O6 YCTOMYMBOCTU DA3OBbIX TPAEKTOPUA LN®POBbLIX AUWHAMUYECKUX CUCTEM
POPMUPOBAHUA CUTHAIIOB
Epmonaes B. A.
OAO HIIIT «3ByKOTeXHUKAY
Poccus, 602200, r. Mypom, Bnagumupckas o01.,
PaanosaBsojackoe mocce, 23
Ten.: (09234) 2-2562, dakc: (-09234) 2-2596

Pedepar: PaccMaTpuBarOTCS BOIPOCH CHHTE3a KBAasHIMHCHHBIX DasHOCTHBIX ypaBHEHHMi. Bomsrcs nowstus & -
SKBUBAJICHTHOCTU U YCTOMYMBOCTHU K Je(pOPMAIMAM JMCKPETHBIX CUCTEM. Y CTaHABIIMBACTCS CBA3b C MPOOIEMOif IIIEI0YHHTa B TEOPUH
JHCKPETHBIX cucTeM. IIpuBoasTes ycaoBus u crocod obecredeHns: yCTOMIUBOCTH (ha30BBIX TPACKTOPHI JUCKPETHBIX JUHAMHICCKHX
CHCTEM, IPOMJITIOCTPUPOBAHHBIH IPHMEPAMH.

1. BBegenue

B 3amagax mmudpoBoit 0OpabOTKH CUTHAJIOB M ITU(GPOBOTO YIPABICHHS YacTO BO3HHUKAET MOTPEOHOCTH B
(hOpMUPOBAHMHU HE3ATYXAIOIIMX CHTHAJIOB M3BECTHON (DOPMBI, HAPUMEpP, B MPOCTEHIIEM CIy4ae, CHHYCOUIATBHBIX
curHasioB. OTHOIICHUE TIEPUOAA TAKUX CUTHAJIOB K MEPUOAY MAMCKPETU3ALUH AlPHOPU HE OO0S3aHO SBIIATHCS
PAIMOHATILHBIM U [OATOMY 3aJlaHUE CHTHAJIOB B (hOpMEe KOHEYHOM TaOJIHIBI B OOIIEM CiTydae HEBO3MOXKHO, KOHEYHO,
€CII HE BOCITIOJIb30BATHCSI COOTBETCTBYOMICH MPOIIEyPOH HHTEPIIOISINU.
AJBTEpHATHBHBIA CIOCO0 (OPMUPOBAHHS CHTHAJIOB, PacCMAaTPHBAEMBIA B HACTOSINCH padoTe, OCHOBBIBACTCS HA
PEKYpPPEHTHOH TNpOLEAype BBIUMCICHHUS IIOCICAOBATCIBHOCTH BBEIOOPOK C HCIOJB30BAaHHEM COOTBETCTBYIOIIECTO
Pa3sHOCTHOTO ypaBHEHUs. B03MOKHBIE MOAXOABI K CHHTE3Y (POPMHUPYIOUINX HEITMHEWHBIX PAa3HOCTHBIX YpaBHEHHI
TpUBeIeHbI Ha puc. 1.

Jlunetinoe KBazununeiinoe
u(t) > muddepennmansaoe [P auddepenumansHoe
ypaBHEHUE ypaBHEHUE
Jlunetinoe KBazununeiinoe
Uy > pasHOCTHOE B pasHOCTHOE
ypaBHEHUE ypaBHEHHUE

Puc.1. Bo3mMosxHbBIE CIOCOOBI CHHTE3a Pa3HOCTHBIX YpaBHEHHUIH

2. IlpeacraB/ieHUe CUTHAJIOB JUHEHHBIMU PA3HOCTHBIMHU YPABHEHUSIMHU
[TocnenoBaTenbHOCTH BRIOOPOK Uy MOYKHO TONYYUTHh W3 AHATUTHICCKOTO BBIPAXKEHHS aHAJOTOBOTO CHUTHAJIA
u(t), UCTIONIBE3ysl M3BECTHYIO CBs3b MpeobOpasoBaHus Jlammaca ¢ z — mpeobpaszoBanueM. Ecinu z — mpeoOpazoBanue

