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O6bekToM uccnegoBaHuas B OdaHHOM paboTe  saABnswTCs  uudpoBass cuctema  asoBou
cvHxpoHu3auun (UCOC) ¢ MHOroypoBHEBbIM aHanoro-umdpoBbiM npeobpasoBaHMeEM UM paBHOMEPHOW
auckpeTtusauuen [1], anroputm paboTbl KOTOPOW NPU OTCYTCTBUM LyMa 3a4aé€TCA HEMUHENHbIM Pa3HOCTHbLIM
ypaBHeHueM Buaa [2]:

vlk]-2y[k—1]+y[k—-2]+klsin(y[k-1])+ k2 sin(y[k-2])=
=olk]-20[k-1]+o[r-2] (1)
roe (p[k] n oy [k] — nocrnefoBaTernibHOCTM OTCYETOB COOTBETCTBEHHO (ha3sbl 3ajatoLliero (BXOOHOrO)
curHana n ¢asoBor owmnbkKu (pasHocTn da3 3agatoLlero (p[k] 1 NoAcTpavBaemoro @[k] koneGanui); kl
n k2 — nocTosiHHblE KOIDDULNEHTHI.

PaccmoTpm umMmetoLlyto Gonbluoe NpaKkTUYeckoe 3HayeHue cutyaumio, korga dasa 3afaroLero
kone6aHus (p[k] U3MEHAETCA MO NMUHENHOMY 3aKOHY: (p[k]z o, k,roe o, =27nf, /f,; f, -vactora
puckpeTusaumn. OHa BO3HWKAET MPW Hanuuuu MOCTOSIHHOTO CABUra f, 4acToTbl BXOAHOrO CurHana
OTHOCUTENbHO €e HOMWHAmbHOro 3HauveHus f . HeTpyaHo y6eguTbCsi, 4TO MpU NUHENHOM 3aKoHe

N3MEHEHNS (p[k] npaeBas 4yacTb COOTHoweHus (1) obpawaetca B Honb. C y4eToM 3TOr0 €ro MOXHO
3anucatb crnegyoLmmMm obpasom:

ylkl-wlk-1]=vylk-1]-w[k-2]-ksin(y[k-1])-k2sin(y[£-2]). @

Mepexoas K KOHEYHbIM Pa3HOCTSAM A\u[k] =y [k] -y [k - 1], Ha OCHOBaHW (2) UMeeM:

Ay k]=Ay[k —1]- kL sin(y[k -1])— k2 sin(y[k -2]). (3)

HennHelHoe pa3HOCTHOEe ypaBHeHMs (3) No3BonsieT NOCTPOUTL (Pa3oBbIM NOPTPET aHaNU3npyemon
LICPC kak byHKLUIO A\u[k]z F(\|1 [k—l]). MpaKkTnyeckoe NOCTpoeHne asoBbiX TPAEKTOpPUA yaoBHO
BbINOMHWTL Ha OCHOBE MOCMEeAOBaTENbHOMO BbIYUCIIEHUS 3HAYEHWUN A\u[k] B cooTBeTcTBMM C (3),
npegsapuTenbHO 3a4aBlINCh  HaYyanbHbIMK - YCNOBUSMM W[O] " W[l], onpeaensaoLMMU  UCXOAHblEe
tasoBoe (W[O]) ¥ YacToTHOe (Aw[l]z 1|I[1]— 1|I[0]) paccornacoBaHust B cucteme. lNpu kaxkaom HOBOM
3HaYeHum Aw[k] (k>1) HeobxogMMoe [Ans MOCNEAYOLMX BbIYACIEHWA  3HAYeHWe w[k]
paccuMTbIBAETCS Kak W[k] = A\u[k] + \u[k — 1].

Ay[k] lMoCTpoOeHHbI TakMuMm obpa3om  a3oBbIv

nopTpeT cuctembl npeactaBneH Ha pwuc. 1.

OTmMeTmM, 4TO ero Bug BO MHOTOM aHanornyeH

ha3oBbIM nopTpeTam HenpepbIBHbIX
acTaTU4eCKMX CUCTEM CUHXPOHU3aLmm [3].

