
O HEeYCTOMUMBOCTU CUCTEME
% CkaHMpPOBaAHME U IIPOBEpPKa Ha YCTOMUMBOCTEL B IIJIOCKOCTU (X,V)
for i = 1:n
for j = 1:m
X = range x( i );

o® o© oo o©

Texymasa abcumcca

%
%

y = range y( J ); Texkymas opIMHaTAa
g = eval( g string ); % 3HadeHMe 3HaMeHaATeJd B TeKylleMl
% Touke
P(Jj, 1) =rr( g); % KommuecTBO MNpPaBHIX IIOJIIOCOB
% B IOAHHOM TOUKe
end
end
% llocTpoeHMe OKHa
F figure;
A = axes( 'Parent', F, ...

'Position', [0.1 0.1 0.85 0.85],
'Units', 'normalized',
'NextPlot', 'add',
'ButtonDownFcn', 'dcom action;',
'Tag', 'Axes',
'UserData', g string );
% llocTpoeHue rpadmka D-pazbueHuUda
contour ( range x, range y, P );
xlabel ( '"x' ), ylabel( 'y' ),
title( 'D-pas30buenue' );
grid on;
B nporpamme mcnosesywnrca oyHkumm dcom action u rr

function [] = dcom action()
% DCOM ACTION - ¢pyHKUMA OOpPaBbOTKM HaXaTUA JIEBOM KHOIKM MBI
% B aAaKTMBHOM OKHe
h = gcbo; % 00BeKT, IJid KOTOPOI'O BH3BAH ODpabOoTUMK
cp = get( h, 'CurrentPoint' ); % YxaszbBaeMas MHUBO TOYKa
x=cp(1l, 1 ); y=cp(l, 2);
g _string = get( h, 'UserData' ); % lMccrnenmyemell HOJMHOM
n =rr( eval( g string ) ); % KomuecTBO MNPAaBBIX I1OJIIOCOB
s = sprintf( ' D(%i)', n ); % IloOoTroToBKAa CTPOKMU
text( x, vy, s )'; % BHIBOI CTPOKM Ha Ipadux
plot( x, vy, '"." ) % BHIBOI TekyleM TOUKM Ha I'padux
function n = rr( g )
RR (RightRoots) BHUMCIIAET N - KOJMUECTBO IIPAaBEIX I1OJIOCOB

o° o

[NOJIMHOMA J

p = roots( g );
k find( real( p ) >= 0 );

VIHOEKCH IOJIOCOB, PAaCIOJIOXEHHBIX
B NIPaBOM MOJYIJIOCKOCTU

o° o o°

if( isempty( k ) == 0 ) MmeeTrcsa length (k) npaBeIX [IOJIIOCOB
n = length( k );

else
n = 0; % IlpaBHe IOJIIOCA OTCYTCTBYIOT

end
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IIporpamma rtanalti

[Mporpamma RTANALTI (RooT ANALisys of Linear Time Invariant systems) npeana3zHaueHa
JUISI pacyeTa JIMHEHHBIX HEeMTPEPhIBHBIX MHOTOMEPHBIX CUCTEM aBTOMAaTHYECKOI0 YIPaBIeHUs U paboTaeT
B UHTEPAKTUBHOM PEKUME.

Bo3moxxHOCTH ITpOrpamMMBel:
- npeacrasienne CAY B Buzae nepenatounoit Gpynkuuu (mus MISO mopeneii) uinm B mpocTpaHCTBe
coctrostauit (111 MIMO moneneit);
- 3a/1aHMe TIOJTHBIX Mojenel (uncnutens R u 3Hamenarens Q mepexarounoit pynkuu, marpui A, B, C,
D) unu TobKO XapaKTEPUCTUYECKOTO TTOJIMHOMA WIJIH MaTpUIlbl 00bekTa A,
- moctpoeHue D-pa3Ouenus u TpapuKOB JMHHA pPABHOTO YpPOBHS CTEMEHEH YCTOWYMBOCTU U
K0J1e0aTEeIbHOCTH B 33IaHHOM MPOCTPAHCTBE JIBYX IMAPAMETPOB CHCTEMBI;
- TIOCTPOCHHUE JUI YKa3bIBa€MbIX TOYEK Ha Trpadukax MepexogHbIX (YHKIWH, BBIBOA MHPOPMALUHU O
KOPHSIX XapaKTePUCTUYECKOTO MOJIMHOMA, CTENEHAX YCTOWYMBOCTH U KOJIeOaTeIbHOCTH;
- COXpaHEHHE Pe3yJbTaTOB pacuera B (aiijie U NpeJICTaBIeHUE PE3YJIbTaTOB MPEABIAYIINX PACUETOB;
- ynpaBieHue rpagukaMu, HacTpoiika 00beMa MPOU3BOJUMBIX pacyera.

