3. MogenupoBaHue npoLeccoB NpeobpasoBaHUs CUTHaNoOB U
nomex fIMHEMHbIMU U HENTUHEMHbLIMU 3BEHbAMU

JIto6oe mpeoOpasyroliee paaAuoCUTHAIl YCTPOUCTBO MOXKET ObITh Mpe/I-
CTaBJIEHO B BUJI€ COBOKYITHOCTH JIMHEMHBIX U HEJIMHEUHBIX 3BEHbEB. DOpMaIbHO
pasnuyue MEeXly 3TUMH JIByMs KaTEerOpUsMHU 3aKiIrodaeTcs B Tune auddepeHuu-
aJbHBIX YPABHEHUH, OMUCHIBAIOIINX CBSI3b BXOJAHBIX U BBIXOJAHBIX CUTHAJIOB: JIJIS
[IEpBOM KaTeTOPUM 3TU YPABHEHUS JIMHENHBIE, 4 111 BTOPOU — HeNMHENHbIe. He-
(bopMalIbHO pa3nuure MEKy HUMHU MPOSIBIISETCS MPU aHAIHM3E PEAKIIUU CUCTEMBI
Ha BXOJIHOE BO3/IEHCTBUE, KOTOPOE MOKET OBITh MPEACTABICHO B BUJIE CYMMBI (CY-
NEePHO3UIMHU) CUTHAJIOB

x(t)= ;xk(f) 3.1)

JUis TMHEMHBIX CUCTEM pEaKIUs y(t) Ha BO3JIEHCTBUE x(t) SIBIIIETCS CyM-
MOH peaKIui Ha KaXX1blld U3 CUTHAJIOB X, (t)

GEDIAG) 3.2)

rae y, () - peakius cucTeMsl Ha curHan X, ().

Takum 00pa3zoM, J1si TMHEWHON CUCTEMBI BBITIOIHSIETCS IPUHLIMI CyTep-
no3uiuu. J{7is He TuHeHo# cuctembl (3.2) He BBITIOIHACTCS, a, CIIeI0BAaTEIbLHO, HE
CIpaBeJIMB U MPUHIMUII CYyNEepo3uliui. B cBs3U cO 3HAUMTENbHOU pa3HULIeH Pu-
3UYECKUX CBOMCTB JINHEMHBIX U HEIMHEMHBIX 3BEHBEB ITPU UX MOJIECIIMPOBAHUH UC-
MOJIB3YIOTCS PA3JIUYHBIE METO/BI.

3.1. ModenupoesaHue sluUHelHbIX 386eHbLE8

[Tycte nunelinoe 3BeHo (JI3) onuckiBaeTcs TMHEHHBIM qudPepeHInanb-
HBIM YpaBHEHUEM C OCTOSHHBIMHU KO3 PUIIMeHTaMU

a, " () +a, yNE)+-+a p(t)=bx™(0)+ by XV () + -+ byx(¢)

rae x(t) U y(t) - BXOJHOM U BBIXOJHOM CUTHAJBI.

HorycTuM, 4T0 Ha BXOJ II0JAa€TC TapMOHUYECKUM CUTHAT x(t): e’ U3
TEOPUH DIEKTPUUECKHX LIETIEH U3BECTHO, YTO CUTHAJI HA BBIXOJE CUCTEMBI Yepe3
HEKOTOPOE BPEMsl, PABHOE MHTEPBAIlY 3aTyXaHHs IIEPEXOAHBIX IIPOLIECCOB, TOXKE
OyzeT MMeTh BUJl FApMOHNYECKOT0 CUTHAJIa, HO C OTIMYHON OT BXOAHOTO AMIIIH-



Tynoii u pasoii - y(t)= Ae™" . Toncrapnas Buipaxenus mis x(¢) u y(¢) B (3.3),
HOJTY4UM

bylio)" +b, (iw) "+ +b,

a,(io)" +a, (o) + - +a,

A=

Ammmuryna 4 sBnsgercs KOMILIIEKCHON ()yHKIMEH TOIBKO 9acTOTEL @ .
[TockonbKy Npy rapMOHUYECKOM CHUTHAJIE HAa BXO/E BBIMOIHIETCS PABEHCTBO
y(t) = Ax(t), TO A MOXET paccMaTpHUBaThCS Kak KO3 (UIMEHT repeaadyn 3BeHa.

Torna, BBOJIS mEpeMEHHYIO s = i@, 1 ko3 duirenTa nepeaaun JI3 noinyqum

N N-1
_ bys™ +by s +---+b,

34
aMsM +aM_1sM_1 +---+a, S

H(s)

Oynknua H (s) MOJIHOCTBIO XapakrepusyeT JI3. B yacTHOCTH yacTOTHas
xapakrepuctuka JI3 papaa H (i a)) , @ UMITYJIbCHAsl XapaKTePUCTUKA MOXKET ObITh
noJiyueHa kak oopaTtHoe npeodpazoBanue Oypne ot H (za)) uiau obpatHoe Mpeood-
pasoBanue Jlaruiaca ot H (s)

0 1 o +i

h(t):% [Hlwk™ do=—_ [H(s)"ds (3.5)

—0 —io
MpUYEM KOHTYP UHTETPUPOBAHMS BO BTOPOM MHTETpasie, NpeACcTaBIsouui co0oi
MapauIEIbHY0 MHUMOM OCH IIPSAMYIO Ha KOMIUJIEKCHOW NIJIOCKOCTH NIEPEMEHHON § ,
BBIOOPOM © CMeNIaeTcs Tak, YToObl Bce 0COOCHHOCTH QyHKUUU H (s) OBLIIN pac-
IIOJIOYKEHBI CJIEBA OT HETO.

CymectByeT 1 00paTHas CBsI3b, O3BOJISIOIAS 110 UMITYJIBCHOM Xapakre-
PUCTHKE ONPEIETUTh KOAP(UIHMEHT Nepeau UM YaCTOTHYIO XapaKTEePUCTUKY
JI3

o0 o0

H(io)=[h(t}e™"dt, H(s)= [ h(t)e™"dt (3.6)

0 0

[Tpu 3anucwu (3.6) npeanonaraercs, 4To h(t): 0 mpu ¢ <0, 1.e. JI3 sBnsieT-
sl peasiu3yeMbIM (YIOBJIETBOPSAET MPUHIUITY IPUUUHHOCTH ). MOXHO MMOKa3aTh,
YTO HEOOXOAMMBIM YCIIOBUEM JUJISl peasin3yeMocTu JI3 siBisieTcs pacnoioKeHue
BCceX 0COOBbIX Touek GhyHKIuu H (s), a TAKUMU B COOTBETCTBUHU C (3.4) MOTYT OBITh
TOJIBKO TOJIFOCHI, CJIEBA OT MHUMOM OCH KOMIIJIEKCHOM INIOCKOCTHU IIEPEMEHHON S .