(dbyHaKMH U(t), 3aJaHHON B TUCKPETHBIE MOMEHTHI BpEMEHH, TPEACTABISAET COO0H palMOHAIBEHYIO (PYHKITHIO
1

U(z)= ialz—i ibiz_i . (1)
i=0 i=0

TO COOTBETCTBYIOMIEE (1) pa3HOCTHOE YpaBHEHHE MOKHO 3alCaTh B BUIE

m

U :_2biuk—i + ;ai6ki ) (2)

rae O « - cuMBoi Kponekepa.

JIuHelHOe pPA3HOCTHOE YPABHCHHWE MOXHO TAKKE MONYyYHTh B PE3yJIbTaTe BBIPAKCHUS JIMHEHHOTO
i epeHInaIbHOr0 YpaBHEHHS, PEICHHEe KOTOPOTo onpeaenseT GyHKuuio u(t), nim cucrteMsl uddepeHnaibHbIX
ypaBHEHUH depe3 KOHEUHbIE pa3HOCTH. B 3TOM ciaydae BO3HHMKAET AOMOIHUTEIbHBIN BOIPOC O COOTBETCTBUU TOYHOIO
pemenus Au¢GepeHINaIbHOI0 YPaBHEHHS [TOCIEA0BATEILHOCTH, ONIPEAEIIeMON Pa3HOCTHEIM ypaBHEHHEM Bua (2),
WM, B BEKTOPHOI (hopme, ypaBHEHUSIMHU

_ _ T
X, =4x,, u,=c x,, 3)

rne A—nXn - varpuua, C€ R" - extop koopduumentos u X, € R” - BeKTOp COCTOAHMS, IPH HAYAIbHBIX

YCIIOBHSX, 33/1aBAEMBIX BEKTOPOM X .
Ecnu  pasHOCTHBIE ypaBHEHUs, IIOJyYCHHBIC YKa3aHHBIMH Croco0amMM, OKBHBAJICHTHBI, TO KOPHH
XapaKTepUCTHYECKUX MHOTOUNIEHOB YypaBHeHMH Buaa (2) M xapaktepuctuueckoro Muorounena det(z/ — A)

cucteMsl (3) coBnaaor.
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JUi1 He3aTyXalomWX CHTHAIOB CpPeOW KOpHEH XapaKTepHCTHUECKOTO MHOTOWIEHa YpaBHEHHA (2) win
cucteMsl (3) UMEIOTCS HAXOMAAIINECs Ha TPAHMIE YCTOMYMBOCTH — HAa OKPYXHOCTH €IMHHYIHOTO paauyca. B cBs3um ¢
STHM BO3HHKaeT TpoOieMa YCTOWYMBOCTH pPAa3HOCTHOTO YpaBHEHHSA, OOYCIOBIEHHAas KOHEYHOW TOYHOCTBHIO
BEIUUCIICHUA W cOOSMU B paboTe BBIYHUCIUTEIHHOTO YCTPOICTBA, KOTOPHIE NPHUBOIAT K HEBOCCTAHABINBACMBIM
HM3MEHEHUSAM (Da30BBIX TPACKTOPUI CHCTEMBI, B YACTHOCTH, K H3MECHEHHIO Pa3MEpOB 3aMKHYTOH TpaeKTopuu. B memsx
pemeHns 3TOoW TPOOIEeMBl M MOJMYYEHHs YCTOHYHMBOTO TPEACTHHOTO INKIIA, JIMHEHHBIE Pa3HOCTHBIE YpaBHEHHUS
HE00XOIUMO JOTOJTHUATH COOTBETCTBYIONIMMY CTAOMIH3UPYIONIMMY HETMHEHHBIME CITaraéMbIMH.