3ammyck IporpaMMbl POU3BOAUTCS HAOOPOM B KOMaHAHOMN CTPOKE

rtanalti('data'),

roe data - uMmMsa Qanmyia MCXOIOHHX IAaHHBIX.

@ailsibl UCXOJHBIX JaHHBIX MOTYT Ha3bIBaTbCsl KaK YTOAHO, HO JOJDKHBI UMETh TaKyl K€
CTPYKTYpY, Kak (aitnel data uim datal (cM. HHKe TPUMEPBI UX COCTABIICHUS).

I mpuMepa MOXKHO 3amycTuTth rtanalti ('data')ummm rtanalti('datal') s
pacueta CAY, 3agaHHOW B BHJE NepeaaToyHOW (YHKUMHM WIM B TPOCTPAHCTBE COCTOSHMIA
COOTBETCTBEHHO.

OxHa c rpadukamMu U ympaBlIeHHEM MOSBISIOTCA MO OKOHYaHHM pacueTa. [locrme atoro Hamo
pa3MeTUTh JIMHUU PaBHOIO YpOBHs (OKOHYaHHME pa3METKHU - HakaTue KiaBuilu ENter), u gamee MoxxHO
NEePEeXO0IUTh K aHANM3y. BeIOOp KoOpauHAT HcciaenyeMol TOUYKH MTPOU3BOIUTCS MBIIIBIO Ha rpaduKe.

JInst mocTpoeHUsT TIEPEXOAHON XapaKTepPUCTHKH HAIo HaxkaTh KHOmMKYy Apply. MoxHo Takke
nosp30BaThesi MeHto Options. JlnarHoctuueckue cooOlieHHss W mpodas pabovas uHGOpMAIHs
BBIBOIITCS B koMaHHoe okHO MATLAB.

[TIpumepsl mporpamm 3aiaHus BXOIHBIX JaHHBIX.
function [R,Q,area] = data(a)
$DATA - BajaHMe MCXOIOHBEIX JaHHBIX
dann co3maeTcsd NOJIb30BATEJIEM
a(al, a2) - BeKTOP BapPbMPYEMHIX [1apaMeTpPOB CUCTEME
R, Q - 4UMCAMTEJIb M SBHAMEHAaTeJlb [NepelaTOdYHOM OQyHKLUMUM

o o oo

Bamanme obylacTy BapMalUMyM IapaMeTpoB al,aZ2.

dopMaT: [MMHMMYM, WaTr, MaKCUMYyM]

area = [ 0 0.1 10; O 0.15 15 1,

B3anaHre KOBOOUUMEHTOB UYMCIAMTEJId M 3HaMmeHaTend n.o.,
3aBUCALIMX OT [IAPaMeTpOB. 3aNMCEBATCHA IO yOBBAaHMUIO CTEIEeHEU

oo o©

o° o°

R [1; 2]1; $ Uucaurenb o.0.

Q = [2 10*a(l)*a(2)+1 10*a(l) 10*a(l) 1; % 3HaMeHaTeJNb II.0.
function [A,B,C,D,area] = data(a)

$DATAl - BamaHMe MCXOIOHHEIX IAaHHEBIX

O

N N N R R N N N NV VRV VDV VR VD N VP VP VD VP VR VP VD VD VP VR VPV Ve

O

dany col’maeTcs II0JIb30BaTeJIeEM

a(al, a2) - BEeKTOpP BapbMPYEMEIX NapaMeTPOB CUCTEMB
A,B,C,D - MaTpHMLE CHCTEMEl B I[IE€PEMEHHEIX COCTOSHUS
SanaHue o0OJylacTM BapMauuMM IapaMeTpoB A u B.

dopMaT: [MMHMMYM, War, MaKCUMYyM]

area = [ 0 0.1 10; O 0.6 15 71:

o° o o o o°
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3anmaHue MaTpHul, 3aBUCALIMX OT IIapaMeTpOB

[0 O 0.5]";
[1 0 017
[0];

O QW P oe
I

CnpaBku 1o mporpaMMe MOKHO MOJIYYUTh 110 KoMaHae help rtanalti.
[Iporpammy pazpadotan b.A. Kpaccwii.