C NCNonb30BaHMeEM CBOMNCTBaA

nepuogmyHocT ypasHeHuns (3) no Y ¢

0.z

0.z

nepyogom 2 T  u3o0paxeHHble Ha  puc.i
thasoBble TpaeKkTopuM MOCTPOEHbI B Auana3oHe
nameHeHus BennumkHbl Wk —1] o — T oo T
np  k1=0,032, k2=-0,031. Ha pucyHke
npeactaeneHbl  (hasoBble  TpaekTopuu  ABYX

, . npoueccoB. [lepBbli U3 HUX XapakTepusyeT
_11:/21 /2 n NoOBEAEHNE CUCTEMbI MPY HauvasnbHbIX YCIOBUSX

Puc. 1 y[0]=-mn; Ay[i]=n/12 v pacnonoxen B
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BepxHeil MonynnockocTu. BTopoil cooTBETCTBYeT HauanbHbiM ycrosusm y[0]=m; Ay[l]=-m/12 n

HaxoOuTCa B HWXHeW yactu rpadwmka. MN3obpaxarowaa Toyka npoberaeT TpaekTopuu crneBa Hanpaso B
nepBoM crny4ae M B OOpaTHOM HanpaerneHunm BO BTopom. [lockonbky B LICPC obpaboTka curHanos
OCYLLECTBNSAETCA AMCKPETHO BO BPEMEHW, pearbHble (ha3oBble TPAEKTOpUKN NpeacTaBnstoT cobon Habop He
NPUMbIKAIOWMX OPYyr K ApYyry OTAenbHbIX TOYEK MIIOCKOCTWU, 4Yepe3 KOoTopble Ha rpadukax C Uenbho
obecneyeHns LUENOCTHOCTU MX BOCMPUSTUS MpPOBedeHbl ChMOLWHbe NUHMK. [lpn 3TOM KOHEYHOEe MU
HavanbHOe 3HaYeHus (COOTBETCTBYWOLUME, Hampumep, Y =T uU Y =—T B BEPxXHeW MNOmnynnockocT)

npealwlecTsytollen (Haxogswenca panblie ot nuHum 0) 1 nocnenyolen LMKIUYECKUX TpaeKkTopui
NpeacTaBnsalT coboli [Ba CMEXHbIX OTCYeTa MNocrefoBaTeNbHOCTH Aw[k]:F (\u [k—l]). Tak kak

OVUCKpeTHble 3HayeHus (pasoBoi OLINGKK \u[k—l] NpakTUYECKU HUKOrga He CoBMafaloT C MOMEeHTamu

CMeHbl NepuoaoB BeNUYMHLI A\u[k], COOTBETCTBYIOLMUMN OCAM TT U — TT, Ha PUCYHKax UMeEKT MeCTO
“HEepPOBHOCTIN” OKOHYaHWsI TPAEKTOPUIA B NPaBOW U NIEBON YaCTsIX rpaduKoB.

Mpu GonbLNX 3HAYEHUSAX BEMUYUHBI |A\u[k]| hasoBble TpaeKkTopuu Ha MHTepBane [—n...n]
HanoMWHalT OTpe3kn cuHycomapl. Mpun npoberaHun nsobpaxarowen TOYKN MO KaKAOMY TakoMy OTpesKy OT
—T Jo T (wnn OoT T o — T npwm AW[1]< 0) vmeeT mecTo HeGOMbLIOE YMEHbLUEHWE (CMiaa) MOAynst
pe3ynbTupylolero 3HaveHuss Ay . Mo mepe nNpubnvkeHus TpaekTopuu k nuHum O BenuuuHa cnaga
Bo3pacTaeT. 3TO NPOJOMMKaeTcs A0 Tex Mop, noka npu HEKoTopoM Y = s T (S — HEeKoTopoe HeveTHoe

Lierioe Yncro) 3HaveHue |AI|I| He okaxeTcsl B npegenax uHtepsana 0A. C 3TOro MOMeHTa 3aKkaH4YMBaeTCs