[Tpu nudposom moaenuposanuu JI3 ero BXoaHou x(t) U BBIXOJHOU y(t)

CUTHAJIbI IPEJICTABISIOTCS B BUAE PELIETYATHIX (PYyHKIUN x[n] u y[n] , KOTOpBIE



OTJIMYHBI OT HYJIA JUISI AUCKPETHBIX MOMEHTOB BpeMmenu nl,n=0,1,2,...,tne T -
nepuos auckpeTusaruy. TouHoe paBeHcTBO BXOMHBIX X[1n]= x(nT) 1 BRIXOAHBIX
CUTHAJIOB y[n]: y(nT) JI3 u ero umdpporoit Momenu He gocTikumo. Ha npakTuke
BO3MOJKHO JTHIIIL TPHOIIKeHHOE paBencTBO y[n]|~ y(nT). 3anaueii cunresa mud-
POBOI MOJIEIH SBIIAETCSA HAXOXKICHHE TAKOTO ArOpPUTMA BhIuMCcIeHus Y[n] mo
x[n], npu KoTOpOM 5TO MPUGIMKEHHOE PABEHCTBO BHIMONHAETCS KAK MOXKHO TOY-

Hee. B Takol mocTaHoBKe 3aj1a4a MOJEeMpoBanus JI3 HUUeM He OTauvaeTcs oT 3a-
nauu cuHTesa 1udposoro puibtpa (IID) no ero ananoroBomy nporotuiy. [pu
sToM camo JI3 Gyner SKBUBaJIEHTHO (PUIBTPY aHAIOTOBOMY (IIPOTOTHUILY), & €T0
uudposas Mozelb — GuIbTPY HUppoBOMY. PaccMOTpUM HEKOTOPBIE METO/IBI CO-
CTaBJICHUS UPPOBBIX MOIENIEH JTUHEHHBIX 3BEHBEB.

3.1.1. MeToa HBapMaHTHOCTM UMMYNbLCHOWN XapaKTepPUCTUKU

[Tpu cuHTE3€ MOIEIIA TUM METOJIOM 00€CTIeUnBaCTCS PABEHCTBO MM-
MYJILCHBIX XapaKTePUCTUK aHAJIOrOBOro (hriibTpa u U poBoro GuibTpa

h[n]= h(nAt), n=0,1,... (3.7)

[lepenatounas pyukius I npu 5ToM paBHa z -nipeoOpa30BaHUIO OT UM-
IIYJIbCHOW XapaKTePUCTUKU

o0

H(z): Zh[n]z"’ (3.8)

n=0

JlommycTuM, 4TO aHAJIOTOBBIA (PUIIBTP UMEET NEPEAATOUHYIO (PYHKIIUIO BU-
aa

§)= (S_Sl)(S_Sz)"'(S_SM)
= H skl —5,) 69

rne S,,m=1,M u s, ,n=1,N—Hylu 1 HONIOCHI IEPETaTOYHON XaPAKTEPHUCTUKH.

HNmnynbcHas XapaKTepuCTUKa aHAJIOTOBOTI'0 (PUIIBTPa OJTHO3HAYHO OINPEAEIISEeTCS
Kak npeoOpazoBanue Jlamnaca pynkuun H (s), U B ClIy4ae, KOrJa MOJI0ChI

s ,n =1, N mpocTbie, paBHa

n?>

h(t)= ﬁ:Akesk’ (3.10)



rne A, = H(s)s —s, 1 s, Refs, } <0,k =1,N. Torna ua ocHoauuu (3.7)) um-

IyJIbCHAs Xapakrepuctuka 1P pasHa

h[n]= ﬁ:AkeskT" (3.11)

a) 0)

udposoe 38eHO — L—p
— 1-ro mopsinka
1
x[n] udporoe 3BeHO y[n]
—o> 1-ro mopsiaka
2

Ludposoe 3BeHO
1-ro nmopsiaka

exp{s,T}

Ludposoe 3BeHO
L—p 1-ro mopsika
N

Puc. 3.1

[Moacrasnss (3.11) B (3.8), monyuum kodduiment nepenauun LD

(3.12)

VYuuTtsiBasi, 4TO yMHOKEHHUE Z -IpeoOpa3zoBaHus HU(POBOro CUrHaia Ha
z ' SKBUBANIEHTHO 3a/IepKKe CHTHANIA HA TIEpUOJ AUCKpeTH3auu T, HoTyduM
cxeMy peanuzanuu GuabTpa B Buae N THapaiedbHO BKIOUESHHBIX MH(PPOBHIX
3BEHBEB MEPBOro Nopsaka (cM. puc. 3.1).

JIokaxkeM, 4TO pacCMaTpPUBAEMbIN METOJ 1A€T YCTOMYUBBIN pEeAIU3yEMbIN
uupposoit puiibtp. g nokazarenbcTBa yctounBoctu oopatumes K (3.11). Ilo-
CKOJIbKY Re{sk } <0,k =1,N, To 5KCTIOHEHIIMANbHbIE UleHbl ¢’ NpU yBeITHUYeHUH

n OynyT yObIBaTh, U h[n] — 0 mpu n — 0. CnegoBaresbHO, MOTYYaIOIIANCS B pe-
3yJbTaTe UCMOJIb30BAHUS METOJa MHBAPUAHTHOCTH UMIYJIBCHON XapaKTepUCTUKU
[P 6yner ycroituns. PaccMoTpuM Tenepsb BOIpoc o peanuzyeMocT. 13 Teopun
uM(pOoBBIX (GUIBTPOB U3BECTHO, UTO JJIS1 PEAIM3yEMOCTH HEOOXOAUMO, YTOOBI MO-
mockl ko3 uurenTta nepeaaun LD nexanu BHyTpH Kpyra e IMHUYHOTO pajanyca
Ha IJIOCKOCTU nepemMeHHon z. 13 (3.12) cnenyet, uTo K03 PULIUEHT nepeaadn

H (z) CHHTe3MpyeMoro GpunbTpa umeer N nomocos z, =™, k=1,N. B cury To-

Re [sk]

ro, uto Refs, }<0,k=1,N, momyuaem |z, | =" <L k= 1, N, CrienoBarenbHo,



BCE TIOJIOCH (PUITBTpa JIeKaT BHYTPH Kpyra eIMHUYHOTO pajinyca, U CHHTE3Hpye-
MBI QUIBTP pean3yeM.

PaccMOTpeHHbBI METOL HE MOXKET ObITh UCIIOJIb30BaH, Korjaa ko3 duiim-
€HT MepeJayu aHajioroporo punstpa H (s) He umeeT noiocoB (N =0) uiu koraa
YKCJIO MOJIIOCOB MEHbIIEe uucia nyne (N <M ).