IIporpamma nocrpoenusi ¢a3oBoro nopTpera H nepexoIHbIX MPoOLeEcCcoB

function PH PORT
clear
clc

disp ('PH PORT - nporpaMma NOCTPOeHMA (az0BOTO MOPTPeTa M MNEePEexXOIHHX IPOLEeCCOB
disp ('=====———-—-m oo ")

disp (' Momemnb cucTeMmH B GOpMe ypaBHEHMI COCTOSHMUA 3amaeTrcsa')

disp (' m-bamn-dyHxumm (no obpasuy DATASYS) ')

disp (' Ipeznenu o6jacTy, B KOTOPOM NPOMU3BOIOMUTCS NOCTPOeHMe (GasOBHIX TpPaeKTOpUi,
disp (' a Takxe BpeMs MHTeIPMPOBAaHMSA 3amalTCsa B caMmMoM nporpamme’)
disp (' Ina Hauayia nocTpoeHus GasoBoro mnoprperTa HaxMurTe ENTER, ')
disp (' BuOepmuTe HauaJbHHE yCJOBMSA, HaxvmuTe LEFT BUTTON, ')

disp (' nDoBTOPMTE NOCTPOEHME TPAaeKTOPMIN IJig HOBEIX HAUAJILHHX YCJIOBMM')
disp (' Tak, UTOOH NOJNYyuMTH BecCchb Gasz0BHII HOpPTPET')

disp (' s oxKoOHYaHMS NocTpoeHmsa HaxmuTe RIGHT BUTTON. ')

disp('---")

disp ('Haxumure o0yl KJIaBMIY, UYTOOB IPONOJIXUTE ')

A = input ('\n BeBemuTe mMa daisia IAHHBIX: ', 's');

tspan=20;

x0=[-0.1 0.1]1'"; % HauvaJIbHHE YyCJIOBUS

button=1;

m = 4; $ MmacmTabHBE KO3OOULIIMEeHT

% m = input ('\n Beemure Macumrab rpadtuxka mo ocaMm x (1) m x(2): )

% HaHeCeHMe BHYTPEHHMX OCeM KOOPIMHAT

p=m*[-1 0;1 0];
plot(p(:,1),p(:,2))

hold on
plot(p(:,2),p(:,1))
axis(m*[-1 1 -1 1]) % HIpeneJiel M3MeHEeHMS KOOPIMHAT

xlabel ("{\it{x}} 1','Fontsize',12)
ylabel (' {\it{x}} 2', 'Fontsize',12)
title ('Phase portrait of SYS', 'Fontsize',12), grid
set (gca, 'Fontsize',12)
while (button==1)
BHIOOP HauYaJIbHOM TOUKM JIEBOM KJIABMIIEM MBILIM
IpaBOM KJAaBMIIEM OCTAHaBIMBAETCSH pelleHMe
[t,x]=0de23s (A, tspan,x0);

plot(x(:,1),x(:,2))

[x1,x2,button]=ginput (1) ;

Q

<
S
°

x0=[x1 x2]"';
end
disp ('CTpoviM nepexoIHBEIE MIPOLIECCH ')
pause
$hold on
% TloCcTpoeHre MNepexOmHEX IPOLIeCCOB
x0 = input ('\n BBemuTe HavaJIbHEIE yCJIOBMS 1: ),
t0 = input ('\n BBemuTe BpeMsS BHEUMCIICHUS : ),
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[t,x]=0de23s (A, t0,x0);

figure

subplot(2,1,1), plot(t,x(:,1),'-',t,x(:,2),'-."), grid

xlabel ('t,sec')

title('Transient Responce 1'), legend('x 1','x 2")

pause

disp ('llocTpoeHMe MEePexXOOHOT'O IIpollecca IJjisg IPYyI'MX HadaJlbHEIX yCJIOBUN')
x0 = input ('\n BBemMTe HauaJIbHHIE YCJIOBUA 2: Y
t0 = input ('\n BBemuTe BpeMsa BHEUMCIICHUS : "y

[t,x]=0de23s (A, t0,x0);

subplot(2,1,2), plot(t,x(:,1),'-',t,x(:,2),"'-."),grid
xlabel ('t,sec')

title('Transient Responce 2'), legend('x 1','x 2")

dlSp ("' ")

disp ('Ing nocTpoeHMs OPpyT'MX IPOLEeCCOB 3alyCTUTe IpoIpaMMy CHOBa')

IIpumep nporpammel 3aganus BXOAHbIX JaHHbIX DATASYS

@aiin qaHHBIX JOJKEH CO/EPKATh MpaBble YaCTH ypaBHEHUH cOCTOSHUS. VM daiina JoIKHO
COBIAJATh C UMEHEM (PYHKIIMH.

function dx = DATASYS (~,x)
dx = [x(1)+x(2)=-x (1) * (X (1) "2+x(2)"2) ;-3 (1) +x(2) -x(2) *(x (1) "2+x(2)"2)];
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