3. Pa3HocTHBIe ypaBHEeHUS HeJMHeiHBIX HU(POBLIX CHCTEM
Pa3zHocTHOE ypaBHEHHE CTAOWJIM3MPOBAHHOW HENMHEHHOW IM(POBOH CHCTEMBI (POPMHUPOBAHUS CHUTHAJIOB,
COOTBETCTBYIOIIEE YPaBHEHUIO (2), €CIIM €T0 3alucarh B BUE

Uy = Sy st 1S sty @ty ), )
n

e fo(Uyysett,_, )= —2 bu, .. flu,_ oty gtty,estt, ;) - Henuneiinas craGummsnpyromas GyHxuus
i=1

u U>0 - HEKOTOPOE HOCTATOYHO Maoe 4HMCII0, OTHOCHTCS K KIACCy PasHOCTHBIX ypaBHeHni Bonsreppa [1]. Ecim
T
BBECTHU BEKTOp X, = (u ket s U, ) , TO ypaBHCeHUE (4) MOXKHO TaK:Ke 3aIHUCaTh B BUJIC

Xis1 :Axk+uuF(xk’g(x0>'“>xk))’ &)

rae A - nocrosinnas matpuua u F' - BekTopHas GyHKLuSL.
VYpasuenue (5) onpenesnsier B pa3oBOM MPOCTPAHCTBE HEKOTOPYIO TPACKTOPHIO — MOCIIEI0BATEIBHOCTh TOYEK

X, , KOTOpasi IO YCJIOBHIO JIOJDKHA COOTBETCTBOBATh TPAEKTOPHUHM cucTeMbl (3). Jnsa Tpaexropuu cuctemsl (5),
HauMHAIOmEeHcs W3 TOYKHM X,, BBeJEM OOO3HaYeHHE P(xo,n). Yepes P(xo,xk,n) 0003HaUYUM OTPE30K
(xk s Xt ,) TPAaeKTOPHH, BEIXOMAIIEH U3 X, U depe3 P(xo > X, ,xn) - OTPE30K, 3aKIFOUCHHBIA MEXIYy TOYKAMU

X, nx,,nxk.

n?
Hazosem nedopmanueii D HexkoTopoe npeodpazoBanue cucrems! (3) wi (5).
Omnpenenenue 1. Cucrema (3) Ha3biBacTCs € -3KBHBAJICHTHOH 10 OTHOMICHUIO K cucTeMe (5) HA KOHCYHOM

OTpe3Ke TPaeKTOpUU P(xo,xk,xk +N), ecnu ans jgocratouno manoro €>0 u mo6oro uenoro umcma N >0
CymIeCTBYIOT Aedopmanus Dy cuctemsl (3), HaYanbHOE COCTOSIHHE X,; M HEKOTOPOE LENO0E YUCIO /1 < o0 TaKHE, YTO

paccTosiHue MEXAY P(xo,xk,xk + N) H OTpe3koM Tpaekropun P, (xd,xk s Xkm +N) neopMHUpOBaHHON CHCTEMBI

3-p (P(xo’ K> Xpern )an (xdaka > XrmeN )) <€.

Cucrema (5) HaspiBaeTcs € - HKBUBAJCHTHOW 1O OTHOIICHHIO K cucTeMe (3) Ha OECKOHEYHOM WHTEpBale,
ecit N =oo, 10 ecTb P (P(xo,xk,n),Pd(xd,ka,n)) <E€.

C 1puBEICHHBIM OIpENENICHHEM CBsA3aHa Tak HasplBaemas npoOiiemMa o0OpaTHOrO ULIEJOYHHIa
(COBMECTHMOCTH C TEHbIO) [2], eclii MoJ TEHbIO IMOHMMATh TPAEKTOPHIO AeOpPMHUPOBaHHON cuctemsl (3), a mon
UCTUHHOW TpaekTopueil — Tpaekropuio cucteMsl (5). C mpobieMol NMpsMOro meJOyWHra CBSI3aHO aHAJIOTHYHOE
MMOHATHE € - SKBHBAJICHTHOCTH CHCTEMEI (5) IO OTHOIIEHHIO K cucTeMe (3) Ha KOHEYHOM MM OECKOHEYHOM OTpE3Ke
BPEMEHH, OIPEIENIAIONiee BO3MOXKHOCTh IMOCTPOCHHUST UCTHHHOM TPaeKTOPHUU O TeHH (10 TpeOyeMOH TpaeKTOpuH).
Ecnu cucrema (3) € - sKBHBaJIeHTHa MO OTHOLICHUIO K cucTeMe (5) M HaoO0opoT, To cucteMsbl (3) U (5) Ha3bIBArOTCS
B3aMMHO & - YKBUBAJICHTHBIMU.