3.1.2. MeToa 6unuHenHoro npeobpasoBaHus

[TycTh K03 dULHEHT Nepeaaun aHaJoroBoro (GpuibTpa 3ajaH B BUIE

H(s) = b,s" +b,_ s+ +b,

(3.13)

N N-1
ays" +a, s" " ++a,

npuueM N =M . be3 norepu 0O0IHOCTH MOKHO CUNTaTh, 4TO a, =1. Pa3nenum

YMCIMTENb U 3HaMeHaTenb (3.13) na 5" . B pesyabTaTe Hoaydum

by Ws) ™ +by ((Us)T 44 by (Us)

H(s) 1+a, (1/s)++a,(1/s)"

(3.14)

OmibTp ¢ ko3phunmrentTom nepenauu (14) moxer ObITH peaiu30BaH MO
cXxeMe, NPEICTaBICHHON Ha pUC.

3.2a.
x(¢
() 3BeHO N-T0 o bo a0 e 3BeHo N-ro |,
nopsiKa MOpPSIIKa
3Beno (N-1)- S b "ot le] 3BeHO (N-1)- |4
O MopsiIKa ! 'O TMOpsIKa
o o0 ® oo
3BeHo (N-M)- 3BeHO /-TO
O MopsiIKa B MOpPSIIKa -
()

»

Puc. 3.2

OCHOBHBIM 2JIEMEHTOM CTPYKTYPHOM CXEMBI Ha PUC. 3.2 ABIIAETCS 3BEHO
1 -To mopsaaka ¢ kodpdunuenrom nepegaun H, (s) = 1/ s" , KOTOpPOE MPEJICTABIISIET
co0oli mocneoBaTeIbHOE COSUHEHUE 1 UHTETPaTopoB (puc. 3.3).



E—— l l —— P> o 06 o —P l —>
S S S
H,(s)=(1/s)

Puc. 3.3

CrnepnoBatesibHO, 6a30BBIM 3JIEMEHTOM JJI pean3alliy aHAJIOrOBOrO
¢dunbtpa (3.14) sBAsieTcss UHTErPaTOp — 3BEHO ¢ KO3 PUITMEHTOM TIepeaun
H, (s) =1/s . TloaTomy mipu udpoBOM MOIeTUPOBaHHU GUIHTPa 3a 6a30BbIii JJ1e-
MEHT MOXET OBbITh B34T LU(PPOBOI aHAIOT UHTETpaToOpa.

[Ipu moctpoeHnu HUPPOBOrO UHTErPATOPA MOKET OBITH UCIIOJIB30BAHA
pPEKyppEeHTHas Mpoleypa, peaanu3yronias oOJuH U3 Haubosee TOYHbIX METOJIOB
YUCJICHHOT'O MHTEIPUPOBAHUS — MemoO mpaneyuii. B COOTBETCTBUU C 3TUM METO-
JIOM MHTETpaJl OT HEKOTOPOU QPyHKIUU f (t) Ha UHTECPBAJIC [to ,tn] BBIYMCIISICTCS HA
OCHOBaHUHU CIEAYIOIIETO COOTHOLLIEHUS

g(tn):iff(t)dt zT|:f(to)'2"f(t1)+ f(tl);f(t2)+...+ f(tn—1)2+f(tn):| (3.15)

rne t, =t,+kT, k=0,n—1 - n paBHOMEpHO pacHpeAcICHHbIX HA HHTEPBae
[to ,1, ] Y3J10B UHTETPUPOBAHUS.

ITycTh Ha BXOJ MHTEIPHPYIOIIETO 3BeHa Nojaercs nporecc f(¢). Torna na
ocHoBaHuUMU (3.15) curHaiel Ha BbIXOA€ HU(PPOBOrO NHTETPATOPA B MOMEHTHI f, U
t,., CBA3aHBI CIEIYIOIUM PEKYPPEHTHBIM COOTHOILIEHUEM

el 1= glal+ = { /Dol fla+1]) (.16)
B3siB Z -nipeo6pazoBanue ot (3.16), monydum
ZG(Z) = G(z)—l— — {F(z)—l— ZF(Z)}

Torna ko dunreHT nepeaaun UG pPOBOTO UHTETPATOPA PABEH

G(z):Zl—l-z_1
F(z) 21-z"

H,(z)= 3.17)



CrnenoBatenbHO, IEPEMEHHOM § B BhIpaXKEHUU 151 Ko duiineHTa nepe-
Ja4M aHAJIOTOBOTO (PUIIBTPA MOXKET ObITh OCTABIEHO B COOTBETCTBUE CIIEIYIOLIEE
BBIpaKCHUE

-1
_21-z (3.18)

§=_ ]
T1+z

npu 3anucu kodddunuenta nepeaaun L{D. [Ipeodpazosanue (3.18) B Teopun
(GyHKUMN KOMILJIEKCHON NepeMEHHOM Ha3bIBaeTcs Oununetinvim. OTcrona cieayer
1 Ha3BaHue MeTos1a. OCOOCHHOCTh OMIIMHETHOTO TTpeoOpa3oBaHus 3aKJIIOYACTCS B
TOM, YTO JIeBasl MOJTYIUIOCKOCTh NEPEMEHHOM § 0TOOpa)xaeTcsi BO BHYTPEHHOCTh
OKPYKHOCTH €IMHUYHOI'0 pajuyca B INIOCKOCTU NIepeMeHHOoH z . [ToaTomy, ecinu
aHaJoroBbid GUIBTp ¢ ko3P dunreHToM nepegaun H (s) MMeEJ TOJIFOCHI B JIEBOM

MOJIYIUIOCKOCTH MEPEMEHHOM § (T.€. ObLT yCTONYMB U peagnu3yeM), TO 3TH MOJIOCHI
npeobpazoBanuem (3.18) OyayT oToOpakeHbl BO BHYTPEHHOCTh OKPY>KHOCTHU €]11-
HUYHOTO pajuyca B IJIOCKOCTU niepeMeHHou z. CienoBareiabHO, METOA OUITMHEN-
HOTO MPeoOpa3oBaHUsl MO3BOJISET MOTYUYUTh YCTOMYUBBIE U peaTuzyeMbie uQpo-
BbIe (DMIIBTPBI, €CJIM STUMHU CBOHCTBAMH 00J1a]1a]Tl MX aHAJIOTOBBIC POTOTHUITHI.
[Ipumenenue Metoaa OMIMHEHHOTO MPEeoOpa30BaHUs AJisl CUHTE3a (MO/Ie-
mupoBanud) L{® npuBoauT k siBIeHUIO dehopmayuu wikansl yacmom. CyTb JaH-
HOTO SIBJICHUS B cieaytomeM. IIycTte @ u () - KpyroBbl€ YaCTOTHI TP 3aIIMCH Yac-
TOTHBIX XapaKTEPUCTUK aHAJIOTOBBIX U COOTBETCTBYIOIIUX UM U(PPOBHIX (PHITBT-

pOB. YUMTHIBAsA, 4TO § = i® U z = €', HOIy4UM CIEAyIOILYIO CBI3b @ U )

W= (3.19)

..
=2

2
T

Q

IIpu maneix () B cuity TOro, 4To tg B ~—, Q=T . CrenoBaTenbHo, IpU

Q) <<1 ananoroBbIil U HUPPOBOK GUIBTPBI OYIYT UMETH NPUMEPHO OJIMHAKOBBIE
aMIUTUTYHO-4YaCTOTHbIE XapakTepucTuku. OaHaKo sl 60Jiee BBICOKMX YacTOT
COOTHOILIEHHE MEXKIY @ U () CTAHOBUTHCS HEIMHEUHBIM, T.€. IPOUCXOIUT Jie-
dbopmarus mkaibl 4acToT (puc. 3.4).



