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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

HHPEAUCJIOBHUE

BypHoe pa3BUTHE TEXHUKHM aBTOMATH3aLWUHA TEXHOJOTMYECKUX MPOLECCOB 3a-
TPOHYJIO MPAKTUYECKU BCE OTPACIN MPOMBIIIJIEHHOCTH U HAPOJHOIO X03siicTBa. Cu-
cTeMbl aBTOMatuyeckoro ympanieHust (CAY) pa3nuyHbIMU TEXHOJIOTHYECKUMU
00BEKTaMH COCTABJISIOT SAPO TEXHUKH aBTOMaTu3aluu. Bece yamie oHu BXOIAT B CO-
CTaB MEPAPXUYECKU MOCTPOCHHBIX HH(POPMALUMOHHO-YIIPABJISIONIUX CHUCTEM, KOTO-
pble MHTErpUPYIOT B ceOe camble pa3Hble YPOBHM OOpaOOTKM HHGPOPMALMH: OT
HU3ILET0, TPUBS3AHHOIO HEMOCPEICTBEHHO K JIOKAJIbHBIM OOBEKTaM YIPABICHHUS, 10
CaMOro BBICIIETO, COOTBETCTBYIOIIETO AMCIETYEPCKUM ITYHKTAM KOPIIOPATHUBHBIX
TEPPUTOPHAIBHO-PACTIPEEICHHBIX cCUCTEM. Ha ceroqusmHuil 1eHb MpakTUYECKH BCE
BHenpsiemble CAY sBisitoTcs M(POBBIMH, TaK KaK BBITOJIHSAIOTCS Ha OCHOBE IPO-
MBIIUIEHHBIX KOHTPOJUIEPOB U MPOMBIIUIEHHBIX KOMIBIOTEPOB. JTO MOPOKIAET P
3a/1a4, TpeOyroIMX OT paOOTHUKOB, HE BCETla SBIIAIOMIMXCA CIIEHUATUCTaMHU IO aB-
TOMAaTHKE, TOHUMAaHUSI OCHOB TEOPHH IIU(PPOBHIX CUCTEM.

B Hacrosimem mocobuu B KpaTkoil (opme H3JIararoTcs OCHOBOIMOJIAraroIIne
Borpockl Teopun udpoBeix CAY. Marepuan paccuuTaH, Ipexe BCEro, Ha Oyay-
IIUX WHXEHEPOB-3JIEKTPUKOB IO BJIEKTPONPUBOAY M CMEXKHBIM CIHEHHUAIBHOCTSIM.
[Ipeanonaraercsi, 4YTO YUTATENW MPEABAPUTEIHLHO HU3YUYMIIM TEOPUIO HENPEPHIBHBIX
nuHelHbIx CAY. M3n0xeHue BeleTCsl B paMKaX OJHOMEPHBIX BXOJ-BBIXOJHBIX MO-
Jene ¢ ucnosib3oBaHueM Z-npeoOpazoBanus. OnucaHue B MPOCTPAHCTBE COCTOSI-
HUM, BIOJIHE ONPAaBJaHHOE NMPUMEHUTENBbHO K MHOTOMepHbIM CAY, B mocobuu He
MPUBOUTCS, TaK KAaK 3TO — CICAYIONINI dTal U3Y4YCHHS TEOPUHU IU(PPOBBIX CUCTEM
ynpayieHust. JlJisi u3ydeHus: METOJ0B MPOCTPAHCTBA COCTOSIHUM, MPUMEHUTEIBHO K
udpossiM CAY, MOKHO peKkoMeH10BaTh Kuuru [3] u [4].

OCOOCHHOCTBIO JTAHHOTO IIOCOOMS SBIISICTCS IMMPOKOE IPUBIICUCHHE IIPO-
rpammHbix maketoB MATLAB u Mathcad st pemienust 3anau aHaiM3a U CUHTE3a
U(POBBIX CUCTEM aBTOMATUYECKOTO ympaBieHus. /st 3akperienust TeOpeTHIecKo-
ro mMarepuana InpeajiaraeTcsi MHOrOBapHUaHTHOE PACUETHOE 3aJaHUE U paccMaTpUBa-

€TCsl IPUMEDP €ro PEIICHHUS.



OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

I''TABA 1
JAUCKPETU3ALIMA CUTHAJIOB
B CUCTEMAX ABTOMATHYECKOI'O YIIPABJIEHUSA

1.1. Knaccudukauusi CHrHAJIOB yIpaBJIeHUsI

B martematuyeckoM cCMBICIE, CUTHAT — 3TO (PYHKIHS BpPEMEHH (CKaISAPHBIN
CUTHAJ) WJIK COBOKYMHOCTh (DYHKLUI BpeMeHH (BEKTOPHBIN curHai). CUrHaia MOXKET
OBITh CHOPMHUPOBAH U3 (PU3MUECKOrO MpoLEecca, MPOTEKAIOIIEr0 B 00bEKTE yIpaBiie-
HUS, WU TIOPOXKJIEH MH(POPMAMOHHBIM MpOLecCOM B KoMIbtoTepe. Ilo cBoel mpu-
poJie pealbHbIl CUTHAJ B CHUCTEME YIPABICHUS MOXKET OBITh AJIEKTPUUYECKUM,
ONTHYECKUM, THUAPABINYECKUM WM UHBIM. CHrHai B T€OpuU — 3TO (YHKLHUS, pac-
cMaTpuBaeMas BHE 3aBUCHMOCTH OT pa3MEpHOCTH BeJuduH. OOpaTuMcs K MOJENU

(bOpMHpOBaHI/I}I CUrHaia x(t) u3 (1)I/I3I/I‘-IGCKOFO mponecca  y (t), IMOKa3aHHONW Ha

puc. 1.1.
Cucrema
x (D) dbopmupoBanus x(t)
N CUTHAaJIa
CDI/rII:;I/IquKHI/I (ng) (JjI) Curuan
poiiecc

Puc. 1.1. Monens popMupoBanusi curHana

B obmem ciygae, curHan x(t) = x, (t) + x, (t), A€ x, (t) — BBIHY)XJIEHHas CO-
CTaBJIAIOIIAsA, @ x_ (t) — CBOOOJHAs COCTABIIAIONIAs OOIIEro ABMXKEHUS BBIXOJHOU
koopauHatel COC. BblHyXk€HHAas COCTaBISAIONIAs x(t) MOPOXKAECHA MPOLIECCOM y (t)
U SIBJISIETCS TIOJIE3HOUM B MHGOPMAIIMOHHOM cMbIcie. CBOOOIHASI COCTABIISIONIAS X (t)
noposxaaercsi COC u sBisiercst 6ecroie3Ho B MHPOPMAIIHIOHHOM CMBICIIE.

B 3aBucumoctn ot cBoiictB COC, curHamgbl, pacCCMaTpUBAaEMbIE B TEXHHUKE U
TEOPUU ABTOMATUYECKOIO YMPaBIICHUS, MOTYT OBbITh KJIacCU(UIUPOBAHBI B COOTBET-
cTBuu ¢ puc. 1.2. Ora kmaccudukaus OXBaThIBa€T U CUTHAIBI, (opMUpyembie U3
UH(OPMAIIMOHHBIX MPOLECCOB, IPU MOMOIIM KOMIBIOTEPOB. Jlanum orpejaeseHue u
KpaTKO€ OMUCAHKE KJIACCOB CUTHAJIOB, PEJCTaBICHHbIX Ha puc. 1.2,
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Vv
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KonTtunyanbhsie JluckpeTHbie
v \4 v
[IceBno-aHanoroBeie .
a1 ’ NmmynbcHbIE Hudporsie Peneiinbie
B TOM YHCJIE,
C HESIBHOM |
v v N2 v
PeanbHbIie NneanbHbie
(G pOBBIC CUTHAJIBI v

C IIMPOTHO-UMITYJIbCHOU

¢ 0COOBIMM BUIAMU

Puc. 1.2. Knaccudukanusi CUrHaJIOB ypaBJICHUS



OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

Konmunyanensim Ha3bIBaeTCsd CUTHAN, y KOTOPOro 00JacTh (MHOYKECTBO)
3HAYEHUH, a TakKe 00JIacTh OmnpeseyaeHus (MHOKECTBO 3HAUCHUN apryMeHTa) sIBIIs-
IOTCS KOHTMHyyMaMM . KOHTHUHyalbHBIA CHTHAJI MAaTEMATUYECKH OIUCHIBAETCS
GyHKIIMEW HETPEepPHIBHOTO BPEMEHHU, HampuMmep, u(t). B 11000#f MOMEHT BpeMeHH
tet,t,] WK te (- o, o), ONHOMEPHBIA (CKAISIPHBIN) KOHTUHYAJIbHBII CUTHAI U (t)
MOKET MPUHUMATH JIF000€ 3HAYEHUE U € [u,, u,] WU U € (- o, ©).

AHan0206bim HA3BIBACTCS KOHTUHYAJIBHBIN CUTHAJ, Y KOTOPOTO 00JIaCTh OMpe-
JICJICHUS BBIHYXJICHHOM COCTaBIISIONIEH paBHA 00JIACTH OMPEICIICHHS BCErO CUTHAA.

AHaJIOTOBBIE CUTHAJIbI HA3bIBAIOT TakKe HeNpepbiBHbIMH. OJHAKO, ymoTpeo-

JIsIsL OTOT TCPMUH, HY’KHO UMCThb B BUJTY, UTO aHAJIOI'OBBIC CUTHAJIBI MOT'YT IIPETCPIIC-

BaTh pa3psiBbl. umrocTpaius aToMy QakTy npuBeaeHa Ha puc. 1.3.

y —

a) 0)
Puc. 1.3. IIprmepbl aHANOTOBBIX CUTHAJIOB: @) — 0€3 pa3pbiBa; 6) — C pa3pbIBOM

Ilceg0o-ananozo6vim cuznaiom Ha3bIBACTCSI KOHTUHYAIbHBIA CUTHAJ, Y KOTO-
poro 00Jy1acTh ONpeAeNeHUs] BbIHYXICHHON COCTaBISIOLIEH MEHbIIE BCEH 00JacTH
onpezaeneHusi curHaiga. Muade roBopsi, B 0o0JacTu OmpeneieHHs TAaKOro CHUTHaa
MMEIOTCS MHTEpBajbl, HA KOTOPBIX HAOJIOJIAETCS TOJNBKO CBOOOAHOE JBUKEHHUE B
C®OC"™. Ecnu ke 0061acTh ONPENENeHUs BBIHYKIEHHON COCTABISIOIIEH — CUYETHOE
WIM KOHEYHOE MHOKECTBO, TO CUTHAJ SIBISIETCA HCEB00-AHAI0208bIM CUZHATIOM C
HEAGHOU OUCKPEMHOCHbIO.

[Tpumep dhopmMupoBaHus NCEBAO-aHATIOIOBOTO CUTHANA MMOKa3aH Ha puc. 1.4.

" Kontuayym (0T jaT. CONtiNUUM — HENMpepBIBHOE, CILIOMIHOE) — 3TO HEMPEPHIBHOE MHOXKECTBO,
HaIrpuMep, MHOKECTBO BCEX TOUEK MPSMOM WM OTPE3Ka.

™ Do onpeseneHne MoAPa3yMeBaeT, YTO M3BECTEH CIOco0 (POPMUPOBAHKS CHTHAJIA. B IPOTHBHOM
CJIy4ae TaKUe CUTHAIBI HEOTIUYHUMBI OT aHAIOTOBBIX.
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

i CoC !
x4 | i
: Haruuk 1 |
IIpomecc 1 |
L, =0(1) Jlatauk n Rl : x(t)

Temneparypa | | (TeMIepaTypsl) |
cpeanl o
: i omy | ;
X v | u, |

: Jatuuk N

[Ipoecc N

Puc. 1.4. Cucrema c6opa nHpopmanuu ¢ 1aTYNKOB

Tunuynas cucrema cOopa MHGOPMALMK C JATYMKOB TEXHOJOTHMYECKUX KOOP-
IUHAT COACPKHUT MYJIbTHILIEKCOpP (IIEpeKItovaresb), padoTaromuil nukimuyecku. B
TE€YEHHE LIMKJIA JUIMTENBHOCTBIO T MYJIBTUILIEKCOP MOCIEI0BATENBHO MOAKIIOYAETCS
K Kaxaomy u3 N matyukoB Ha Bpems t. OunbTp HKHUX yacToT (PHY) ucnonb3y-
€TCs JJI MTOAABJICHUS BBICOKOYACTOTHBIX IIOMEX B JIMHUSX MOAKIIOYEHUS JAaTYUKOB.
JlaTuuk TemmnepaTypbl U3MEPSAET TEMIEPATYPy HEKOW TEXHOJOTMYECKOU CPEIbl 0 (t)
1 (pOpMHUpYET HaIpsHKEHUE u(t), IPeAcTaBlsAoNnee cOO0OM aHAOTOBBIM 3JEKTpUYe-
CKUMl curHay. Hy)HO 3aMeTUTh, 4TO M caMm NpPOLECC O(t) MOXKHO TPAKTOBATh, KAK

aHajoroBbli curHain. Ha BbIxozie cxeMbl o0Opa3yeTcsi CUTHaM x(t) , ABJISIOLIUICS MpU-

MEpOM TICEB/I0-aHAJIOTOBOr0 curHaia. Bo3MoxHbIl rpaduk x(t) MokaszaH Ha puc. 1.5.

U,Xg T T T T T T T T ”-I
8- T un(t)”,”’ o]
/x(t) = x, (t) + x_ (1) A |
6 ’¢” =]
T _ T_T ,/’
5 > = ]

x(t) = x, (OL 7

-

2+ ,—’ —
1 ’,’ =
o =X | 1 L I | t

o} 1 2 3 4 5 6 7 8 9 10

Puc. 1.5. [Ipumep dhopMupoBaHus MCeBI0-aHATIOTOBOIO CUTHATIA



OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

[Ipeanonaraercs, 4To Temieparypa 6 JUHEHHO HapacTaeT BO BpEMEHU. DJeK-

TPUYECKUM CHUTHAJ HA BBIXOJE JAaTYMKA TEMIIEPATYPBI u (t) SBISETCA aHAJIOTOBBIM.
OH Ttaxke JnuHeHO pacteT. Kaxkaplii mepuos BBIXOJHOIO CUTHaA x(t), COOTBET-

CTBYIOIIIMI IIUKITY OMpOCa BCEX JATUYUKOB, MOKHO pa3OUTh Ha JBa ydyacTka. Ha mep-
BOM W3 HHUX MYJIbTUIUIEKCOpP coenuHsieT Bbixoh Jgarunka ¢ OHY wu

x(t) = x,(t) + x_, (t), a HA BTOPOM — x(t) = x_, (t), TAK KaK BBIXOJ AaT4YHKa OTCOEIU-
HEH U u (t) HE MOXeT BeIHYkJaTh ABmxeHus B ®HY. Takum obpazom, Ha BTOpOM

Y4aCTKC BBIHYXXKJIACHHAA COCTaBJIAIOIIAasa HC OIIPCACICHA H, CJICIOBATCIbHO, CHUI'HAII

x(t) SBISCTCS IICEBI0-aHAJIOTOBEIM.

Hy»HO OTMETHUTB, STOT JAHHBIN KJIACC CUTHAJIOB B OJHOM CMBICJIE OTHOCHTCS K
KOHTMHYaJIbHBIM CHUTHAJIaM, a B JPYIOM CMBICJIE — K JMCKPETHBIM. B 3Tol cBs3H,
TICEBI0-aHATIOTOBBIE CUTHAJIBI MOYKHO HA3bIBATH KOHTHHYAILHO-TUCKPETHBIMH.

Jlanee oOpatumMcst K AMCKPETHBIM CUTHAJIAM.

Jluckpemmupim Ha3bIBAETCS CUTHAJ, Y KOTOPOTO 00JacTh 3HAUEHWH, WU 00-
JNacTh onpeseneHus (Wi 00IacTh ONpEENeHUs BBIHYKIEHHON COCTaBIAIONMIEH JBH-
’KEHHS ), TM0O0 M TO M IPYTOE, SABJIAKOTCSA CYCTHHIMH MJIM KOHEYHBIME MHOKECTBAMU

[Ipeo6pa3oBaHne aHANOrOBOTO CHMTHANa B JUCKPETHBIM CHIHAN HA3bIBAETCS
OucKkpemusayueii Wi Keanmosanuem. Kax cienyer u3 onpeneneHus IMCKPETHOTO
CUTHANA, JUCKPETU3ALMSA MOKET OCYLIECTBIATHCS TOIBKO IO BPEMEHH, TOJBKO MO
YPOBHIO HIIU TI0 BDEMEHHM M 110 YPOBHIO COBMECTHO .

Ecin 061acTh ONpeNENenns CHTHAIA — CUYETHOE MIIM KOHEYHOE MHOKECTBO

pa3peleHHbIX MOMEHTOB BpEMEHH t = nT  (rae n = 0,1, 2,.. — HOMep oTcyeTa, T —

MEPUOJT TUCKPETHU3AIMH), a 00/1aCTh 3HAYCHUH — KOHTHHYYM, TO TaKOW CUTHAJ Ha3bl-
Baetcs uoeanvHvim umnyabchvim cuznanom (MUC). Unaue rosops, UMC nuckpe-

TCH TOJIBKO II0 BpPCMCHH. I/IMHyJ'IBCHBIM OH HAa3bIBA€TCA B CBA3M C TEM, 4YTO

" C4eTHOE MHOKECTBO — OTO MHOMKECTBO, BCE DJIEMEHTHI KOTOPOrO MOTYT OBITh 3aHYMEPOBAHBI B
OCCKOHEUHYIO IMOCIIE0BaTEIBHOCTh. Hanpumep, MHOXKECTBO HATypaJIbHBIX YUCEN SBIsSETCS cueTHhIM. Ko-
HEYHOE MHOXKECTBO — 3TO MHOXXECTBO, UMECIOIIICe KOHEYHOE YMCIIO AJIeMEHTOB. Hampumep, oTpe3ok HaTy-
pansHOTO psina (1, 2, ..., N) ABIAETCS KOHSIHBIM MHOXKECTBOM.

** TepMHH «KBaHTOBaHHE» OyaeM MOHUMATh Kak MOJHBIA CHHOHUM TEPMHHA «IHCKpeTH3amus». B
psae caydaes, IOJ KBAHTOBAHHEM MOHUMAIOT TOJIBKO KBAHTOBAHHUE YPOBHS CUTHAIIA.
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

cojepsKamasgcs B HeM MHPOPMALMs 3aKII0YEHA B IUIOIAAM O-UMITYJILCOB . MOKHO
cuntaTh, uto MUC u’ (t) popMupyeTcs Kak pe3ysibTaT YMHOKEHHUS HEMPEPHIBHOIO
CUTHAJIA u(t) HA MOCIEI0BATEIIBHOCTh CIMHUYHBIX UMITYJIHCOB (O-(QDYHKIIHIA), KaK IM0-

Ka3aHo Ha puc. 1.6 (Tae miomank UMITYJILCOB OTOOpayKeHa BEICOTON 0003HAUCHHN ).

u(t) u’ (1)

%%$$%%%$
T %$$$$$$

n=0

Puc. 1.6. ®opmuposanune NNC

Takum 00pazom,

u*(t):u(t)gé‘)(t—nTa):iu(nTﬂ)S(t—nTn), (1.1)

n=0 n=0

rae u(nT ) =u (t)LnT — pewiemuamasn pynKyusn, TpeACTaBISAIONAas coO00 COBOKYTI-

HOCTh OPAMHAT aHAJOTOBOTO CHUTHAJIA u(t), ONPEACICHHBIX B TUCKPETHBIE MOMEHTHI
BpeMeHu. Bun »Toii GyHkimu nokaszan Ha puc. 1.7.

u(nT )

[T

Puc. 1.7. Pemeryaras ¢pyHKIus u(nT ), COOTBETCTBYOMasd u(t) (cM. puc. 1.6)

dakTUYECKU, 3HAYEHUS pelieTdyaTol (PYHKIIMUA paBHBI UIOMIATN O-UMITYJIbCOB
Ha BBIXOJIE OJIOKAa YMHOXEHHUSI CHUTHAJIOB (MEPEMHOXKHUTEINSI), IMOKa3aHHOTO Ha

puc. 1.6. Tlocneanuii, BMECTe C T€HEPaTOPOM TOCIEAOBATEIIBHOCTH €AMHUYHBIX M-

" Tlox 3-UMIYJIBLCOM HEEIMHMYHON (IEPEMEHHOM) IUIONIAAN 37€Ch TOHUMAETCS MPOM3BEICHHUE
a-5(t), I/Ie a — BEIIECTBEHHOE YUCIIO, §(t) — AeNbTa-PYHKIHUA C SAMHUYHON IUIOIAAbI0 (€IMHUYHBIN UM-
IyJIBC).
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

nyJabcoB (Ha puc. 1.6 He mokasaH), 0Opa3yeT udeanvHvlil UMNYALCHOLL I/1eMEHM
(MND). DToT 2neMeHT Ha CTPYKTYpPHBIX TUHAMHYECKHX cxemax OyaeM 00o3HaudaTh

TaK, KaKk MOKa3aHo Ha puc. 1.8.

u(t) J‘h i’ (t)

Puc. 1.8. YcnoBroe rpadudaeckoe o6o3Hauenne NN

OueBunno, yto MMC He MoxkeT ObITh chOPMUPOBAH HA MPAKTUKE, HO, TEOpe-
trnuecku, umeHHo U3 MUC dopmupyercs peanvuvtii umnynvcustii cuenan (PUC)

u(t) MpU MOMOIIM TaK Ha3bIBaeMoOro ¢ghopmupyrouwieco rnemenma (O3I). PeanbHblil

MMITYJIbCHBI CHTHAJl HECeT MH(OpMAluI0 O 3HAYEHHSIX HCXOAHOrO aHaJIOrOBOIO
CUTHAJIa B 3HAYECHUSAX IUIOIIA I UMITYJIbCOB (HANPSIKEHUs, TOKa, MOMEHTA, 1aBJICHHUS,
WM APYTUX (PU3NYECKUX BEITUYMH) KOHEUHOM aMIUTUTYIIbl U KOHEUYHOH JUIMTEIbHO-

ctu. Onepanus npeodpaszopanus MMC B PUC mwmmroctpupyercs puc. 1.9.

u(t) u’(t) u(t)
> | . )
u (t)

sgste (Il

Puc. 1.9. Cxema (hopmupoBanus peagbHOT0 UMITYJIbCHOI'O CUTHAJIA

CookynHocTs UMD 1 @D Ha3bIBaCTCH peaibHbiM UMBYIbCHBIM 3J1EMEHIMOM
WM TIPOCTO MUMNYJbCHBIM 3eMeHToM (MD). Ha BhIXOoAe peasibHOTO HMMIYJIbCHOTO
ajeMeHTa (PopMHUPYETCS UMMYJIbCHBIM CUTHAJI C TEM WUJIM WHBIM BHJIOM UMITYJIbCHOM
Monayisiiuu. OueBuaHo, uto PUC ompezneneH Ha Bceil BpeMEHHOM OCH (KOHTHUHYY-
Me), HO BBIHYXKJICHHAsl COCTABJIAIONIAsl JBIKCHUS OMpECNICHa TOJbKO Ha CYETHOM

MHOXKECCTBC TUCKPCTHBIX MOMCHTOB BPCMCHHU NnT L

Ha npakTuke MCHONB3YIOT aMIUTUTYJHO-UMIYJIBCHYIO MOIYJISILIUIO TIEPBOTO U
BTOporo poaa (AUUM-I u AUM-II, cOOTBETCTBEHHO), a TAK)Ke IIMPOTHO-UMITYJIbCHYIO
moxaysanuio (LILIMM). CootBercrByromas popma PUC nokaszana Ha puc. 1.10.
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

AU, pn
T~ .u(t)
T ANUM-I
u(t)
‘—-I
TH 2TDL 3TA 4TJ t
AU, n
TJuw
o AVM-II
- Z
T;l 2T 3T AT t
u,
---------- u(t)
- Mg
T, 2T, 3T, 4T, t

Puc. 1.10. Curnainsl ¢ pa3iugHON UMITyJI5CHOM MOIYJISIHEH

Hwmwxe Oyaem paccmarpuBaTh TOJBKO cucTeMbl ¢ AUM-II, Tak kak cucTeMsl ¢
AUM-I penko ucnonb3yroTcs B Hacrosiuiee Bpems, a cuctemsl ¢ LM, npu manoit
CKBaYXHOCTU MMITYJIbCOB, MOTYT IPUBOJUTHCS K 3KBUBAJIEHTHBIM cuctemam ¢ AVIM-
Il (mpu GosbiIol ckBaxkHOCTH TposiBIsieTcs HenmuHeHocTh [IIMM u npuBenenne He-
B03MOHO). [Tpu AVUUM-II popmupyromumii seMeHT sSBJISIETCS JIMHEHHBIM TUHAMUYE-
ckuM 3BeHOM. Y PUC c¢ AVM-II oOnacth 3HaueHUN — KOHTHHYYM, OO0JacTb
onpeaeeHus] — TaKKe KOHTUHYYM, HO 00JIaCTh ONpe/IeNICHUs] BBIHYXJACHHOU COCTaB-

JIHIOIHeﬁ ABHIKCHHUA — CUYCTHOC MHOKCCTBO AMCKPCTHBIX MOMCHTOB BPCMCHH an.

[ToaTOMy, Tako# curuain Ha puc. 1.6 OTHECEH K KJIacCy MCEeBA0-aHATIOTOBbIX CUTHAJIOB

" Hy’>kKHO OTMETHTB, YTO B psne KHUT HauMmeHoBaHusd AVM-1 u AUM-I| ucrone3yroTcs uHaye: cur-
HaJl, moka3aHHbli Ha puc. 1.10 cBepxy Ha3wiBaeTcst curHajioM ¢ AVM-II, a curHai, moka3zaHHBIA HHUXKE —
cur"aiom ¢ AM-I.
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

C HEBHOM JIMCKPETHOCTHIO (pu 3TOM OH sBisiercss PUC u oTHOCHTCS Takxke K AMC-
KPETHBIM CUTHAJIaM).

Peneiinvim HA3bIBACTCSI CUTHAJI, Y KOTOPOro 0O0JACTh ONPENEIICHUS — KOHTH-
HYyM, a 00J1acTh 3HAUE€HUN — CYETHOE WJIM KOHEYHOE MHOKECTBO, COCTOSIIIIEE U3 pas3-
PELIEHHBIX YPOBHEM, OTCTOAIIMX APYr OT APyra Ha BEIWYMHY WiaA2a KEAHMO6a-
Keéanmoeanua A . VlHaue roBOpsl, pENEUHBIN CUTHAII JUCKPETEH TOJIBKO 10 YPOBHIO.
[IpruMepoM MpOCTEUIIEro ABYXYPOBHEBOIO PEIIEMHOTO CUTHAIa MOXKET CIIYKUTh
HaIpsUKEHUE Ha 32KMMAX HarpeBaTeNIbHOTO dJeMeHTa yTiora. OHO MPUHUMAET OJHO

U3 JABYX paspeimieHHbIX 3HaueHuii: 0 B unu 220 B (A = 220 B ), a MOMEHTHI Tiepe-

KIIFOUCHUS ONIPEACIISIIOTCS cpabaThIBAHUEM TEIIJIOBOTO pedie.

Hughposwvim Ha3bIBaECTCS CUTHAN, Y KOTOPOTO 00JIacTh 3HAYEHUM, a TaKke 00-
JIaCTh OMPEJECICHNUS — CUETHBIC WJIM KOHEUHbIE MHOXECTBA. bimxkaiiiine pa3peiieH-
HbIE ypOBHH IM(POBOr0 CHUTHaJia OTCTOSAT JPYr OT JApyra Ha BEJIMYUHY IIara
KBAHTOBAaHUS A , KaK U PEJICUHOr0o CUrHana. bimkaiime MOMEHTBI BPEMEHH, B KO-
TOPBIC MOXKET M3MEHATHCS IU(PPOBON CHTHAJNI, OTCTOSAT APYT OT JIpyra Ha BEJIUYHHY

NEPHO/A IUCKPETU3ALMHA T .

Hoeanvnvim uugpposvim cuenanom (MIC) Ha3piBaeTcs curhHai, o0J1acTh
omnpeaeseHuss ¥ 00JacTh 3HAYECHUI KOTOPOTO — CUETHBIC MJIM KOHEYHBIC MHOYKECTBA.

Cxema ¢opmupoBanus MILC nmokaszana Ha puc. 1.11.

u(t) u, (t) u_ (1)

P L

i&(t—nTa)

n=0

Puc. 1.11. Cxema ¢popMupoBaHus uaeaibHOTO MUGPOBOTO CUTHATA

BxomgHoW aHaNOTOBBIA CHUTHAJ, MEPEN AUCKPETU3ALUEN N0 BPEMEHHU, MOJABEP-
raeTcs AUCKPETU3AlUU 10 YPOBHIO, MPOXOs Yepe3 HEIMHEHHBIN Oe3bIHePIIMOHHBIHI

QJIEMCHT THUIIa «MHOI'OCTYIICHYATOC PCIICH. I[anee KBAaHTOBAHHBIN 10 YPOBHIO CUT'HAJI
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

u_ (t) KBAHTYETCs IIO BPEMCHH TaK K€, KaK 3TO IPOUCXOAUT IPH (bOpMI/IpOBaHI/II/I

NUC. Ha Brixone popmupyerca ULIC

u_ (t) = iuKB(nTﬂ)S(t—nTﬂ), (1.2)

n=0

e pemerdaTas QYHKIMS u_ (t) OTIMYAeTcs OT pemerdaToi Gpynkiuu us (1.1) Tem,
YTO €€ 3HAYCHUS (JUCKPEThI) UMEET BEIIMUUHY k (nT DA (k — 1menoe ymucio, JOCTaB-
JISEoIee MUHUMYM BelmuuHe |k (nT ) - A - u(nT ,)|). [Ipumep mogoGHO# peteryaToit

¢byHKIIMY TTOKa3aH Ha puc. 1.12.

T 2T, 3T, 4T, 5T, 6T 7T, 8T, t

a

Puc. 1.12. Pemeruatas pyHkius mudpoBOro curHaia

Peanvuwtit yugpposoni cuecnan (PLIC) p _ (t) nmomydaercs obpaborkoit MIIC

(bOPMUPYIOIITUM 3JIEMEHTOM, B COOTBETCTBHHU CO CXEMOM, ITOKa3aHHOM Ha puc. 1.13.

t u,, (t) u_ (1) t
u(t) 5 y e o, ()

i&(t—nTﬂ)

n=0

Puc. 1.13. Cxema ¢popmupoBanus PI1IC

Oo6nacts 3HaueHni PLIC — koHE4YHOE WM CYETHOE MHOXKECTBO, B 3aBUCUMOCTH
OT BHJIa UMITYJIbCHOM MOIYJIALMH, ocymecTBiasseMor A3, a Takke OT NPUHATUS WU

HECTIPUHATHA AOMYIICHUSA O KOHCYHOCTH YHCJla CTYHCHCﬁ XapaKTCPHUCTUKHU HEJIUHEU-
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

Horo anemeHTa. O6nacts onpenenenus PLIC — kontunyywm (Bcs ocbh BpeMeHH), a 00-
JIACTh OMNpPEIECTICHUS BIHYKICHHON COCTaBISIONICH JBUKEHHUS — CYETHOE MHOXKECTBO

JUCKPETHBIX MOMCHTOB BPEMCHHU nT X

[Tpumepom PILIC sBnsieTcs CuUrHaJl Ha BBIXOAE TAaKTHPYEMOIO AaHAJIOIO-

uudposoro npeodpazosarens (ALII) tuna «nanpsokenne-Koa» N, - (t), rae N, -~ —

JECATUYHOE YKCIIO, COOTBETCTBYIOIIEE JBOMYHOMY KOy Ha BBIXOJIE MpeoOpa3oBaTe-
nsi. CUTHAJT Ha BBIXOJIE TaKTUpyeMoro Iudpo-aHaioroBoro npeodpazonatess (LIAI)

THUIIA «KOI-HAIIPSAKCHUCH U an (t) TaKKE MOKET (bOpMaJII)HO pacCMaTpuBaTbCA KaK

PIIC, Tak kak ero 001acTh 3HAUEHUI — KOHEYHOE MHOYECTBO, a 00J1acTh onpeene-
HUSI BBIHYXXJICHHOM COCTAaBJISIOLIEH JABUXEHHS — CYETHOE MHOXKECTBO JUCKPETHBIX

MOMCHTOB BPEMCHH nT L

Kakx u PUC, PLIC popmupyercs ¢ UCMONB30BAHUEM TOTO WJIM WHOTO BHUJIA MM-
nynbCcHOM Moayssiiuu. bynem Huxe nonarath, yto PI{C — 310 curnan ¢ AUM-II (x
3TOMY BapuaHTy cBogsTca u npumepsl ¢ AL u LTAIT).