Omnpenenenue 2. Cuctema (5), € - SKBUBaJICHTHAS 10 OTHONICHUIO K cucTeMe (3), Ha3bIBaCTCsl YCTOWYHMBOM K
JocraTtoyHo Mano nedopmanuu Dy, ecim cymectByer nedopmanust Dy cuctemsl (3), coxpaHsiomas pacroiokeHne
KOpHEH XapaKTepUCTUYECKOTO MHOTOWICHA OTHOCHTENBHO OKPY)KHOCTH €AMHUYHOTO pajuyca, B YACTHOCTH,
COXpaHSIOIIasl YUCJIO U TUIl KOPHEH Ha OKPY)KHOCTH €IMHHYHOTO pajnyca, 00ecIeurBaIoIias BBIITOJHEHUE YCIOBUI
€, - DKBUBAJIEHTHOCTH 10 OTHOLIEHHMIO K JlepopMupoBaHHOM cucteMe (5) U cTpeMAIascs K HyJIl0 IPH CTPEMIIEHUH K
HyJI0 AeopMaIiu cucTemsl (5).

MOo>HO TI0Ka3aTh, YTO CIIPABEIINBA CIEAYIONMAs TeopeMa.

Teopema. JlroOot muHeiHON cucteme (2) wim (3), KOPHH XapaKTEPUCTUIECKOTO MHOTOWICHA KOTOPOM
HAXOJATCS Ha TPaHMIIC W BHYTPHU OOJACTH yCTOWYIMBOCTH, IIPHU STOM KOPHH Ha TpaHUNE (OKPY>KHOCTH €IUHHIHOTO
pammyca) — IMpPOCTBIE, MOKHO IIOCTaBUTh B COOTBETCTBHE YCTOMYMBYIO KO BCEM JIOCTATOYHO MAJIBIM Je(opMarusm
KBAa3WIMHEHHYIO € - SKBHBaJICHTHYIO cucTemy (4) mmn (5).

Jloka3aTenbcTBO OCHOBBIBACTCS Ha TPECTABICHUH YpaBHEHUS (4) B BUJIE:

u, = fo (“k-1>--->“k—n )"‘ K, (uk—l"“’uk—n )_ K, (”k—l pee Uy ) g(u0>"'>uk—l ) (6)




3-a MexxayHapogHasa KoHdepeHuns DSPA-2000

n
rac fﬂ (uk—l geses uk—n ) = 2 Ciuk_i - cJaraeémoe, 06CCHC‘II/IBa}OHI€e CMCIICHUEC B 00acThb HCYCTOUYUBOCTU
i=1

PACIIONIOKEHHBIX HA ©MHUYHON OKPYXHOCTH KOPHEH XapakTepHCTHYECKOTO MHOTOWIeHa ypaBHeHus (2), H
g(uo,...,uk_l) - TOJNOXHUTENHHO OmnpejeNneHHas (GyHKIMA. B MarpuuHoii dopMme ypaBHEHHIO (6) COOTBETCTBYET
BBIPAXKCHHE
X1 = (A U Au )Xk —H g(xow-oxk )Ay X
rne A, —matpuna redopmar.
B KauecTBe MPUMEPa MOXKHO MPUBECTH YPABHEHHS