\H(io)

v {Ov

H(e™)|
v

Puc. 3.4

Bnusinue 3Toil neopmManuy MOXHO MPOUIIITIOCTPUPOBATH HA IPUMEPE
MOJICJIMPOBAHUS aHANOroBoro Gpuibrpa, AYX KOTOPOro UMEET TpU OJIMHAKOBBIE
1o mupuHe noJockl nponyckanus 1, 2 u 3. Cunre3upoBannbiii LI Takxe Oyaet
UMETh TpU noJockl. OAHAKO IHUPHUHBI MOJ0C MPOMYCKaHUs OyAyT B cuily aedop-
Malliy 1IKaJbl YaCTOT Pa3HbIMU, KaK MOKa3aHo Ha puc. 3.4. SIBnenue nedopmanuu
mikasbl yactoT Ha AUX 1D mMoxkeT ObITh CKOMIIEHCUPOBAHO BBEJIEHUEM IPEbIC-
kaxeHu B AUX mporotuna, KOTOPBIE 3aKIIOYAIOTCS B PACTSHKEHUU IIKAJIbI Yac-
TOT 110 3aKOHY

0'=—tg— (3.20)

rae @' - ne)opMHUpPOBaHHAS YACTOTA JJISl AHAIOTOBOTO (DUIBTpA.

Metoa OunuHERHOTO MPeodpa30BaHUs TAPAHTUPYET XOPOIIIee COBIAICHHE
YaCTOTHBIX XapaKTEPUCTHK aHAJIIOTOBOTO U U(PPOBOTO (PHIBTPOB B JUATIA30HE
4acTOT |a)| <7 /4T . Tlpu |a)| > 71 /4T 4acTOTHBIE XapaKTEPUCTHKU (PUILTPOB, KAK

IMpaBnJIO, SHAYUTCIIbHO Pa3JINYarOTCA.

3.1.3. MeTop 3ameHbl andcepeHumanos



bynem cuutats, uto B (3.13) a, =1. Toraa npsamas peanusanus

aHaJNoroBoro GpuibTpa o ero Kkod3guurenty nepenauu H (a)) BO3MOXHA, €CIIU
Oyner peanu3oBaHa CTPYKTypHas cXema, IpejcTaBiIeHHas Ha puc. 3.5,

x(¢
( ) R 3BeHo 0-ro o bO Za) e 3BeHO /-TO P
nopsijKa nopsiaKa
3BeHo /-1o 2
R | b _ 3BeHO Z2-T0 |,
nopsijKa > 2 42 14 nopsiKa
R 3Beno M-ro 3Beno N-ro
nopsiaKa aE nopsiaKa X
W)
Puc. 3.5
1 2 n
—>» 5 P S ——Peee—> 5 | —»
— — __
H,(s)=s"
Puc. 3.6

OCHOBHOE OTJIMYME TOU CXEMBI OT CXEMBI Ha PUC. 3.3 3aKI0YAETCSA B TOM,
YTO €€ 3BE€HbS TOCTPOSHBI HA OCHOBE KAaCKaJIHOTO BKIIOYCHHS MU (HEepeHIINaTOpOB
(puc. 3.6). IlosTomy 6a30BbIM 3JIEMEHTOM JIJIs1 TOCTpoeHUst Mojenu LD moxeT
OBbITh B3AT AU pepeHnunaTop ¢ kodpduuurenrom nepenaun H, (s) =s. Onpenenum

kod(ppunueHT nepenauu nuuppoBoro anagora auddepeHIpyroiero 3seHa. 3a
OCHOBY MOTYT OBITh B3SIThl (POPMYJIbI YUCIEHHOTO AU hepeHunpoBaHUs

)- L(f) f(t,)- JT{ (¢, -7 )’ HUCXOAAIIAsT Pa3sHOCTb o)
ST fle, +7)- f(z,) .

t=t,

T , BOCXogsmas pa3HoCTb



[Tono6HO TOMY, Kak 3TO ObUIO CAEJIaHO B MPEAbIAYLIEM pa3feie, BO3bMEM
Z -tipeobpazoBaHue oT 00eux yacteit ypaBuenus (3.21). B pesynbrare noayuum
ko3 puLreHTs! nepeaadn uudpoBeIX AU PepeHInaTopoB, MOCTPOEHHBIX COOT-
BETCTBEHHO HAa OCHOBE HUCXO/SIIMX U BOCXOASIIMX Pa3HOCTEN

T’ HUCXOIs11asi pa3HOCTh
H(z)=1 T, (3.22)
, BOCXOJs11asi pa3HOCThb

CrnepnoBatenibHO, IPU CUHTE3€ HU(PPOBOro (PUIBTPA BOZMOXKHBI JIBE 3aMe-
HBI

(3.23)

Hec105kHO 1oKa3arh, 4TO 3aMEHa, IMOJyYEHHAs METOAOM HHUCXOISAIINX
pa3HOCTEl, 0TOOPAKAET JIEBYIO TONYIUIOCKOCTh TIEPEMEHHON § BO BHYTPEHHOCTD
OKpyXHOCTH paauyca 1/2 ¢ menrpom B Touke 1/2 (puc. 3.7 a), KoTopas SIBISIETCS

JaCTbIO CAMHUYHOTO Kpyra Ha IJIOCKOCTH HepeMCHHOfI zZ. CJICIIOB&TCJ'IBHO, Ipu
HCIIO0JIb30BaHNH 3aMCHbBI IICPCMCHHBIX

o (3.24)

MOJIY4arOTCsl YCTOMYUBBIE U peanu3yeMble TU(GPOBbIe (PUIBTPHI.