OueBugHO, yTO (popMuUpoBaHHUE MUGPOBOrO CUTHAJA MPEACTABISET COOON He-
TuHEeNHoe npeoOpa3oBaHue. TeM He MeHee, B psije 3aJay, IPU TO0CTATOYHO OOJIBIIOM
YUCJI€ YPOBHEW KBAaHTOBAHMS U JOCTATOYHO MaJOM IIare KBAaHTOBAHUSI A , HEJIMHEMH-
HOCTBIO MOKHO IIpeHeOpeyb U paccMaTpUBaTh HU(PPOBOM CUTHAN KaK UMITYJIbCHBIN C
AUM-II. B stom ciiydae, MO)KHO TOBOPUTh O JAMCKPETHOM CUTHAJIE, TaK pa3inuue

MCIKAY UMITYJIbCHBIM U HH(prBBIM CHUI'HaJIaMH HMCYC3acT.

1.2. lllymbl KBAHTOBaHUS

B PE3YJIbTATC KBAHTOBAHUA aAHAJIOT'OBOI'O CUI'HAJIa u (t) mo YPOBHIO U IIO BPC-

MEHHU, HEN30€KHO TepsSeTCs YacTh UHPOPMAIIUU U TIOSBIISETCS TaK HA3bIBAEMBIN UIyM

K8AHMOGAHUA y (t). DTOT IIyM MOXET OBITh OIMpEAeNieH KaK pa3HOCTh MCXOJIHOTO

aHanoroBoro curtana u npusegeHHoro PIIC:

x(6) = u(t) - (1), (1.3)
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

rae r — Ko PUIMEHT, YUUTHIBAIOIINKN yCuiIeHuEe (OPMUPYIOIIETO 3JIEMEHTa U pa3-

MEPHOCTb u (t) (M =1/k,, ,THe k,, — koadduiment nepenaun OI). Yacto paszmep-

[CI

HOCTB OITYCKaroT, a k oy HOJIAr'al0T PABHBIM €IWHUIIC. Torz[a

x(t) =u(t)-n, (1), (1.4)
Ha mpakTuke 1ryM KBaHTOBaHUS BBIICSISIOT, Hcionb3ys AL (A/C) u mudpo-
aHasoroBbiii mpeoopazoBarenb (LIAIT miu C/A) ¢ 0IMHAKOBBIM YHUCIIOM Pa3psioB,

Kak MokKa3aHo Ha puc. 1.14.

ut) | A p, | C u(t) x (1)
C A -

Puc. 1.14. Cxema anmapaTHOIO BBIICJICHHS IIyMa KBAaHTOBAHUS

OneHrM MOIIHOCTH IIyMa KBaHTOBaHHs. JlJi 3TOro paccMOTpuM MoapoOHee
CTaTUYECKYI0 aMIUTUTYIHYI0 XapakTepuctuky (CAX) HeluMHEeHHOTO 3BeHa, MOKa3aH-
Horo Ha puc. 1.13. Xapakrepuctuka nzobOpaxena Ha puc. 1.15. Ilpu nuneitHocTn
OCTaJIbHBIX 3JIEMEHTOB, Takoro xe Buaa CAX Oyner UMeTh U Bcs cxeMa (opMUpOoBa-
Hust PLIC (to ects, ALIII).

KB

-
o
o

A{
A

N|>

_Unp N

up

|\J|>

Puc. 1.15. AMIIMTYqHAs XapaKTEPUCTUKA MHOTOCTYIIEHIATOTO Pele”

* XapakTepucTHKA MMEET NABYXCTOPOHHEE OrpaHMYeHHE, 9TO COOTBETCTBYeT Mojenu peanbHoro AIII ¢ xo-
HEYHBIM 4HCIIOM pa3psnoB (. 3a npexenamu orpeska [-Uy, Up,] BeIXonHas koopauHaTta O10Ka MHOTOCTYIIEHYATOTO
pene (B aHIIOSA3BIYHOM IUTEpaType — quantizer) ne mensercs. Konuuectso cryneneii pasuo 2%-1.
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

Benuuuna A , KaK YKa3bIBAJIOCh BBIIIC, HA3BIBACTCA IIAaroM KBAHTOBAHHA. Or-

pe3oK [-U .U ] JUIMHOW 2U  HAa3bIBACTCS duanazonom npeoopazosanus AlllL

P
Ecnu paccmarpuBath cxeMy GopmupoBanusi PLIC B ycTaHOBUBIIEMCSI peXUME,
KOIJla KBAaHTOBAHUEM I10 BPEMEHU MOXKHO MpeHeOpeub, TO BbipaxkeHue (1.4) MOKHO

IMCPCIIUcCaTh Tak:

r=u-u,., (1.5)

B

rae y MnpuoOpeTaeT CMBICH OIMMOKM KBaHTOBaHMS. M3 rpaduka, moKa3aHHOTO Ha

puc. 1.15, BugHO, 9T0 3 = A/2 (COOTBETCTBYET, HAIPUMEP, TOUKE, MPUMBIKAIO-

Makc

el ceBa K TOYKE u = A/2), a x. = -A/2 (COOTBETCTBYET, HANPUMEP, TOUKE,

IPUMBIKAIONIEN CIIpaBa K TOYKE u = A/2 ). 3aBHCHMOCTD y (u) MOKasaHa Ha puc. 1.16.
[TooxuM, 4TO CUTHAN u(t) SBISETCS CIyYaHBIM MPOLECCOM C PABHOMEPHBIM

pacrpeniesieHieM B Auana3oHe mpeoOpa3oBaHus. Torja myM KBaHTOBaHUs (OIIMOKa)

TaK)XKe UMEET PpaBHOMEPHOE pacIipeieieHue, oka3aHHoe Ha puc. 1.17.

Puc. 1.16. Crarudeckass 3aBUCHUMOCTH OIIMUOKHA KAHTOBAHHS OT BEJIUYMHBI

BXOAHOI'O aHAJIOIrOBOI'0O CUTHAJIa

p, ()
1/A

- A/2 AJ2 X
Puc. 1.17. IlnoTHOCTH pacnpenesieHrs BEpOSATHOCTH IIyMa KBAHTOBAHUS

Haitnem maTemaTnyeckoe 0KUJaHUE IITyMa KBAHTOBAaHUS
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

M {x}= [ xp, (x)dx =

1
—© A A A 2

Jlanee HalgeM QUCTIEPCUIO

* 1
D, =M {xz}:: | xsz(x)dx = Z:

—

2 1A A A
— ==t —|=— (1.6)
3. Al(3-8 3.8) 12

N3 ¢opmynbr (1.6) BUAHO, YTO MOIIHOCTh IIyMa KBAHTOBAHMS MANaeT C

YMEHBIIICHUEM Il1ara KBAHTOBaHUSA A U HA00OpOT. Eciii TOBOPUTH O MOJIeN pealib-

Horo AIII u cunrath BEIMYUHY AMANa3oHa NpeoOpasoBaHMs PABHOM 2U , a YUCIIO

JIBOMYHBIX Pa3psiioB 0003HAUNTH Yepe3 q, TO MOXKHO HaifTh, 4to A = 2U /(2 -1).
[Tpu OonbIINX 3HAYCHUSAX q , CAUHUIIEH B CKOOKaX MOKHO IIPEeHEOpeUb U TOT1a UMe-

€T MECTO NPUOIMKEHHOE PABEHCTBO: A ~ 2U / 2% . TloxgcTaBnsiss 3Ty BEJIUYMHY B

dbopmyny (1.6), momyqaem
au * u.
DX ~ 2 = 2q ° (1'7)
12 . (2 a ) 3.2

N3 Beipaxenus (1.7) ciaegyer, 4TO MOIIHOCTH IIIyMa KBAaHTOBAaHUS MOXHO
YMEHBIIIATh YBEIHMUYEHUEM yncia pa3psanoB ALIL
OmnpenenuM Hawiydlilnee OTHOIIEHHE curHan/mrym Ha Bbixome AIIIl, cuwmras,

YTO HAa BXOJI€ JICMCTBYET TAPMOHHUYECKHMUA CUTHAI C MAaKCUMAaJIbHOU aMIUIUTYJIOW,

paBHOM A =U_ ~2'A/2 (ecnmu ammumryna Oyner OONbIIe yKa3aHHOM, IOSBUTCS

orpanuvenue). Halijem cpeaHior0 MOUTHOCTh 3TOTO CUTHaja Ha MHTEpBaje BPEMEHH

T , paBHOM IIEPHOJLY CUHYCOHIBI (TO €CTh 27 /w ), IO hopMysIe:

PC: Ec =(1)Ec’ (1_8)
T 2n
rie
E. = })uz(t)dt - (1.9)
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

— 5Heprus curHana. Pesynprar nomyuaem ¢ ucnonas3osanueM makera Mathcad':

2m
ur 2 5
q
21 1 2
. 20 sinrwenla o —-(zq) &
2 2 2
0
B noxymente Mathcad cuMBOI «W» COOTBETCTBYET IEPEMEHHOM « ® », & CUMBOJ «O»

— HEPEMEHHOMU « A ».

Takum 00pazom,

P - . (1.10)

Otcrona, ¢ yuetoM (1.6), mojrygyaeM OTHOIIICHUE CUTHAJ/IIyM:

Pc 3 2q
c/ur = —=—=2"" (1.11)
D 2

x

Orta hopmyna SBISETCS YACTHBIM cliydyaeM (popMyIib:

P 3.2°%
c/ur = —=— —, (1.12)
D, K.,

rac KHCD =u /\/U2 — OTHOIICHUC MAKCHMAJIBbHOI'O 3HAYCHUA CHUI'Halla K CPCAHCKBAI-

Makc

paTU4ecKoMy, Ha3blBaeMOe MUK-(PaKTOPOM CHUTHAjda. 3aMETUM, YTO AJsl rapMOHUYe-
CKOT0 Koebanus K, =2 .
IIpyu rpy6oM OolleHMBaHMM OTHOILICHUS CUTHAJI/IITYM HCTIONB3YIOT COOTHOILICHHUE

P,/D =~ 2", BRIpaxkaeMoe B fenubenax:

b

P
Cl _ =101g —— =10 -2q-Ilg 2 ~ 6q. (1.13)
D

x
OueBunHO, yTO 4yeM Oousblie paspsanoB umeer AL, Tem Bhiie OoTHOIIEHHE
curHayi/myM ¥ TeM OOJIbIIIE OCHOBaHWA TpeHeOpedb A(PPEKTOM KBAHTOBAHUS TIO

YPOBHIO TIPH PAaCCMOTPEHHUH IIU(PPOBOTO curHaina. CIYuTaeTcs, 4To Mpu q > 6 , IIyMOM

" HecMoTps Ha oOMiIMe cOBpeMeHHOM utepaTyphl o Mathcad Ha pycckoM si3bIke, Tydineil KHUTOM
Ha MOMEHT HammcaHus rmocobus octaBayach [11]. Bepcuu 3Toro makera sSBISIOTCS IPEEMCTBCHHBIMH U BCE,
4TO OmnKcaHo mpuMeHuTenpHO K Mathcad 6.0, paboTaeT B HOBBIX BEPCHSIX.
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

KBaHTOBaHUSI MOKHO IMpeHeOpeub M paccMaTpuBaTh COOTBETCTBYIOIIMMA ITUGPOBOMA

CUTHAJ KaK UMITYJIbCHBIN (TO €CTh, KBAHTOBAHHBIN TOJILKO MO BPEMEHH).

1.3. Teopema KotenbHukoBa

BaxxnenmM acrekTom (I)OpMI/IpOBaHI/ISI AUCKPCTHBIX CUIHAJIOB, SABJIACTCS BbI-

60p BCIIMYUHLBI IICPHUOJa JUCKPCTU3ALNN Ta HJIX YaCTOThI AUCKPCTHU3AIINU Fa = fI./T;l
(COOTBGTCTBGHHO, Qu = 2TEFH = ZTC/TH ) CnumkoM OOIBIIOE 3HAYCHUE T}1 MOKCT

PUBECTU K HEYIOBJIETBOPUTENbHOM nuHaMuke CAY, BIUIOTH 10 HEYCTOWYMBOCTH.
CnuuikoM Majoe — K HEeOollpaBJaHHBIM 3aTpaTaMm Ha ObICTPOJEHCTBYIOLIME anmnapar-
HBIE CPEICTBA, IIPU HE3HAYUTEIILHOM BBIMIPBILIE B KaYeCTBE yIIpaBieHUs. Teoperu-

YCCKHM OCHOBAaHHEM AJIA BBI60pa T}J SABJIACTCA TCOPEMaA KOTCJ’IBHI/IKOBa*.

Jnst hopMyIHPOBKH YKa3aHHOM TEOPEMBI, ONPEACINM CIIEKTp CUTHaIa Ha BbI-
xone UND (cMm. puc. 1.6). Ykazaansiii curaan Moo cuntatbh MUC umu ULC, ecinu
HE YYHUTHIBaTh KBAaHTOBaHWE 1O ypoBHIO. [I0CKOIBKY B 000MX Ciydasx pedb HUIET O
JTMCKPETHBIX 10 BPEMEHM CUTHaaxX, OyJeM jajiee curHai Ha Beixoqe MO Ha3wiBaTh

uaeanbHbiM quckpeTHbiM curHanioM (MJIC). IlpencraBuM mocieaoBaTeIbHOCTh He-

MOJYJIUPOBAHHBIX O-MMIIYJILCOB x(t) = ¥ 8(t—nT ) B BHAE psana Pypee (4TO BO3-
n=0

MOJKHO HN3-3d IICPUOINYIHOCTH TAKOI'O CI/IFHaHa)I

X(t) = ¥ C,e ", (1.14)

k=-o

rae KodpGuueHTsl C, ONPEAeNaIOTCs Ha IEPUOIE:

T,/2

1 kot 1
C,=— [ &()e" "d = —. (1.15)
T}J ’Tu/z Tﬂ
Torna, ¢ yuetom (1.1),
. 1 - kot
u (t) = T > u(t)e (1.16)

pig

" B 3apy6exkHOI HayYHO-TEXHMYECKOH JINTEpaType 3Ta TeopeMa HasbplBaeTcs TeopeMoii HalikBucra
WJIU TEOPEMOU TUCKPETU3ALIUU.
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Bo3smem npeodpaszobanue Jlamnaca ot (1.16):

Liu' )= = ¥ L{ume"™}. (1.17)

1
T oo

a
[IpumeHuM TeopeMy O CMEHICHUH H300pa)K€HHUs, BHIPAKAEMYIO CIIEIYIOIIUM

COOTHOIICHUEM:
L{f(t)e “'}=F(p+a) (1.18)

Torna

. 1 -
U'(p)= = TU(p- ika,). (1.19)

k=—-x0
I

CremaeMm 3aMeHY p — jo W NOJXY4YUM BeIpakenue mida cnekrpa NC:

N 1 -
U’ (jo) = = XU (jo - KkQ,). (1.20)

k=-o

13 (1.20) caenyert, uto crektp MJC U "(jo) TPOMOPIMOHATICH CyMME CMe-
IIEHHBIX CHEKTPOB U (j(o — kQ )) aHamoroBoro curHama u(t). CiemoBaTelbHO,

crextp MJIC neproauyen 1no 9acrore ¢ uHTEpBaIoM Q  (cm. puc. 1.18).

A .
U (jo)
()
| | | | TA‘U |(J0))‘ | | |
/WM

[ I [ [ | [ [

| | 1 | | | ! |

! i e N e e P N !

| | ’ | \ | s \ | ’ | \ | |

: A BN s N :

1 1, 1 s N : \\I :

[

L LW N Lo

| s 1 | s S P I | [N I |

- 1 =" 1 Sole =" 1 S aig 1 |

-~ 1 -=" 1 - == 1 [ 1 [l

ZQn -Q Q) 2Q o)

Puc. 1.18. Cnextp HempephIBHOTO CUTHaNA (BBEPXY) M MaCIITAOUPOBAHHBIN
CHEKTP AMCKPETU3UPOBAHHOTO CUTHAJA (BHU3Y): MYHKTUPOM IOKa3aHbl cllaraembie

CyMMapHOTro criekTpa (cormacHo Gopmye (1.20))

21
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Ha puc. 1.18 HwkHM Tpaduk oTrMacmTaOupoBaH BBEJICHHEM Ko3(dUIIMEHTA

Tu , UTO ACJIACT OJHO3HAYHBIM €T0 IIOCTPOCHUC U JACT BO3MOKHOCTDL 3PHUTCIIBHO CO-

OTHOCHTB €ro ¢ BepXHUM rpadukoM (cM. hopmyimy (1.20)).

Puc. 1.18 unmoctpupyeT TOT (akT, 4To ciaaraemble crekTpbl U (j(o —kQ )
MEPEKPHIBAIOTCS, U3-32 YETO CIEKTP aHAJIOTOBOIO CUTHajla U (jo) HENb3s BbIACIUTH

13 Pe3yJbTUPYIOIIETO CIIEKTpa KaKUM OBl TO HH OBLIIO (GMIBTPOM. DTO O3HAYALT, YTO
JUCKPETHU3AIIMS OCYIIECTBICHA C HEOOPATUMBIMU MCKAXKEHUSIMHU.

Jpyroif pe3ynbTar MOXKET OBITh MOJYYEH, €CIU CHEKTP aHAJIOrOBOIO U (jo)
YJIOBJIETBOPSET YCIOBUIO:
U (io) =0, . (1.22)
rae Q . — 4actoTa cpesa cnekrpa U (jo) .
B stom ClIydac CIICKTp CHUT'HaJIa Ha3bIBACTCA ¢uHumelM*. I[I/ICerTI/ISaHI/IH

curHajia ¢ GUHUTHBIM CIIEKTPOM UJLTIOCTpUpyeTcs puc. 1.19.

Od4eBUHO, YTO NPH Q < 2Q , UMEETCs HAIOXKEHHE CIIEKTPAIbHBIX Cllarae-
MBIX M, CJIEIOBATEIbHO, BBIJEICHUE HWCXOJHOTO CHEKTpa U (jo) M3 CHEKTpa JIHC-
KPeTHOTO CHTHama U (jo) HeBo3MOxHO. Ilpu Q > 20 , HAJOXEHUS HET, a,

CJIEI0BATEILHO, MIPOIYCTUB JUCKPETHBIM CUTHAN Yepe3 UIeaTbHbIN (PHIBTP HIKHUX
gacror (PHY) ¢ kosdduuuentom nepenaun B mM0J0CE MPOIMYCKAHUS PABHBIM T U
YaCTOTOM cpe3a Q , /2, MOXKHO BBIIEIHTh CHEKTP U (jo) . ITO 03HAYAET IOJIHOE BOC-
CTaHOBJICHUE TUCKPETU3UPYEMOTr0 CUTHaIA ¢ (PUHUTHBIM CTIIEKTPOM u (t) .

Yacrota Q , /2 (MM F, /2 ), OrpaHNUMBAIOLIAs CBEPXY JMANA30H YACTOT, B KO-

TOPOM BO3MOKHO KBaHTOBaHHE 0€3 MOTepb MH(POPMAIUU, HA3BIBACTCS UACHIOMOU
Hauxkeucma.
AMIUIMTYTHO-4acTOTHasA XxapakTtepuctuka (AYUYX) uaeanbHOro BOCCTaHABIIH-

Baroiero ®HY nokazana Ha puc. 1.20.

" Kpome CHrHAJIOB ¢ (PMHUTHBIM CIIEKTPOM, BBIAENSIOT CHTHAIBI (PMHUTHBIE 1O BPEMEHH, MK TIPOCTO
(uanTHBIE. OUHATHBIN CWTHAJ PaBEH HYJNIO BHE KOHEYHOTO WHTEpBayia BpeMeHU. DWHWTHBIA CHUTHAN HE
MOKET UMeTh (PUHUTHBIN criekTp. CUTHAN ¢ PUHUTHBIM CIIEKTPOM CaM HE MOXKET ObITh (DMHUTHBIM.
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U (jo)

AN

> Q

cp

a

Q < Q
cp

cp

cp

Puc. 1.19. luckpertusaius curtaia ¢ (GMHUTHBIM CIIEKTPOM

NE

Puc. 1.20. AUX uneanpHOro Boccranasinusaromero ®HY

23
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Teopema Komenvnukoea 3akiaroyacTcsl B CICOAYIOIICM: AQHAJIOTOBBIA CHUTHAII

u(t) ¢ (UHUTHBIM CIEKTPOM, OTPAHMYEHHBIM YaCTOTOH Q _, MOXET ObITh O€3 mo-

Tepb MH()OpPMAIMK TPEACTABICH OTCYCTAMHU, B3STHIMH C YaCTOTOW JAMCKPETHU3AINU
Q , €CIIY BBINOJIHACTCS YCIOBHE:
Q, =20 . (1.22)
VYenosue (1.22) MOXKHO 3amucaTh Kak
F o> 2F (1.23)

NN

TS o— (1.24)

cp
HpI/I BBIIIOJIHCHHUH 3TOT'O YCIIOBUS, HCXOHHBIﬁ AHAJIOTOBBIN CUTHAJI MOKET OBIThH
BOCCTAHOBJIEH 10 CBOEH pemeTanoﬁ (1)YHKI_[I/II/I B BHJC pAOa KorensHukosa:
© sin[ Qcp (t—nTﬂ)]

t) = T .
4 = T ulm) o () (1.25)

CrnenyeTr moI4epKkHyTh, YTO, B CBOEM CTPOTrOM CMBICIE, TeopeMa KoTenbHHUKO-
Ba B MPAKTUYECKHUX 3aJa4ax HUKOrA He BbINOJHsETCA. [I[puurHa — OrpaHMYEeHHOCTh
BPEMEHHOT0 MHTepBaJia 00paboTKu curHainoB. CuUrHai, 3aJaHHbId HA KOHEYHOM OT-

peske [0, T |, TO ecTh PUHUTHBIN, KaK YK€ yKa3bIBaJIOCh, HE MOKET UMETh (PMHUTHBIM

cnektp. Otcroaa sicHo, uto Teopema KorenpHukoBa chopmynupoBaHa JUisi CUTHAIA
OECKOHEUHOM MPOTSIKEHHOCTU. TeM He MeHee, 3Ta TeopeMa IUPOKO MPUMEHSIETCS Ha
MpPaKTUKE MPUMEHHUTENIBHO K CUTHAJIaM, CIIEKTP KOTOPBIX (ISl CIy4alHBIX CUTHAJIOB
— crnekTpayibHas WIOTHOCTh MomHOCTH (CIIM)) yObiBaeT, HaUMHasi C HEKOTOPOU Ya-

cTOThI. B aTOM cJIydyac, pojib 4aCTOTEI CpE€3a CIICKTPa Q o HUIrpacT HCKOTOpPas 4aCToTa,

YCJIIOBHO TIpUHMMAaeMasi 3a BEPXHIOI TPAaHUYHYIO YacTOTY CIEKTpa, Hampumep, 3¢-
dextuBHas mupuHa CIIM (oHa MOXeT OBITH ONIpE/IeNICHa KaK IS CIIyYalHbIX, TaK U
JUIsl IETEPMUHUPOBAHHBIX CUTHAJIOB). B mpakTHyeckux 3ajgayax 4acTOTy JIMCKPETH-
3aliM, KaK MPaBUJIO, BEIOMPAIOT C 3alacoM, TO €CTh, HE B JIBa, @ B HECKOJBKO pa3

BBIIIIC FpaHHqHOﬁ YaCTOTHhI.
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B mpakTuueckoM CMbICIE CYIIECTBYIOT U Apyrue (hakTopbl, MPENSTCTBYIOIINE
BBIIIOJIHEHHIO yCIIOBHs Teopembl KoTenbHrkoBa. Hanmprumep, ecim KBaHTYEeTCSl CMECh
Y3KOIIOJIOCHOT'O CUTHAJIa U IIHPOKOIIOJIOCHOTO IIyMa, TO, €CTECTBEHHO, BO3HUKAET
CTpPEMJICHHE HCIOJIb30BaTh HaMHOTO Oojiee MeJUIeHHbI u Oonee nemenbiii ALIL,
CIIOCOOHBIN IOJHOLIEHHO AUCKPETU3UPOBATh TOJBKO IOJIE3HYIO COCTAaBIISIIOLIYIO Ta-
KOTO cUrHana (momexy, Kak OyAeT moKa3aHO HUXKE, HY’KHO MOJaBIATh 10 KBAaHTOBA-
HusA). B mporuBHOM ciydae, ObictpoaeiictBue ALl u cucrembr 00pabOTKH
nH(popmanuu, a Takke 00beM 00padaThIBA€MbIX JAHHBIX, JOCTUIIIA Obl HEMIpUEMIIE-
MbIX BenmuuH. Kpome toro, npu npoektupoannu CAY He Bcerga MOKHO IIPEIBU-
JETh XapakTep NOTEHLHMAIbHBIX BO3MYyLIeHUH. Clie0BaTEIbHO, BBIOOP YACTOTHI
JUCKPETU3ALNH ITIOTEHIIMATIBHO MOXET OKa3aThCsl HEYOBIETBOPUTEIbHBIM.

Takxum o0Opa3om, MpHu peaabHOM KBaHTOBAHUU BCET/la CYLIECTBYET HEraTUBHBIN
3¢ (}exT, BbI3BaHHBII HEBBINOJIHEHUEM YCIOBUS TeopeMbl KorenpHuKOBa. DTOT 3(-
ekt HazbIBacTCs Hanoxcenuem vacmom (WM MacKHPOBKOHM vactor). Ero cyTh B

TOM, YTO JJIs1 J000H dYacToTel Q e [0, Qﬂ/ 2], curHamel C YacToTamu

Q, Q +0, 20 £Q, 4Q +Q, 8Q +Q,.. OKasplBAlOTCI HepasIuYuMbIMU. Jlo-

it

Ka)KE€M DTO Ha IPUMEPE ONPEAEIECHN 3HAUYCHUS QYHKIMU cos[( mQ  + Q)t], rae m —

OeJI0€ MOJIOKUTCIBHOC YHCJIO, B HpOHSBOHBHBIfI MOMCHT BPEMECHHU t = nT X :

cos [(mQ , + Q)nT_|=cos || M2% 4 g |nT

A J

= CO0S (mn -2 * QnTn): cos (mn -Zn)cos (QnTﬂ)i sin (mn ~2n)sin (QnTﬂ):

_

f |

—— —_—

1 0

= cos (@nT ). (1.26)

MackupoBKa 4aCTOT WJUTKOCTpUpYyeTCs puc. 1.21, Ha KOTOPOM MOKa3aHbl CUHY-

couzanbl ¢ yactoramu 30 I'm m 230 I'u, HEpa3IMUMMBIE B NUCKPETHBIE MOMEHTHI MPH
4acToOTe JUCKpeTU3aumu F =100 I’

B yacToTHO# 00acT 3PEKT HATOKEHUS MOKET OBITh MPOUJUTFOCTPUPOBAH B

Kaue€CTBEHHOM OTHOILIEHWH, HAIIPUMED, TaK, KaK MTOKa3aHo Ha puc. 1.22.
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N !\ N\

0
cos [(2-m-100 +2-7-130 )-t] /

u N
?

ST,

d

3 0.

04
2T 3T, 4T

pig

Puc. 1.21. Dddekr nHanoxenus (wumoctparus u3 jokymenra Mathcad)

A\S

(2'/2 o)

I

S
\/—\
Q '2

it

Puc. 1.22. [IpuMepHbIii BUJI CIEKTPAIBHOM IJIOTHOCTH MOIIHOCTH aHAJIOTOBO-

ro CUTHaJIa u(t) (BBEpPXY) U €ro OLICHKHU U (t) (BHHU3Y)

Ha HixHeM rpaduke mokasaH CIEKTp OLIEHKHU U (t), OJy4aeMOW Ha BBIXOJE

BoccTanasimBaromero ®HY ¢ wacToron cpeza Q | / 2 , BKiroueHHoro nociie UND.

st 60pu0BI ¢ 3(pPeKTOM HaOKEHUS YaCTOT MCIOJIb3YIOT aHaoroBeii ®HY,

BrirouaeMblid Ha Bxoae AILIIL 3amaga storo ®HY — kak MOXHO CHJIbHEE ITOJABHUTH

CIICKTP BBIIIC YaCTOThI HaiikBucra Q X /2 M KaK MOXHO MCHBIIC 3aTPOHYTb CIICKTP
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HMKE 3TOM YacToThl. CXeMa KBAaHTOBAHUS aHAJIOrOBOI'O CHUTHAJIa C TAKMM (1)I/IJ'II>TpOM

roKasaHa Ha puc. 1.23.

u(t) ~o Uy | A n(t)
—— Y .

Puc. 1.23. Bximouenne @HY, npensTCTBYIOMEro HaI0KEHUIO YaCTOT

B anrnosserunoi nureparype takoi ®HY HaswiBaercs “anti-aliasing filter”.
Uewm Boime nopsgok ®HY, Tem, B obmieM ciydae, jydine mogasisercs 3¢ dext
HAJIOKEHUS YaCTOT.

Hekortopsle 3amMedanusi o BHIOOPY YaCTOTHI AUCKPETH3AIMU MIPU TPOEKTHPO-

BaHHUU I_[I/I(l)pOBBIX CHUCTCM aBTOMATHUYCCKOI'O yIIpaBJICHUA 6YHyT JaHbl HUKC.

1.4. IlI/ICerTHI)Ie CUCTEMBI aBTOMATHYECCKOI'0 YIIpaBJICHHUA

1.4.1. CTpykTypa IMCKPETHBIX CHCTEM

B cooTBeTcTBHM C pACCMOTPEHHBIMH BbIIIE BUAAMU JUCKPETU3ALMN CUTHAJIOB,
paznnuaroT cieayromme tunsl CAY:

— HeNnpepbIBHbIE, B KOTOPBIX JIUCKPETH3aLUsl OTCYTCTBYET U (POPMHUPYIOTCS
TOJIBKO aHAJIOTOBBIE CUTHAJIBI;

— MMIYJIbCHBIE, B KOTOPBIX OCYIIECTBIISIETCS TUCKPETU3ALMS TOJBKO IO Bpe-
MeHHU (IIpH UX paccMoTpeHun ucnonb3ytorces moaenu UUC u PUC);

— pelieiiHble, B KOTOPBIX OCYIECTBIISIETCS TUCKPETU3ALUS TOJIBKO 10 YPOBHIO;

— HUQPOBBIE, B KOTOPHIX OCYIIECTBISIETCS AUCKPETU3ALUs 10 BPEMEHHU U IO
ypOBHIO (TIpH UX paccMoTpeHun ucnonb3yrorcs moaenu UIC u PLC).

NmmynbcHbie, peneitabie u nudpoBsie CAY sBustorcs auckpeTHbiMu. Cyiiie-
CTBYIOT U KOMOMHUpOoBaHHbIE CAY, B KOTOPBIX €CTh HECKOJIbKO KaHAJIOB yIpaBiie-
HUS C pPa3IUYHBIMU THUIAMHU YIPABJISIOUIMX CUTHAJIOB (HampuMep, aHajioro-
uudpossie U nudpo-anansorossie CAY).