LMKNNYecKkoe M3MeHeHune BenuumnHbl Ay . [lanee ¢a3oBoe Y u YacTtoTHoe AW paccornacoBanvsi GyayT
yMeHbluaTbCsl, cTpemsicb k 3HaveHusm (Y =0; Ay =0). Kak BugHo u3 rpacuka, ¢a3oBbiii NopTpeT
CHCTEMbI MEET OAHO YCTOMYMBOE COCTOSIHME paBHOBeCHsi (YCToMuMBhLIN chokyc) B Touke (Y =0; Ay =0 ).
MocKkonbKy, Kak OTMe4arnocb Bbille, BBUAY [OMCKPETHOTO Xapaktepa (asoBbiX TPAeKTOPUiA 3HaYEeHUs!
¢ha3oBon oLwMBKM \u[k—l] NpaKTUYeCKN HUKOrAa He COBMagaloT C ToukamMu 7T, LeHTPbl HEeYCTOWYMBOrO
paBHOBecus, COOTBETCTBylolWME KoopamHatam (Y ==x7;Ay=0) y paccmaTpuBaemon CUCTEMbI

drakTU4EeCKnN OTCYTCTBYIOT.

AHanmM3 KONMYECTBEHHbIX COOTHOLUEHWIA, XapaKTepuaylLlmx AMHaMuKy paccmaTtpuBaemon LICPC,
NMPOBOAMIICA HA OCHOBE YMUCIIEHHOMO PeLleHUsT HEMMHEWHOro pasHOCTHOro ypasHeHus (1). Mpu atom 6bino
YCTaQHOBMNEHO, 4YTO [aHHas cucTemMa TaK Xe Kak U e€ HenpepbiBHbIN aHanor [3] MMeeT npakTU4ecku

HEOrpaHMYeHHbIii AnanasoH 3axsaTa Mo 4acToTe (MpU (OUKCUPOBAHHOM 3HaYeHMW [, LMpUHA NONOChI

3axeata orpaHvMYMBaeTcs NUlb YycrnoBuem KoTemnbHWKOBa), XOTA MNpu GOMblUMX HavanbHbIX 4acTOTHLIX
paccTporikax AnUTEeNbHOCTL MNEepexoHOoro npolecca pesko Bo3pacTaeT. MccrnenoBaHus 3aBUCMMOCTEN

NPOACIHKNTENBHOCTU MEPEXOOHOr0 MpoLEecca, BbIPAXEHHOW B YMCNE TaKTOB [OMCKPETMU3aLumu Nnn, oT
napameTtpoB LICPC n HavanbHbIX YCrOBUIA NPUBENY K CReayLWUM pesynbTaTam.

Mpn pasnnyHbIX 3HAYEeHUsIX HavanbHOro as3oBOro paccoriacoBaHus W[O] BenmumHa N
CyLLEeCTBEHHO Wu3MeHsieTcs (bonee uvem B 2 pasa). [lpM HyneBOM U ManbiX 3HAYEHUSIX WCXOLHOrO
OTHOCUTESNbHOIO YacTOTHOro caBura fOr =fr /fﬂ 3aBucumocte N (W[O]) CUMMETPUYHA OTHOCUTENBHO

CBOEro MakcVMMyma, COOTBETCTBYHOLLENO \|I[O]= T, U UMEET MUHUMYM B TOYKaXxX l|1[0] =0n l|1[0] =2m.
Mpwv yBenu4eHUn ;. 3Ta CUMMETPYS HApYLLAETCS, U KOOPAVHATLI 9KCTPEMYMOB CMELLIAKOTCS.
3asucumoctn N, ( k1), nonyuenmbie npu dukcuposanHom A =kl + k2, a Take N, (A) npun

cukcmpoBaHHoM k1 1 COOTBETCTBYIOLIME pPa3fMYHbIM  3HAYEHUsIM  f, ~ obnajaloT  criedylowmmm
ocobeHHoCcTsIMW. B Tom crnyyae, koraa B KauyecTBe HayanbHOro hasoBOro paccornacoBaHusi BbiGupaeTcs
BeNn4MHa W[O], makcummampyiowas N (. e. npu N, =N, ), dyswkumm N (k1) u N_(A)

MPaKTUYECKU He 3aBUCSAT OT WCXOAHOTO 3HauveHwsi f, . B To xe Bpems npu BbiGope W[O]zO BNUsiHWE

juivg

HauanbHol JacToTHOW paccTpoiiku Ha eua sasucumoctein N VI=O(k1) u NVIN=9(A) gecoma
(k1) u NLYPEO (k1) (am N, (A)