B 10 xe BpeMs npeoOpa3oBaHue, MOTYYEHHOE METOJIOM BOCXOASAIINX pa3-
HOCTEM, 0TOOpakaeT JIEBYIO MONYIJIOCKOCTh IEPEMEHHON § B MOIYIIIIOCKOCTD,
JIeXKAITYI0 HUKE MpsIMON y=x—1, rae x = Re(z) uy= Im(z) (puc. 3.7 6). Ilo-
ATOMY MOJIFOCHl YCTOWYMBOIO U PEAIM3yeMOro aHaJIOrOBOTro (puiibTpa mpu TaKoM
npeoOpa3oBaHUU MOTYT NONACTh B 00JIACTh 3a MpeAesiaMi €AUHUYHOW OKPYKHO-
ct. B pesynbrare cunTesupyempiii uibTp Oyner HepeanusyembiM. Crie1oBa-
TEJIBHO, JUIsl paCCMAaTPUBAEMOI'0 METO/a CUHTE3a HU(POBBIX (QUIBTPOB CIEAYET
HCIIOJIb30BaTh TOJIBKO 3aMeHy (3.24).



Puc. 3.7

Merton 3ameHsl TudpepeHIraioB IPUMEHUM B CUTYALMSIX, KOTAa METO/L
WHBAapUAHTHOCTH UMIYJIbCHON XapaKTepUCTUKH HE UCTIONb3yeTcs. B To ke Bpems,
METOJI MOXET 1aTh 3HAYUTEIbHYIO Pa3HUILY B YACTOTHBIX XapaKTEPUCTUKAX
GuUIBTPOB, €Cau HyIU KO3 (ULIMEHTA NTepeau aHaoroBoro ¢punstpa H (s)
MMEIOT JICHCTBUTENBHYIO YaCTh, MPEBBIIAOINIYIO 10 Benuuunne 1/27 . Kpome Toro,

METOJ He BCerjia rapaHTHpyeT OJIM3K0e COBMAeHHE XapaKTePUCTHK aHAJIOrOBOTO
u uugposoro GuibTpa, koraa H (s) He umeet Hyaeu (M =0).

3.1.4. PacuyeTt KUX dunbTpoB

B npeapiaymux pasgenax paccMaTpuBalIuCh METOAbI LU(PPOBOTro MOIEH-
pPOBaHMs aHAIOTOBBIX (GUILTPOB. B pe3ynbpTaTe NCNONb30BaHUS U3II0KEHHBIX CIIO-
co00B MOoJIy4aroTcsi HU(POBBIE PUIBTPHI, UMEIOLINE PEKYPCUBHYIO CTPYKTYPY U
OECKOHEUHYIO IO JJIMTEIbHOCTH UMIYJIbCHYIO XapaKTepUCTUKY. B cuiny nocnen-
HEro B T€OpUH LHUPPOBBIX PUIBTPOB NMOI00HBIE YCTPONUCTBA MOIYYHIN Ha3BaHUE
BUX ¢punbTpoB (puiabTpbl ¢ 0ECKOHEUHON UMITYJIBCHOW XapaKTEPUCTUKOM). DTH
(GuIbTPHI, KaKk ObUIO MOKA3aHO, HACIEAYIOT OT CBOMX aHAJIOTOBBIX MPOTOTUIIOB Ta-
KM€ CBOMCTBA KaK YCTOWUYMBOCTH U peannzyemoctb. Oqnako BUX gunbtpel nme-
10T U psii HeocTaTKOB. OKa3bIBa€TCs, UTO MPU BHICOKUX MOPSAIKAX OMIUOKH OK-
pyIJieHus, HeM30€KHO BO3HUKAIOIIKE MTPU BbluKciaeHUU Koapurentos bBUX
buabTpa, MOTYT IPUBECTH K ero HeycToiunoctu. Kpome Toro, BUX ¢punbTpbl
00€eCreynBaloT XOPOLIYIO alIPOKCUMALIMIO aMIJTUTYTHON XapaKTepUCTUKH aHAJIO-
rOBOI'0 MPOTOTHUIIA MTPU HEJIMHEWHOH (ha3oBoit xapakTepucTtuke. [lociennee 00-
CTOATENBCTBO B HEKOTOPBIX CIIy4asiX SABJISETCS HEXelaTeabHbIM. M30aBUTHCS OT
ATUX HeJOCTaTKOB M03BOISIIOT KX GunbTpsl, T.€. GUIABTPHI C KOHEYHOW UM-
MyJbCHON XapaKTePUCTUKON. DTH QPUIBTPHI BCEr1a YCTOWYMBBI M UMEIOT JTUHEH-
HY10 ()a304aCTOTHYIO XapaKTEPUCTHKY, €CJIM UMITYJIbCHAs! XapaKTePUCTHUKA CHUM-
METPUYHA UM aHTUCUMMETPUYHA OTHOCUTEJIBHO CBOEH Cepe/InHBI.



Cunre3 KUX ¢punbrpoB npousBoautes cieayromum oopazom. Ilycts
H, (z) - k03 punment nepenaun bUX punbrpa ¢ UMIyIbCHON XapaKTepUCTUKON

h, [n], n=0,1,.... [lonoxum umnynbcHyto xapakrepuctuky KUX ¢unbrpa paBHoii

h[n]= w[n]hd [n], n=0,,..., (3.25)
rie
[n]= LO<n<N-1
= 0,n=N (-20)

JuckpeTtHas GyHKUUA w[n] Ha3bIBACTCSA NPAMOY201bHbIM OKHOM. Ha oc-

HOBaHUU CBOMCTB JUCKPETHOTO npeodpazoBaHus Oypre aMIUIUTYIHO-4aCTOTHAsS
xapaktepuctuka KX ¢uibrpa paBHa cBeptke AUX BUX dunbrpa u AUX okHa

H(e)=1 [H,(e” (e v (3.27)

Hecnoxno nokazars, uto AUX npsMOyrojabpHOr0 OKHa paBHa

_NQ
| - | g SN
Wle?)=1e"=e 2 —2 (3.28)
n=0 sinE

['padpux moxyns pyHkuuu W(em) IIPEACTABIIEH Ha puc. 3.8.
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Puc. 3.8

Ota (pyHKIMS UMEET CIELYIOINE OCOOCHHOCTH:
1. ‘W(eig} - nepuoanyeckas GyHKUHUS C IEPUOJIOM 27T ;

2. I'padpuk ‘W(eig} MMEET BUJI IEPUOAUYECKU ITOBTOPSIOLIUXCS JIeIIe-
CTKOB, MAKCUMaJIbHOE 3HAYEHHUE KOTOPBIX paBHO /N, a HIMPUHA 11O
HIePBbIM HYJIM - 477/ N ;