Penelinpie cuCTeMBbl, MPU MaJOM 4YKCJIE€ YPOBHEW KBAHTOBaHMS (Yallle BCETO

UCTIONB3YETCs IBYXYPOBHEBOE KBAHTOBAHUE), SIBJIAIOTCS CYIIECTBEHHO HEIWHEHHBI-
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MU U B IaHHOM [MOCOOMH HE paccMaTpUBaIOTCs. MaTepuall o TakuM cUcTeMaM MOXK-
HO HalTH, Harpumep, B [1].

CoBpemennbie mudpoBeie CAY peann3yroTcss Ha OCHOBE IPOMBIIUICHHBIX
KOHTPOJUIEPOB U TMPOMBIINIJIEHHBIX KOMIBIOTEPOB C OOJIBIIUM YUCIOM JIBOUYHBIX
paspsiioB (n = 8...32 ). M3-3a BBICOKOI pa3psAHOCTH, MOLTHOCTh ITyMOB KBAHTOBaHUS
B TAKHUX CHCTEMAaX HEBEJIHMKA. JTO JAET BO3MOXHOCTh HE PACCMATPUBATH IMPOLIECCHI
KBAaHTOBAHUS 10 YPOBHIO MPU aHAIM3€ U CUHTE3€ MOJ0OHBIX cucTeM. B pesynbTarte,
paziuyue B MaTEMaTUYECKOM OMMCAaHUM IU(GPOBBIX U UMITYJIbCHBIX CUCTEM HCUE3a-
eT. B 21Ol cBs3M, Kak mpaBuiio, OyAeM UCIOJIb30BATh €IMHBIN TEPMUH «IUCKPETHBIC
CAY», npUMEHUTENBHO K HIHU(PPOBBIM U UMITYJICHBIM CUCTEMaM.

PaccMmoTpum QyHKIIMOHANIBHYIO cXeMy THIUYHOU 1 poBoit CAY, mocTpoeH-
HOU Ha 0a3ze CHeruau3uPOBAHHON BBIYUCIHUTENIBHON cucTeMbl. Cxema mokazaHa Ha

puc. 1.24",

1
: BrrunciaurenpbHas cuctema 1
| 1
1

u(t)

u ) A U (T,) _&(nT)) C y(t)
— /¢ —> P = vcn oy e+
i Uoe (NT ) u(nT ) é
| C |
A
y
Uy (1)
CIIO i

Puc. 1.24. ®yunkimonansHas cxema nudponoit CAY

Ha puc. 1.24 npunsaTtel cneayromnye ocHOBHbIE o0o3HaueHus: [P — nudposoit
perymnsitop; YCII — ynpasisemMblii CUIIOBOM TpeoOpa3oBaTeb; [ — maTIYMK BHIXOIHON

koopauHatel y(t); CIIO — cxema mpeaBapuTenbHON 00paOOTKM CUTHaNA JaTyuKa

" ECTeCTBEHHO, YTO 3Ta CXEMa He €IMHCTBEHHAs U3 BCEX BO3MOKHBIX. Ha IpakThke MCIONb3yeTcs
00J1bIII0€ pa3HOOOpa3ue pazaudHbIX HUGPOBEIX CAY, B TOM uuciie ¥ MHOTMOKOHTYPHBIX. OHAKO, JTaHHAs
cXema SIBIISIETCS THIOBOM, a OOJNBIIMHCTBO JPYTHX CXEM, IPH UX TEOPETHUECKOM PACCMOTPEHHHU, MOTYT
OBITH TIPUBEJICHBI K 3TOM.
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(ocymiecTBiIsIET HOpManu3aluio U GunpTparuio curnaia aaruuka); A/C — ALIL C/A

— HAII; e(nT,) — pemerdaras QyHKUMsS paccOINacoBaHMs; u(nT ) — pelierdyaras

Q)YHKHI/I}I CUrHaja ynpaBJICHMA, u(t) — HCCB,HO-aHaHOFOBBIﬁ CUTHAJI YIIPABJICHUA.

Cnenyer ormeTuth, 4To eciii B CAY nMMeeTcss AUCKPETU3alus MO0 BPEMEHHU, TO €CTh
umeetcs U3, To Bce curHambl, GOpMUPYIOIMIMECS Ha BBIXOJAaX HEMPEpPHIBHBIX 3Be-
HBEB, OyIyT MO CYTH ICEBI0-aHAJIOTOBBIMH C HESIBHOM qUCKpeTHOCThI0. Ha puc. 1.24

9TO OTHOCUTCS K y(t) H u. (1) .

Cuctema npeacTaBiseT coOOM OJHOKOHTYPHYIO 3aMKkHYTYyI0 CAY u peanusy-
€TCs B BUJE allapaTHO-NMPOrPaMMHOIO KOMILJIEKCA Ha 0a3e MpPOMBIIIJIEHHOTO KOH-
TPOJUIEpa WM IPOMBIIUIEHHOTO KOMIIbIOTEpPA. DBOJBIIMHCTBO COBPEMEHHBIX
poMbIIUIEHHBIX CAY COOTBETCTBYET TaKOM CXEME.

3aKOH yIpaBlIeHUA u(nT ) = F (¢(nT ) CHHTE3UPYETCs, UCXOIA M3 TpeOOBa-

HUM K KaUeCTBY YIIPABIICHUS, U peATU3yeTCsl IU(PPOBBIM PETYJISITOPOM.

Hudghpoesoii pecynamop — >1o anroputm 1PppoBoi GUIBTpALIUK IS TPpeodpa-
30BaHMSI OTCUETOB PACCOTIACOBAHUS B OTCUETHI YHPABISIONIETO BO3JIEUCTBUS, B CO-
OTBETCTBUU C TpeOyeMbIM 3aKOHOM ympaBiieHus. Peanusyercs [P, xak mpawuiio,
IpOrpaMMHO, a peKe — anmnapaTHo, B BUJIE OTAEIBHOrO ycTpoiicTBa. [Ipenmymiecta
IU(POBBIX PETYISITOPOB MEPE] aHAIOTOBBIMU 3aKIHOYAIOTCA B BOBMOXXHOCTH pealu-
3aIMM JOCTATOYHO CIIOKHBIX U 3(P(HEKTUBHBIX 3aKOHOB YIIPABJICHUS, JIETKOCTU U3Me-
HEHUsI 3aKOHA YTNPaBJICHUS, IPU BOSHUKHOBEHUU TaKOW HEOOXOIUMOCTH (THOKOCTH),
CTaOMIIBHOCTH CBOMCTB U TIpocTOoTe MHTErparuu mudposoit CAY B nHbOpMaIMOHHO-
YIOPABJISIIONTYIO CUCTEMY 00JIe€ BBICOKOTO YPOBHSI.

B 6onpmmHcTBe cityyaeB [P ympaBisier HenpepblBHBIM OV (3JIEKTpUUYECKUM
WJIM Ta30TypOMHHBIM JIBUTATEJEM, YIPABISIEMBIM KIJIAIIAHOM, HArpeBaTEIbHBIM dJe-
MEHTOM TepMmoliikada u T.1.). Tem He MeHee, TUCKpeTHOCTh, BHOcuMasi ALIIT u pery-
JSTOPOM, onpenensier nuckpetHoctb CAY B 11eI0M, 4TO, B CBOIO Oouepeib, Tpedyer
CIEMAIBHOTO MAaTEMAaTHUYECKOI0 anmnapara JJisg ONUCAHUSI TAKUX CHUCTEM.

OYHKIIMOHAJIBHOM CXeMe, MOoKa3aHHOU Ha puc. 1.24, MoxeT ObITh MOCTaBIICHA
B COOTBETCTBUE CTPYKTYpHasl AMHAMUYECKasl CXeMa, [IOKa3aHHas Ha puc. 1.25.
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[IpuBenennas HY np. uenu c [1D
W (P) =W o (PIW "' (p)
A

u_(t) { e (1) oY 'y (t)
?8() ‘ 00 > on M ver, oy |

— —~
—
e(nT ) u(nT ) HY np. nenu ¢ I1d

W' () =W o (PIW o (P

_____________________________________

T R U

300C

HY (OC) ¢ TId

oc

W (p) =W, (p)W, (P)

_____________________________

Puc. 1.25. Tunoas crpykrypa auckpetHon CAY

Ha puc. 1.25 npunsarel crnenyromnie obo3nadeHus: L[ — nudposoit Gpuibtp

(bopma mpencraBnenuss [P wim mHboOpmamnmoHnHo-MaTeMatnyeckas monens L[P);
w o (p) — [1® npuBenennoit HenpepsiBHOM yactu (HY) npsmoii nernu (I111) ymnpas-
aenus;; W o' (p) — [1® HY npsmoit nenu ynpasnerus; 300C — 3BeHO OTpHUIIATEb-

HOM oOpatHoii cBsizu (OOC); w . (p) — [1d HY nenu OOC. OT™MeTHM 31eCh Ke, 4TO

B HY IIL ynpasnenus Bxogar OY m YCII. OgHako, BO MHOTMX 3a/1a4ax CUHTAIOT,

it
HY

yro YCII Bxogut B coctaB OY u torma W, (p) =W, (p). Takoe nonymenue mpu-

HATO Y B PACUETHOM 3a/IaHHUH, IPUBEJIEHHOM B paszzeine 4.2, a Takke B IPUMEPE CUH-
Te3a quckpetHoit CAY, paccmorpeHHoOM B pazzene 4.3.
3anaueit L{1® saBnsieTcst nmpeoOpa3oBaHue pereTyaToil pyHKIMM paccoriacoBa-

HHA &(nT ) B pEIETYaTyIO QYHKIMIO yIIPABICHUS u (nT ) MJIM, 4TO TO XK€, Ipeodpa-

soBaure HIIC ¢ (t) B MUIC u (). Daxkrmuecku, I[P — 310 aaroputm

npeoOpa3oBaHUs OJJHOTO MAacCHUBa YUCEN B APYrOl MAacCHUB YHUCEN, B COOTBETCTBHUH C
OTIpeIeTICHHBIM 3aKOHOM (B JaHHOM CITy4ae, 3aKOHOM yrpaBieHus ). Takum oopazom,
3nech L{® nmoHumaeTrcs kak mHOOPMAIIMOHHO-MaTeMaTUUeCKui 00beKT. Tem He Me-

Hee, Ha IpakTuke ropopst o L{d, kak o mporpammax, yCTpOMCTBAX WJIM aIlapaTHO-
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IIPOrpaMMHBIX KOMIIOHEHTaX. B manHoMm koHTekcTe noHaTus 1P u [P mo cymecTBy
He paznuydarotcs (I[P — sro LI®, nmpennaznadeHHbINA 11si POPMUPOBAHUS YIIPABIISIO-
miero Bo3jackicTeusa Ha OY).

OtrMmetum, uto B psae ciydaeB, L{® B cocraBe nuckpetHoit CAY He paccmart-
PHUBAIOT, MOJIarasi, TEM CaMbIM, YTO OCYIIECTBIISIETCA MPOMOPLHOHAIBLHOE YITpaBJie-

HHE TI0 3aKOHYy u(nT ) =¢(nT ), a kKo3QduuueHT mnepenaun BupTyanbHoro II-

peryisaTtopa yuntsiBaeTcsa B moaenn OO wim HY I11] ynpaBienus.

1.4.2. CBoiicTBa ¢gopMupYyIOLIETro JI€eMeHTA

Kak yka3zbiBanocs Bbilie, Ha3HaueHueM ®3 sBisiercst popmupoBanue PILIC nmm
PUC u3 MUC. ®opmMupyromuii 3J€MEHT SBJISIETCA JTUHEUHBIM JUHAMHYECKUM 3BE-
HOM. OmpeznenuM nepenaTounyro pyHkuuto @I, cuutas, yto B CAY npumeHnsercs
AUM-II. Kenaemas gopma PLIC (a, pakruuecku, PUC, Tak kak KBaHTOBaHUE IO
YPOBHIO HE YUYHUTBIBAETCS) — MPSIMOYTOJIbHBIE UMITYJIbChI C (DPUKCUPOBAHHOW CKBaXK-

HOCTBIO y = T, / T , A€ t, — JIMTEIbHOCTh UMITYJIbCA. Y UUThIBAs, YTO Ha BXxoge OO

MIPUCYTCTBYIOT MOYJIMPOBAHHBIC MO TUIOIIAN O-UMITYJIbCHI, 3aKiII04aeM, 4yTo ¢hopma
NIID OO goikHAa COOTBETCTBOBATH MOKa3aHHOUW Ha puc. 1.26 (tak kak UIID — 3T0

peaKIus CUCTEMBbI Ha O-UMITYJIbC).

94 (1)

val T t

Puc. 1.26. Tpebyemas UITD OO
3ananne UIID nossosser Haiitu [1D OO kak W, (p) = L{g,, (1)}.
[TIpencraBum UTID O kak

94 (1) =2(1) —2(t —vT)). (1.27)

CootBeTcTByromnme rpaduky mokazansl Ha puc. 1.27.
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1(nT )

1(t-vT),) ’

YT, i
1(t) —1(t—vT,)

T t

a

Puc. 1.27. llpencrasnenune UT1O @ B BUAE pa3HOCTH IMHUYHBIX CKAYKOB

Torna

-yT,p

1-¢e

W, (p) = L{L(t) = 1(t - yT )} = :

(1.28)

[Ipu cxkBaxkHOCTH y =1 (KOTOpas XapakTepHa sl MHOTUX IuppoBeix CAY c

aHajoro-uu(poBbEIMU TPEOOpPa30BATEIIMU ), HMEEM

,Tﬂ p

1
wm<m=wm<m=w“m=—ii—. (1.29)

B atoMm cnyuae (koraa y = 1) GOpMUPYIONINIA SJIEMEHT Ha3bIBACTCS IKCMPANo-

aamopom Hyneeozo nopsaoka (Id —w __ (p)) wim guxcamopom (I1d — w _ (p)).

OHIT
Tepmun «dukcarop» moguepkuBaeT TOT (PakT, YTO CUTHAJ Ha BbIXoJe Takoro D
duKkcupyeTcs Ha OJIMH nepuoi AuckpeTusauuu. Jlamee Oyaem paccmaTpuBaTh CUCTE-

MBI TOJIBKO ¢ TaKuM DD,

1.4.3. Bb16Op 4acTOTHI IMCKPETU3ALNH

Bonpoc o BeIOOpe 4acTOThl TUCKPETU3AIMH, KaK yKa3bIBAJIOCh BbIIIE, pelaeT-
csl Ha ocHOBe TeopeMbl KotenbHukoBa. BriOupas ykazaHHYI0 4acTOTy, ClIEAyeT aHa-
JU3UpOBaTh INPUYMHY  BO3MYLICHUS KOOpPAMHATBI  paccoriacoBanus. Eciaum
paccoriacoBaHue BO3MYILAETCA TOJIBKO BHEIIHUM BO3MYIIAIOIIAM BO3JIEHCTBUEM,

npuiokeHHbIM K OV (3amaroiiee BO3eHCTBUE HEU3MEHHO), TO caM OY BBHINOIHSET
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posb ¢uiabTpa HIKHUX yacToT (PHY), npensarcTBytomiero 3G GhekTy HaIOKEeHUs da-
cToT. B »TOM ciiydae BO3MyIIEHHE CUUTAIOT OENBIM HIyMOM. DTO MO3BOJIAET H30e-
KaThb pPUCKA 3aHW)KCHHUS YacCTOTHl AUCKPETHU3AIMM, YTO MOIJIO OBl MPHUBECTH K
NOSIBJICHUIO KosieOaHuil u naxe Kk HeycrounBoctu CAY. YacTtoTy AMCKpeTH3alUU
MIPUHUMAIOT B HECKOJIBKO pa3 Ooubine (Kak MpaBUiio, OT 2-X 10 8-MU pa3, B 3aBUCH-
MOCTH OT nopsigika OY) 3KBUBAJIEHTHOM MOJIOCH MPONMYCKAaHUS PAa30MKHYTOM Lienu
npeoOpa3oBaHus BOMYIIECHUS B PACCOTIACOBAHUE.

Ecnu ke paccormacoBaHue BO3MYIIACTCS BXOJHBIM BO3JCUCTBUEM, MPHIIO-
KEHHBIM TPSIMO K JIEMEHTY paccoriacoBanus, To nepea AL momkeH BKiro4aThes
@®HY, kak 310 nmoka3zaHo Ha puc. 1.23. B 3TOM cirydae 4acToTy AUCKPETH3ALHUH BbI-
OMparoT B HECKOJIBKO pa3 Oosblie (0T 2-X A0 8-MH pa3, B 3aBUCUMOCTU OT KPYTH3HBI
cnaga CIIM Bo3aeiicTBUS Ha BBICOKMX 4acToTax) 3¢h(exkTuBHON mojochl GIyKTya-
IIUU PacCOTIaCOBaHUSI.

[Ipu coBMECTHOM JEUCTBUM YKa3aHHBIX BHINIE (haKTOPOB, UCXOMAT U3 aHAIN3a
cymmapHoi CIIM curnana.

be3ycnoBHO, U3M0KEHHBIE 3/16Ch COOOPaKEHUSI HE SABIISIOTCS CTPOTUMHU U OT-

HOCSITCSI B OOJIBIIIEH Mepe K pa3paboTKe U MPOEKTUPOBaHUIO peanbHbIXx CAY.
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I'JIABA 2
MATEMATHYECKOE OIIUCAHUE JUCKPETHBIX CUTHAJIOB 1
CUCTEM ABTOMATHYECKOI'O YIIPABJIEHUA

2.1. Z-npeoGpa3oBaHue U ero CBOCTBA

MareMaTrieckoe OMMCaHUE TUCKPETHBIX CUTHAJIOB M JIMHEMHBIX TUCKPETHBIX
CAY 6asupyetcs Ha auckpeTHoM npeobpazoBanuu Jlamnaca (II1JI) u cBsizanHOM €
HUM Z-tipeoOpaszoBanuu. [locnennee mo3BoisieT 0ojiee KOMIAKTHO U «IIPO3PAUHO»
3amuChIBaTh (HOPMyIIbl, HO HE Mo3BosieT, B oTmuue ot JAILJI, popmynupoBaTs He-
KOTOpPBIE 3aKOHOMEPHOCTH TEOPUU AUCKPETHBIX CUCTEM TOYHO TaK, KaK 3TO JIEJIAET-
c1 B Teopuu HemnpepblBHBIX JHHEHHBIX CAY. Ilo 3TOM WM JApyruM npuUYMHaM
HEKOTOpBIE aBTOpHI mpuaepxkuBatorcs toinbko JIIJI [9], a apyrue npumeHsrOT
Z-nipeoOpa3zoBanue [2]. B mons3y Z-npeoOpa3oBaHus TOMOJTHUTEIBHO TOBOPHUT TOT
(daKT, 4TO OHO OOILIENPUHSITO B TEOPUH LHUPPOBOKA 00PaOOTKU CUTHATIOB, UMEIOLIEH
MHOTO IepeceueHuii ¢ Tteopueii muckpetHbix CAY [7]. Ilockoasky Z-mpeo0-
pazoBanue sBisgeTcsa yao0Hou gopmoit 3anucu JI1JI (370 OyneT nmokazaHo HUXE) U
MOJHOCTHIO 3KBUBaJIeHTHO JII1JI B MaTeMaTuyeckom OTHOIIEHHUH, Janee OyaeM, KaK

IpaBUJII0, UCII0JIb30BaTh UMEHHO Z-TIpeoOpa3zoBaHue.
Haiinem nipeoOpasoBanue Jlammaca QUCKPETHOM (YHKIIMH BPEMEHH Xx (t), KO-

TOpad MOXCT ITOHHMATbLCA 00 Kak JIHCerTHBIfI CHUT'HAJI, 00 Kak AUCKpETHAA

BpPEMCHHAs XapaKTCPUCTUKA CUCTEMBI.

L{x ()} = [T x(nT )8(t—nT )dt =% x(nTﬂ)})F)(t— nT Je "dt.

on=0 n=0

Yutem GpunbTpytroiiee CBOMCTBO O-(PYHKITNHN, KOTOPOE BhIpakaeTcsi pOPMYIIOH:

?x(t)é(t ~7)dt = x(q).

—

[Tosyunm:

L{X (O} = X (p) = ¥ x(nT )e """, 2.1)
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®opmyny (2.1) MOXHO paccMaTpUBaTh KaK OUCKpemiHoe npeodpazoeanue

Jlannaca pemeryaToi GyHKIUM X (nT ) U 3alIMCBIBATh TaK:

D{x(nTﬂ)}=zw: x(nT e " (2.2)

Beenem ob6o3nauenne z = e’ . Torga us (2.2) noiy4um onpeneacHHe OIHO-

CTOPOHHETO Z-npeoopazoeanus.

Z{x(nTﬂ)}=X(z)=§:x(nTﬂ)z'”, (2.3)

n=0

/i€ X (z) Ha3bIBaeTcst Z-usoopasicenuem opuzunana x(nT ). JUis BCeX OPUTHHAIOB

6y,Z[eM moJjarartb, 4To

x(nT )=0

(2.4)

n<o0 ’

Ecnu paccMatpuBaTh OpUrMHaji Kak XapakTEPUCTUKY CUCTEMBI (PEakirio Ha TO
WM MHOE BO3JCHCTBHE, MPHJIaracMoe B MOMEHT BpeMeHH t = 0 ), To (2.4) o3HayaeT
Kay3albHOCTh . ECIIM 7K€ paccMaTpHBaTh OPUTHHAI KaK KOOPAMHATY CHCTEMEI, TO
(2.4) o3HayaeT NPUHATHE HYJICBBIX HAYAIBHBIX YCIIOBUH.

I cxomumocTr psna (2.4), To ecTh A CYHICCTBOBAaHUS Z-U300payKeHHS,

JOJIZKHO BBITIOJIHATBHCS YCIOBHC.

‘x(nTu)‘< Me °",
rme M >0 U o >0 — KOHCTaHTBI. BenunHa ¢ Ha3bpIBacTCS MOKa3aTeIeM pocTa pe-
mweT4aTod QyHKuuu x(nT ).

YacTo aprymeHT pemerdarsix QyHKIMI 3aUChIBAIOT YIPOLUIEHHO, OIMyCKas T

(uMest B BUY, YTO MEHSIETCS TOJIBKO n ). Toraa gopmyna (2.3) npruHUMaET BUI:

Z{x(n)}= X (z) = i x(n)z ".

n=0

B paac CiaydacB HUCIIOJIB3YCTCs YCIIOBHAs 3allMCh:

X (2) = Z{ X (p)}, (2.5)

" Orcrozia BUIHO, 4TO, (pakTH4ecKu, Z-npeobpasoBanue sBisetcs Gpopmoii npezcrasienus I
* Kay3alpbHOCTh — COOTBETCTBHE TPHHIUIY TPUIMHHOCTH. ECIM peakiyst CHCTEMBbI HACTYyIaeT
paHbIlIe NPUIIOKEHHS BO3AEHCTBHS — CUCTEMA HEKay3aJlbHa.
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rae X (p) = L{x(t)}. B cTporoMm cwmpiciie, Takas 3amuch HEKOPPEKTHA, TaK Kak

Z-nipeoOpa3oBaHue OINPEIEICHO TOJIBKO OT pemierdatod ¢yHKuuu BpemeHu. Kop-

PEKTHO OYJIET Tak:

X () = z{ (L {x (m)})

Im}. (2.6)

OnHako, /Ui KOMITAKTHOCTH, TIPUMEHSIFOT 3amuch B popme (2.5).
Haxoauth Z-u300pakeHust B COOTBETCTBHH € (2.5) ymo0HO, HCIONB3ys Ta0Iu-

116l Z-ipeoOpa3zoBanumii, HarpuMep Tadmuiy 2.1.

Tabmuma 2.1
X(t) X (p) = L{x(t)} X (z) = Z{x(nT )}
S (t) 1 1
1(t) L :
p z-1
1 Tﬂz
t ey 2
p (z-1)
1 A —aT
e—at , d =¢e 8
p+a z—d
» 1 T, zd
© (p+a) (z-d)’
B z-sin( BT )
sin( Bt) — ;
p-+p z°-2z-cos( BT,)+1
cos( B) % 2" —z-cos( BT,)
p +B 22—22-cos(BTH)+1

[Tpu ucnonb3oBanuu (2.5) ciaemyer UMETh B BUAY, YTO

Z{X(P)Xo(P)f# Z{X1(P)Z{X2(p)},

t=nT, }

Haxonute Z-npeoOpa3oBanusi MOXHO Ipu momonnu makera Mathcad. Hampu-

Tak Kak Z {X  (p)X,(p)}= z{ (x, (1) ® x, (1))

Mep, 3amanuM B gokymente Mathcad pemerdaryro GpyHKIUIO TapMOHUYECKOTO CHT-

Haja C IePUOJIOM JIUCKPETH3AIH T

n-T.cos(p-n-T).
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BreigenuB mepemennyio "N, BemoaHseM komauay Simbolics/Transform/Z.

[Tonyyaem Z-u3zo0pakeHue:

zz-cos(ﬂ~T)—2-z+cos(ﬂ-T)

4

z —4-23'005(5-T)+4-zz-cos(ﬂ-T)2+2-22—4-003(,8-T)-z+1.

Opurunan Z-u300paxxeHusi MOXKET ObITh HAlJICH C UCIOJIb30BaHUEM O0PaTHOTO
Z-npeobpazoBanusi. Eciim Bce MOMIOCH M300pakKeHHS JIEKAT BHYTPH OKPYKHOCTH
€IMHUYHOTO paJiiyca Ha Z-IUIOCKOCTU, TO 00paTHOE Z-peoOpa3oBaHUE ONpEaeseT-

Cia CJIICAYIOINUM KOHTYPHBIM HHTCTPAJIOM:

x(n) = ; f)X (z)z" 'dz.

T
A J2l=1

B ynpomieHHOM 3anucu:
x(n) =2 {X(2)}.

ObpaTtHoe Z-nipeoOpazoBaHuE MOXKHO HAXOAUTh MPHU IMOMOIIU TEOPEMBI BbIUE-
ToB Komm (oHa Oyaer paccMoTpeHa HUXKE) JTMOO BBIYUCIAS KOHTYPHBIN MHTErpai C
MCIIOJIb30BaHUEM CHMBOJIBHOT'O TIpoIleccopa MporpaMMHbIX MaketoB Mathcad,
MATLAB 1 HEKOTOPBIX APYTHUX.

PaccmoTpum ocHOBHBIE CBOICTBa Z-TipeoOpa3zoBaHusi 0€3 J0Ka3aTeIbCTBA CO-
OTBETCTBYIOIINX TEOPEM.

1. JIuneHOCTS:

Z{x,(n)+x,(n)}= X, (2)+ X,(2).
2. Z-n300pakxeHue 3aJep>KaHHOr0 CUTHAaIA:
Zix(n-k)} =z "X (2). (2.7)

MHOXUTENb z  MOYHO PacCMaTpPHUBaTh KaK OIEPATOp 3al€P:KKH PelIeTdaTom
(GYyHKUIMY Ha k TIEPUOJOB AUCKPETU3ALIUU.

3. Z-n300pakeHre OMepeKaroIero CUrHaa;

Z{x(n+k)}= zk[x (z) - Elx(nTu)z"]

n=0

4. Z-n300pakeHue CBEPTKHU pPeIIeTYaThIX (DYHKITUI:
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[ ) n ]
Z33 x (m)x,(n=m)t =23 x(n-m)x,(m)} =
e b e J (2.8)

= X, (z)X,(2).
CBepTke pemeTyaTblX OPUTHMHAJIOB COOTBETCTBYET MpPOU3BEACHUE UX Z-
H300paKEHUM.
5. HaxoxeHue npeaenbHbIx 3HaueHud. KoHeuHoe (ycTaHOBUBIIECECS) 3HAYeC-
HUE MOXXET OBITh HAWJIEHO, COTJIaCHO TEOpeME O KOHEYHOM 3HAYCHUHU JUCKPETHOIO
OpUTHHaJIa, 110 hopMmyJIe:

x(0) = lim x(n) = lim (z —1) X (2). (2.9)

n— o

HauanpHOe 3HaYeHHE, COTJIACHO COOTBETCTBYIONICH Teopeme, OMpeaeiseTcs
CIEAYIOIIMM 00pa3oMm:

X(0) = lim x(n) = lim X (z).

Z—> o

dopmyna (2.9) yacTto uCmonb3yeTcs IS HAXOXKISCHUS YCTAaHOBUBIIETOCS 3HA-

YEeHUs BBIXOAHOM KoopanHatel CAY.

2.2. llepenaTtounblie GpyHKunU TUcKpeTHBIX CAY

2.2.1. O6urue cBenenusi 0 [P quckpeTHBIX CHCTEM

Paccmotpum nunHelinyto auckpetnyto cucremy (JIJIC), Ha BXxoae KOTopoit aei-
CTBYET JUCKPETHBIN CUTHAJ ¢ pemeTdyaToi (GyHKIHMEH u(n), a Ha BBIXoJe (GOpMHUPY-
€TCSl TUCKPETHBIN CUTHAJ C pemeTdyaTor GpyHkmueit y(n) . JIMHEHHOCTh TUCKPETHBIX
CHUCTEM aBTOMATHUYECKOI'O YIPABJIEHUS, KAK U HEMPEPBIBHBIX, IOHUMAETCSI B CMBICIIE
BBITIOJIHEHUS IPUHIIAINA CYTIEPIIO3ULINH.

BBeieM B pacCMOTPEHHE €JMHAYHBIN IUCKPETHBIA UMITYIIbC

(1, n=0,

3(n) =4
LO, n=0.

" HyHO 00paTHTh BHUMAHHE, YTO €IUHUYHBIA JUCKPETHBIA UMITYJIbC OTJIMYAETCS OT €IUHHIHOIO
MMITyJIbCa B TEOPHH HETPEPHIBHBIX CHUCTEM. TaM eIWHUYHBIM HUMITYJIbCOM Ha3bIBaNach O-(pYHKIHSA C €Iu-
HUYHOH IUTOMAABI0, a 37IeCh — TUCKpEeTa (OTCUET) SAUHUYHON BEITMYUHBI.
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Peakiusa JIJIC Ha e ITMHUYHBIN AUCKPETHBIA UMITYJILC HA3bIBACTCSI OUCKPEMHOUL

umnyabcnou nepexoonou yuxyuen JIZIC (AUIID) g (n).
[Ipon3BOIBHBIN JUCKPETHBIA CUTHAI u(n) MOKHO IMPEACTABUTH B BUJEC JIMHEW-

HOM KOMOMHAITNH (B3BEIICHHON CyMMBI) EANHUYHBIX JUCKPETHBIX UMITYJIHCOB:

u(n) = iu(m)é(n—m).

m=0

B cuny npuHnuna cynepno3uiuu, BeixogHou curHan JIJIC Oyner nuHerHON

komOuHaruen orcuetoB JJUIID:
y(n) = X u(m)g(n-m).

CuuTas cucteMy Kay3aJdbHOM, BEpXHHUH Mpeaei] CYMMHUPOBAHUS 3aMEHSIEM Ha
«N». B mMpoTUBHOM citydae, JJIsl TEKYIIEro 3HAYEHHS n MPUIILIOCh Obl BBIYHCISTH
«Oymymue» 3Ha4eHus u(n + 1), u(n + 2) U Tak ganee. Takum oOpazom,

y(n) = Y u(m)g(n-m). (2.10)

m=0

Beipaxenue (2.10) ommchiBaeT BO BpeMEHHON 00JIaCTH MPeoOpa3oBaHUE MPO-
n3BoJIbHOTO curHana JIJIC u Ha3bIBaeTCs OUCKpPEemHOU C6EpmKOIL.
C yuerom (2.8) Beipaxkenue (2.10) MoxHO ipeoOpa3oBaTh K BUY:

Y (z) =U ()W (2), (2.11)
rae Y (z) = Z{y(n)}, U(z) = Z{u(n)}, a W (z) = Z{g(n)} — Ouckpemmnas nepeoa-
mounasn ¢pyuxyusa (J11D) JIJC.