U, = (2 cos W/fo)”k—l - (1 + U)”k—z + j/uzk_mk_z (7

_ _ 2
U, = (2 cos W/fo)”k—l - (1 +.u)”k—2 +YGllyy. & =08, + Bu . (®)
rone w- prrOBaﬂ qacTtoTra CI/IHyCOI/IILaJ'IbHOFO CHUI'HaJia, fO - gacrtoTta ﬂI/ICerTI/I?)aHI/H/I, OC, ﬁ - K03(1)(1)I/IHI/ICHTI)I

1 poBoro GpuibTpa nepporo nopaaka u U,y - OIU3KHE K HyJIIO IOJI0XKUTEIbHbIE KOHCTAHTHI.
da3oBble MOPTPETHl CUCTEMBI, OIMUCHIBAEMOW ypaBHeHueM (8) mpu 2COS W/ f, 0=1,745 u 0,337,
u=0,001, y=0,01, ¢=0,9, ﬁ =0,1, u , =0, u_, =1, npusenenst na puc.2 a u 6, COOTBETCTBEHHO.

®daz3oBEIC TOPTPEThI MOCTPOCHBI B KOOpAMHATAX uk—l’ Mk . TpaeKTopnn CXOJUTCA K yCTOfI‘lPIBOMy npeacibHOMY

MHOKECTBY 10 crupayy. IIpu 5TOM MMeeT MecTo XapaKTepHast Ul JUCKPETHBIX CHCTEM TeHACHLMS TPYNITUPOBAHUI
OTAENBHBIX TOYEK B BETBM , OTIIMYHOW OT YyKa3zaHHOW crupanu. ['paHunpl obnactedl CXOTMMOCTH MOTYT OBITH
TIOJTYYCHBI B Pe3yJIbTaTe YUCICHHOTO MOJIEITUPOBAHUS CUCTEMBI.

[Ipn nccnenoBaHny BIWSIHUS HEJIWHEWHBIX ClaraeMbIX Ha aMIUIUTYLy M 4acTOTy (POPMHPYEMBIX CHI'HAJIOB
MOJKHO BOCIIOJIb30BaThCsl METOJAaMHM TapMOHHYECKOTO OanaHca WM JIMHEapu3aluH, NPUMEHEHHBIMH B [3] K
ypaBHeHHsIM Buaa (7).

4. 3akji09ueHune

B nmuTepartype 1o JUCKPETHBIM TWHAMHYECKHM CHCTEMaM IMPeo0IalaeT HHTEPEC K UCCIIeIOBAHUIO MPOOIeM
YCTOWIMBOCTH TTOJIOKCHU PaBHOBECHS M TIEPHOAMYECKUX ABWKEHUH. OTHAKO HA MPAKTUKE Yallle MPUXOAUTCS UMETh
JIEJI0 C TIOYTH TIEPUOIUYESCKUMH M 00Jiee CII0KHO YCTPOCHHBIMH IMPOIeCCaMH, MPUMEHEHHE K KOTOPHIM H3BECTHBIX
MeTOJIOB aHanm3a [ 1, 4] BcTpedaeT onpeaeneHHbIe TPYAHOCTH. B 3TOM I1ane, pe3yabTaThl, TOMYUSHHbBIE B HACTOSIICH
paboTe, a UMEHHO, BBEJCHHBIC TOHATUS € - DKBHBAJECHTHOCTH M YCTOWYMBOCTH, a TAKXKE CBS3b, YCTAHOBJICHHAS C
po0IeMOl MIeA0YHHTa, OTKPHIBAIOT HOBBIE BO3MOXKHOCTH IO MPEOJIOJICHUIO YKa3aHHBIX TpymHocTed. Kpome Toro,
MOJIyYE€HHBIC PE3YJIbTaThl O00ECIIEUYUBAIOT BO3MOXHOCTh TTOCTPOCHHS HAJEKHBIX alTOPUTMOB (HOPMHPOBAHHMS
CHUTHAJIOB.

Puc. 2. ®a3oBbie MOPTPETH CUCTEMBI (8)
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Abstract: The possible approach to synthesis of quasilinear difference equations are considered. The concepts of € - equivalence and
stability of discrete systems are introduced. The conditions and method of stabilization of phase paths of discrete dynamic systems are reduced.