3. Mexnay riaBHbIMM JIETIECTKaMHU HaAXOASATCS OOKOBBIE, ITUPUHA KOTO-
pbix paBHa 277/ N ;

4. MakcuMmanbHbIi ypoBeHb N MMEET NEePBbIil O0KOBOI JIEMECTOK, OT-
HOCHUTEJBHBIN YPOBEHb KOTOPOTro paBeH -13 nb;

5. C yBennuennem N OTHOIICHUE IIONIAJCH B TIIABHOM JIEIECTKE U
MepBOM OOKOBOM OCTA€TCsI TOCTOSTHHBIM.

PaccMoTpyM, K KaKMM TOCIECTBUSAM MPUBOJIAT Ha3BaHHbIE CBOMCTBA Ha
npuMepe CUHTe3a (pUIIbTpa HUKHUX YacToT, AUX kotoporo H, (eiQ) peacTaBe-

Ha Ha puc. 3.9 a. Pesynbrar cBeprku Qynkunu H (eiQ) u W(e’“) TIpE/ICTaBJIEH Ha
puc. 3.9 6.
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Puc. 3.9

N3 pucynka BusHo, uto AUX KUX dunbTpa nuMmeeT mynbCUpyOMUN Xa-
paKTep Kak B MOJIOCE MTPONYCKaHMsI, TaK U B I0JIOCE 3arpaxaeHus. [lpuuem am-
miTyaa nyiascauuii AUX Bo3pacTtaeT no Mepe npuOaumKeHUs! K TPaHMIIE TOJI0ChHI
npomnyckanus. [pyroit ocobennocteio AUX KX dunbTpa sBisercs nosBieHue
NEePEXOAHON 00JIaCT MEXKIY MOJIOCaMU MPOMYCKaHUs U 3arpaxkaeHus, rae AUX
MEHSIETCS CPABHUTENBHO MEJIEHHO. AHAJIN3 MMOKA3bIBAET, YTO MPH YBEIMUYCHUU
KoJM4yecTBa oTcyeToB N B uMIysibcHOM xapaktepuctuke KUX ¢uibrpa (1unpuHsl
NPsIMOYT'OJIbHOTO OKHA) KpyTh3Ha AUX B nmepexoHOM NoJIoce YBEJINYUBAETCS,
OpnHako npu 3ToM ypoBeHb nysbcanuii AUX B mosiocax NpoIrycKaHus U 3arpax-
JI€HUS PAKTUYECKHU OCTAETCS MTOCTOSIHHBIM, XOTS YaCTOTa CAMUX ITYJIbCallUil yBe-
JUYUBaeTcs. JTO SBJICHHE MOJYYWIO Ha3BaHUe aghghexma [ ub6ca, Ha3BAHHOTO TaK
110 UMEHH MaTEMaTHKa BIIEPBBIE HUCCIIETOBABLIETO BOIPOCHI CXOAUMOCTH PSAJIOB
Dypsoe.

Jlnst ymenbienus a¢dexra ['ndb6ca ucnonb3yoT Ipyrue, OTIUYHbIE OT
MPSIMOYTOJIBHOT'O, BECOBBIE OKHA':

1. Oxno bapnerrta (TpeyroiabHOE OKHO)

2n ’ OSnSN_l
wln]= N2;1 N1 2 (3.29)
2 - , <n<N-1
N-1 2

2. OknHoO XaHHa



w[n]:;{l—cos(im ﬂ,OSnSN—l (3.30)

3. OxHo XOMMHHTA

w[n]:O,54—O,46cos(z\2[7m j,OSnSN—l (3.31)

4. Oxno bipxkmana

wln]=0,42 - O,Scos(z\zfﬂnlj + O,OSCOS(;W j ,0<sn<N-1 (3.32)

5. Okno Kaitzepa

Io[a\/l—(l— 20 jZJ
N-1 (3.33)
,0<n<N-1

rae [, () - pynkuus beccenss MHUMOTro apryMeHTa, o - MOCTOSIHHBIN KO3 dUIn-

eHT, 4 <o <9. 3MeHeHne o MO3BOJISET BIUSATh HA YPOBEHb OOKOBBIX JICTIECTKOB.
3Ha4yeHUs1 YPOBHS MEPBOro OOKOBOTO JIEMIECTKA U IIMPUHBI TJIABHOTO JIeTe-
CTKa I10 MOJOBUHHOMY YPOBHIO CBEJICHBI B Ta0uIly 1.

Tabnuma 1
OkHo Awmmntyna neporo 6o- | Illupuna rinaBHoro nere-
KOBOTO JIeTIeCTKa, 1b CTKa
[IpsiMoyToIbHOE -13 2/ N
Baprnerra -25 4/ N
Xanna -31 4/ N
XoMMuHra - 41 4/ N
BikMana - 57 6r/N
Kaiizepa (a =4) - 30 4/ N
Kaiizepa (a0 =6) -45 4/ N
Kaiizepa (a0 =9) - 67 6r/N




3.2. ModenupoeaHue HeJTUHeUHbIX cucmem

B 3aBuCcHMOCTH OT CII0KHOCTH MAaTEMAaTUUYECKOI'0 MOACIUPOBAHNS Pa3JIn-
YaroT TPU TUIIA HEJIMHEUHBIX 3BEHbBEB:
e be3bIHEpLIMOHHBIC HEJIMHENHBIE 3BEHb;
e lIHepuMOHHBIE 3aMKHYTBIC HEJIMHENHbBIC 3BEHbBS,

e 3BeHbs, ONUCHIBAIOIINECS HEMMHEUHBIMU TU(DPEepeHIIMATbHBIMU
YPaBHEHHUSIMMU.

3.2.1. MogenunpoBaHue 6e3bIHEPUMOHHbIX HENIUHENHbIX 3BEHbLEB

[TycThb 3amaHO0 3B€HO, B KOTOPOM MPOU3BOJIUTCS HENMUHEHHOE (DYHKIINO-
HAIIbHOE NPeobpa3oBaHue BXOIHOTO curHazia x(¢)

y(r)=g(x(1)) (3.34)

rae g() - HeKoTopast hyHKIHs, [I0CKOIbKY BBIXOHOM CUTHAI y(t) B MOMCHT
BPEMCHHU [ OIIPEACISICTCS TOJBKO 3HAYCHUEM x(t) B TOT )K€ MOMCHT BPEMCHH 1 HE

3aBUCHUT OT MPEABIAYIINX 3HAYCHUM BXOJHOT'O CUTHAJIA, TAKOE 3B€HO HA3bIBACTCS
0e3biHepioHHbIM. [{udpoBoif MOIeNbIO CUTHAIA Ha BBIXOJIE OyAeT

y[n]=g(x[n]) (3.35)

rae x[n] - MOJIEJIb BXOAHOr 0 curHaia. [Ipu atom, ogHako, cienyeT IOMHUTb, YTO
HEJIMHEWHOe MPeoOpa30BaHNe CUTHAIOB MPUBOJAUT K U3MEHEHUIO IIUPUHBI CTIEK-
Tpa CUTHAJIA HA BBIXOJE M0 CPABHEHMIO C IIMPUHOM CIIEKTPA CUTHAJIA HA BXOJIE.
Kak npaBuiio, 370 U3MEHEHUE MPOUCXOJUT B CTOPOHY YBEIUUYEHHUS INUPUHBI CTIEK-
Tpa. IloaTOMYy Npy HATMYUK B PAIMOTEXHUYECKON CUCTEME HEJTMHENHBIX 3BEHBEB
HEO0OXOJMMO TaK BBIOMPATH YACTOTY JUCKPETU3AIMHU CUTHAJIOB, YTOOBI OTMEUECH-
HOE yBEJIMYECHHUE NIMPUHBI CIIEKTPA HE Hapywano ycinoBui KorensHukoBa — Hailk-
BUCTA.