N3 ¢dopmynsr (2.11) BeITEKaeT OMNpeaeieHUE AUCKPETHOM IMepenaTouHON
¢bynxuuu JIJC:

Y (z)
U(z)

W (z) = (2.12)

Takum o6pazom, AIID — 3mo omuouienue Z-uzoopasriceHus 6b1X00HOIU KOOp-
ounamul cucmemvl K Z-uzodparxceHur) 6Xo0HOU KOOPOUHAMbBL HPU HY1€6bIX

HAYAIbHbBLX YCIlO6UAX.
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Ecnu HauvanpHbIE yCIOBUS HE OBLIM OBl TOJIOXKEHBI HYJIEBBIMHU (CM. IIpUMeEYa-
Hue K (2.4)), To BMecTo (2.11) mMbl momyunsia ObI Y (z) = U (z)W (z) +V (z), TOE V (z) -
CyMMa YJICHOB, OMNpPEICISEMbIX HAYIbHBIMU YCIOBUSMU. OYEBHUJIHO, YTO B 3TOM

cllydae MBI HE CMOIJIM OBl OIPENEIHTh W (z) KakK XapaKTEPUCTHKY CHUCTEMBI (OHA
HEeU30€kKHO OKazalach Obl 3aBUCUMOU OT HayaJbHbBIX YCIOBHI).
OueBuHo, uto JIUII® Moxer ObITh Haliena mo TP kak g(n) = Z ' {w (z)}.

Hcnonb3yrotes aBa criocoba 3amucu JI1D:
1. 3anuck B BUE OTHOIICHUS MOJUHOMOB OT NMEPEMEHHOM z (TO €CTh MOJMHO-

MOB IIO ITOJIOKUTCJIBHBIM CTCIICHAM Z )

2. 3anuch B BUJI€ OTHOLICHHS IIOJHHOMOB OT IIEPEMEHHON z * (TO €CTh IIOJIH-
HOMOB IT0 OTPHIIATEIBHBIM CTCIICHSIM z ).
PaccmoTpum BHavalie nmepBelit criocoo, corsacHo KotopoMy I1D moxeT ObITh

MpeICTaBlICHA B CIEAYIONICH APOOHO-paIIMOHAIBHON (hopMe:

~B(Z) buz" +byaz" T+ .+ b
Wiz) = A(z)  z'+va,,z2'"t+..+a, | (2.13)

rae | > m I Kay3aJlbHOM cucTteMbl. B aTOM ciydae BenuuuHy | OyZeM Ha3bIBaTh
nopaoxkom JIJIC, i nopsiakom AI1D JIJIC. BBenem B pacCMOTpEHHE TAKXKE BEJIU-
YUHY r = | — m , Ha3piBaeMyto cmenenwto JIJIC, unu crenensto JIID JIC. Yacto B
y4eOHOM JIuTepaType OrpaHUYMBAIOTCS ClydaeM, Korga m = | —1 |, CJIeI0BaTeNbHO,
r =1. Tem He MeHee B JaHHOM MTOCOOMH TaKOe OTPaHUYCHHUE BBOJUTH HE OyeM.

®opmy 3anucu (2.13) Oyaem Ha3bIBaTh ecHecmEeHHOU (opmoil npedcmas-
aenusn JIH® J1/1C.

3aMeTHM, YTO €IUHUYHBIN KOOD(UIUEHT IPH z' ¢ IPUHIUIHAIBHIX 03U
He o0s3aTeNieH, HO yao0eH aiisi (OpMHUpPOBAaHUS aNTOpUTMa MPeoOpa3oBaHUS BXO/I-
HBIX OTCYETOB (JIUCKPET) B BBIXOJHBIE (TO €CTh IS aJiropuTMa udpoBoi GuibTpa-
un). O4YeBUAHO, YTO TMOJMYYUTh EAUHUYHBIA KOA(DPHUIMEHT MOXKHO JCICHHEM
yucauTesns u 3HameHaresst apoou 11D Ha coOTBETCTBYIOLIEE YHUCIIO.

Ot ecrecTBeHHOM dhopmbl 3anucu JIID Bcerna MOKHO MEPEUTH K TaK Ha3bIBa-

eMOU Kanonuueckoul popme npeocmasnenusn /JI1@, umeroiiein BU;
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b b b
i A mm’l "+ —
Z bi Z bl z bi Z bl
W (Z) _ i=1 1 i=1 i=1 i=1
I-s _ s C Cc c
c, (z-1) I|7s s :7571 ST, | 1
o z CI Z Ci Z CI
i=1 i=1 i=1

BBOI[SI HCO6XOI[I/IMI>IG O603Ha‘{eHI/IH, IMoJIydacM 3allucCh:

~ B(z)
C(z-1)° c(2)’

W (2) (2.14)

m l-s
rie  k=>b, / > ¢, — Koapuyuenm nepeoauu NUCKPETHON CUCTEMBI,
i=1

i=1
S — UHOEKC acmamuszma (‘II/ICHO ITOJIFOCOB, PAaBHBIX CAWHHIC W OIIPCACIIAIO-

mux Haxoxxaenue JIJIC Ha rpaHHIie yCTONYMBOCTH);

b . b . b
B(z)=—"—z"+ """z o+ —— — noiauHoM uucimarens D w (z),
>b Yo, > b,
i=1 i=1 i=1
HOPMUPOBAHHBIN TaK, 4TO lim B(z) =1;
z—>1
CI—s I-s CI—s—l I-s-1 Cl
C(z) = 2+ +o — mnoauHoM 3HameHarens J(IID
Seo X gl
i=1 i=1 i=1

W (z) , HOpPMUPOBAHHBIN TaK, 4TO lim C(z) = 1.

z—>1

Oobpatumcs k npumepy. [lonoxuMm, 4To Ha cucTteMy, y KOTOpOH s = 0, MOJAaH

IMCKPETHBIN €IUHMYHBINA CKauoK 1(n), TO €CTh pelneTdartas (pyHKIUSI, COOTBETCTBY-
folast HempephIBHON (QyHKIMK 1(t) . OmpeaenuM yCTaHOBHUBIIIEECS 3HAYCHHE BBIXOI-
HOH KOOPAMHATHI y(co), HCIONB3YSA TECOPEMY O KOHEYHOM 3HAYEHHH OpPUIHMHAIA
(cmotpu hopmyay (2.9)) u Tabnumy 2.1:

z ‘k.B(Z) K
z-1 C(z2)

y(oo) = Iiml(z -1)-

Pe3ynbraTr nmosyuuscs Takou e, KaK ¥ JJIsl HENPEPBIBHOW CUCTEMBI, YTO yKa-

3bIBAET HA COXPaHEHHUE MPEKHEr0 cMbiciia Kodpduiumenta nepenaun: aisa CAY ¢ ny-
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JIEBBIM MHAEKCOM (TOPSIKOM) acTaTu3Ma Kod(PPUIMEHT meperayd paBeH OTHOIIe-
HUIO YCTAHOBUBLIErOCS 3HAYEHHUS BBIXOJHON KOOPAMHATHI K YCTAHOBHUBIIEMYCS 3Ha-
YEHUIO0 KOOPJMHATHI Ha BXOJe. B cilydae HeHyneBoro uHjaekca (Iopsjika) acratu3ma
0I00HOE OIpe/IeNIeHUE TaKKe MOXKET OBbITh JaHO, HO YK€ Yepe3 yCTaHOBUBIIIYIOCS
CKOPOCTh M3MEHEHHMS BBIXOJHON KOOPAMHATHI, YCTAHOBUBIIEECS YCKOPEHHE M TaK
nasnee.

3aMeTuM, 4TO KOPHU YpaBHEHUS B(z) = 0, A€ B(z) — MOJIUMHOM, (QUTYPUDPY-
ol B (2.13), HazpiBatorcs Hyaamu 11D n obo3navarores Kak z,, .., z, (OT aHIJL.
zero — Houib). KopHu ypaBHeHust A(z) = 0, TA€ A(z) — nosmHoM u3 (2.13), Ha3bIBa-
10TCst noatocamu J111® u o6o3Havar0TCs Kak p, ..., p, (oT anri. pole — momoc).

Yepe3 nynu u nontockl JIJIC MOXET ObITh ONpEAENeHa nocaedoeameibHO-

oexomno3uposannan ¢popma 3anucu /{11 D:

m

H(Z_Zi)

(z-z,)(z-2z,).(z2~-2,) _ g

(z=pXz=P)(Z2=P) (g

i=1

W (z)=b_ : (2.15)

rae K =b_— 0000wennvlil KO3hhpuyuenm nepedauu CUCTEMBI, CBSI3aHHBIN C KO-

¢ pumeHToM nepenadnd k COOTHOIICHUEM:
(_1)m H Z
k= K ———

L (2.16)
(-1'TT »,

Hanee mepeiigeM ko BTopomy crioco0y 3amucu AIID. Jlns storo moaenum

quCIUTENb U 3HaMeHarenb (2.13) Ha z' ¥ MOJyYHUM MOJMHOMBI 0 TIEPEMEHHON z B

OTpHUIIATEIIbHON CTEIICHU:

W(Z)= m m-1

1
l+a, ,z +a,,z +..+a,z

(2.17)

Tako#t croco6 3ammcu JIII® xapaktepeH sl TeOpUHM M MPAKTUKU UPPOBOI
¢unprparuu [7]. Tlostomy dopmy mpencrasiaeHus AP (2.17) Oynem Ha3bIBaTh

¢opmoit yugpposozo punempa.
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W3 (2.17) cnenyer, 4to

-2 m-1-1 -1

Y(z)(1+a,,z +a,,z ..+a,z ' )=U(z)b, 2" +b__z +..+ bz ). (2.18)

1 1-2
[Mpumenss k (2.18) dopmyny (2.7) wmm, roBopst HHAYE, YIUTHIBAs, YTO YMHO-
KeHre Z-u300pakeHus: Ha OmepaTop 3aepiKKH z “ COOTBETCTBYET 33CPIKKE OPHIH-

HaJIa Ha k IICPHUOA0B NUCKPCTHU3AlIUU, IIOJ'IyLIaCM:
y(n)+a, ,y(n-1)+a, ,y(n-2)... +a,y(n-1)=
=b um+m-)+b_ um+m-I-1)+...+bu(n-1). (2_19)

Wnu, B koMnakTHOM (hopMe 3amucH,

éoalky(n—k): kz:bmku(mm —1-k). (2.20)

VYpaBuenue (2.20) npuHATO HA3BIBATh PAZHOCHHBIM YPAGHEHUEM TUCKPETHON
CUCTEMBI. Pa3HOCTHBIC ypaBHEHHUS UTPAIOT TaKylO XK€ POJb B TEOPHH TUCKPETHBIX
cucTeM, Kak nuddepeHiaibHble — B TEOPUU HEMPEPHIBHBIX CUCTEM.

N3 Beipaxkenus (2.19) cienyet dopmyra, BeIpaxkaroiias aaroput™ 1udpoBoi
GuabTpaLMK:

y(ny=b u(m+m-1)+b_u(n+m-1-1)+..+bu(n-1)-

-a,_,y(n-1)—-a, ,y(n-2)-..-a,y(n-1). (2.21)

[To sToit popMysie MOXKET pacCUMTHIBATHCS MEPEXOAHBIM MPOIIECC, €CIU U3-
BECTHO BXOJIHOE BO3/ICHCTBUE U MAPAMETPhI CUCTEMBI.

Crpykrypa 1{®, onucsiBaemoro BeipakenueM (2.21), nokaszana Ha puc. 2.1
Tako#t ¢unsTp HazbBaeTcs pexypcushvim I[@, viu I[@ ¢ beckoneyHol umnyibc-
nout xapakmepucmuxou (bBUX-punstp). U3 popmynsr (2.21), a Takke u3 puc. 2.1
BUsHO, uTO JIUTID Takoro [{® nHukorma He 3aTyxaeT A0 Hyms. UToObl yoeauThes B

3TOM, IOCTATOYHO IMOJIOXKHUTh, YTO HA HEKOTOPOM TaKTE€ C HOMEPOM n = v y(v) # 0, H

" B Teopuu m mpakTuke MU(GpOBOi 06pabOTKH CUTHAJIOB, HAPSIY C PEKyPCHBHBIMH, UCIIOJB3YIOT
HnepexypcusHule Qunpvmpsi. B Takux QuibTpax BBIXOAHOW CUTHAT POPMUPYETCS TOIBKO U3 OTCYETOB BXOJ-
HOTO CHTHajia, TO €cTh Bce KO3((GHUIMECHTHI 8y paBHBI HYIrO0 (cM. hopmyisl (2.16) u (2.15)). DTo o3Hauaer,
YTO HEPEKYPCHBHBIN (QUIBTP HE UMEET BHYTPEHHUX OOpaTHBIX cBs3eit. OH Bcera yCTOHYMB, a MEePeXOIHbIH
mpoIiecc B HEM 3aKaHYMBAETCs 32 KOHEYHOE YHCIIO IEpUOJIOB AuckpeTn3anuu. OIHaKo Takoi (GUIbTp B JIaH-
HOM KOHTEKCTE HE MOKET SIBIISITHCS MOAEINBIO nuckpeTHoit CAY.
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Toraa, 1o gopmyse (2.21), MOXHO BEIYUCIHUTD y(v +1), y(v + 2) U TaK Jajiee.

| - m IITYK

A

m IITYK
AN

u(n)

e

N 7

L=

z

-1

|% 2711

y(n)

Y
| IWTYK

Puc. 2.1. Ctpykrypa nudposoro BUX-dpunbrpa (ipsimast peanuzarius)

BaxnenmuMm smeMeHTOM CTpYKTypbl LID siBisiercs 3Beno ¢ JAIID z-

LIECTBIISIONIEE 3a/IEP/KKY CUTHAJIA HA OJWH NEPUOJ AUCKpeTu3aunu. Peanusanus ta-
KOTO 3BEHA CpeACTBaMH LU(PPOBON TEXHUKH B PEAIbHOM MacliTabe BpPEMEHH
MPEIOJIaraeT 3aMucCh YUCEN B MAMSITh BBIYUCIUTEILHON CUCTEMBI U CYUTHIBAHUE UX
yepe3 Tpedyemblii nHTepBai BpeMeHu. KpoMe anemMeHToB 3aaepKku, cTpykTypa LD
COJICP)KUT CYMMATOp M MPOIOPIMOHAIbHBIE 3BEHBS (Kod(hduimentsr). O4eBUIHO,
91O peKkypcuBHbIN [[®D nMeer m mpsSMBIX KaHAJIOB MPeoOpa3oOBaHMsI BXOTHOTO CHUT-
Haja U | 0OpaTHBIX CBA3EH MO BHIXOJHOMY CUTHAIy. Hamudue oTpuIlaTeNbHBIX CBS-

3€il yKa3bIBaeT Ha CYIIECTBOBAHUE MPOOJIEMbI YCTOMYMBOCTU HUGPOBOTO (UIBTPA C

OECKOHEYHOU MMITYJILCHOM XapaKTEePUCTUKOM.

Kpome npsimoit popmbl peanuzaruu 11D, nokazanHoi Ha puc. 2.1, U3BECTHBI U

HCIIOJB3YIOTCA APYIrue q)OpMI)I peal3aly: KaHOHHYCCKasA, TPaHCIIOHUPOBAHHA,

nocjeaoBaTeabHas (KackaaHas) U napauienbHas [7].
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2.2.2. llepenatounnie pyHkun pazoMKHyThix CAY

PaccMOTpUM pPa3oMKHYTYIO CHUCTEMY CO CTPYKTYpOH, NpPEICTaBICHHOM Ha
puc. 2.2. DTta cuctema nojixy4eHa pa3mbikanueMm 3aMKHyToi CAY, paccMOTpEeHHOIl B

pazaeine 1 (cm. puc. 1.25).

ITHY
N
— —
I[THY 1ip. uenu
A
HY
4 \A
- ™~
e(t) oty oc Yoc (1)
— *> W (2) > W, (p) (W (P2 W (P) ——>
| | v v v
: : v : i
| : u(n) v :
! ! i_ -iY(n)W E
: R TR o
: T I | Z
: u(n), :
vo_ ___ v v
e(n)! B oo (1)
—__>| WP(Z) I-_"_—>| Wn}.[q (Z) _-__>
|____I !_ _____________ I
Puc. 2.2. CtpykTypa pa3oMKHYTOMH CUCTEMBI
Ha pucyHke npuHATHI cienyromue o003HaYeHUs: W, (z) = v _ I [P

E(z)

(0d); w, (p) — 1D ¢ukcaropa; W .. (z) = % — skBuBasieHTHas JAI1® ITHY mps-
z

IMHY

o o Y yA
MOMU IICTIH (JII/ICerTHBII/I DKBHUBAJICHT WnrlfI (p) ); W (2) = %()) — DKBUBAJICHTHAA
z

JII® TIHY pa3omkHyTO# cucTeMbl (IMCKPETHBIM SKBHBAJICHT W . (p));

YOC (Z)

WH?lc (Z) = Y (Z)

— yciioBHO paccMmaTtpuBaemas JII1dD 3BeHa 0OpaTHOMN CBS3H.
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Bce koopMHaThl Kak B pa30MKHYTOM, Tak U B 3aMKHYTOW CAY, KOTOpBIE U3-
HAYaJIbHO HE JAMCKPETU3MPOBAHBI, pACCMAaTPUBAIOTCS B BHUJIEC PEUICTUATHIX (YHKIHUH,
nopoxaaemMbix pukTUBHBIMU D, paboTaronmmMu CHHXPOHHO ¥ CHH(a3HO C OCHOB-
HeiM MWD, xBantyromuM paccoriacoBanue (pukrtuBHsie MWD mokazanbl Ha
puc. 2.2). GakTHUECKH, UCXOIHASI CUCTEMa, UMEIOIIas B CBOEM COCTaBE HENpPEPHIB-
HbIC 3BEHbsI, 3aMEHSICTCS] SKBUBAJICHTHOU CUCTEMOM, COCTOSIIENH U3 UPPOBHIX (UITh-
TpoB (IyHKTUPHAS cxema Ha puc. 2.2). Kaxaplii u3 3Tux QUiIbTpoB B ONMPENCICHHOM
CMBbICIIE (HE 0053aTeJIbHO B OJTHOM U TOM €) SKBUBAJIEHTEH COOTBETCTBYIOUIEMY He-
[IPEPBIBHOMY 3BEHY UCXOAHOU CUCTEMBI.

Cyl1iecTByeT HECKOJIBKO CIIOCOOOB YCTAHOBJIEHHUSI COOTBETCTBUS (9KBHUBAJICHT-
HOCTH) HENPEPHIBHBIX U JUCKPETHBIX TUHAMHUYECKHUX cUCTeM. B obmiem ciyyae 3tu
CHOCOOBI JAIOT pa3iIUYHbIE pe3ynbTarhl. Vcmonab3yeM MeToJ WHBAPUAHTHOCTH UM-
nyiabcHON mepexonHoi ¢yHkiun (WUIID), cyte KoToporo BeipakaeTcs (GopMyioi

(2.6), ecnmu mox u3o0OpakeHueM X (p) moHuMmath 1D w (p), a mox X (z) — AP
W (z) . Takum o0paszom, coriacHo metony uHBapuantHoctu UIID, HenpepsiBHOMY

00bekTy ¢ IId W (p) cTaBUTCS B COOTBETCTBHE IHUCKPETHBIM 00BekT c JIID

t=nT

a

W (z)=Z{g(n)}= Z{ (L {w (p)}) } . 10T cnocob rapantupyer, uro UIIP ana-

JIOTOBOTO TMpoToTHUNa g(t) Oyner ormbaromieit pemeryatort pyukiuen JIUTD nuc-
KpETHOro 00BbeKTa-aHajaora g(n).
ITockonbky
Z{W, (PIW ' (P} % Z{W, (P)}-Z{W " (P},

Z{W, (D)W ()} = Z{W, (P)}-Z{W,, (P)),
SKkBUBAJIEHTHBIE /([P UMEIOT CMBICI TOJBKO IS NMPUBEAECHHBIX ydyacTkoB HY, TO

€CTh YYaCTKOB, BKJIIOHaronux B ceds gukcarop. [loaTomy, onpeaennm
W o (2) = Z{W gy (P)} = Z{W, (W " ()}
W (2) = Z{W e ()} = Z{W py (PIW 0 (P)}= Z (W, (PIW,, (P},
rae W ., (p) =W . (p)W . (p) —I1® HY pazomkuytoit CAY.
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ocC

[TockonbKy 3B€HO 00paTHOM cBsi3M ¢ [ID W . (p) HE COEAUHEHO HEMOCPEe.-

oC

CTBEHHO C (puKcaTopoM, Mbl He MOxeM HaiTH ero JII[Id w - (z) mo W . (p), TO €CTh

W oo (z) = Z{W o (p)}.

ocC

B 10 %€ BpeMst W, (z) IOJKHA COOTBETCTBOBATH BBIPAKEHUIO

WHH‘I (Z) = W]‘[H]-[uq (Z)WHOqC(Z) 1)

n
TTHY

nockoJbKy JuHeinbie LD ¢ AP W . (z) U W, (z) BKIOYCHBI [IOCIEAOBATEIBHO.

Otcrona nomydaem onpenenenue JII1D 3BeHa oOpaTHOM CBSI3U:

W (2) = W—”:: (Z).
W (z)

ITHY

(2.22)

Takum o6pazom, 1D W . (z) B KOHTEKCTE JAHHOW 33]aud HE UMEET He3aBH-
CHUMOTO0 OIpEAeICHUsT U MOKET OBbITh OmpezelieHa ToNbko depe3 apyrue D, co-
riaacHo ¢opmyste (2.2). 3amernm, uto cama no cede JIID W . (z) ¥ HE HYXKHA MPH

PEUICHUHN PACUYCTHBIX 3aJa4, U CJIICJOBATCIIBLHO, €€ MOKHO BOO6H.I€ HC BBOJAHWTL B pac-

CMOTpeHUE (MOXHO MBICIIEHHO yOpaTh ¢ pHUC. 2.2 3allITPUXOBAHHBIN 37eMeHT). Tem

ocC

HC MEHEC W (z) BBeOcHA, yTOOBI HE BO3HHKAJIO HCIOIMOHMMAaHMA BOIIPpOCA, a TAKIKC

JUIsl COXPaHEHUsl BU3YyaJIbHOTO COOTBETCTBUsI CTPYKTYPHBIX CXEM IHUCKPETHBIX CH-
creM ¢ HenpepbIlBHBIMA [ID 1 3kBUBaneHTHBIX cxeMm ¢ L1D.

Onpenenum Teneps 11D pasoMKHYTON CHCTEMBI Kak

Yoo (2)
E(2)

=W, (2)-Z{W,(p)W,,(p)}

vaa&(z) = =W, (z2)W,,,(2)=

C yuerom (1.16)
W (2) =Wp(z).z{—1‘ epT"p W, (p)}.

[TockonbKy e *° = z, COTNIaCHO ONpEAENEeH IO Z-IPeoOpa3oBaHus, TO

W, (2) = (1- z*)wp(z)-Z{W“‘*—(p)}.
p
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HpI/IBO,IUI BBIPAKCHHC B CKOOKax K 06H16My SHAMCHATCIIO, I10JIYIaCM:

(2.23)

W, (2) = 2 Z‘lwp(z»Z{W‘“—(p)}.

p
Ota ¢popmyna mupoko npumensiercs rnpu pacuere AI1D pazomkuyteix CAY.
IIpumep. Haiitu auckpeTHyro nepeaaToyHyo (pyHKIHUIO pa3OMKHYTON CHUCTe-
MBI C TPOMOPIHMOHATBHBIM 3aKOHOM YyIpaBiieHHst (W, (z) =1) U IKCTPAIOJISATOPOM
HYJIEBOT'O MOPSIIKA, €CJIM HENpEpbIBHAS YacTh nMeet [1D:

W (p)=—"—,
p(Tp +1)

rae k =50 ¢ T =1 ¢ MepHOJ AUCKPETH3AIIH T,=0,05 C.

YroObl BOCIOJIb30BaThCsA (GopMmyioit (2.23) u Tabnuiei Z-npeoOpa3oBaHUi,
PasIoKUM W, (p)/p Ha IPOCTHIE APOOH.

Hcnonb3yem n3BecTHYIO (hOpMYITy pa3iioKeHUs MPAaBUIBHOM JpoOU HA CyMMY
IPOCTEHIINX APOOEH

F(x) A, A, , 1
= + + .+
a,(x—a) (x=b)(x-c).(x-1) (x-a)" (x-a)'" X - a

B+C L

+ ... + .
Xx—b X—2C X =1

+

B Hamewm cnyuae

k A A B

. .
T(p—O)(p—O)(p+j p+
T
[IpuBoIMM K 00IIEMY 3HAMEHATEIO:

Azp(p+ﬂ+ AlpZ(p+g+ Bp
L T) L T)
2 1 3 1
wee ) aH
T T

* Beirogackuiit M. SI. CnpaBounuk 10 Beicnieii matematuke. — M.: Hayka, 1969. Cmotpu (opmyity
(2) Ha ctp. 427 u popmymy (9) Ha cTp. 428.
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ITocne COKpalmCHUs IoJay4acm:

k A, )
—=A,p+—+Ap +
T T

1P

+Bp2.

[ pynmupyeM cinaraeéMple 110 CTENEHAM p -

k A
—=p (A +B)+ p(A2+—q+—2.
T \ T) T

[IpupaBHMBaeM ciaraéMble IPU OJWHAKOBBIX CTEIIEHSAX p M3 MPABOU U JIEBOU

YacTel MOJIYYEHHOTO BeIpakeHus. [lomydaem cucteMy ypaBHEHHUM

A, =k;
A, = kT ;
B = kT
Takum 00pa3zom,
k k KT kT
ey o a1
p (Tp PPt
T

CornacHo (2.23),

Wpag_(z):kﬁZJL_T__F T l
z
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[T (z-d)-T(z-1)(z-d)+T(z-1)"1
=k(z-1)| -2 . -
| (z-1)"(z-4d) |

Tuz—Tud Tz 4 Tzd +Tz-Td +Tz22 -T2z +T

2"~ z2d -z +d

(T Td-T)2-Td-Td+T -

2 - z(d +1)+ d

Ilocne uncineHHoN NOACTaHOBKU

_0,06147 z + 0,06046
7% ~1,951 7 + 0,9512

W]m (z)

Pemenne sToii 3amauM ¢ Hcrosb3oBaHMeM makera Mathcad wumoctpupyer
puc. 2.3. Emie npoie nomyuuts pemienue mpu nomoiu makera MATLAB. Onpene-

nsieM B padboueit oonactu MATLAB I1® HenpepbIBHON 4acTH:

>> W1=t£([50], [1 1 O])

Transfer function:

Hanee ompenensem IIP cucremsl ¢ 3KCTPANOIATOPOM HYJIEBOrO MHOPSAKA,

HCTIONB3Ys KoMaHy c2d:

>> W2=c2d (W1, 0.05, 'zoh')
Transfer function:

0.06147 z + 0.06046

z*2 - 1.951 z + 0.9512
Sampling time: 0.05
ECTGCTBGHHO, pe3yJibTaThl, ITIOJTYYCHHBIC B o0oux IIaKe€Tax, COBIIaAaroOT.

2.2.3. llepenatouynbie GyHKIUM 3aMKHYTHIX TUCKpPeTHBIX CAY

Oobpartumcs k 3amkHyToi CAY, cTpykTypa KOTOpo# mokazana Ha puc. 1.25. C
Y4E€TOM 3aMEUYaHUi, CIETaHHBIX BBILIE M0 OTHOLIEHUIO K Pa30MKHYTOM CHCTEME (CM.

puc. 2.2), ctpykrypa 3amkHyToit CAY MOXXeT ObITh IpUBEACHA K BUY, IOKA3aHHOMY

Ha puc. 2.4.
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Bapaem W, (p)/p:
k

2
p(Tp+1D

OcyuwecTensaemM oGpaTtHoe npeoGpasoBaHiie Jlannaca:

-t
k-(—T +t+ T»exp[?Jj 2 TD

MepexoAnM K AUCKPETHOMY BPpeMeHI 3aMeHOli NepeMeHHol t Ha nT, (ANA Yero Kkonupyem B 6ytep nT,
1, BbIAENHE t, NpHMeHAeM KoMaHay Substitute (Simbolics/Variable/Substitute):

kz(-T +nTD + T-exp[—n-T:I‘—DJJ

Bepem Z-npeoGpazoBaHie (Simbolics/Transform/ Z):

-TD -TD -TD
T-z»exp(T) =Tz= T»exp(T) + TD:z = TD-exp(T) +T

=)

Fpynnupyem Y1ucniTenes no crenedam z (Simbolics/Collect):

. (TD + T-exp(%j = T)-z = TD-exp(%) +T= T-exp(%)
2 -TD
-9 x- o 2))

[omHOXaeM Ha (z-1)/z 1 ocylecTBNAEM ynpolueHite (Simbolics/Simplify):

-TD -TD -TD
2;1. - (TD + T<exp(T) = TJ'Z - TD<exp(T) +T = T»exp(T)
z 2 -TD
(z-1) -(z— exp(T)J

T-z-exp =1 -Tz-Texp =10 + TD-z — TD-exp ol +T
@ T T T

o ()

PackpblBaeM cKoGKH B 3HameHaTene (Simbolics/Expand) 11 AenaemM rpynnupoBKy:

-TD -TD -TD
T-z»exp(TJ =Tz- T»exp(TJ + TD-z - TD-exp(T) +T

2 z 1
- -z+
o 2
= T g T
(TD + T-exp(ﬂj = T)-z— TD-exp(_—TE) #: T T-exp(i]?-)
% T T T

-1 1
22+ =1

T+
o D | 2
& “
anomaeM 3HaMeHarTensb i1 nony4aem pes3ynbTart B oGwem Brae:
TD + T-exp il - T |-z- TD-exp =T, +T-T-exp =ID)
% 4 T T
22 = ze atl P Z+ e bl
® T 5 T

MoacTtaBnaem yucna:

kz

k-

k=30 T:=1 TD:=005

"N
~TD £ -TD
TD + T-exp =10 - T |z-TD-exp it + T - Texp| —
. T T T ) g \2254245007140091 e 22 + 120910427425029046¢-3
- . exp(%) S exp[?) 2 - 1.9512204245007140001 .z + 95122042450071400009

3 3

- 1.22042450071400909- 10”

22 - 1.9512294245007140091 -z + 95122942450071400909

Aenaem Simbolics/Expand:
2

50 -z + 1.20010427425029045-10°

2

6.1471225035700454500-10 “-z + 6.0455213712514522500-10

12 - 1.9512294245007140091 -z + .95122942450071400909
OrpaHlyMBaemM YMCno oToGpaxaeMblX sHavawWKnX Uigp (Simbolics/Evaluate/Floating Point, 4):
6147e-1-z + 6046e-1

22 - 1951-z+ 9512

Puc. 2.3. Haxoxnenne JAI1® pazomkuyToii cuctemsl B Mathcad
ol
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ul(t) e (1) y (1)
W, (2)
u.(n) &(n) y(n)

Yoe (M)
ocC

W (2)

Puc. 2.4. IlpuBeaenHas ctpykrypa 3aMmkHyToi CAY

Ha puc. 2.4 npunatel o0o3HadeHus: W (z) =W, (2)W .\ (z) — D npamoii

IMHY
nenu ynpasjienus; W, (z) — JITI® 3BeHa oOpaTHO# CBs3HM, OMpeneeHHast COTJIACHO

(2.22). 3anaroniee BO3ACHCTBHE TAaKXKE MOKa3aHO AUCKPETHbIM. CUUTAETCS, YTO OHO
nuckperusupyetcs puktuBHbIM U3, aHanoruyHo ToMy, Kak 3TO JeNaeTcs C Apyru-
MU KOOpJIMHATaMHU CUCTeMBbI (cM. puc. 2.2). Cxema, nmokazaHHasi Ha puc. 2.4, MOXeET

OBITH IMPUBCACHA K AKBUBAJICHTHOU CXCMC, MOKa3aHHON Ha pHuc. 2.5.