1. Background
In the present paper considered method of shaping of signals is grounded on the recursion procedure of an
evaluation of a sequence of sampling with usage of an appropriate difference equation.

2. Performance of signals by linear difference equations
If z - conversion the function u(t), given in discrete instants, represents the rational function

-
U(z)= 2 aizi[z bz ) , ey
i=0 i=0

that appropriate (1) difference equations is possible to note as

u, :—2biuk_i +Zmo‘al.5kl. , 2)

where O « - Kronecker delta, or, in the vectorial form, equations
T
Xpp =AX,  u=c x, 3)
where 4 —nXn - matrix, c€ R" - vector of coefficients and x, € R" - vector of a status, at the initial conditions

assigned to a vector X, .

With the purposes of deriving of a steady limit cycle, the linear difference equations are necessary for
supplementing by appropriate stabilizing nonlinear items.

3. Difference equations of nonlinear digital systems
Difference equation of a nonlinear digital system of shaping of signals appropriate stabilized equation (2), if
it to note as

u, = £, (uk—l""’uk—n )+£f(”k—1’---’“k—n> g(u0>"'>uk—l )) “)

n
where f, (ukf1 yeees u)= —2 bu, ;. f(uk—i yees Uy, ,g(uo N 7 )) - nonlinear stabilizing function and € >0 -
i=1

some small enough number, falls into to the class of difference equations of Volterra [1].
If to enter vector x, = (u kg o gy, )T , equation (4) is possible also to note as
X1 :Axk+:uF(xk’g(x0’“"xk))’ 3

where A - stationary value a matrix and F' - vectorial function.
Definition 1. The system (3) is named as € - equivalent in relation to a system (5) on a finite segment of a

path P(xo,xk,xk N ), if for enough small € >0 and any integer N >0 there are a strain DO of a system (3), initial

-4 -
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state X, and some integer m <oo such, that distance between P(xo,xk,xk +N) and segment of a path

I)d (‘xd H ‘xk+m ’xk+7n+N) of a deformed system (3) - p (P(‘XO’ ‘xk > ‘xk+N )’ 1)11 (‘xd > xk+7n > xk+m+N )) <E.

The so-called problem of an inverse of shadowing (compatibility with a shadow is coupled to reduced
definition) [2], if a shadow to understand a path of a deformed system (3), and under a true path - path of a system (5).

Definition 2. The system (5), € - equivalent in relation to a system (3), is named steady against enough small
strain D1, if there is a strain DO of a system (3), saving a disposition of the roots of a characteristic polynomial
concerning a circle of single radius, in particular, saving number and type of the roots on a circle of single radius,
detomining relations of &, - equivalention of a deformed system (5) and aspiring to zero with aspiring to zero of the
strain D1 of the system (5).

The theorem. To any linear system (2) or (3), the roots of which characteristic polynomial are on boundary
and inside a stability region, thus the roots on boundary (circle of single radius) - simple, it is possible to put in
correspondence steady against all small enough strains quasilinear an € - equivalent system (4) or (5).

Proof is grounded on performance of the equation (4) as:

u, = fo(“k—la---a“k—n )+ u fu (uk—l e Uy, )_ u fu (uk—l""uk—n ) g(“o:---a U, )’ (6)

n
where f u (ukfl,...,ukfn )= Zciukﬂ. - item providing offset in area of instability of the roots, located on a single
i=1
circle, of a characteristic polynomial of the equation (2), and g(uo yeens U k_,.) - positive definite function. In a matrix
form to the equation (6) there corresponds expression

X1 = (A+/-‘Ap )Xk —,ug(xo,...,xk )Ay Xeo

where A u - matrix of strain.

4. Inference

Results obtained in the present paper, namely, gated in concepts € - equivalence and the stabilities, are
connection with methods of paper [1, 3, 4]. Besides the obtained results ensure a possibility of build-up of reliable
algorithms of shaping of signals.
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