3.2.2. MogenupoBaHMe 3aMKHYTbIX UHEPLMOHHbIX HENTMHEUHbIX 3Be-
HbEeB

3aMKHYTBIM HHEPLMAIbHBIM HEJTMHENHBIM 3BEHOM HA3bIBACTCS CUCTEMA
CJIEKEHHUS, CoieprKallasi HeJIMHeHble Oe3bIHEPLIMOHHBIE 3BEHbsI. TUnuuHas
CTPYKTYpHas cxema 1nofgo0HOM cUCTeMBI NpuBeieHa Ha puc. 3.10 a.



x(t)

5(t) &(t) y(t)

6
) x[n] 3[n] g[n] y[n]

g() K(z)

v

<

Puc. 3.10

3nech x(t) u y(t) - BXOHO# U BEIXOMHOI mpomecchl. OCHOBHO# 3a/1aueii 3BeHa
SIBIISICTCS MOJICP)KAHME IIPUMEPHOI0 PAaBEHCTBA x(t) 51 y(t). B cocras 3Bena Bxo-

IWUT HEJIMHEWHOE O€3bIHEPLIMOHHOE 3BE€HO, XapaKTepu3yeMoe ()yHKIIMOHAIBHBIM
npeoOpa3zoBaHUEM g(-), a TaKKe JIMHEHHOE 3BeHO ¢ KoA((PUIIMEHTOM nepeaaun
K (S) B cocraB nMHEWHOr0 3B€HA JOJKHO BXOAUTH OJHO WJIM HECKOJIBKO MHTET-
PHUPYIOLINX 3BEHbEB, HEOOXOAUMBIX I IPUJAHKs BCEH 3aMKHYTOW CUCTEME
HYKHOT'O TIOPSI/IKa aCTaTU3Ma.

HomycTtum, 4to UG pPOBBIM aHAJIOTOM cUCTEeMBI Ha puc. 3.10a OyaeT nuc-
KpeTHasl CUCTeMa, CTPYKTYpHasi cxema KOTopoi npuseaeHa Ha puc. 3.1006. 3nech
K (z) - k03 punment nepenayu L{P, npoTOTUIIOM KOTOPOTO SABISETCS AHAIOTO-

BbI GUIbTp ¢ Ko PuimeHToM nepegaun K (S)
3anuileM CUrHajbl B XapaKTEPHBIX TOYKAX CXEMbl

§[n]= x{n]~ yln] (3.36)
g[n]=g(6[n])= g(x[n]- y[n))

aNy[n—N]+---+a0y[n]=bM8[n—M]+---+b08[n]

TIne d,,...,d,,0,,...,b, - K03 unueHTs pasHoctHoro ypasHenus LD,

ITockonbKy OCHOBHOM 3aJa4yel PU MOAEIUPOBAHUY SIBIISICTCS BBIYUCIIC-
HUE TEKYIIEro 3HaYEHHUsI BBIXOJIHOTO IIpoLecca y[n], CIPYIIIUPYEM B JIEBOM YaCTH

TOCIIETHETO ypaBHEH s CHCTeMBI (3.36) Bce CHIHaIBI, 3aBuCsIIHNE OT Y[n], a B

npaBoﬁ — CUT'HaJIbl, 3HAYCHHA KOTOPBIX HA MOMCHT JUCKPETHOTO BpEMCHU 71 U3-
BCCTHBI



a,y[n] = byg(x[n] - yn])= (3.37)
sze[n —M]+ ---+b08[n]—aNy[n — N]— ---—aly[n —1]

Amnanu3s (3.37) moka3bIBaeT, UTO Ha 7 -M IIare MOJCIUPOBAHMUS JJIsI OTIpe-

JEJIeHHsI TEKYIEro 3Ha4€HMsI BBIXOIHOTO Mpoliecca y[n] TpeOyeTcs pelnThb He-
JMHENHOE OTHOCUTENIbHO HEM3BECTHOIO YPAaBHEHUE BH/1A

aoy[n]—bog(x[n]—y[n])zé[n] (3.38)

rae é[n] - u3BecTHoe 3HaueHue. [louck pemeHus HenuHeHoro ypapHenus (3.38)

X[n] 5[n] g[n] y[n]

o — g() K(2)

0O _1

Puc. 3.11

\ 4

v

Ha Ka)KJIOM Il1are MO>KET 3HAYUTEJIbHO YBEJIUYUTh BpeMs MojenupoBanus. [loato-
My HEOOXOJUMO HalTH cnocod U30eXaTh pelieHUs] HEJIMHEHHBIX YPaBHEHUM THIIa
(3.38). Takoit cnoco0 JOCTATOYHO OYEBUJICH: HEOOXOAMMO BKIIFOUUTH B LIETTh 00-
pPaTHOM CBA3M AJIEMEHT 3aJ€P>KKM HAa OJUH TaKT, KaK 3TO ITOKa3aHo Ha puc. 3.11.

IIpu 3TOM ypaBHEHHUE IJIs1 HEU3BECTHOT'O BBIXOJHOTO CUTHAJIA CTAHOBUTCS
JIUHEWHBIM

aoy[n]zé[n]+ bog(x[n —1]—y[n —1]) (3.39)

1 €ro pELICHHUE HE BBI3BIBAET 3aTPYIHECHMI.

Heo0xonuMo 0TMETUTh, UTO BBEICHUE 3a/I€PKKU HA OJIMH TaKT B LIEMb 00-
PaTHOM CBA3U BHOCHUT JIONIOJIHUTEIBHYIO MOTPEMIHOCTh. OHAKO BEIMYUHA 3TOU
MTOTPELIHOCTU 3aBUCHUT OT BEJIMYMHBI IEPUOJA JUCKPETU3ALNH, U YMEHBIICHUE T10-
CJIETHETO MO3BOJISET CAENATH 3Ty IIOIPEIIHOCTh MAJIOK.