U (t) —~ & () y (1)
> > W, (z) —m—m—m—>
u.(n) g(n) y(n)

Yoc (M)

W]m(z)

Puc. 2.5. DxkBuBaneHtHas cTpykTypa 3aMmkHyToii CAY

Ha puc. 2.5 o6o3HaueHa aucKpeTHas mepenarodHas (QyHKIHS Pa3OMKHYTOU

CHCTEMBI W (z) =W, (z)W ,, (z). Takoe npeacraBieHue CTPYKTYPHOU CXEMBI SABIISET-

TIHY

Cs MPEANOYTUTEINBHBIM, TaK KaK HAa CXE€ME OTCYTCTBYET B IBHOM BuJE 3BeHO ¢ 11D

ocC

W, (z), 0 KOTOPOU F'OBOPUJIOCH BBILLIE.

Wrak, onpenenum 11D 3aMKHYTON CHCTEMBI KaKk

Y (2)

R TIeN

ITPH HYJCBLIX HAYAJIbHBIX YCIIOBUAX.
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CocrtaBuM YPaBHCHUA OJIA PACCOTTIACOBAHUA U BBIXO,Z[HOﬁ KOOpAHHATHI.
E(z)=U.(2)- E(2)W,,, (2);
Y (z) = E(2)W, (2).
N3 BTOpOro ypaBHEHUA CIEIYET, YTO E (z) =Y (z)/W m (z) . IlogcraBnsiem 310

BBIPA’KCHHUC B IICPBOC YPABHCHUC H I10OJIYYACM:

Y@y D Wy

Wi (2) Wiy (2)
Ortcrona cienyer:

1+Wpa3,(z)_
Y (2) W (2) =U.(z2). (2.24)

JlenuMm JIeByI0 U TIpaByto 4acTh (2.24) Ha n3o0pakeHue U . (z) W HAXOJUM, UTO

W, (2)
W(z)=—"""",
1+Wpaz'(z)

HNJIN

W, ()W (2)

ITHY

1+ W, (2)W , (z)

W (z) = (2.25)

OtMerum, 4TO B psje yueOHuKOB, Hanpumep B [1], popmyny mis AIID 3a-

MKHYTO CAY 3anuchIBatOT B BUAE:

Wpag' (2)

W(Z)Zm.

Takast 3anuch cripaBenuBa JJisi CHCTEMBI C €IUHUIHOM 00paTHOH cBs3bi0. Co-
BpeMeHHbIe CAY UMEIT HeeJMHUYHbIE 00paTHBIC CBSI3U, HO UX CTPYKTYPHBIE CXEMBI
MOTYT OBITh TIPUBECHBI K IUHUYHOU 00paTHOM CcBsi3u. UTOOBI M30€XaTh psija BO3-
HUKAIOIIUX MPU ITOM 3aTPyAHEHUI, OyeM majiee moJIib30BaThCsl BEIpakeHueM (2.25).

CrnemyeT OTMETUTh, UTO PAaCCMOTPEHHAs CTpyKTypa auckpetHoit CAY sBiser-
CA TUIIMYHOW, HO HE €IMHCTBEHHO BO3MOXXHOM. B cniennanbHON auTepaTrype MOKHO
HaWTU OMKHCAaHWE MHOXKECTBA CTPYKTYP IUCKPETHBIX CUCTEM, MAaTEMaTUUECKOE OIH-

CaHUC KOTOPbIX UMECT CBOU 0COOEHHOCTH.
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I'JIABA 3
YCTOMYUBOCTHh 1 ITMHAMMKA JJUCKPETHBIX CUCTEM

3.1. llousiTHe 00 ycTolunBOCTH AUCKpeTHOH CAY

I[J'ISI aHaJIi3a YCTOﬁqHBOCTH .]_U_—[C BOCITIOJIB3YCMCA M3BCCTHBIM H3 TCOPHHU HC-

MPEPBIBHBIX CHCTEM KOpPHEBBIM KputepueM. st storo 3amumem JIID (2.13) kak
(GYHKIIMIO KOMIUIEKCHOM TIepeMeHHoN p . Yurem, uto z = e *'# . Torga

b,e™ * + b, ,e™ PP 4 4 b,

e®Tr 4 g, e VP 44 A,

W (p) = (3.1)

Takast 3amMCh COOTBETCTBYET MCHOJIB30BAHUIO JHUCKPETHOTO MPEOOpa3OBaHUS
Jlamumaca (KOTOpoe MOKHO paccMaTpyBaTh KaK YAaCTHBIM Cily4yall HEPEpPBHIBHOTO Tpe-
obpasoBanus Jlamiaca) BMecto Z-nipeodpasoBanus. K JII1® B popme (3.1) npume-
HUM KPUTEPUN YCTOMYMBOCTH, TPEOYIOIINI PACTIOIONKEHUS BCEX MOJIOCOB CUCTEMBI

B JICBOM ITOJIYIUIOCKOCTH IEPEMEHHOMU p .
Ecnn u3MeHATr MHUMYIO 4aCTh KOMIUIEKCHOM IepemeHHoun p, To AIID mpo-
SIBUT TIEPUOJIMYHOCTD, MOCKOJIBKY W “(p) =W "(p + jQ,r), TOA€ r — LEI0E YHUCIO.

UYtoO6sl 0Ka3aTh 3TOT GaAKT, ydTeM, YTO

a+ jb

e =e"(cos b+ jsin b).

Tornma

. .2
(c+ jo)T, + J%rTn

(p+jQ,nT, . T, + j(oT, +2nr)

e "[cos( @T, +2xnr)+ jsin( T, +2nr)] =e’ ",

cos oT sinoT
a A

Orcrona sicio, uro JI1® B popme (3.1) umeeT OECKOHEUHOE YHCIIO MOJIOCOB

o; (i=1,2,..)uHynert p; (j=1,2,..), KOTOpbIC PACIIOIOKCHBI HA KOMILUICKCHOU P-
IUIOCKOCTH TPYIIaMHU B TOJ0cCax IMUPUHON Q , . Kakmas mosioca COAEPKUT TPYIITy

U3 | TONIOCOB U m HyJieH. DToT pakT wimocTpupyercs puc. 3.1.
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

OueBuano, 1P noaHOCTBIO ONMpeAeseTcs MOII0CaMu U HYJISIMH, JISKAIIUMH
B OCHOBHOU mojoce. [Toaromy MoxHO ToBOpUTH O TOM, uto JIID B dopme (3.1)

HUMeEET | OCHOBHBIX ITOJIFOCOB U m OCHOBHBIX Hyneﬁ.

Nim {p}
3q,
2
i [ J
X X
Q,
N — @ .
X Q 1 X [ ]
° 2
[ ]
1 ~ <
_ E loll o ® K- L
¢
d Re \p
ik X L, X . tp}
y * 2
[ ]
X X d
-Q,
7] —@ L
X 3 X
° - ) Q, °
Puc. 3.1. Pactionoskenue noitocoB u Hyneu 11D
Kaxxgomy ocHoBHOMY moJtocy o (i =1,2,.., 1) coorBeTcTBYyeT mosroc 1D B
dopme (2.13) p; (i =1,2,..,1). MOXHO cuuTath, 4TO Z-nMpeodpa3oBaHre 0TOOpakaeT

OCHOBHYIO IIOJIOCY P-IUIOCKOCTH B Z-IIJIOCKOCTb. OTOT (DaKT WLIOCTPUPYETCS

puc. 3.2. OTpe30K MHHMOW OCH P-TUIOCKOCTH [- Q,/2, Q, /2] orobpakaercs B

OKPYXKHOCTh CIMHUYHOI'O paanyca Ha Z-TNIOCKOCTH. ITosicaum 3TO Ha IIpUMCEPC 0TO00-

PaKCHU AT TOYCK, COOTBCTCTBYIOIIHUX HeﬁTpaHBHBIM IMOJIroCaMm.
. Q .
o, =0+ jT—> p, =-1+ jO,

TaK KaK
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L2, ) 21, ) T

Im {p}
P-IIJIOCKOCTh

-

\
1
, 1
1 -~ Z-IUIOCKOCTb !

\
]
|
|
L}

|
I
I
)

I
)

1

!

I

Puc. 3.2. OtoOpakeHrue OCHOBHOM MOJIOCHI P-TUIOCKOCTH B Z-TNTIOCKOCTh

. Q .
az:0+JT—> p, =0+ ji,

TaK KaK
(BB
p,=¢ = e =e’| cos T, |+ jsin T, |]=
NN ) 4 7))
=cos(2ﬂTW+jsin(2—nTJ=cos£+jsin£=O+Jl,
4 ) k4T 2 2
piy a - ] —_—
0 1
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OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

TaK KaK
p; =e“™ =e%(cos 0 +sin 0)=1;
. Q .
a, =0-j——— p,=0-J1,
4
TaK KaK
. (O—JQ‘WTQ Q
o,y J 0 A ici
= cos [— 21 T1j+ j sin (— 42Tn Tﬂj: cos (— §)+ jsin (— l): 0- j1;
a A — —
0 -1
as =0- JTJ_> ps = -1+ jO,
TaK KaK

:cos(—z—nT»+jsin(— 27tTW:cos—n+jsin—r::—1+j0.
o210 L o277 14 0

CrneBa OT MHUMOW OCH B OCHOBHOM TOJIOCE P-TUIOCKOCTU HAXOAMUTCS 00JacTh
ycToiunBocTd. OYEBUIHO, UTO OHA OTOOpaKaeTCs BHYTPh OKPYKHOCTU €AMHUYHOIO
paanyca Ha Z-TockocTu. OTCro/1a MoIy4aeM YCIOBUE YCTOMYMBOCTH JIMHEMHOW THC-
kpetHoil CAY:

p<1i=1,.1.

TakuMm 00pa3oM, JiuHelHana OUCKPemHas cucmema yCmouuuea, eciu éce eé
ROII0CHL J1edcam HYmMpu OKPYHCHOCHU eOUHUYHO020 paduyca Ha Z-nj10CKOCMU.

BnusHre mMoIr0CcoB Ha XapakTep COCTABISIONIMX CBOOOTHOTO JBUKEHUS WILITIO-
cTpupyercs puc. 3.3.

Touku, COOTBETCTBYIOIIHME OpAWHATAM pemeTdaroil (QyHKkmuu, Ha puc. 3.3

YCJIIOBHO COCAMHCHBI OTPE3KaMU HpHMOﬁ.
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MoOXHO Tak»Xe€ J10Ka3aTh, 4YTO JUCKETHAsA cUCTeMa ycrouuuBa, eciu e€ JIUIID

YAOBIIETBOPSIET YCIOBHIO:
> g(n)<w.
n=0

JlokazaTenbCcTBO 3TOTO (pakTa nMpuBoAUTCS, Harpumep, B [10].

Puc. 3.3. Bausgaue momatocoB Ha XapakTep MepexoqHOro npoiecca

3.2. Auredpanyeckuii KpuTepuii ycToiunBocTH AuckpeTHbix CAY

Y CTOMYMBOCTh AUCKPETHOM CHUCTEMBI MOXKET OBITH HCCIIEIOBaHA MO KO3 u-
IUEHTAM €€ XapaKTePUCTUICCKOTO YPaBHCHUS

2'+a, 4,2 +..+a,=0,

T (3.2)

rae A(z) — xapakrepuctudeckuil momuHoMm (XII) (cm. 3namenatens AIID (2.13)).

HemnocpenctBeHHO K (3.2) KpUTEpUHM YCTOMYMBOCTH HEMPEPBIBHBIX JIMHEWHBIX
cucteM He MoryT ObITh mpumeHeHbl. Ho ecnu XII nuckperHoit cucremsl moJBepr-
HYTbh IPe0Opa30BaHUIO, KOTOPOE 0TOOpakaio Obl MPOCTPAHCTBO BHYTPU €IMHUYHOU
OKPYKHOCTHM Ha Z-IJIOCKOCTH B JIEBYIO MOJIYIIJIOCKOCTh HEKOM KOMIUIEKCHOM mepe-

MEHHOM s , 4 CaMy €JIMHUYHYI OKPY>XHOCTh — B MHUMYIO OCh S-INIOCKOCTH, TO IIPHU-
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MCHCHHUC YIIOMAHYTBIX KPHUTCPUCB OKa3aJIOCh OBl BO3MOKHBIM. Takoe Hpeo6pa3OBa-

HHUE 337aETCS 3aMEHOM ITEPEMEHHOM

1+
2= (3.3)

Jlenaem B (3.2) 3ameny, onpeaensemyio (3.3):

| -1
(“—SJ +a._l[1+sJ +..+a,=0.
1--5 l1-s5

[IpousBens oueBUAHBIE TPEOOPA30BAHNS, TOTYYAEM:

D (s) B
L-s)

rae D (s) — HOJIMHOM CTE€NEHU | OT HOBOW MEPEMEHHOM s :
D(s)=d;s'+d, ;8" " +..+d,. (3.4)
KoaddumumenTsr mommaOMa (3.4) JTETKO BBIYUCISIIOTCS MTOCHE MPUBEICHUS T10-

TOOHBIX, CICAYIONIEr0 3a 3aMEHOM MepeMeHHOM. BripaxkeHus o01mero Buaa Al 3TUX

ko3¢ puimenToB MoxxkHo Hatu B [10]. Hymu XIT A(z), TO €CTh MOJIOCHI CHCTEMBI
p,, OTOOpaXKE€HbI B HYJU p, TMOJMHOMA D (s) 3aMEHOU MepEeMEHHOM:

N pi -1
pi =

pi+1
[Ipu 5TOM HyIM A(z), JI€KAIIWEe BHYTPH EIMHUYHOM OKDPYKHOCTH Z-
IUIOCKOCTH, OTOOPAKEHBI B HYIH D (s) , JIEKAIKME B JIEBOM MOJTYINIOCKOCTH MEPEMEH-

HOH s . DTO MO3BOJIET MPUMEHUTH K (3.4) u3BecTHbIN Kputepuii ['ypBua.

CocraBuMm Martpuny ['ypBuiia pazmepom | x | :

[d,, d, 5 d, s 0]
I d,  d,, d,, 0 I
: 0 d, d s 0 I
F:| e
I d, d, 0 I
| ds d, O |
[ 0 0 0 .. d, d, doJ
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OnpenenuM riiaBHble JUAroHajJbHbIE MUHOPHI (onpenenuTenu ['ypBuiia):

a=r|

Teneps MoxHO chopmynupoBaTh KpuTepuil ['ypBuna: cucrtema ycTroiumsa, ec-

JU IIpU d, > 0 BCE IJIaBHBIE JUArOHAJIbHBIE MUHOPBI MTOJIOKHUTENbHBI, TO €CTh
Ac>0(k=1,2,.,1). (3.5)

CobumrocTn yciioBue d, > 0 BCEr/a JIETKO: €ClIM M3HayalnbHO d, < 0, To XII
(3.4) cneayeT yMHOKHTD Ha — 1.

Ecnu onun u3 onpenenurened ['yppuna oTpumiaTesieH, T0 CUCTEMa HEYCTOMYH-
Ba. Ecim omun u3 onpenenureneit paseH 0, To cuctemMa MOXET ObITh KaK HEYCTONYH-
BOW, TAK U HaXOJAUTHCS HA FPAHULIE YCTOMYUBOCTU. Tak, €Cliu A, = 0, TO CUCTEMA —
Ha TPaHUIEe yCTOMYMBOCTU. C y4ETOM TOTO, UYTO PA3JI0KECHHE ONMPENEIUTENS A, IO
AJIEeMEHTaM IOCJIEAHEro CTONOLA OMpPENEseTCs BEIpAKEHUEM A, = d,A, ;, CUCTEMA
MOJKET HAXOJUThCA HA TPaHULIE YCTOMYMBOCTH B JBYX CIy4Yasx: Korjma d, = 0 WIH
Korga A, ; = 0.

Pewrast ypaBHeHHE A, ; = 0, MOKHO HAUTHU KPUTUYECKHUE MTAPAMETPBI CUCTEMBI,
KOTOpBIE COOTBETCTBYIOT I'PAHMIIE YCTOMYMUBOCTH, HAIPUMEP MpeaesbHbI KodpPu-
IMEHT Tiepenaun (WK MpeaesibHy0 TOOPOTHOCT).

JIJIsi TUCKPETHBIX CHCTEM HEBBICOKOTO TMOPSIKA YCIOBHS YCTOWYMBOCTH (3.5)
MOTYT OBITh BBIPKEHBI HEMOCPEICTBEHHO uepe3 KodpduuueHntsl ucxoanoro XII
A(z) [10]. PaccmoTpum Tpu yacTHBIX ciydas (I =1,2,3).

I.Ilpu 1 =1, A(z) = z + a,. YCI0BUSA yCTOWYUBOCTH:
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l+a,>0,
l1-a,>0.
I.TIpu 1 = 2, A(z) = z" + a,z + a,. YCIIOBHS yCTOWIMBOCTH:
l+a,+a,>0,)
2(1-a,)>0,}.
|
l1-a, +a,>0 J
. Tlpu 1 =3, A(z)=2" +a,z° + a,z + a,. YCIIOBHS YyCTOWIMBOCTH:
1+az+al+ao>0,]|
31-a,)+a,-a, >0,
3l+a,)-a,-a, >0
1—a2+al—a0>0,l
|
1—a§ +a,a, —a, > O.J
3agaua. Ha ocHoBe kpurepust ['ypBulla HalTH NPeEIeIbHOE 3HAYCHUE MEPUO0a
TUCKpeTu3anuu T, mis 3aMkHyTou auckpetHor CAY ¢ enunununoit OOC, dukcaro-
POM M HENPEPBIBHOM YacThio, nmeroment 11D

k
Tp +1°

Wi (p) =

rane k=10 ,T =01 C.

Pemenue miutoctpupyercs puc. 3.4.

3.3. Pacuer nepexoaHbIX NpoueccoB B AucKpeTHbIX CAY

[Tomydyenue pemeTyaThix (QYHKIMN MEPEXOTHBIX MPOIIECCOB OCHOBAHO HA HMC-
MOJIb30BaHUHU 00paTHOTO Z-mipeoOpa3zoBaHusl. [ BBIUMUCICHUS MOCIEIHETO MPUME-

HACTCA TCOPCMaA O BBIYCTAX, COITIACHO KOTOpOfI

1

x(n) =
(n) jZnTH‘

fx (z)z"'dz =3 Res X (z)z"" : (3.6)
|=1

z i=1 7=p;

rjae Res , X (z)z”'l‘ — BBIYET B TOUKE z = p,, X () = Z{x(n)}.

Z=p;
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Bapaem MO HenpepbIBHO YacTy:
W1 = X
Tp+1
Haxoaum Z-npeo6pasoBaHne oT W,,(p)/p:

=it
W1
g = — invlaplace,p — k|\-e X +1
P

AucKpeTusupyeM BpeMs, 3aMeHsAs t Ha nT;

TD
S
gn = g substitute,t =n-'TD — k||-e +1

Haxoaum OMN® pasomxuy‘roﬁ CHUCTEeMBbI:
-TD

-D+e £

W2zl = ztrans,.n — kz
& -TD
(-2 +e T (z-1

z-1

WZ2 = WZ1

z
-TD

-D+e N
-TD

WZ2 = k

(-2) +e
Haxogaum AMN® 3aMKHYTON CUCTEMBbI:

w22
T+ WZ2

-TD
T
WZ - k ED .+

-TD

T

-TD

-TD

|:(—z) +e

(-2) +e
-TD

-D+e x

-TD -TD

(-2 +e T -k+ke T
YnpouwaeMm sHameHatenb AMN® 3amxuy1'ov"| CHUCTEeMBbI,
npou3BoAA rPYNNUPOBKY NO 3KCNOHEHTe:
-TD -TD -TD =TD

WZ simplify — k-

(-2 +e 5 -k+ke T collect,e x = (k+1)-e 2 -z-k
BeinucbiBaeM koathuumnentol XM:

al =1 |: -TD }
al=—(k+ 1)-e T

3anucbiBaeM U pellaeM ypaBHeHHe, nony4yaemoe
M3 BTOPOro YyCrOoBUA YCTOMYHMBOCTH :

(1 - al) solve, TD — |- @ll—( -T
k+1
nonyqnnu pesynbTar B o6uem snae. NMoacrasnem Yyucna:
k=10 T:=01
W

g EDH KA Sl

[ k+1 ]]T“)( .1)1:1(“]
9

(_'I)M(HJ

20067069546215116130e-1

Takum o6pasoMm, nepuos ANCKPETU3aLMK He AOIKeH
npeebiware 0,02 c.

Puc. 3.4. HaxoxaeHue npeiebHOro napaMmeTpa U3 yCIoBHs YCTOMYUBOCTH
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BrIuer B Touke z = p,, €CIIA p, — HpOCTOﬁ IMOJIIOC, OIIPCACIISACTCA TaK:

1

Res X (z)z" "= 1lim (z-p,)X (z)z" " .
Z—> p;

Beruer B Touke z = p,, €CIU p, — MOIIOC KPATHOCTU v (TO €CTh MMEETCS v
OJTMHAKOBBIX MOJFOCOB BEIIMYUHOMN p, ), MOXKET ObITh Hali/IeH 1o GopMmyie:

4 [(z-p,) F()2""

1 im

Res X (z)z" " =
(v =1)>ridz

].

PaccmoTpum npumererue dhopmyiasl (3.6) 11T HAXO0XKICHUSI OUCKPENHOIL ne-
pexoonou xapakmepucmuku (JAI1X) CAY h(n). Onpenenum JIIX kak peakiuio
JIIC Ha equHUYHBIA AUCKPETHBINM CKadoK 1(n). Torma H (z) = Z{h(n)} MOXeET OBITh

z

ONPEICIICHO C YYETOM TOI'O, UTO Z {1(n)} =

l,KaK

_ YA
H(2) = 2 W (2),

roe W (z) — AIId CAY.

C ygyerom dopmyisl (3.6)

h(n):z Res | zilw (z)2"" : (3.7)

rae p; — OOJIOCHI H (z2) .
OnpenenymM B KayecTBE NpUMEpa MEPEXOJAHYI0 XapPAKTEPUCTUKY CHUCTEMBI U3

3a/1a4M, TpUBEJICHHON B pazzaene 3.2, Ha ocHoBe Gopmyisl (3.7). IlepBblit sTam pe-

IIEHUS 3aKII0YaeTCsl B onpenelieHnn Z-u3zoopakeHus I1X H (z) = #lw (z) U ero
Z —_

MOJIFOCOB. DTOT 3Tall WIUTIOCTPUPYETCA puc. 3.5.

Bropoii stan BemosiHgeM 0e3 ucnoiab3oBanus Mathcad u3-3a mpoOriem, nume-
IOLLMXCS B 3TOM IaKETE, C BBIUUCIECHUEM MIPEAEIIOB HHTEPECYIONIETr0 Hac Tumna. Mrak,
p, = 0,4635 , p, =1. HaxoauMm nepBbIl BBIYET:

1

Res |H (z)z" ' = lim (z- p)H (z)z" " =
Z*)pl

n-1

. 0,4877 -z-z 0,4877 -0,4635
= lim (z - p,) =
25 py (z-p, )Nz~ p,) 0,4635 -1

n
n

= -0,9091 -0,4635
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BbiGupaeM nepuog AMCKPETH3aLMK € Y4eTOM pesynbTaTa pelleHus
npeAbiayllel 3aAa4l U 3a8aéM YMCreHHble 3HaYeHWs NapaMeTpoB

CHUCTEeMbl:
TD:=001 JT=01 k=10
=10
T
WI = k- (Ehwe
T ~TD

(-z) + e 4 -k+ke T

—.95162581964040426840
(—2Z) - 467834016044446952e-1
1189532274550505335.5
1250000000000000000. -z + 58485502005555869.
OnnenensieM M306paxeHHe NepexoAHON XapaKTepUCTHKIN H(z)

B g

W7 —

WZ simplify —

z-1
z
- 1)-[(-2) - 467334016044446952¢-1]

H — (-.95162581964040426840) - 0
z

z
[(z - 1)-[{-2) - 467834016044446052¢-1]]

(-.95162581964040426840) -

NMpuMeHsieM k sHamMeHaTenw H(z) komanay Simbolics/Expand:

z
(—.95162581964040426840) -

[(—Z ) + 9532115983955553048 -2 + .467884016[]44446952941]

PellaeM xapakTepucTHYeCcKpe ypaBHeHHe U HaxoAUM noniockl p1 1 p2. Ans
3TOro BblAenseM NepeMeHHyIo "2" 1 NPUMeHseM KOMaHAy
Simbolics/Variable/Solve:

—22) + 9532115983955553048 -7 + 467834016044446952e-1

1
( - 46788401604444695200e-1 ]

Puc. 3.5. Unmoctpauus u3 nokymenta Mathcad k nepBomy sTany perieHus

[lanmee Hax0AMM BTOPOM BBIYET:

1

Res ,H (z)z" "= lim (z- p,)H (2)z"" =
Z*)pz

n-1

) 0,4877 -z-z 0,4877
= lim (z-p,) =
22 p, (z-p,)z-p,) 1-0,4635

= 0,9091

Teneps onpeaensem I[1X B coorBercTBHM € (2.31) Kak CyMMY BBIYETOB:
h(n) = Res |H (z)z" '+ Res ,H (2)z" " =

=0,9091 -(1-0,4635 ").

Tpertuii 3Tan — nocTpoeHue rpapuka NepPexoAHON XapaKTEPUCTUKU MO TMOTY-

yeHHOM Gopmyite. Ero yno6HO BeIOIHKUTE B JoKyMeHTe Mathcad tak, kak mokaszaHo

Ha puc. 3.6.

Crnenyer MOMYEPKHYTh, YTO JIAHHBIA METOJ] HaXOXKJEHUS pemeTdaThix (PyHK-

IIUHA TIEPEXOJHBIX MPOIIECCOB MPUMEHUM M TMPU JAPYTUX BUJAX BXOJHBIX BO3JIEH-

cTBUl. BaxkHbIM AOCTOMHCTBOM 3TOI'0 METOJA ABJISACTCA aHAJIUTHUYHOCTDL PE3YyJIbTaTa

(mory4gaetcst popmMyIia IepexoaHOTO MPOIECca, @ He IPOCTO HA0OP OTCUETOB).
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48770575499285990910 - 46352366950785410000"
e A46352366950785410000 - 1.

Res1 :

Res1 — (-.50909090909090909093) - 4635236695078541 oooo”

Resd = A8770575499285990910
71 - 46352366050785410000

Res2 — .90909090909090909093
n=0.20

hp = (-.90909090909090909093) - 46352366950725410000" + 90905090905090905093

T T T T

| | |
0.04 0.06 008 01

n.TD

Puc. 3.6. ®opmupoanue [1X u noctpoenue e€ rpaduka B Mathcad

AJIbTEpHATUBOM SIBIIETCS APYrodl METOJ, OCHOBAHHBIM HA PEKYPPEHTHOM pe-

IIIEHUU PA3HOCTHOTO ypaBHEHMs CUCTeMBI (2.21):
y(n)=b u(n+m-1)+b__u(n+m-1-1)+...+bu(n-1)-
-a,,y(n-1)-a ,y(n-2)-...—a,y(n-1).

[Toxcrasisast B 3TO ypaBHEHUE 3HAYEHHUSI BXOAHOTO BO3JAEUCTBHUS u(n) , MOXKHO
mar 3a IaroM pacCuUMTaTh 3HAYEHUs BBIXOJHOW KOOPAMHATHI y(n) . Beruuciaurens-
Has Npoleaypa MoJyqdaeTcss peKyppEeHTHOM, TaK KaK /U1 BbIYUCICHUS 3HAYCHUS y B
HEKOTOPBIA MOMEHT BPEMEHH HEOOXOJIMMO HCTOIB30BaTh PsiJ 3HAYCHUHN y , HAOJIO-

JAaBIIMXCS B IPEIUIECTBYIOLIME MOMEHTHI BpeMeHU. MeToJ1 BecbMa POCT B HCIOIb-
30BaHMM, HO pe3yJIbTaT MOJIy4aeTcss B BUJE MaccuBa yucell. B OTOeNbHBIX cirydasx
ATO MOXKET pacCMaTpUBATHCS KaK HEJAOCTATOK METOa, TaK KaK PelIeHHE JKeIaTeIbHO
ObLI0 ObI MOJTYYUTH B BUIE€ (DOPMYIIBI.

BbInmonHuM mpeapiaynuii MpuMep, pelias pa3HOCTHOE YpaBHEHHE CHCTEMBI.

Nnmoctpanus u3 paboueit obmactu Mathcad — na puc. 3.7.
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Hopmupyem AN® WZ:
4877057549928599.0910
10000000000000000.
4635236695078541.
%~ 10000000000000000.

MepenuceiBaem AMN® B thopMe LupoBoro hunbTpa:
ART70575499285990910-2 :

1 - 46352366950785410000- 2 L

Onpeaensem o6nacTe M3MeHeHNA AUCKPETHON NepeMeHHON h:
n=0.20

Yro6bl caenare AONYCTHMBIM OTPHLATENBHBIIN HOMEP 3NeMeHTa BeKTopa
¥, (NpH n=0, MHAEKC Y, UMeeT 3Ha4YeHue -1), nepeonpenenseM sHa4YeHne

BCTpOeHHOI nepeMeHHol ORIGIN:

ORIGIN = -1
Onpegensem BXogHoe Bo3AelicTBME W 3HaYeHKne y(-1):
up =1 y-1:=0

3anucbiBaeM pasHOCTHOE YpaBHeHHe:
Y = 48770575499285990910 up_1 + 46352366950785410000-yp—1
Ctpoum rpathuk MX:

(] o .

¥n

04r 1

0 002 0.04 0.06 008 0.1
n.-TD

Puc. 3.7. Haxoxnenue 11X o pa3HOCTHOMY ypaBHEHHIO
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I'JIABA 4
CUHTE3 IUCKPETHBIX CUCTEM ABTOMATHUYECKOI'O
YIIPABJIEHUSA

4.1. TeopeTu4eckue OCHOBBI CHHTE3a TUCKPeTHBIX CAY MeT010M 3TAJOHHBIX

nepeAaToYHbIX PyHKUMT

Cy1iecTByeT MHOTO pas3IMYHBbIX METONOB cuHTe3a AUCKpeTHhIXx CAY. Cpenn
HUX 0C000€ MECTO 3aHHMMAeT METOJ| ATaJOHHBIX mepenatouHbix (yHkiui (DI1D).
OTOT METOJ BBIIEISAETCS MIPOCTOTOM U €CTECTBEHHOCTBIO UCXOAHOM MIEH, MPO3pad-
HOCTBIO MH)KEHEPHOU MHTEPIpPETAlMU U NMPAKTUYECKOU pean3yeMocThio. [Toaromy
PacCMOTPUM OCHOBHBIE TEOPETUYECKHUE NOCBUTKU MeToaa JI1D.

OnpenenuTs TIaBHYIO 3aa9y CHHTE3a MOKHO JBOSKO

1. Cunre3uposats LIP, oOecrieunBaromuii, Mpu 3aJaHHON HENPEPHIBHOMN YacTH,
JI1® 3amkuyToit CAY, paBHyto Hekoi stamonHoi JIID. Dta hopmynupoBka npu-
BOJUT K CTPOIOM MIEHTUYHOCTH CBOMCTB CHHTE3UPOBAHHOW U 3TAJIOHHOM CUCTEM.

2. CunresupoBats LIP, obecrieunBaromuii, mpu 3aJlaHHOW HEIIPEPHIBHOM YacTH,
auHamMuky CAY, B onpeneneHHOM CMBbICe TPUOIMKEHHYIO K IMHAMUKE CUCTEMBI C
stanonHoi [I1®. CreneHns npuONIMKeHUs] JUHAMUYECKUX XapaKTEPUCTHUK MOXKET 3a-
NABAaTbCS YUCIIEHHO, HAIpUMEP B BHUJE AOIYCTHUMOIO 3HAYEHUsS OTHOCHUTEIBHOTO
CPEIHEKBapaTUUYHOTO OTKJIOHEHHS 3a BpEMs MEpPEXOJIHOTo Ipoiiecca, Jubo OleHU-
BaTbCs KaUeCTBEHHO IO pe3yJibTaTaM CUHTe3a. B mobom ciyuae 3Toil popMynnpoBke
OTBEUYaeT OECKOHEYHOE MHOXKECTBO PEryasiTopoB. OAHAKO AJISi HHKEHEPHOM MPaKTH-
KU Takas GopMyIHpoBKa 00Jjiee KOHCTPYKTHMBHA, TaK KaK IMO3BOJSET MOIy4yaTh pea-
JM3yeMble PEryJsITOPhl OTpaHUYEHHOU ClIOKHOCTH. [lanee Oyaem mpuaep XKuBaThCs
MMEHHO TaKo# (OpMyITHPOBKH.

Paccmorpum cunrte3 LIP nns cuctembl, nokazaHHOM Ha puc. 1.25. [Insg takoit

cUCTeMBI paHee Obuta momydeHa dopmyna (2.25), Beipaxkaromas 1D 3amkxHyTOTO

" B npuBOAMMBIX HIKE (OPMYJIMPOBKAX HE OTOBAPMBAIOTCS HEKOTOPBIE JOMOIHUTEILHBIE TPEOOBa-
Hus K [P u cucreme, KOTOphIE BCEria UMEIOT MECTO Ha MPAKTUKE U O KOTOPBIX Peub MONAET Janbllie.
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KoHTypa W (z) uepe3 AIID P w,(z), AIIP npuBen€HHON HENPEPHIBHOM YaCTH

ot
THY

npsMou nenu W ., (z) u JII1®P npuBeneHHON HENpEepbIBHOW YyacTu W ., () .
Bripazum u3 (2.25) A1 perynaropa

W (z2)
W™ ()W ()W, (2)

W, (2) = (4.1)

[ToxcraBnss B (4.1) sTalOHHYIO WITH, TOBOPS MHAYe, emaemyto 1D B kave-

CTBE W (z) , IOJy4yaem

W, (2)
WM () =W (2)W ,, (2)

W, (z)= (4.2)

Pacuer 1IP mo momydenHoil hopmysie MOXKET, B 00IIeM ciiydae, TPUBOIUTH K
JBYM MPAKTUYECKH HEPUEMIIEMBIM MTOCIEACTBUSAM:

1. PerynsiTop MOXET OKa3aThCsl HEpealu3yeMbIM, Tak Kak cteneHb ero JIID
MOXKET OBITh OTPHUIATEIILHON (PA3HOCTh CTEMEHEH MOJIMHOMOB 3HAMEHATENS U YHC-
mutens JIIID menbiie vyns).

2. CunresupoBanHass CAY MOXeT 0Ka3aThCs HEPOOACTHOM, MHAYE TOBOPS, HE
oTBeyaronie TpeboBanuio rpyodoctu. B aTom crmydae manblie Bapuanmuu kKodhduiru-
€HTOB MOTYT MPUBOAUTH K CKOJIb YTOJTHO OOJIBIITUM U3MEHEHUSAM XapaKTePUCTUK CH-
crembl. Ha npaktuke HepobactHass CAY HepaboTocnocoOHa.

UTo0bI n30€kKaTh ATUX MPOSABIECHUM, K sxemaemont (11D npexpsaBistoTcs onpe-
neneHHble TpeboBaHus. Paccmorpum TpeboBanue peanmsyemoctu L[P. J{ms storo
npoananusupyem hopmyny (2.25) ¢ ToUkHu 3peHus CTereHel IpoOHO-PaIMOHATEHOTO

npeacTaBieHus Z-u300paxxeHuid. 3aMeHuM B (2.25) W (z) HA W _(z) ¥ TIOJIOKHM, YTO

()= 2y ey M) gy R

Q(2) N (z) S s(2)

Torna

P(z) M (2)

Q(z) N(z) P(2)M (2)$ (2)

L P R(D) N(2)Q2)S(2) - N(2)P(2)R(2)
Q(z) S(2)

W (2) =
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YuTeM, 4TO TOPSAOK MPOU3BeAeHUS N (z)Q (z)S(z) OOJbIIE MOPSAIKA MPOU3-
BEJICHUS N (z)P (z)R(z), €CIIU PETYIATOP U MPUBEICHHAS HEIPEPhIBHAS YACTh SIBJIS-

HOTCA PCaIN3yCMbIMU (‘{TO CCTCCTBCHHO HOTp€6OBaTB OT YKa3aHHBIX CI/ICTGM). Torz:a

MOPSIIOK TIOJIMHOMA 3HaMeHatenss W (z) OyAeT paBeH MOPSAAKY IMPOU3BENCHHUS
N (2)Q(z)S(z), a MOPALOK ITOJIMHOMA YUCIUTENA W (z) — HOPSAKY IPOU3BEICHHUS

P(z)M (z)S (z) . OTO MO3BOJIAET 3aIIMCATh BeIpakeHue Juid nopsaaka r, MO w (z):

rWV:nN+nQ+ns—n - N -nN.=n, —n +NnNn, —n_, =r + T

Takum 00pazom,

r, =r +
W, g w, *
® Wm—m P

CnenoBatenbHo, oT A1 W_(z) HyXkHO MoTpedOBaTh, YTOOBI

TR (4.3)

®opmyna (4.3) 3aaeT yciIoBUE PEaTU3YEMOCTH PETYJIATOPA: CHEeneHb JHcela-
emoiut J/IIID oonsxicna Ovimv He MeHbUIE CMEneHU NPUBEOCHHOU HEenpPePbleHOIl Ua-
cmu npamoii yuenu CAY.

O6patuMcs Teneps K yciioButo rpydooctu win podactHoctu CAY. 310 ycio-
BHE MOXET OBbITh YCTAaHOBJIEHO HAXOXJICHHEM U aHanu3oM Bapuanuu [P 3amkHy-

toii CAY W (z) . Kak nokazano B [10], npu Hammuuu y AI1D I[MTHY v y A1 [MTHY

I11 (paxkTuuecku, y AIID OV) nontocoB u (Uin) HyNEH, JeKaIUX BHE Kpyra eau-

HUYHOI'O paauyca Ha Z-IJIOCKOCTH, Y Bapyualuu W (z) HUMCIOTCS IOJIFOCHI, JICKAIIHEC

BHE YKa3aHHOI'O Kpyra. OTO 03HA4YaeT, YTO MPHU CKOJIb YIOJHO MajbIX BapHalMsIX Ta-
pametpoB HY Takas CAY cTaHOBUTCS HEYCTOMYHBOM.

[TponmmocTpupoBaTh MexaHu3M Herpyboctu (HepodactHocTH) CAY MOXHO U

ot
THY

0e3 HaXO0XKJICHHS Bapuauuu W (z) . [IpencraBum, uro W (z) AMEET MOJKC p,, JC-

KAl BHE Kpyra eqMHUYHOTO paanyca. lHaue roBops, IUCKPETHBIN aHAJIOT IIPUBE-
aerHoro OY (To ecTh paccMaTpuBaeMOro BMecTe ¢ (pukcaTopom) HeycTouuB. Eciu

W (z) HE UMEET TAKOro K€ IoJiroca, To IIOXOM» MOJKOC P, 6y,IIeT CKOMIICHCHUPOBAH

HYJIEM pEeryistopa z, = p,. DTO MOXHO JI0Ka3aTh, aHanu3upys noauHombsl J(IID,
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Bxomanmx B Qopmyay  (4.2). Takum  oOpa3oMm,  IOCiI€I0BaTEIIbHO-
nexommno3upoBaHHas 1D pasomknyToro koutypa CAY Oyner comepkarb COMHO-

KUTCNb (z —-z,)/(z - p,), paBHbII?'I (z-p,)/(z~- p,),BKOTOPOM, Ka3ajloCh OBI, MOXKHO

MPOMU3BECTU cokpainieHue. OnHako, a00ast peaau3aius He MOXKET ObITh UACATHbHON U
paBeHCTBO HYyJIs peryistopa u nontoca [THY I11] B peanbHOCTH HEU30EKHO OKaKET-

csl MpUOIKEHHBIM: z, ~ p,. CienoBatensHo, CAY OyaeT UMeTh MOMIOC, JIeKAIIUMA

1

BHE Kpyra €IMHUYHOIO pajguyca, TO €CTh OyJAeT HEyCTOMYMBOW. AHAJIOTUYHO OObsIC-

i
TTHY

HACTCA CHUTyalys, Kkorga W (z) UMEET HOJb Z, JIC)I(aIl[I/II)'I BHC Kpyra ¢AMHUYIHOI'O

paanyca. 910 O3Ha4acT, 4TO IIHCKpGTHBIﬁ daHaJIor IIpUBCACHHOI'O OV saBusgercs He-

MI/IHI/IMaJILHO-(l)a?)OBBIM. Ecnu W _ (z) HE UMCCT TAKOI'O K€ HYJII, TO zZ, 6y,ZIeT CKOM-

I[ICHCUPOBAH IIOJIIOCOM Dperyeitopa p, = z,. B »tom ClIy4dac II0CJICOAOBATCIIbHO-

nexkommno3upoBanHas [I1® pazomkuyTtoro kontypa CAY OyaeT comepkaTb COMHO-
KUTENb (z-12z,)/(z—- p,), PaBHBIA (z - z,)/(z - z,). [lo yka3aHHOU BBIIIE MPUYUHE

CAY onate okaxercss HeycToumBou. OTCrOAa BBITEKAeT BBIBOA: kenmaemas JI1D

n
TTHY

W _(z) IOmKHA comepxkaTh Bce Hynu U nosrockl JIID ITHY I w ,, (z), nexamme

BHE Kpyra €¢JMHU4YHOI'O paanuyca Ha Z-INIOCKOCTH. OHGBH,HHO, 4qTO IMPpUAaHUC CUCTCMC
TaKMX MOJIFOCOB JENIAaeT €€ HCYCTOIZQHBOP'I N CHMHTE3 B 3TOM CJIydac TCPACT CMBICI.

[TosTomy, ycnoBue rpyodoctu (podactHoct) CAY cBOAUTCS K ClEAyrOIEMYy Tpebo-

BaHuto: Jceraeman D W _(z) Odonxcna codepycams éce nyau JID W ., ()

TTHY
ycemoiuiuueou IIHY IIl], nexcawue 6He Kpyza eOUHUUHO20 paouyca Ha
z -naockocmu. Ilpu stom cuntesupyemas CAY oka3blBa€TCsl HEMUHHMAJbHO-
¢da30BoOM, UTO HE BEJET K KAKUM-JTHOO HEMPUSITHBIM MTOCIIC/ICTBHSIM.

bonee moapobuo meron DIID pacecmorpen B [1] u B [10].

4.2. 3ananue Ha cuHTe3 AUcKpeTHOH CAY

3amanne (GopMymupyercs cienayromuMm obpazom: «Cunmesuposamsv Ouc-

kpemuyro CAY memooom imanounsvix nepedamounvix gynxuyuii. Pazpaoomamo
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cmpykmypy uugpoesozo pecyaramopa. Ilpouzgecmu mamemamuyueckoe mooenupo-
séanue CAY».
CrpykrypHas cxema CAY npuBenena Ha puc. 1.25 (YCII cunrath BXOASIIAM

B coctaB OVY). JlaHHbIC 1711 CUHTE3a HYKHO B35Th U3 TaOiuIp! 4.1.

Tabmuma 4.1
JlaHHBIE TSI TPOCKTUPOBAHUSA
< I1® 3Bena
. [1® oObekTa ympaBiaeHUs
= oC
= W oy (P)
= Woe (P)
1 3
10
1 __________
62.5p5 +271.3p4 +487 p3 + 314.1 p2 + 36.8p + 1 0.2p+1
14 4
2 __________
15.05 p6 + 84.67 p5 + 185 pd + 226.3 p3 + 137.4 p2 + 21.98 p + 1 04p+1
0.9 0.8
3 __________
654.2 p6 + 2123 p5 + 3657 p4 + 3030 p3 + 354.8 p2 + 28.91 p + 1 0.25p+1
20 1
) P —
625 p6 + 2675 p5 + 4717 pd + 2891 p3 + 254.3 p2 + 30.8 p + 1 0.6p+1
4.4 25
5 __________
127.7p +482.6 p° + 1131 p° + 1665 p" + 1395 p° + 154.9p° + 24.47 p + 1 0.3p+1
a7 100
6 __________
0.2304 p7 + 2.606 p6 + 30.32 p5 + 81.4 p4 + 168.9 p3 + 51.1 p2 + 12.7 p + 1 0.15p +1
24 1
7 __________
1032 p6 + 2354 p5 + 3136 p4 + 1925 p3 + 328.4 p2 + 32.6 p + 1 05p+1
1
8 0.1
2000 p6 + 3000 p5 + 3360 pd + 1614 p3 + 258.6 p2 + 22.8 p + 1
0.47
9 3
216000 p6 + 232640 p5 + 106060 p4 + 1.85¢004 p3 + 1205 p2 + 51.2 p + 1
7 1
o -
44.74 p6 + 177.4 p5 + 362.9 p4 + 371.8 p3 + 204.7p2 + 27.1 p + 1 0.1p+1
1
11 2.5
2000 p6 + 3000 p5 + 3360 pd + 1614 p3 + 258.6 p2 + 22.8 p + 1
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1 2
24
2 - | e
1032 p6 + 2354 p5 + 3136 pd + 1925 p3 + 328.4 p2 + 32.6 p + 1 p+1l
0.47
13 15
216000 p6 + 232640 p5 + 106060 pd + 1.85004 p3 + 1205 p2 + 51.2 p + 1
3 2
‘b4 |
1120 p6 + 3325 p5 + 3826 p4 + 2133 p3 + 291.9 p2 + 34.5p + 1 05p+1
35
15 0.1
369.5 p6 + 742.1 p5 + 1160 p4 + 816.8 p3 + 457.2 p2 + 44.84 p + 1
1.25
16 14
45090 p6 + 48906 p5 + 25650 pd + 6360 p3 + 402.4 p2 + 36.3p + 1
2.5
17 0.5
24.5 p6 + 135.3 p5 + 307.6 p4 + 322.8 p3 + 86.85 p2 + 15.3d p + 1
0.5 12
) e~ | s
8.247 p6 + 36.58 p5 + 148.1 p4 + 204.8 p3 + 215.2 p2 + 28.98 p + 1 0.75p+1
4.4 5
19 | e | e
127.7 p7 + 482.6 p6 + 1131 p5 + 1665 p4 + 1395 p3 + 154.9 p2 + 24.47 p + 1 0.1p+1
0.9 1.8
2 ————————————————————————————— |
654.2 p6 + 2123 p5 + 3657 pd + 3030 p3 + 354.8 p2 + 28.91 p + 1 0.15p+1
a7 15
21| - |
0.2304 p7 + 2.606 p6 + 30.32 p5 + 81.4 pd + 168.9p3 + 51.1 p2 + 12.7p + 1 05p+1
7 1
2! —————————————————— |
44.74 p6 + 177.4 p5 + 362.9p4 + 371.8 p3 + 204.7p2 + 27.1 p + 1 0.07p+1
0.5 2
22/ —————————————————— |
8.247 p6 + 36.58 p5 + 148.1 p4 + 204.8 p3 + 215.2 p2 + 28.98 p + 1 0.5p+1
35
24 0.3
369.5 p6 + 742.1 p5 + 1160 p4 + 816.8 p3 + 457.2 p2 + 44.84 p + 1
5 4
2 @ —-— |
62.5p5 +271.3pd + 487 p3 + 314.1 p2 + 36.8 p + 1 0.lp+1
1.25
26 6
45090 p6 + 48906 p5 + 25650 pd + 6360 p3 + 402.4 p2 + 36.3p + 1
3 5
21 @ ———— |
1120 p6 + 3325 p5 + 3826 pd + 2133 p3 + 291.9 p2 + 34.5p + 1 0.25p +1
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1 2 3
2.5
28 0.35
24.5 p6 + 135.3 p5 + 307.6 p4 + 322.8 p3 + 86.85 p2 + 15.3d p + 1
20 10
2 -——————————————————————————eeeeee |
625 p6 + 2675 p5 + 4717 pd + 2891 p3 + 254.3 p2 + 30.8 p + 1 02p+1
14
30 9
15.05 p6 + 84.67 p5 + 185 p4 + 226.3 p3 + 137.4p2 + 21.98 p + 1
5
31 15
62.5p5 +271.3 p4 + 487 p3 + 314.1 p2 + 36.8 p + 1
14 2
32 —————————————————————— |
15.05 p6 + 84.67 p5 + 185 pd + 226.3 p3 + 137.4p2 +21.98 p + 1 05p+1
0.9
33 0.1
654.2 p6 + 2123 p5 + 3657 pd + 3030 p3 + 354.8 p2 + 28.91 p + 1
20
34 14
625 p6 + 2675 p5 + 4717 p4d + 2891 p3 + 254.3 p2 + 30.8 p + 1
4.4
35 0.5
127.7 p7 + 482.6 p6 + 1131 p5 + 1665 p4 + 1395 p3 + 154.9 p2 + 24.47 p + 1
a7 10
% | —mm———eeeooooeoeooeoeoeoeoeoeoeooooooe |
0.2304 p7 + 2.606 p6 + 30.32 p5 + 81.4 p4 + 168.9p3 + 51.1 p2 + 12.7p + 1 02p+1
24 1
37| @  —— | e
1032 p6 + 2354 p5 + 3136 pd + 1925 p3 + 328.4 p2 + 32.6 p + 1 0.07p+1
1 2
) - |
2000 p6 + 3000 p5 + 3360 pd + 1614 p3 + 258.6 p2 + 22.8 p + 1 05p+1
0.47 0.8
) e |
216000 p6 + 232640 p5 + 106060 pd + 1.85e004 p3 + 1205 p2 + 51.2 p + 1 0.25p+1
7 1
99 ————— |
44.74 p6 + 177.4 p5 + 362.9p4 + 371.8 p3 + 204.7p2 + 27.1 p + 1 0.6p+1
1 25
9B5.@979@@9 -————-:----:-:-"--— |
2000 p6 + 3000 p5 + 3360 pd + 1614 p3 + 258.6 p2 + 22.8 p + 1 03p+1
24 100
2! @ |
1032 p6 + 2354 p5 + 3136 pd + 1925 p3 + 328.4 p2 + 32.6 p + 1 0.15p+1
0.47 1
43 | e | -
216000 p6 + 232640 p5 + 106060 pd + 1.85e004 p3 + 1205 p2 + 51.2 p + 1 05p+1
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1 3
3
44 0.1
1120 p6 + 3325 p5 + 3826 p4 + 2133 p3 + 291.9p2 + 34.5p + 1
35 1
I I e
369.5 p6 + 742.1 p5 + 1160 p4 + 816.8 p3 + 457.2 p2 + 44.84 p + 1 0.1p+1
1.25 1
46 | = e | e
45090 p6 + 48906 p5 + 25650 pd + 6360 p3 + 402.4 p2 + 36.3 p + 1 0.1p+1
2.5 2
47 | s | e
24.5 p6 + 135.3 p5 + 307.6 p4 + 322.8 p3 + 86.85 p2 + 15.34 p + 1 05p+1
0.5 5
48 | @ s | e
8.247 p6 + 36.58 p5 + 148.1 pd + 204.8 p3 + 215.2 p2 + 28.98 p + 1 0.25p+1
4.4
49 0.35
127.7 p7 + 482.6 p6 + 1131 p5 + 1665 pd + 1395 p3 + 154.9 p2 + 24.47 p + 1
0.9 10
50 | @ mm——————————e———e—e——e———e———e——————eeeeeeeeeeeeeeee e | ——
654.2 p6 + 2123 p5 + 3657 p4 + 3030 p3 + 354.8 p2 + 28.91 p + 1 02p+1

[TocnenoBaTenbHOCTh cuHTe3a CAY cieayeT u3 MPUBOJUMOIO HUXKE COJEp-

YKAHUSI OSICHUTEIBbHOM 3anuCKU. CTPYKTypa MOSICHUTEIBHON 3aIIMCKU TaKOBA.

Oznaenenue

1. Hccneoosanue ounamuueckux u 4acmomHbslX C8OUCME 00beKkma ynpae-
JleHuA

2. ITonuosicenue pacuemnozo nopaoka o6veKma ynpaeieHus

3. Cunmes jcenaemoil OUCKPEmMHOU NepeoamoyHol QYHKUUU 3AMKHYMOU
cucmemul

4. Cunmes yughposozo pezynamopa

5. Mamemamuueckoe mooeauposanue cucmemsl U papadomka cmpyKmypol
uugposozo pezyramopa

Bui6oowt

Cnucox numepamypuol

['padrueckas yacTh BHIMIOTHSAETCS HAa OAHOM Jiucte hopmaTa Al, pa3neneHHOM

Ha aBa ¢popmara A2. Ha nuct BeIHOCSTCS:
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a) cTpykTypHas nuHamuueckas cxema CAY € packpeitbiMu [1® Bcex anemeH-

ToB (1/2 nucra);

0) kapTa HyJIel U TOJIOCOB, & TaKkXke rpapuKd MEPEeXOTHBIX XapaKTEPUCTHK,

wuocTpupytomue stansl cuaTe3a CAY (1/2 nucra).

BelimmonHeHne paboThl HY>)KHO HauMHaTh C pa3zdopa mpumMepa, KOTOPBIA JaH B
pazneine 4.4. TaMm xe nUMeroTcsa He0OX0IUMbIE METOIMYECKUE YKAa3aHMUSL.

OdopmieHnrue oT4yeTa OCYLIECTBISIETCS IO MpaBUjiaM, OOIIEHPUHSATHIM IS
opopmieHuss ¥ NyOIUKAalMK Hay4dHbIX paboT. CTaHAApThI, periaMeHTUPYIOLINE
oopmIIeHHE TEXHUUECKON JOKYMEHTAIlMU Ha MPOMBIIUICHHBIE U3/ENNs, HE UCIIOb-
3ytotcs. Eciin oTyeT opopmitsieTcst Kak MOsICHUTENbHAS 3aliCKa K KypCOBOMY ITPOEK-
Ty (paboTe), TO BHayaje MOMEUIAETCS TUIOBOW THUTYJIBHBIA JIUCT, 32 KOTOPBIM
pa3Melnaercs TakKe THUIIOBOM JIMCT C YKa3aHHEM HOMEpa BapUaHTa, UCXOJHBIMU
JAHHBIMU U MECTOM Il Oyaylen onieHku (oOpasipl — Ha Kadenpe). 3aTeM UAyT JIu-
ctbl popmata A4 Oe3 mramnos. [Tons — mo 20 MM co Bcex CTOpoH, mipudT — Times
New Roman c¢ kernem 14 nr, uyepes 1,5 unrepBana. Pazmep 0ObIUHBIX CHMBOJIOB pe-
nakropa ¢popmyn — takxke 14 nt. Ilepemennsie B (hopmyax 3amuchiBalOTCs KypCu-
BOM, 32 UCKIIFOUCHHEM rpedeckux OykB. Bce rpeueckue OyKBbI, OOIBITMHCTBO OOIIMX
MaTeMaTUYECKUX 3HAKOB, B TOM uHMCJIE€ (DYHKIMH, a TAKKe YHCIIa, 3alMChIBAIOTCS
npssMO. MaTpuiibl ¥ BEKTOPBI — XKUPHBIM MIPUPTOM, ITpsiMo. PopMyJibl pacroiararoT-
csl 1o LeHTpy cTpanuiibl. [Tocne popmy, kak mpaBuiIo, CTaBIATCS 3HAKHU MPETTUHAHUS.
Hywmepamus gpopmyn ucnonbszyercs no mepe HeoOxoaumoctu. Gopmyra Hymepyercs
TOJIBKO B TOM CJIy4ae, €CJIM Ha HEE HY>KHO COCJIaThCsl B TEKCTE.

[urtatel u3 padoueit oonactu MATLAB odopmisitorest 6osiee MeKuM mpug-
TOM, JIPYyrOil MO OTHOLIEHHWIO K OCHOBHOMY TEKCTYy T'apHHUTYpBI, yepe3 1 mHTepBan
(pexomenayetcst rapauTypa Courier).

CopnepxaHue NOSICHUTEIbHON 3aIIMCKU ONPEEIICHO BBILIE.

Crnenyer MOAYEPKHYTh, YTO HA KAXKIbIM JTUTEPATYpPHBIM UCTOYHUK, TPUBEICH-
HBIH B CIIMCKE JIUTEPATYpPHl, JOJKHA ObITh CChUIKA B TEKCTE paboThl. Uuciio HCTOUHU-

KOB — HC MCHCEC ITATH.
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CTpyKTypupoBaHHE U NpPEACTABICHUE MaTepHaja OLEHUBAETCS Hapsay € Co-
JEp’KaHUEM IOSICHUTENBHON 3amucKu. [IpruMepbl MpaBUIIBHOTO CTPYKTYPUPOBAHUS U
oQopMIIeHHSsI HAYYHO-TEXHUYECKIX TEKCTOB MOKHO HalTH B KHUTAX U XKypHaJlax co-
OTBETCTBYIOLIEH TEMAaTUKHU.

[IpuBeneHHBIN HUXKE IPUMEP PELIECHUS HE SBIISIETCS 00pa3LoM ISl U3JI0KEHUS
TekcTa B 3anucke (otuere). [Ipsmoe Bocpon3BeeHNE TEX WM UHBIX MAaTEPUAIIOB U3
ATOro MpUMeEpa HEAOMYCTUMO. TeKCT ToKeH ObITh 0oJiee pa3BEPHYTHIM, CO CChLIKA-
MU Ha TEOPETHUYECKUE MCTOYHHUKH, C HUTAaTaMU (OPOPMIISIOTCS MO MpaBHJIaM LIUTH-
poBaHMsI) U TNOAPOOHBIMM OOOCHOBaHMSMH pacueroB. [IlpuBeneHHbIE B Npumepe
BBIYMCIICHHUS], B PAJE CIy4aeB, MOTYT OBITh CAEIaHbl HHAYE, C MPUBICYEHUEM JPYTUX
cpenctB MATLAB wu, Bo3moxxHo, 6oniee 3¢ dektrBHO. JI[F060€ TBOPUECTBO B YaCTH
ONTHMU3ALIMY BBIUMCICHUN MTPU MATEMAaTUYECKOM MOJIETMPOBAHUH ITOOIIPSAETCS.

BbIiHOCHOM JTHCT 0(OPMIIAIOTCSL KaK YEpTEXK C MCIOJIb30BAHUEM COOTBETCTBY-
romux 'OCTos.

Bce, uTo conepKUTCS B 3alIUCKE, TOJKHO OBITh PE3yJIbTaTOM WHIUBUYyaJIbHO-
ro TpyAa, BKiIto4ast GOpMyJIUPOBKU KaKUX Obl TO HU OBLIO MOJIOKEHHM, 3anuch Gop-

MYJI 1 KOMITBIOTEPHBINA HA0OP.

4.3. Ilpumep cunTe3a auckperHoii CAY

ITonoxwum, uro 3agana [1d OV

- 7,523

w = ,
0,055 p° +0,821 p° +4,285 p* +9.244 p° +8.264 p° +6.316 p +1

oy(p

a Taxxe [1® 3BeHa oOpaTHOM CBA3U

2,345

W =
oc (P) 0,274 p +1

Iran 1. UccaenoBanue cBoiictB OY

B kadecTBe MHCTpYMEHTA ISl UccienoBaHusl U MoAenupoBaHusi CAY ucnomib-
3yeM nporpammuyto cucteMy MATLAB. Bo3MoxHOCTH 3TOil CUCTEMBI, B YaCTH 3a-

Jad aBTOMATHYCCKOI'O YIIPaBJICHHA, OIPCACIAIOTCA, INIPEKAC BCEro, HAIUYHUEM
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uHTerpupoBanHoro makera Control System Toolbox [6]. HekoTopsle HHCTPYMEHTBI
makKeTa OIKMCAHbI B IJIaBe 5 HacTosmero mocoous. C HUIMU HYXXKHO MPEIBAPUTEIHHO

o3HakoMmuThCs. UTak, 3amaem [1d OV B paboueit oomactu MATLAB:
>> Wou=t£([7.523], [0.055 0.821 4.285 9.244 8.264 6.316 1])

Transfer function:

0.055 s*6 + 0.821 s*~5 + 4.285 s*4 + 9.244 s*3 + 8.264 s*2 + 6.316 s + 1

[Tpu momorm cpeacTa MpocMoTpa JIMHEUHBIX TUHAMHYECKUX 00bekToB LTI1-

Viewer npocmarpuBaeM xapaktepuctuku OY. Pe3yibrar nokaszan Ha puc. 4.1-4.4.

Step Response

8
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Bode Diagram

100
50
o \
50
™
™~
100 RN
\\
-150
N
N
N
200 ™
g -250 N
= \\
] ™N
£  -300
g
= o
=
g
] \
= .180 \
360 N
\\\
\n.\
T —
540

2 5 o i 2 3
10 10 10 10 10 10

Frequency (rad/sec)

Puc. 4.3
Henaem BbIBOA, uTo OV sBIsSeTCS yCTOMYMBBIM OOBEKTOM 6-rO MOpSIKa U

MMPCAIOJOKKUTCIbHO UMECT TOMUHUPYIOIIHC ITOJIFOCHI.

Ilpouzeooum nocnedosamenvHyl0 0€KOMROZUUUIO U NOHUNCAEM NOPAOOK
o0vexma ynpagnenusn. Hauunasi ¢ 3T0oro 3tamna, Bce BbIUMUCIEHUS JOHKHBI IPOU3BO-
JTUTHCSI C HEOKPYTJICHHBIMH YHCJICHHBIMU 3HA4YeHUsIMH. B TMpPOTUBHOM cllydae,
HAKOIUICHUE MOTPENTHOCTH B XOJI€ BBIYMCIECHUN MPUBEAET K HEYAOBIETBOPUTEIHHO-
My pe3ynbTaTy cuHTe3a. [loaromy, najee Hy)KHO M30eratb BBOJa YMCEN C KJIaBUATY-
pel (32 wuckimodeHueM [ID HOBBIX OOBEKTOB, KOTOpPHIE HE MOJIY4YarOTCS
npeoOpa3zoBaHUEeM paHee BBeJeHHBIX). B paboueit oomactu MATLAB crnenyer ne-
pEeUTH OT KPATKOTO MPEJCTABJICHUS YHUCEN, KOTOPOE YCTAHOBJICHO IO YMOJIYAHUIO
(daetpIpe nmecaTuyHble MUGPHI MOCKE 3aMsATON), K MOJTHOMY TpeAcCTaBiIeHH0. Jlemaem
9TO KOMaHJ0M

>> format long

OmnpenensieM BEKTOp noJirocoB OY

>> WP=pole (Wou)
WP =

-6.01715486658712
-4.05503509352782
-4.05503509352782
-0.30002323516314
-0.30002323516314

0.586326273508731
0.586326273508731
0.89998722723280i
0.89998722723280i

1+ 1 +
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-0.20000120330368

O‘IGBI/II[HO, qTo Haﬁ,HGHLI IIECTh KOHEH: ABa BCHICCTBCHHLIX IIOJIFOCA IICPBOI'O
ImopsaaKa 1 ABa IIOJIFOCA BTOPOI'O IMOPAOKA (HOI[ IIOJIFOCOM BTOPOTO IMOpAAKa 34CCh I10-
HHUMACTC IMapa KOMINIICKCHO-COIIPSKCHHBIX KOpHCfI XapaKTCPUCTUICCKOI'O IMOJIMHO-

Mma). Takum oOpazom, [1d OV moxkeT ObITH MIpeACTaBICHA B BUJIE

2

W (p)=k-T W ™ (p) X W "™ (p),

i-1 j=
rae k — kodppuuuent nepenayu OV;

1 .
mu““ (p) = ;::———I — I-4 HOpMHpOBaHHaH]IQ)aﬂepHOﬂquCKONDSBCHE,Hep-
P+

BOI'0 MOpsJIKa (COOTBETCTBYET MOJIIOCY TIEPBOTO MOPSIKA);

1 .
W " (p) = —— — J-s HopmupoBaHHas [1D konedbaTenbHOTO 3BE-
T, p +2ET,p+1

Ha (COOTBETCTBYET MOIIOCY BTOPOTO TOPSAKA).
Omnpenensiem B MATLAB yxazannsie HopmupoBanHbie [10:
>> WIN=tf([1], [1/-WP(1) 1])

Transfer function:

0.1662 s + 1
[lepenarounyro QpyHKIUIO W,

H.KOJL

(p) ompenesieM B [1BAa dTala: BHAYAJIE MOJIY-
yaeMm HeHopMupoBaHHyto [ID W, (p), a 3aTeM HOpMUpYEM €€ JeIeHHeM BceX Kodd-

(bUIIMEHTOB 3HaMeHaTe s Ha cBOOOTHBIN wieH. UTak,

>> W2=t£([1], [1 -WP(2)])*t£([1], [1 -WP(3)])
Warning: Transfer function has complex coefficients.
> In tf.tf at 197

Warning: Transfer function has complex coefficients.
> In tf.tf at 197

Transfer function:

s*"2 + 8.11 s + 16.79

O6p33yCM BCKTOPEI C KOB(b(bI/IIII/ICHTaMI/I YUCIUTEIIA U 3BHAMEHATEIA W, (p).
>> [W2ch, W2zn]=tfdata (W2,'v')
W2ch =

0 0 1
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W2zn =
1.00000000000000 8.11007018705564 16.78708810874883
Hopmupyem BekTOp K03 HUIIMEHTOB 3HAMCHATEIIS.
>> W2znN=W2zn/W2zn (3)
W2znN =

0.05956959262511 0.48311357720396 1.00000000000000

H.KOJI.