3.2.3. CucrteMmbl, 3afaHHble HeNMMHEeNHbIMU AndcepeHunanbHbLIMU
ypaBHEeHUAMU

PaccmarpuBaeMsblil cinydail siBisieTcs HanboJiee CI0KHBIM /I MaTeMAaTH-
YECKOI'0 MOJIEJINPOBAHUS HENIMHENHBIX CUCTEM U CBOJIMTCS K YUCIEHHOMY pellle-
HUIO Tu(dPepeHIMATbHBIX YPaBHEHUN, OMUCHIBAIOIINX 3BE€HO.



[TycTh 3B€HO OMUCHIBAETCS CIEIYIOIIMM BEKTOPHBIM U] PepeHIInaIbHbBIM
YpaBHEHHUEM

ay
dt

-Gy Y(,) =7, (3.40)

M
rae Y (t) = {ym (t)}mzl - BEKTOp NE€PEMCHHBIX COCTOSIHUS 3BCHA, G() - BEKTOpHas
(GyHKUUs, f, - HA4aJIbHBI MOMEHT BPEMEHHU, KOTOPBINA 0€3 IOTEpU OOIIHOCTH
MOYKHO IIOJI0KHMTh PABHBIM HYIIIO, ¥ - HauanbHOe 3HadeHue. K Buny (3.40) MoxxHO

MIPUBECTH JIIOOYIO0 CUCTEMY OOBIKHOBEHHBIX AU (PepeHIInaabHbIX YpaBHEHUI.

PaccMoTpuM BKpaTiie METO/Ibl YHCIEHHOTO PEIICHHs YpaBHEHUN BHUa
(3.40).

Memod Diinepa. ITOT METO SIBISETCSI ICTOPUUECKHU TIEPBBIM U3 TIPEJIO-
KEHHBIX JJI peuieHus1 OObIKHOBEHHBIX U] pepeHnanbabix ypasaenui. [lycts T
- IepuoJ1 TucKpeTu3auu. Torna, 3aMeHsisi IpOr3BOIHYIO [0 BPEMEHU Ha ee afl-
MIPOKCUMAIMIO YEPE3 KOHEUHYIO Pa3HOCTb, MOJIYYUM CIIEYIOUIEE PEKYPPEHTHOE
ypaBHEHHE

Y[n+1]=Y[n]+ TG(nT,¥[n]),n=0,,... (3.41)

KOTOPOE MMO3BOJISIET 1Iar 3@ IArOM HAaXOJAWUTh 3HAYEHUS BBIXOAHOTO MPOIIECCA HE
nuHerHou cuctemsbl. Ha puc. 3.12 npuBeaena reomeTpudeckas HHTEPIPETALUS
MOJIyYEHHUS TaHHBIM METOJIOM MPUOTUKEHHOTO pelieHus ypaBHeHus (3.40) aist
cinyyas M =1. HayanbHOM TOYKOW pELICHHUS SBIISETCS 3aJaHHOE MO YCIOBHIO 3a-
Jauy 3HaueHue y,. Ha ocHOBaHUM ), B Ha4aJIbHBI MOMEHT BpeMeHH £, = 0 BbI-

ancnsior 3uavenne G(0,, ), KOTOPOE PABHO TAHTEHCY YIiia HAKIOHA KacaTeNbHOi

K UICTUHHOM MHTETpajIbHON KpUBOM (IITPUXITYHKTUPHAsS JUHUS) ypaBHeHus (3.40)
B Touke ¢, =0. Toyka nepeceyeHns 3TOU KacaTeabHON C BEPTUKAIBLHON IIPSAMOM,

BOCCTaHOBJICHHOU U3 TOYKHU ¢ =1, aeT 3Ha4YCHUe y, = y[l]. 3areMm, ONpPEACINuB ),




Puc. 3.12

13 TOYKHU (T , yl) MPOBOJAT NMPSIMYIO C TAHTCHCOM YIJla HAKJIOHA PaBHBIM G(T , yl)
710 TIEpeCeUYCeHUs C BEPTUKATBLHOM MPSIMOM, BOCCTAHOBIICHHOM U3 Touku ¢ =27 . B
pe3yabTare BBIYUCIAKT ), = y[2]. IToBTOpSAs 3TY IpOLEYDPY, NOIYUYAIOT JIOMAHYIO
JUHUIO (TomanHyto Diinepa), KOTopas SBISIETCS NPUOTNKEHUEM K UCTUHHOW UHTE-
IpaJibHON KPUBOMU.

[TonsiTHO, YTO HalIeHHAs! TUHUA B OOIIEM cllydae He OyJeT COBMAAATh C
WUCTUHHBIM penieHueM. B Teopun audepeHimaibHbix ypaBHEHUN TOKa3aHO, YTO
onmmbKa TMONYYEeHHOTO PEIIeHNs] TPONOPIHOHaNbHa T~ .

Moougduyuposannwiii memoo unepa. PexyppeHTHas npolenypa BblYuc-
JICHHsI OTCYeTa BBIXOJIHOTO TpoIiecca JIsl JaHHOTO METO/1a UMEET BHUJI

Y[n+1]=Y[n]+ Z G, Y[n)+ G(n+ )1, T +1])} n=0,L,... (3.42)

rae Y[n +1]=Y[n]+ TG(nT,Y[n]). Ananns (3.42) nokassiBaer, uTo TaHreHC yria
HAKJIOHA 3JIEMEHTA JIOMAHHOU Dijiepa Ha TEKYyIIeM I1are onpeaensercs Kak cpej-
Hee apu(MeTHYecKoe TAaHT€HCOB YyIJla HAaKJIOHA JIOMaHHOUM Diijiepa Ha TeKYyIleM U
CJIEAYIOIIEM 332 HUM Il1arax 00ObIKHOBEHHOI'0 MeToja Dinepa. Takas npouenypa
MO3BOJISIET YMEHBIIUTh OMIMOKY BEIYUCICHUHN U CIeTaTh €€ MPONOPIUOHATIbHON
T,

Memoo Pynee — Kymma. JlaHHBII METO SBISCTCSA HanOOJIee TOYHBIM U
HCIIOJIb3YEMbIM Ha MPAKTUKE CPEAU OJTHOIIATOBBIX METOJIOB YUCICHHOTO PEIICHUS
OOBIKHOBEHHBIX UG DepeHIInanbHbIX ypaBHeHUH. [IpaBuio BeIYUCICHUS 3HAUE-
HUS OYEPETHOr0 OTCUETa BBIXOJHOTO Mpoiiecca st Mmeroaa Pynre — Kyrra Bbi-
[JISIAUT CJIEAYIOIIUM 00pa3oM

Y[n +1]=Y[n]+€{1<0 +2K, +2K, +K, ), n=0,1,... (3.43)

rac

Hcnonb3ys 3TOT METO/1, 0Ka3bIBAETCS BO3MOXKHO CENaTh OIIMOKY BbIYUC-
NeHuii mponopuuoHanbHoi T .