Omnpenensem W,"™" (p) Kak

>> W2N=tf (W2ch, W2znN)

Transfer function:

0.05957 s*2 + 0.4831 s + 1

AHaAJIOTUYHO ONPENEIISIEM OCTAIbHBIE HOpMUpPOBaHHbIE [1D.
>> W3=t£([1], [1 -WP(4)])*t£([1], [1 -WP(5)])
Warning: Transfer function has complex coefficients.
> In tf.tf at 197

Warning: Transfer function has complex coefficients.
> In tf.tf at 197

Transfer function:

s*2 + 0.6 s + 0.9

>> [W3ch, W3zn]=tfdata(W3,'v')

W3ch

W3zn

1.00000000000000 0.60004647032627 0.89999095081994
>> W3znN=W3zn/W3zn (3)
W3znN =

1.11112228305067 0.66672500404543 1.00000000000000
>> W3N=tf (W3ch, W3znN)

Transfer function:

1.111 s*2 + 0.6667 s + 1
>> W4AN=tf ([1], [1/-WP(6) 1])

Transfer function:
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5s+1

I{OPMHpOBaHHG IIOJIMHOMOB 3HAMCHATCIIA IIPHUBOIAUT K IIOCIICAOBATCIIBHO-

JIEKOMITO3UPOBAaHHOM KaHOHMYECcKoU Gopme 3amucu [1D OV:

7,523
Woy ( p) = 2 2 .
(0.1662 p +1)(0.05957 p° + 04831 p +1)(1.111 p’ + 0.6667 p +1)(5p +1)

HyXHO 3aMeTHTh, YTO MOJYyYNUTh TaKyl0 (OpMYy 3alMCH HETOCPEIACTBEHHO B
paboueit oomactu MATLAB Henb3s. Tam MokeT OBITh TTOJTydeHa MOCJIEI0BATEIHHO-
aexoMIo3npoBanHas ZpK-dopma:
>> zpk (Wou)

Zero/pole/gain:
136.7818

(s+6.017) (s+0.2) (s*2 + 8.11ls + 16.79) (s*2 + 0.6s + 0.9)

B otuere (Mau MOsSICHUTENIBHOM 3aMUCKe) HEOOXOIUMO MPUBOJIUTH BCE OCHOB-
Hple [Id kak B KAHOHMYECKOM WM KAHOHHUYECKOW IIOCJIEIOBATEIbHO-
JEKOMITO3UPOBaHHOM PopMme, Tak U B popme, renepupyemoin MATLAB.

Jlyist IpoBEpKU MPaBHIIBHOCTU jJekomno3uiiuu oopazyem B MATLAB npowus-

BEJICHUE:

>> WW=7.523*WIN*W2N*W3N*W4N
Transfer function:

0.055 s*6 + 0.821 s*5 + 4.285 s*4 + 9.244 s*3 + 8.264 s*2 + 6.316 s + 1

[Tonyuennas [1® coBnmamaer ¢ ucxonnou [1® OV, uro yka3plBaeT Ha MpaBUIIb-
HOCTb JE€KOMIIO3ULIAM.

BreienuM 1oMuHHUpYIOIIKME MOMIOCH W (p) . O4EBHUIHO, YTO MOJIOCHI
-0.30002323516314 + 0.89998722723280i
-0.30002323516314 - 0.89998722723280i
-0.20000120330368

SIBJISIFOTCSl IOMUHUPYIOIIMMU, TaK KaK WX BEIICCTBEHHBIC YACTH HE CHJIBHO pasjinya-
I0TCSI MEXTy co00ii (MeHee ueM B 10 pa3), u B TO ke BpeMs BCE OHM 0oJiee 4YeM Ha

MOPSIOK MEHBIIIE BEIIECTBEHHBIX YacTEH MOJIIOCOB

-6.01715486658712
-4.05503509352782 + 0.586326273508731i
-4.05503509352782 - 0.586326273508731i
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KOTOPBIMH JIOIYCTUMO TMpeHeOpedb. TakoW KpuUTepudl TOMHUHUPOBAHHS IOJHOCOB
MOJKHO HaiiTH, Harpumep, B [8]. B [2] 111 moMUHHpPOBAHMS CUUTASTCS JOCTATOYHBIM
OTJIMYHE BEIICCTBEHHBIX YACTeH KaKk MUHUMYM B 5 pa3 (TeM OoJiee, B HAIlIEM CITydae
yKa3aHHbBIE TIOJFOCA SIBIISIOTCS JOMHHHUpYomuMK). [lociae oTOpachiBaHHMs HEIOMU-

HUpyomux nomocoB OY Oyzaetr umets 11D noHnkeHHOro nopsaka

] 7,523
Woy (p) = 2 1
(1111 p® +0.6667 p +1)(5p +1)

a CUHTE3UPOBAHHBIN PETYISATOP OKaXKETCs 00Jiee MPOCTHIM.
3anaem B tf-hopme ynpormennyo Moaens OV, HMEIOIIYIO TOJIBKO JTOMUHHUPY-
OLLME TTOJIF0CA UCXOAHOM MOJIEIIN:
>> Woud=7.523*W3N*W4N
Transfer function:

7.523

5.556 s*3 + 4.445 s*2 + 5.667 s + 1

CpaBnuBaem nBe mojenu OY: w _, (p) u W, (p). CoorBercTBytoume rpadu-

KM JaHbl Ha puc. 4.4 n 4.5 ()KUpHbIE JINHUU COOTBETCTBYIOT W . (p) ).

Step Response

6 —
.7
V4

Ampliude

Time (sec)

Impulse Response
15 T T T T r

A\
[\

0.5

Amplitude

Time (sec)

Puc. 4.4

BI/II[I/IMBIC OT/IMYKA B JUHAMHWYCCKUX M YACTOTHBIX XaPaKTCPUCTHUKAX 00BsC-
HAIOTCS IMOHMKCHUEM ITOPAIKA OV u saBusrorcs IMPUCMIICMBIMHU.

dopmupyem 1D oTOpackiBaeMOro 00bEKTa C HEYUYUTHIBAEMOUN TUHAMUKON
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1
W (P) = ; -
(0.1662 p +1)(0.05957 p* + 04831 p +1)
o0 Bode Diagram
50
o ~——
Nuy ~—
-100 ~ S —
-150 1 T~ ~l
200 I N
% -250 \\\
g -300
= o
—
? \§§§\
e \
& 180
N
-360 ™
\\\\
\\\
540 =
10” 10" 10” 10" 10° 10
Frequency (rad/sec)
Puc. 4.5

3agaem oty [1D B paboueit o6mactu MATLAB:

>> Wnd=WIN*W2N

Transfer function:

0.0099 s*3 + 0.1399 s*2 + 0.6493 s + 1
Ctpoum kapTy pacnpeaeneHust nontocoB ynpoineHHoro OVY. Kapra g 1D

W, (p) moka3sana Ha puc. 4.6.

Pole-Zero Map
0.8

0.6

0.4

0.2

Imaginary Axis

-0.2

-0.4

-0.6

-0.8

Real Axis
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Puc. 4.6
O4eBHUIHO, YTO OTOOPAKEHBI UMEHHO TE€ TMOJIOCHI, KOTOPHIMU OBLIO PEIICHO
peHeopeyb.

Jran 2. Onpenenenue xkenaemoii 11D 3amknyToit CAY

Bnaugane onpenensiem xenaemyro 11® 3KkBUBaIEHTHON HENPEPBIBHOM CUCTEMBI
(HempepbIBHOTO aHAJIOTa TMCKPETHOW 3aMKHYTOM cucteMsl). Jta [IdD B ganHOM mpH-
MEpE U B 3aJJaHUH, OTOBOPEHHOM B pasjene 4.2, 3a/1aeTcs B BUJIE!

1/k,,

W,K(p): 2 5 y
T, p +2pT E+1

rae k.. — Ko3pduUUeHT nepenaun 3BeHa oOpaTHOM CBA3H, & = J2 / 2 — ONTHUMAJIb-

HBIM K03 durmeHT aemndupoBaHus KOJIeOAHHMA.
Kenaemas 11® >xBuBaneHTHON TIpsiMoi 1ienu (To ecth OY U SKBUBaJICHTHOTO

HEIMPEPBIBHOTO PETYJIATOPA) 3aMKHYTON CUCTEMBI OITPEAEIISIETCS KaK

I W_(p)
w ™ _ x ’
< )= T oW ()

4TO caeayeT u3 u3BectHoi popmyinsl st [1D 3amkuyToit CAY.

[ToctosinHas Bpemenu T omnpenensietr ObictpoaelictBue CAY U MOIJIEKUT BbI-

Oopy ¢ yuerom cBoiictB OY. Benuuuna T BeIOMpaeTcs Tak, YToOBI mosiroca W ' (p)

Jexanu Obl mpaBee MOMOCOB W, (p) (Torma HeyuuThiBacMas auHamuka OV me

CWJIbHO cKaxkercss Ha cBoiictBax CAY), HO neBee momtocoB W, (p). Ilocneanee

O3HaYaeT, uTo cBoOoaHbBIe Tporiecchl B CAY OyayT 3aTyxaTh ObICTpee MpPOIECCOB B
otaenbHO B3sitoM OY. DTuM ompenensercs HekoTopoe dopcupoBanue OV, uro Ha
IIPaKTUKE TPUEMJIEMO HE BCETJa U HE JJIs BCeX 00BeKTOB. IlockonbKy (hu3mdeckas
npupona OV B nmanHoW paboTe HE pacCMaTPUBACTCA M DKCIUTyaTallMOHHBIE OTPaHU-
YCHUS Ha €r0 KOOPJWHATHI HE 3aJaf0TCs, TO TaKOW IMOAXOJ MpUeMyeM (B TpaKTHIe-
CKOM CMBICIIE TaKOW pacyeT MOXHO TPaKTOBAaTh KaK pacyeT Uil pexuMa MalbIX
OTKJIOHCHHM, TP TOM 4YTO OOJIBIIIME OTKJIOHEHHSI MOTYT OTpabaThIBATHCS MPHU OTpa-

HUYEHUM BbIXOZa peryisaropa). Takum oOpazoM, BeIOOp T, Oynem naenaTh U3 yCio-
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BUSI. BEIECTBEHHAs YaCTh CAMOTO JICBOT'O MOJItoca W (p) JOJDKHA ObITh B 3—4 pasa
MEHBIIIE BEIECTBEHHOW YaCTU CaMOT0 MPABOTO MOJI0ca W u (P) -

Broaum I1® 3BeHa 06paTHOM CBS3H.

>> Woc=tf([2.345], [0.274 1])

Transfer function:
2.345

0.274 s + 1
3a11aeM INOCTOSAHHYIO BpEMECHU T =15 C.
>> Tg=1.5

Tg =

1.5000
Beogum W _ (p).

>> Wg=tf([1/2.345], [Tg*2 Tg*2~0.5 1])

Transfer function:
0.4264

2.25 s*2 + 2.121 s + 1

Omnpenensiem W (p) . Ota [1® comaepkuT oauHAKOBBIC U OJU3KHE HYJIH H 110~

mochl (mosrockl HY, ckoMIeHCHUpOBaHHBIE HYJISIMU PETYISITOPa), KOTOPhIE B JAHHOM
ciydyae mojjexar cokpaieHuto. Hanbonee ynoOHO cpa3y omnpeaenith MUHHUMAb-
Hyl0 peanusauuto 3tou [ID, 3amaBas gomyck i yJOalieHUs HyJId W TOJKOca Ha
ypoBHe 0,1 (BeMurHA 3TOTO JAOMYCKAa MOKET B OTACIBHBIX CIy4asX YTOUHSATHCS, IS

YEero KpUTEPUEM CIIY>KUT MOJTydeHue pe3ynbrupytomei [P 2-ro nopsaka).
>> Wgpc=minreal (Wg/ (1-Wg*Woc) ,0.1)
Transfer function:

0.1895

s*2 + 1.118 s
>> pole (Wgpc)

ans =

0
-1.1184

CpaBHuBas 1nouroc, umeromuii snagenue -1.1184, ¢ nomocamu W (p)
-6.01715486658712

-4.05503509352782 + 0.586326273508731i
-4.05503509352782 - 0.58632627350873i
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ACJIacM BBIBOJ, YTO OIOBOPCHHOC BBLIIIC YCJIOBHUC BBIIIOJIHACTCA, U CIICOIOBATCIIBHO,

3HAa4YCHHUC Tm BLI6paHO IMpaBUJIBHO.

Takum 00pazom,

0,4264
2,25p°+2121 p+1

W, (p) =

HManee onpenenum xenaeMmyro 11D 3amknyToil nuckpetnon CAY W (z) Kak
JUCKPETHBIN aHamor W _(p), QOpMHUPYEMBbId C HCHOJIB30BAHUEM HKCTpanojsTopa

HYJICBOI'O ITOPAOKA.

BpiOupaemM nepuos JTUCKpETU3alMU T, 1O MpaBWiy T, =T, _/(4..8), KOTOpOE

OCHOBBIBaeTcs Ha TeopeMe KoTenpHMKOBa. B oTueTe mo 3amanuto (B 3almcKe K Kyp-
COBOH paboTe UM MPOEKTY) HEOOXOAMMO MPUBECTH MOAPOOHOE 0OOCHOBaHUE BHIOO-
pa T, , eclli aBTOp IPETEHAYEeT Ha OLICHKY «OTIIMYHO». bepem 3HaueHune T = 0,2 c.

>> Wgz=c2d(Wg, 0.2)

Transfer function:
0.003558 z + 0.003341

z*2 - 1.812 z + 0.8281

Sampling time: 0.2
OTtoOpa3um kapTy pacnpeneneHus Hyne u nomtocon 3toit AI1D. Ona nokasa-

Ha Ha puc. 4.7.

Pole-Zero Map

0.8

0.6

0.4

0.2

Imaginary Axis
(0]
X

-0.2

-0.4

-0.6

-0.8

Real Axis

Puc. 4.7

86



OJIEMEHTHBI TEOPUHN IUCKPETHBIX CUCTEM ABTOMATUYECKOI'O YIIPABJIEHUA

ECTCCTBGHHO, 9TO HYJIM W TIOJIOCBI W (z) J1eXaTr BHYTPH Kpyra ¢aIMHHUYHOI'O

panuyca, 4YTO yKa3bIBaeT HA MUHUMAaJbHO-()a30BOCTb U ycToHUMBOCTh CAY.
Brsicaum, ynosnerBopsieT au nonydeHHas J[I[1® tpeGoBanuio pobacTtHOCTU

CAY (cmotpu paszzaen 4.1). s atoro onpenenum 11D npuBeaeHHON HENPEPhIBHOM

it}

YaCTHU NPSAMOU LENU CUCTEMBI W ..

(z) ¢ ynpouieHHbIM OY:
>> Wpncp =c2d(Woud,0.2)

Transfer function:
0.001732 z~2 + 0.006646 z + 0.001599

z~3 - 2.814 z*2 + 2.667 z - 0.8521
Sampling time: 0.2
>> zpk (Wpncp)

Zero/pole/gain:
0.001732 (z+3.579) (z+0.2579)

(z-0.9608) (z*2 - 1.853z + 0.8869)

Kapra pacnonoxxenust Hyneit u nontocoB 3toit 11D nana Ha puc. 4.8.

0.8

0.6

0.4

0.2 x|

Imaginary Axis

-0.2

-0.4

-0.6

-0.8

Real Axis

Puc. 4.8

OueBunno, yro JAI1® ITHY npsiMoii ey uMeeT HOJIb cOo 3HaueHueM -3.579, ko-

TOPBII BBIXOJUT 32 MPEENbl Kpyra €eIMHUYHOTO pajnyca Ha Z-TUIOCKOCTH (3TO O3HaYa-

g
TTHY

eT, uTo W .. (z) SIBJIIETCS HEMUHHMAaIbHO-(a30Bok). Kak mokazaHo B paznene 4.1, ms

obecnieueHus TpyoOCTH peryisitopa skenaemas J[[1dD 3aMKHYTO#M CHCTEMBI TaKKe TOJIK-
Ha COJIEP’KaTh 3TOT HOJb. JTO O3HA4aeT, 4yTo Hoib [THY He Oynmer koMmeHcupoBaThCs
PABHBIM MO BEJIMYHMHE ITOJKOCOM PETYISATOPA, KOTOPBIM, IPU HEWJECATBHON pealli3alui,
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00ycoBII Obl HEYCTOMYMBOCTH CUCTEMBI. BBeIeM yKa3aHHbII HOJIb YMHOXKEHHUEM XKe-
naemoit 11D na JII1®D 3BeHa ¢ TpeOyeMbIM HYJIEM H CKOPPEKTUPOBAHHBIM KO3(DPHIIH-

eHToM niepenauu. Jljis atoro onpeaenum Bektop Hynen 11D OV:

>> z=zero (Wpncp)
zZ =

-3.57920709863815
-0.25790397824043

Janee onpenennm BEKTOPHI HyJIeH U MOI0coB xemaemont 11D CAY w_(z):
>> a=zero (Wgz)
a=
-0.93906119346345
>> b=pole (Wgz)

b =

o

.90598552615384 + 0.085671125483211i
.90598552615384 - 0.085671125483211i

o

Oo0pazyem BeKTOpbl KO3()(PUIIUEHTOB W (z) !
>> [c, d]=tfdata(Wgz,'v')
c =

0 0.00355793107162 0.00334111499837

1.00000000000000 -1.81197105230768 0.82814931534181

Omnpenenum 00001eHHBIN KOdddunmeHT nepeaaun K IO w_(z):
>> K=-(c(3)/d(3))*(b(1)*b(2))/(a(1))
K =
0.00355793107162
OnpenenuMm cCKOppeKTUPOBaHHYIO xenaeMyto 11D 3amknyToit CAYW | (z):

>> Wgzl=zpk([a(1) z(1)],[b(1) b(2)],K/(1-z(1)),0.2)

Zero/pole/gain:
0.00077698 (z+0.9391) (z+3.579)

Sampling time: 0.2
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O000111eHHBIN KOA(PGUIUEHT Nepeladll CKOPPEKTUPOBAH IIPU BBOAE W (z) B
COOTBETCTBUM C U3BECTHON (HOPMYJIOH, BhIpaXKaIOIIed TEOPEMY O KOHEYHOM 3Haye-
HUU OpUTHHANA:

X(0) = lim (z-1)X ().

W3 nanHO# (opMynbl ClieyeT, YTO BHECEHUE B M300paKEHUE X (z) HYJS z,
(BBEZICHHEM COMHOXUTENS (z — z,) ) TpeOyeT BBeAeHU KodpdumenTa 1/(1 - z,) Ajs
COXpaHEHHUs 3HaYeHUs x (). COOTBETCTBEHHO, BBEJICHUE TOJIOCA p,, MPU TTOMOIIU
JeNeHust X (z) Ha (z - p,), TpeOyeT BBeAeHus Ko duimenTa (1 - p,) .

Wrak, mpoBepuM, Kak M3MEHIIMCh JUHAMUYECKUE CBOWCTBA MOJEIH JKejae-

moit JII1d 3amkuytoit CAY. [ns sroro moctpoum, ucmoiasdys LTI-Viewer, mepe-

XOJHBIE XapaKTEPUCTUKU W (z) U W, (z) . OHM OKa3aHbl Ha puc. 4.9.

Amplitude
o
N
a

Puc. 4.9

OueBUIHO, YTO BBEACHUE HYJII HE3HAYUTEIBbHO U3MEHMIIO CBOMCTBA MOJEIH.

[anmee paccMoTpuM BOIPOC O peann3yeMocTH perynstopa. Kak ciempyer us
dopmymnsl (4.3), LIP peanuzyem, eciii pa3HOCTh CTETICHEHW MOJTMHOMOB 3HAMEHATENS U
yucnurens xxenaeMon I 3amkuyToit CAY He MEHbIE pa3HOCTH CTEIECHEN MOJIH-

HOMOB 3HaMeHaTes U yucautens skBuBaneHTHoi 11D OY. B nanHoOM npumepe 3To
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YCIIOBHE HE BBINOIHAETCA. [103TOMY BBEIEM TONOJHUTEIBHBIN MOJIOC B KEJIAEMYIO
JII® 3amkHyTO crcTeMbl. OYEBHIIHO, YTO 3TOT MOJIOC JOHKEH JIEXKAaThb BHYTPH
OKPY’KHOCTH €IMHMYHOIO pajguyca Ha Z-TUIOCKOCTH, TO €CTh JOJDKEH ONPENEIIATH
YCTOMYMBYIO MOy CBOOOIHOTO JBMKEHMSI, KOTOPAsi K TOMY K€ HE JI0JI’KHA OBITh J10-
MUHHPYIOIIEH (MHAaYe TOBOPS, 3Ta MOJA HE JOJDKHA CHIIBHO U3MEHSTh Xapakrep Ie-
pexoaHoro mnporecca). Takum 00pa3oM, BBOJUMBIN MOJIIOC JOJKEH PacIoiararbCs
3HAYUTEIBHO ONMKE K Hadaly KOOPJAWHAT MO OTHOIICHUIO K UMEIOIIUMCS MOJI0caM

xenaemon 11 3amkHyTOM cucteMbl. BBenem, Kk mpumepy, moyroc p, = —0,01 . [(ns

3TOro MOJAU(PUIIMPYEM KOMAHY, KOTOpas UCHOIb30BAJIACH BBILIE JJI1 BBEACHUS HYJIS
JII® u BBegeMm IO w _, (z).
> Wgz2=zpk ([a(1l) z(1)],[b(1) b(2) -0.01],K*(1+0.01)/(1-z(1)),0.2)

Zero/pole/gain:
0.00078475 (z+0.9391) (z+3.579)

(z+0.01) (z*2 - 1.812z + 0.8281)
Sampling time: 0.2

CMOTpHM, KaK M3MCHMJIACH XKCJIaCMasad JTMHAMHNKA CUCTCMBI. I[J'IH 9TOIro CTpouM

IIEPEXO/IHBIE XApPaKTEPUCTUKH, COOTBETCTBYIOIIME W (p), W _(z), W_,(z) ™H

XK

W _, (z) . PesynpraTr — Ha puc. 4.10.

Amplitude
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JlonmyCTUMO CUUTATh, UTO MEPEXOIHBIC XapAKTEPUCTUKH OTIIMYAIOTCS HE3HAUU-
TEJIbHO, U ClieloBaTelibHO, Moaudukamus xenaemont 11D 3amkuyroit CAY BBene-
HUEM JIOTIOJHUTENILHOTO HYJIS M TIOJIFOCa ClieJlaHa I0CTaTOYHO KOppeKTHO. Jlanee s

pacueToB OyAeM UCNONb30BaTh W, (z) .

Jrtan 4. Cunre3 uugpoBoro peryasaropa

Huckpetnas [1® I[P onpenensercs hopmymoit (4.2). UToOBI BOCIIOIB30BaTh-

csl aToM (hopMmyIioH, HYkHO mpenBaputenbHo 3a1aTh B MATLAB JAI1® npusenes-
HO#1 HenpepbiBHOM yact CAY W . (z) . Hpyrue neooxoaumelie 11D Ob11H 3a1aHbI

BBIIIIC. y‘-ITeM, 9TO B COCTAaB HpHBGILCHHOﬁ HGHpGpBIBHOfI 4aCTUu BXOOUT JKCTpPAIIO-

aatop HysneBoro nopsaaka, OY u 3BeHo oOpaTHol cBszu. [loatomy ompenenseM B

MATLAB AlI1®:

>> Wpnc=c2d (Woud*Woc,0.2)

Transfer function:
0.0006499 z~3 + 0.006034 z~2 + 0.005055 z + 0.0003812

z*4 - 3.296 z*3 + 4.023 z*2 - 2.138 z + 0.4107
Sampling time: 0.2
B xauectBe W_(z) MCHOJIB3yeM CKOppeKTUpoBaHHyto AIID w _, (z).
>> Wr=minreal (Wgz2/ (Wpncp-Wgz2*Wpnc) )

Zero/pole/gain:
0.45308 (z-0.9608) (z-0.4819) (z+0.9391) (z~2 - 1.853z + 0.8869)

(z-1) (z-0.7621) (z-0.5341) (z+0.2586) (z+0.01132)

Sampling time: 0.2

[IpaBunbHOCTH pacuera [AIID [P nmpoBepuM B X01ae MaTeMaTHYECKOrO0 MOJIE-

nupoBaHus CAY.

Jran 5. Maremarnueckoe mogeaupoBanue CAY

Mogaemupyem CAY ¢ wucnonb3oBaHueM KommoHeHTa Simulink cuctembl
MATLAB [5]. Cxema MoaenupoBaHusl, oKa3aHHas Ha puc. 4.11, COAEPKUT 3aMKHY-
Tyi0o CAY ¢ 3KCTpamnoiasTopoM HYJEBOTO MOPSIKA W MapauieIbHO BKIIOYEHHOE JTa-

goHHoe 3BeHO ¢ JII® W _(p), HeoOXoaumoe [uisl CpaBHEHHUS IEPEXOIHBIX
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npoueccoB. Bmecto W (p) MOXHO ObuIO OBl MCNONB30BaTh W (z), W, (z) WIH
W_, (z), TaK KaK pa3jinyus B JUHAMUKE 3THUX OOBEKTOB HECYHIECTBEHHBI. OaHAKO

IpOIIE CpaBHUBATh MPOILECCHl OJHOTO THUIIA, B JAHHOM Cllydyae KOHTHHYyaJbHbIE (a
TOYHEE, MOAECIUPYEMBIE, KAK KOHTUHYAJIbHBIE).
Ha puc. 4.11 BugHo, yTo B kKadecTBe OV MCHOJIB30BaHO 3BEHO C HEYNPOLIEH-

Hol I1® W, (p). Ha puc. 4.12 noka3aHsl nojgydaeMble B XOA€ MOJEINPOBAHUS MIPO-

LCCChI: KpHUBasi 1 - IS 3TAJIOHHOI'O 3BCHA, KPHUBAsd 2 - JJIA CHHTGSHpOBaHHOﬁ CAY.

| -
J | wr —>le L Wou
Step
Subtract LTI System Zero-Order LTI System1
Hold
> [
>
Scope2
Woc
LTI System2
> Wg
LTI System3
Puc. 4.11

06 T T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20

Puc. 4.12

O‘-IGBI/II[HO, qTO0 HEMOJCIUpyeMasa AWMHAMHUKA IMPOABIICTCA B BUAC HCCKOJIBKO

YBEJIMUEHHON KoJebaTelbHOCTH TmepexoaHoi xapaktepuctuku CAY. 3ameHum
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W, (p) Ha ynpomeHHyw [I® nmoHmxkenHoro nopsnka W, (p). [lomydaem HOBYIO

MOJIEIb, MPEICTaBICHHYIO Ha puc. 4.13.

P+
J Yl wr > [L > woud
Step
Subtract LTI System Zero-Order LTI System1
Hold
> L]
>
Scope2
Woc
LTI System2
> Wg
LTI System3
Puc. 4.13

[IpousBoass MOAEIMPOBAHUE 3aHOBO, IMOJIYYaeM IPOLECCHI, MOKa3aHHbIE Ha
puc. 4.14: kpuBasg 1 — s 3TAJOHHOrO 3BE€HA, KpuBas 2 — HJIsI CUHTE3UPOBAHHOM

CAY.

-0.05 1 1 I} 1 L 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Puc. 4.14

OueBusHO, 4TO NepexoaHast xapakrepuctuka CAY B emie OosbIiIel Mepe pu-
OJbKeHa K STaJIOHHOW, Hexenu Ha puc. 4.14. B 1o e BpeMs B 1aHHOI paboTe HE 3a-
naH  (opManbHBIA KpUTEpUW TNPUONMIKEHHS TIPOLECCOB U €ro MpUEMIIEMOE

YUCJIEHHOE 3HadueHue. [1lo3TtoMy nomycTuMo cuuTaTh, 4TO KpuBbIe Ha puc. 4.14 no-
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CTaTOYHO OJM3KH, YTOOBI 3aKJIIOUYHUTh, YTO PACUEThl IPOU3BEACHBI PABMIBHO, a pac-
XO0XAeHUEe Ha puc. 4.12 — npuemMiIeMbIii KOMIPOMHUCC MEXITY CII0)KHOCTBIO PETYIIATO-
pa 1 KaueCTBOM CHUHTE3A.

Jlanee He0OX0AMMO OCYIIECTBUTH MpsAMYI0 peanusaiuio [P B Bume pekypcus-
Horo 1udposoro punstpa (BUX-punerpa). C 310N 1ETBIO OnpenesseM B padbodeit
obnactu BekTopsl koddduimentos JID [P w, (z) .
>> [b,a]=tfdata (Wr, 'v'")
b =

Columns 1 through 5

0.45307868681954 -1.06779891510397 0.42068090089960 0.74334051755571 -
0.72342981934316

Column 6

0.17473222108949

Columns 1 through 5

1.00000000000000 -2.02630569808294 1.08643776472682 0.04592122975878 -
0.10486173988163

Column 6

-0.00119155652094

®daktnyecku, [1O [P

>> Wr

Transfer function:
0.4531 z~5 - 1.068 z*4 + 0.4207 z~3 + 0.7433 z~2 - 0.7234 z + 0.1747

z*5 - 2.026 z*4 + 1.086 z~3 + 0.04592 z~2 - 0.1049 z - 0.001192

Sampling time: 0.2

npenacraBisercs B popMme, xapakTepHou s uudpoBbix BUX-hunbsTpos:

2 -3 -5

~0,7234 7z + 01747 2
* _0,001192 z

0,4531 —1,068 z ' +0,4207 z ° +0,7433 z
1-2,026 z ' +1,08 z > +0,04592 z > —0,1049 7z~

W, (p)

-5

3agaHue napameTpoB NpAMON peanu3anuu noiydeHHoro [P ocymiecTBisercs

HOCPEJICTBOM BEKTOPOB KOAPPHUIIMEHTOB a U b, Kak 3TO MmokazaHo Ha puc. 4.15.
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[TpoBepka mpaBUIILHOCTH 3aJlaHusl CTPYKTYphI LIP mpousBoauTcsl cpaBHEHHEM
MOJTy9aeMBbIX TPOIIECCOB C TEMH, YTO OBUIM MOJy4deHbI paHee. JlJis Mojenu, mpe-
CTaBJICHHOW Ha puc. 4.15, momydaem rpaduku, mokazanHeie Ha puc. 4.16: kpuBas 1 —
JUTS STAJIOHHOTO 3BeHA, KpuBas 2 — IJ1s cuHTe3upoBanHoi CAY.

G
G
G

>
>
»!

o

;@_; Woud

Zero-Order LTI System1
Hold

» o
~ DL = 0
E} y

Scope2

A4

h 4

2
nit Delay
- Unit Delay10
Sum of
Elements

Woc L
LT

LTI System2

.
L |

LTI System3

Puc. 4.15

0 2 < 6 8 10 12 14 16 18 20
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O4eBuHO, YTO ATH rpaduKU MPAKTUUECKH COBIAJAIOT C TEMHU, YTO TOKA3aHbI
Ha puc. 4.14. DTo o3Hauaer, uto npsimas peanmzanus [[P ocymiecTBieHa npaBUIIbHO.
[IpoBeprM, HACKOIBKO POOACTHBIM, IO OTHOIICHHWIO K Bapuanuu Kod(h(OUIIMEHTOB
ceoeit AI1®D, momyumiicst perynarop. s atoro okpyrinum kodddurmentsr IO [P

C TOYHOCTBIO 710 1/256 (8 ABOMYHBIX pa3psI0B TOCIIE 3aMSTON).

>> aa=round (a*256) /256
aa =
Columns 1 through 5

1.00000000000000 -2.02734375000000 1.08593750000000 0.04687500000000 -
0.10546875000000

Column 6

0
>> bb=round (b*256) /256

bb =
Columns 1 through 5

0.45312500000000 -1.06640625000000 0.42187500000000 0.74218750000000 -
0.72265625000000

Column 6
0.17578125000000

Onpenenum 11D perynsaropa ¢ OKpyriaeHHbBIMU KO3 (HULIHEHTaMHU:

>> Wrr=tf(bb,aa,0.2)

Transfer function:
0.4531 z~5 - 1.066 z*4 + 0.4219 z~3 + 0.7422 z*~2 - 0.7227 z + 0.1758

zA5 - 2.027 z*4 + 1.086 z*3 + 0.04688 z*~2 - 0.1055 z
Sampling time: 0.2

[Tpouzenem MonenupoBanue CAY ¢ «OKpyriieHHBIM» peryiasaropoMm. Cxema
MojepoBaHus 1mogo0Ha puc. 4.13. PesynbraTt — Ha puc. 4.17.

Ha puc. 4.17 nokazansl kpuBble: | — s 3TanoHHOTO 3BeHa, 2 — mna CAY ¢
CEKI[IMOHUPOBAHHBIM PETYISTOPOM.

OueBUIHO, YTO CUCTEMa CTajla HEYCTOMYMBOW. Takou ke pe3ysbTaT JaeT MO-
JenpoBaHre ¢ MU(PPOBBHIM PUIHTPOM B MPSMON peaTu3alii U «OKPYTICHHBIMY pe-

ryastTopoM (cxema mogo0Ha puc. 4.15).
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20 T T T T T

5_ -
2

> ~—

Puc. 4.17

OTtcrofa cieayer, 4To PEryisiTop, CUHTE3UPOBAHHBIA C Yy4eTOM TpeOOBaHUS
pobacTHOCTH (MOXHO CKa3zaTh, PyHIaMEHTaIbHON pOOACTHOCTH) U MIPEACTaBICHHbBIN
B BHJIE €IMHOTO HEJEKOMITO3UPOBAHHOTO 3BeHA, POOACTHOCTU BBIYUCIUTEIBHON (MU
pean3aoHHON) Toka He obecreunBaeT. OCyImecTBUM JEKOMIIO3HUIINIO PETyIsTopa,

MMpEeACTaBUB €TI0 B BUAC IMMOCICAOBATCIIBHOIO COCAMHCHUSA CGKHI/II>'I BTOPOTrO IopsJaKa.

>> [svp,k]=tf2sos(b,a)

svp =
Columns 1 through 5

1.00000000000000 -0.96078920792802 0 1.00000000000000
0.01132233790985

1.00000000000000 0.45711702625073 -0.45257506484552 1.00000000000000 -
0.27550153700305

1.00000000000000 -1.85309044293339 0.88691219365908 1.00000000000000 -
1.76212649898974

Column 6
0

-0.13808657997045
0.76212649898988

0.45307868681954

Oxpyrimum kodpdunuentsr JIID cexuuit peryiasTopa ¢ TOW K€ TOYHOCTHIO,

KaK 3TO JeNIalioCh BhIIIE ¢ KOAhOUIIMEHTAMH €IMHOTO PETyIISITOpa.

>> svpr=round (svp*256) /256
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svpr =
Columns 1 through 5
1.00000000000000 -0.96093750000000 0 1.00000000000000
0.01171875000000
1.00000000000000 0.45703125000000 -0.45312500000000 1.00000000000000 -
0.27734375000000

1.00000000000000 -1.85156250000000 0.88671875000000 1.00000000000000 -
1.76171875000000

Column 6
0
-0.13671875000000
0.76171875000000

>> kr=round (k*256) /256
kr =

0.45312500000000

Tenepb oCyIIECTBUM MPAMYIO PEATU3AINIO CEKITMOHUPOBAHHOTO PETYIATOPA U
IPOU3BEEM MOJICTMPOBAHNE, COTIACHO CXeMe, mokazaHnHou Ha puc. 4.18. Tlepexon-
HBI TIpoIecC MmoKaszaH Ha puc. 4.19: kpuBas | — AJig 3TaTOHHOTO 3BEHA, KpUBast 2 —

1151 CAY € CEKIIMOHUPOBAHHBIM PETYISTOPOM.

06 T T T T

05 -

0.4

0.3

0.2

0.1

Puc. 4.19
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Elements3

Gain10
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Gainl3
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Sum of
Elements2

Zero-Order
Hold

Unit Delayll
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LTI System1

Gainl5

Gain16

Scope2

<

Woc L
L

LTI System2
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LTI System3
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O4eBUIHO, UTO TEMEpPb CUCTEMA HE TOJILKO YCTOWYMBA, HO M OYE€Hb OJM3Ka IO
CBOMCTBaM K CHCTEME C «HEOKPYTIECHHBIM» peryasaTopoM. OKpyIIICHHE TPAKTHICCKU
HE MOBJIMSIIO HA €€ CBOMCTBA. JTO O3HAYAET, YTO cUcTeMa podacTHa (Tpyda).

Takum oOpazoM, uudpoBoit peryisaTop, odecneunBarouii podactnocts CAY,
JOJHKEH UMETh MaTpHILy KO3 (PHUIIMEHTOB svp, a €ro pearn3alus J0DKHA OCYIIeCTB-
JSTHCSA B COOTBETCTBHHM C puc. 4.18. 3ameTnm, 94T0 ecitu OBl PETyJIATOP PacCUUTHIBAII-
csi 0e3 ydera ycJoBHUSI poOAacTHOCTH, cPopMylIupoBaHHOTO B paszaene 4.1, To ero

CEKLIMOHMPOBAHHUE HE IIPUBEIIO OBI K JKEJIAEMOMY PE3yJIbTaTy.
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I'JIABA 5
N3bPAHHBIE OBFBEKTbBI CUCTEMbBI MATLAB

B HacrosiieM paszene KpaTKO OMUCHIBAIOTCS OTIENbHbIC (DYHKIIMH, KOMaHIbI
u npyrue cpencta cucreMbl MATLAB, a tounee, nmakera Control System Toolbox,
BXOJSIIIETO B 3Ty CHUCTEMY W OPUEHTUPOBAHHOIO Ha 3a/ayd aBTOMAaTHYECKOIO
yIpaBlIeHUs. DTOT MaKeT MO3BOJIAET onepupoBath ¢ ocoObiMu LTI-o0bexTamu (miu
LTI-monenssmu). A66peBuarypa LTI odpazosana ot linear, time-invariant models, To
€CTh JIMHEWHBIE MOJEIN C IIOCTOSHHBIMH mnapamerpamu. Paccmorpenue LTI-
00BEKTOB OTpaHUYUBAETCA OJHOMEPHBIM CiydaeM. PaccMaTpuBarOTCS TOJBKO Te
CpelCTBa, KOTOPhIE MCHOJB3YIOTCS B MPUMEPAX, MPUBOAUMBIX B HACTOSILEM IOCO-
6un. boiee nmoiHOe onmucaHue ATUX U JIPYruX oOBEKTOB MOxHO Haiitu B MATLAB
Help, a Taoke B [6]. OOBEKTHI pacronararoTcst HUxe B ajadaBuTHOM nopsake. Crie-
AyeT HallOMHHTb, YTO MPUHSATOMY B OTE€YECTBEHHOH JHUTEpAType 0003HAUCHUIO «P»
JUTsI KOMIUIEKCHOU TIepeMeHHoI nipeoOpa3oBanus Jlamiaca cooTBeTCTByeT 0003HaUe-

HHUE «S» B aHIJIOA3bIYHOM auTepatype u B MATLAB.
c2d

Huckperusupyet HenpepbiBHbI LTI-00beKT.

CuHTaKcuc:

sysd c2d(sys,Ts)

sysd = c2d(sys,Ts,method)
[sysd,G] = c2d(sys,Ts,method)

sysd = c2d(sys,Ts) AUCKPCTHU3HUPYCT HCOPCPHIBHYIO CUCTEMY C JKCTpaIo-
JIITOPOM HYJIEBOI'O IOPs KA HA BXOAE C NEPUOIOM NUCKPETU3AHUU Ts.

sysd = c2d(sys,Ts,method) JIMCKPCTU3HUPYCT HEIPECPBLIBHYIO CHUCTEMY, B
COOTBETCTBHUH CO CHEHUDUITUPOBAHHBIM METOJAOM JTUCKPETU3AINH, C TIEPUOIOM JHUC-
KpeTuzanuu Ts. Bo3aMokHBI clieyronue creruduKaimm:

'zoh' — QUCKpPETH3ALMS C IKCTPAIOIATOPOM HYJIEBOI'O OPSAIKA,

'foh' — AMCKPETH3aAlM:A C S3KCTPANOJIATOPOM IEPBOIO MOPSIAKA,
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'tustin' — OujMHEHHOE MpeoOpa3oBaHNE HEMPEPHIBHOW CUCTEMBI (peodpa-
3oBaHue TacTtuHa);

'prewarp' — IpeoOpa3oBaHue TacTHHA ¢ N3MEHEHUEM MaciiTaba 4acTOThI;

'matched' — METOJI COTJIACOBAHUS HYJICH U TOTIOCOB.

B kauecTtBe mpumMepa 3agaaniM  HEMPEPBHIBHYIO CHUCTEMY  3allHChIO
W=t£f([1],[0.35 0.67 1]). luckpetusupyem e€ TpeMs pa3HBIMU METOJAMH.

>> Wl=c2d(W,0.1, 'zoh')

Transfer function:
0.01338 z + 0.01256

z*2 - 1.8 z + 0.8258

>> W2=c2d (W,0.1,'foh"')

Transfer function:
0.004536 z*2 + 0.01728 z + 0.004122

z*"2 - 1.8 z + 0.8258
>> W3=c2d(W,0.1, 'tustin')

Transfer function:
0.006477 z~2 + 0.01295 z + 0.006477

z*2 - 1.801 z + 0.8264

JlunaMu4yeckue XapakTepPUCTHKU CUCTEM TTOKa3aHbl Ha puc. 5.1.

1.5 T T T T F

Ampliud
.

0.5

0.1 T T T T T
0.08 —#:F_ﬂ:ﬁhh_
0.06
E 0.04 J_, ﬂ:h
= 0.02 M EEE
r r r r r
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O‘ICBI/II[HO, yto IIX IMPAKTHUYCCKU COBIIAAAX0T, U MOKHO OBLI0 OBI 3aKJIIOYNTD,
qTO MCTOJbI OKBHBAJICHTHEI. OI[HaKO JaCTOTHBIC XAPAKTCPUCTUKHU ACMOHCTPHPYIOT

3HAYUTENIbHO OOJIBIINE Pa3INyMsl, YTO CIEAYET U3 pHC. 5.2.

Bode Diagram

o 1

Magitude (d8)

Phase (deg)
5
a

= 1 o 1 2
10 10 10 10 10

Frequency (rad/sec)

Puc. 5.2

Pazmuumsa ocobenHo 3ameTHbI BOM3M yacToThl HalikBucra. OTcroa siCHO, 4To
HauOosiee aJleKBaTHBIM METOJ JUCKPETHU3AlMU JOJKEH BBIOMPAThCS B KOHTEKCTE
KOHKPETHOM 3a/1auH.

LTI Viewer

['padpuueckuit mHTepdeiic ana npocmorpa xapaktepuctuk LTI-00bexTos.
[To3BomnsieT uccneoBaTh AMHAMUYECKHE U YaCTOTHBIE XapaKTEPUCTHKH, a TAKKe Kap-
Ty pacroyioKeHusI HyJiel u momtocoB. [1o3BossieT BBIBOIUTH 10 6 TpaduKOB OIIHO-
BpeMeHHO. Br3piBaercs u3 pabouert odomactu MATLAB kxomanmoii ltiview Ji0O
yepe3 MeHo Start (cmotpu cieBa BHmM3y) kak Start/Toolboxes/Control System/LTI
Viewer. ITpu padote ¢ LTI Viewer'om BaxxHo BHadaje BeiOpaTh LTI-00bekT, a 3aTem
BbIOpaTh HA0Op XapakTEPUCTHK JUIsl MpOocMOTpa. Beibop o0BekTa ocyliecTBIseTCs
yepes3 File/Import. Ecnu kakoil-nmu6o o0beKT TpedyeTcs yaalnuTh, TO HY>)KHO CIEeNaTh
Edit/Delete Systems, BeiOpaTh u3 crimcka o0bekT U Haxkath Delete. Beioop Tpebye-
MBIX xapakTepucTrk rnpousBoautcs kak Edit/Plot Configurations, sarem BeiOupaercs

KOJIMYECTBO U XapaKTep PacloOXKeHHUs rpapuKOB U BHIOMPAIOTCS BUABI XapaKTepH-
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cTHK. Yare BCero MCIob3yIOTCS XapaKTePUCTUKH: Step — mepexoaHasi XapaKkTepH-
ctuka, Impulse — ummynbcHast nepexoanas gpyukuusa, Bode — norapudpmudeckue ga-
CTOTHBIE XapakTepucTHku U Pole/Zero — kapTa pacnosioskeHust HyJiei U MOJIIOCOB.
Heo6xomumMo OTMETUTh, YTO MpOCMATpUBaTh Tpaduku xapakTepuctuk LTI-
00BEeKTOB MOXHO U 0e3 obOpamenus k LTI Viewer'y. Hanpumep, HaOpaB kKomaHIy
step (W), MOXXHO TIPOCMOTPETh MEPEXOTHYIO XapaKTepUCTHKY, a HaOpaB bode (W), —
Jorapu(PMHUUECKYI0 aMIUIMTYAHO-4aCTOTHYIO U JIOTapU(PMUYECKYIO (Pa30-4aCTOTHYIO

xapakTepucTuku oobekta ¢ [1D w.
minreal

MunuMmaneHas peanuzanus L T1-o0bekTa.

CuHTakcuc:
sysr = minreal (sys)

sysr = minreal (sys, tol)

sysr = minreal (sys) ONpeaeisIET MUHUMaIbHYIO peanu3anuto [1D 3a cuer
COKpAIIICHUS OJIMHAKOBBIX HYJIEH U TTOIIOCOB.

sysr = minreal (sys,tol) NO3BOJIICT COKpallaTh HYJIH MU IIOJHOCHI, COBIIA-
naromue ¢ 3aaaBaeMoil TouHocTslo. [lo ymomuanuto tol = sqrt(eps), rae eps — Tou-
HOCTHb BBIYHCIIEHMI C IUIaBarolieil 3amsartoil. Yem Ooblee 3HAYEHHE OIIMOKHU
3aJ1a€TCA, TEM HUKE MOXKET OKa3aThCs Mopsaok [1D.

Ilpumep. 3anana 11O H:
10 s*3 + 45 s*2 + 50 s + 15

s*"5 + 7.25 s*4 + 18.88 s”*3 + 22 s*2 + 11.63 s + 2.25

3anuch Hl=minreal (H) Bo3BpamaeT [1® noHnxeHHOro nopsijaka H1:

s*"2 + 2.75 s + 1.5
pole
Beruuciser monrocel LTI-00bekTa.

CuHTaKCcuc:

p = pole(sys)
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BosBpamaeT BEKTOp IOJIOCOB CHCTEMBL. Hampumep, 3amaB  CHCTEMY
W (p) = 1/(0,25 p°+0,7p+1) Kak W=t£([1],[0.25 0.7 1]1), wHabupaem

p=pole (W) U nojiy4acM

p:
-1.4000 + 1.4283i
~1.4000 - 1.4283i
round

[Ipon3BoaUT OKpyIJIEHUE A0 OJMMKAUIIEro 1IeJI0r0 Ynca.

CuHTakcuc:
y = round (x)

Hampumep, okpyrium uucio 2,378. 3anumiem B padoueit ooinactu MATLAB
y=round(2.378) HIOJYyYUM y = 2.

tf

Omnpenensier pazHoBUIHOCTh LTI-00bekTa — tf-00BEKT, TO €CTh NEPEAATOUHYIO
¢dyukuuto (transfer function), uau npeodpasyer LTI-00bekt B tf-hopmy.
CuHrakcuc:
sys = tf (num,den)
sys = tf(num,den,Ts)
sys = tf (M)
sys = tf('s'")
sys = tf('z',Ts)
tfsys = tf(sys)
sys = tf (num,den) co3nact [1® HENpepbIBHOTO JIMHEUHOTO JUHAMUYECKOTO
00BEKTa C MOJIUHOMOM B UHCIIUTEIIE, ONPEeTICHHOM BEKTOPOM KOA(DPUIIUEHTOB nun

U TOJMHOMOM B 3HaMEHaTele, OMPEJCIICHHOM BEKTOPOM KOd(PhHUIIMEHTOB den.

Hampumep, w=t£([10],[0.5 1]) onpexaenser [1D

10
W(p)=—"—.
05p+1
sys = tf(num,den,Ts) co3maer JI[ID nuHEHHOTO MUCKPETHOTO OOBEKTA C

nepuogoM auckperusanuu Ts. [lonuHom uncnurens [II®D 3amaercs BEeKTOpOM KO-
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3¢ (UIMEHTOB num, MOJWHOM 3HAMEHATENsl — BEKTOPOM Ko3((UIIHEHTOB den.
Hanpumep, H=t£([0.175 0],[1 1.318 0.493],0.1) onpenenset [1D

0,175 z

H(z) = .
z? -1,318 z + 0,493

sys = tf(M) co3maeT Oe3bIHEPLIMOHHOE 3B€HO CO CTAaTHMYECKUM KO3 HUIIU-
eHTOM nepenauu M. Harmpumep, k=t£ (7.5) co31aeT 3B€HO C k = 7,5 .

sys = tf('s') ompeaenser tf-o0beKT, TPaKTyeMbll KaKk NEPEMEHHYIO sys
(popmanbro — 310 [ID), MpUrOIHYIO AJIA 33laHUs PALIMOHATBHBIX (DYHKIIHM, UHTEP-
nperupyembix MATLAB, kak [I® aprymenta s. 910 mo3BoiseT 3anaBath [ID B
IpOOHO-pallMOHAIBHOM MpelcTaBieHnu. Hanpumep, mnocieqoBaTenbHO —3a1aBas

s=tf('s'),a3arem G=5*s/ (0.25*s+1), onpeaenum [1D

5p
G(p)=—"""7"
0,25 p+1
sys = tf('z',Ts) omnpeaenser tf-00beKT, TPAKTyeMbld KaK MEPEMEHHYIO

sys ((hopManbHO — 3TO JUCKpPETHas mepenaToyHast GYHKIMA), TPUTOAHYIO I 3a-
JaHusl pauuMoHanbHbIX (PyHKIMH, uHTepnperupyembix MATLAB, kak JII® apry-
MEHTa z C IEPUOAOM AMCKpeTH3aunu Ts. Hampumep, mocnenoBaTenbHO 3ajaBast

z

z=t£('z',0.1), a 3aTeM V=z/ (z-1), onpeaenum IID v (z) = C HEepUoOAOM

nuckperuzanuu 0,1 c.

tfsys = tf(sys) mpeoOpasyeT JMHECHHBIA AUHAMUYECKUN OOBEKT sys, 3a-
TAHHBIA paHee, HanpuMep B zpk-dopme (CMOTpHU HIKE), B 00BEKT tfsys, MPEACTaB-
nenneli B tf-popme. K mnpumepy, umeercss 0oOBEKT Q, TIPEICTaBICHHBIA B

[I0CJIEI0BATENBHO-IEKOMIIO3UPOBAHHOMN Qopme

0.5 (z*2 - 0.12z + 0.4)

(z+0.03293) (z*2 - 0.1129z + 0.3037)
[Mepeiinem k tf-popme Q, 3amaB Q=t£ (Q), M MOIyUUM
0.5 z#2 - 0.06 z + 0.2

z*3 - 0.08 z#2 + 0.3 z + 0.01
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tf2s0s

OcymectBisier npeodOpa3zoBanue koddduimento D cucrembr B k03 u-
IIUEHTHI CEKITUH BTOPOTO MOPSIIKA.

CuHTaKCcHC:
[sos,g] = tf2sos(b,a)
[sos,g] = tf2sos(b,a,'order')

[sos,g] = tf2sos(b,a,'order’', 'scale')

[Ipocreiimas ¢popma [sos,g] = tf2sos(b,a) BO3BpallaeT 6-CTOJIOIIOBYIO
MaTpUIly sos, KaxJas CTpoka KOTOpod coaepkut koddpduimentsl 1D cexmum
BTOPOTO nopsjika. Bektop b coaepkuT Ko3PphUIMEHTH YUCITUTENS, a BEKTOP a — KO-
s unuents! 3HameHarens 1P gexkoMmo3zupyemont cuctemsl. J[0OJHUTENBHO BbI-
BoAUTCS KO3 duiMeHT nepenayu g (gain), nodasisiemslii k JJI[1D, cocraBienHon u3
CEeKIIMA BTOPOro TMoOpslaKa. BekTop-cTpoka MarTpulbl sos HUMEET BUJ

[b, b, b,1a, a,], rie KO3((PUIHEHTHI COOTBETCTBYIOT Cieayrolei (popme 3amnucu
JTID:

2
b,z" +b,z+b,
V(z) = %
7" +a,z+a,

Ipumep. Tlyctb ompejeneHbl BEKTOPbI KOI(DOUIUMCHTOB duciauTes (vl) H

3HameHarens (v2) JII1®D Hekoit cuctemsr:
vl =

0 0.00064990212955 0.00603414877275
0.00505497569770 0.00038124009877

v2 =
1.00000000000000 -3.29582381807413 4.02347437751525 -
2.13764533834348 0.41068181296159
()HpeﬂeHHeM(byHKHHH)[sos,k]=thSos(v1,v2)I{HOquaeM:
sos =
Columns 1 through 5
0 1.00000000000000 8.36303969749988
1.00000000000000 -1.44273337514071
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1.00000000000000 0.92166410381889 0.07014334215246
1.00000000000000 -1.85309044293342
Column 6
0.46304675468182
0.88691219365911

6.499021295533231e-004
(DOpNH13aHHCH [sos,g] = tf2sos(b,a,'order') MNO3BOJIECT 3aJaBaTh I10-
CJIEIOBATENIbHOCTh BKJIFOUEHUS CEKIMM BTOPOro mopsiaka, a ¢opma [sos,g]l =
tf2sos(b,a, 'order', 'scale') IONOJHUTEIBHO YIPABIAET PACHPEICICHUEM KO-
s duLreHTa YCUIIEHUS MEXKIY CEKIUSAMU. DTU (OPMBI aKTyalIbHbI JUI BBIUMCICHUN
¢ (pukcupoBaHHOM 3amsATON. J{711 0O3HAKOMIIEHHS] ¢ HUMH PEKOMEHYETCsl 00paTUThCSA
K pykoBoJacTBY 10 cucteme MATLAB, a takxke k [7].

tfdata

H3Bneyenne ganHbIx o 11D.

Cunrakcuc:
[num,den] = tfdata(sys,'v')

[num,den,Ts] = tfdata(sys,'v')

[num,den] = tfdata(sys,'v') BO3BpaliaeT BeKTOp K0IPOUIIMEHTOB YHUC-
utens [1® num 1 BekTop K03PPULIMEHTOB 3HaAMEHATeNs den.

[num,den,Ts] = tfdata(sys,'v') BO3BpallaeT BEKTOpP KOA(DPHUIIUEHTOB
yucnurens JII® num , BekTop K03¢p(HULIMEHTOB 3HaMeHaTeNsl den U MEpUOA AUCKpe-
Tu3anuu Ts. Hanpumep, n3pieueM nH(opmaiuio o napamerpax IMCKpEeTHOrO 00beK-
Ta H=tf([5 -0.6 2],[10 -0.8 3 0.1], 0.2). Jlng »3TOro 3amuiieMm

[n,d,T]=tfdata(H,'v') ¥ IOIy4UM

n =
0 5.0000 -0.6000 2.0000
d =
10.0000 -0.8000 3.0000 0.1000
T =

0.2000
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ZEro

Breruucnser nynu LTI-o0bekTa.
CunTakcuc:
z = zero(sys)

[z,gain] = zero(sys)
z = zero(sys) BO3BpallacT BEKTOp HyJieW cucteMbl. Hanmpumep, 3a1aB cu-
cTeMy W (p) = (p’ +0,5p+1)/(0,25 p* +0,7p +1) KaK W=t£([1 0.5 1],[0.25 0.7

1]), HaOupaeM z=zero (W) U MOJy4aem

z =
-0.2500 + 0.9682i
-0.2500 - 0.9682i

[z,gain] = zero(sys) BO3BpallacT BEKTOP HYJEH U OOOOIICHHBIN KO-
bunmenT ycwieHus cucteMbl (cMm. dopmyny (2.16)). Jlns cucremsl, 3alaHHON B
NpEaAbIAYIIEM IIPUMEPE, Ha6paB [z,gain]=zero (W), IIOJy4YacM
Zz =
-0.2500 + 0.9682i
-0.2500 - 0.9682i

gain =
40

zpk

Omnpenensier pazHoBuaHOCTh LTI-00bekta — zpk-00BeKT, TO ecTh mepegaToy-
Hy0 QyHKknuio B Gpopme zero-pole-gain, wim npeodpasyer LTI1-00bekT, 3a1aHHbIN B
uHou opme, B zpk-hopmy.

CunTakcuc:

sys = zpk(z,p, k)

sys = zpk(z,p,k,Ts)
sys = zpk (M)

sys = zpk('s')

sys = zpk('z',Ts)

zsys = zpk(sys)
sys = zpk(z,p,k) 3amaet [1® HenpepbIBHOrO 00BEKTA C HYJISIMH, ONIPEaEIs-
CMbIMHU BCKTOPOM z, IMOJIKOCAMHU, OIPCACIACMBIMH BCKTOPOM p U O606H_ICHHBIM KO-

s punmentom ycunenus k. [lonygaemas [1® cooTBeTcTBYeET hopmye
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H(p_zi)

W (p)=K-F———,

H(p—pi)

rae K — 0000IeHHbIH KOYPPUITMEHT YCUICHHUS CUCTEMBI, 7,

. — HyNW, a p, — IOJIO-
CBI HENIPEPHIBHOW CUCTEMBI.

Hanpumep, 3anmuch F=zpk ([-0.05 -0.7],[-0.5 -2 -1],10) ompejeiser
00BekT ¢ I1D

(p+0,05) p+0,7)

F =10 .
(P =10 o pr2)pry)

sys = zpk(z,p,k,Ts) 3agaet JII® nuckpeTHoro oobeKTa ¢ HYJISIMH, ONpe-
JeIsIeMBIMA BEKTOPOM z, TOJIOCAMH, ONPEACIISIEMBIMU BEKTOPOM p, 000OIEHHBIM
ko3¢ duimeHToM ycrmienus K u meprogom auckperusanuu Ts. [loayuaemas 1D co-
OTBETCTBYET popMyJie

I1 (z-2)

W (z) = K =,

H (Z_ p.)

rae K — 0000mmeHHbIH KO3(POUUIUEHT YCUIIEHUSI CUCTEMBL, Z,

. — HyJH, & p, — IOJIO-
CBbI JUCKPETHOM CHCTEMBI.

Hanpumep, 3anucs D=zpk ([-0.03 -0.6],[-0.4 -0.5 -0.7],15,0.1) 3a-
naet cienyrontyto JIIID nuckperHoro oobekTa

(z+0,03)z~+0,6)

D(z)=15
(z+0,4)(z+0,5)(z+0,7)

¢ nepuosioM auckperusamuu 0,1 c.
sys = zpk(M) 3aJaeT cTaTH4ecKuil koA UIMEHT nepenayn 0e3bIHepIUOH-
HOTO 3BeHa. Hampumep, k=zpk (12.5) 3a7aeT 3B€HO C KOAPHUIIMEHTOM k = 125 .
sys = zpk('s') omnpenenser Zpk-o0beKT, TpakTyeMblli KakK MEPEMEHHYIO
sys (dopmanbHo — 310 [ID), mpurognyro Ui 3aJlaHus PAllMOHATBHBIX (DYHKIUMH,

unteprperupyembix MATLAB, kak [I® aprymenTta s, aBToMaTH4ecKu mpeoodpasye-
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Mble B zpk-popmy. D10 mo3BOJIIeT 3amaBaTh [ID B ApoOHO-paIlMoOHATBLHOM Ipe/-
CTaBJICHUH U cpa3y noiy4dars 3Ty [1D B nocienoBaTenbHO-IEKOMIIO3UPOBAHHOM BH-
bi (< Hampuwmep, 3aJ1aBas s=zpk('s'), a 3aTeM omnpeness 1D

W=(0.05*s*2+s+1)/(0.07*s*3+0.4*s*2+s+1), HOJIyUYUM
0.71429 (s+18.94) (s+1.056)

(s+2.163) (s*2 + 3.551s + 6.604)

sys = zpk('z',Ts) onpezaensier ZPK-00bEKT, TPAKTYEMbIil KaK MEPEMEHHYIO sys
(popmanbro — 310 [ID), MpUrOIHYIO AJIA 33laHUs PALIMOHATBHBIX (DYHKIIHM, UHTEP-
npetupyembix MATLAB, kak JIII® aprymenTta z C mepuoaoM IUCKPETU3ALMUU Ts,
aBTOMAaTW4YecKu  mpeoOpasyemble B zpk-popmy.  Hampumep,  3aganum
z=zpk ('z',0.01), a 3aTeM omnpeaeauM JIpodoHo-panroHaibHy0 [I1®D nuckperHoin

CHUCTEMBI W= (0.3%2z*2-0.05%z+1) / (2z*3-0.1*z*2+40.4*2+0.001). [Tonyunm
0.3 (z*2 - 0.1667z + 3.333)

(z+0.002498) (z*2 - 0.1025z + 0.4003)

zsys = zpk(sys) mnpeoOpazyer LTI-o0bekT B zpk-hopmy. Hanpumep, 3ana-
UM 00BeKT B tf-gpopme kak H=tf ([5 -0.6 2],[10 -0.8 3 0.1], 0.2):

52z*2 - 0.6 z + 2

10 z#3 - 0.8 z*2 + 3 z + 0.1
Cnaenaem npeoopazoanne H1=zpk(H) u noiayunm

0.5 (z*2 - 0.12z + 0.4)

(z+0.03293) (z*2 - 0.1129z + 0.3037)

Crnenyer moa4epKHYTh, UTO B TAHHOM pa3zelie MPUBEICHBI HE BCE BO3MOXKHBIE
(GOpMBI 3alMCH ONMUCHIBAGMBIX KoMaHa M (PyHKui. Kak ye yka3pIBallOCh BHIIIIE,
Ut 00Jiee MeTaIhbHOTO 3HAKOMCTBA HEOOXOAMMO 0OpaTUTHCA K PYKOBOJCTBY IO CH-

creme MATLAB u cienuanbHO#M IUTEpPaATYypE.
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