0]=0 o
" Nr(lr‘l"[ ] )(A)) “MeeT MeCTO MpW MarnbiX 3HaueHusix f . OTMeueHHbI haKkT 0BbsICHSIeTCS TeM, YTo B

cyuiectBeHHo. Hanbornbliuee pacxoxaeHne mexay dpyHkumsamu N

max
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i ? juiis

AaHHOI cUTyaLmm Né:’[OFO) = m[lor]l N
]

MHTepeCHO, 4YTO, YMEHbLladaACb C pPOCTOM BeEJTUYUHbI f;)r, npu (bI/IKCMpOBaHHOM €€ 3HadeHun

a B octansHbix — N V=05 m[lor]l N,..
\4

0j]=0 . .
COOTHOLLIEHWE ngr‘l" Lol )/Nmx OCTaéTCA MNPaKTUYECKM MOCTOAHHLIM BO BCEM AManasoHe W3MeHeHUs
3HaveHuit k1 v A. B yactHocTH, npu f,. = 0,001 BbinonHsieTcst HepaBeHCTBO

N /N0 <23 (@)

MocnenHee ob6CTOATENLCTBO MO3BONSAET MOMYYUTb AaHANUTUYECKOE BbIpaXKeHWe AN OLEeHKN CBepXy
ONUTENBHOCTM NepexofHoro npouecca B paccmatpusaemornt LICPC ocHoBbIBasiCb Ha UCNONb3OBaHUM eé

NUHEapU30BaHHON MaTemMaTUyYeckoin Moaenu (B NMpeanonoXeHnun Sin (O)z (0).), 3ajaBaeMon pPasHOCTHbIM
ypaBHEHVEM

wlk]-@-r)ylk-1]+ 1+ k2)wlk-2]=olk]-2 [k~ 1]+ o[k -2] ()
lNpaBomepHOCTb Takoro nogxoda MOATBEPXKAAETCA COMOCTaBMEHWEM  YUCMEHHbIX peLleHui
ypaBHeHU (1) n (5), NOMYYEHHbIX MPU HayanbHOM YCOBUM \|I[O]=0 ONA NPaKkTUYeCcKn 3HaAYUMBbIX

avanasoHoB uameHerus k1 (ot 0,003 go 0,102) u k2 (ot —0,002 go —0,102). B oTHOCMTENLHO
wmpoko  obnactn  sHadenmnin  f, <0,004+0,006 (npu f, =9600 Tu 310 cooTBeTCTBYET
f. <38,4+57,6Tu ) pelueHne nnHeapr3oBaHHOTO ypaBHeHWs (5) AOCTATOMHO XOPOLUO (C MOrPELUHOCTbIO
meHee 5% npu £, = 0,006 ) annpokcMMUpyeT ero HenMHeHbIN aHanor.
AHanuTuyecku peluast ypasHeHue (6), B KOHEYHOM MTOre NMPUXOAUM K pesyrnbTarTy:
In(8)+0,5 n(4 k1+4 k2— k1)~ 1n(2 0, 1+42)
o 0,5 In(1+42)

rae kz— uMCro TakTOB [MCKpeTM3auuM, OGecneuuBaloLMX CXOAWMOCTb orubGatolleit korebaTenbHoro

: (6)

nepexofdHoro npoiecca W[k] K YCTaHOBMBLLEMYCS 3HAYeHUI0 C abCoMOTHOM norpelHocTbio O . OueHka
CBEPXY MaKCVUMasibHOW ANMTENBHOCTM MEPEXOAHOro npouecca Npu MPOM3BOSIbHOM WUCXOOHOM (ha30BOM
casure; 0 < f,. <0,006 n 3Hauenusx k1 u k2, cooTBeTCTBYIOLMX YKa3aHHbIM Bbille Auana3oHaM, MOXET
ObiTb OCYLIECTBMEHa Ha OCHOBE BbIYMCISIEMbIX MO dopmyne (6) 3HaueHwit kg, COOTBETCTBYHOLLMX
fo, = 0,001, c yueTom 3anaBaemoro HepaBeHCTBOM (4) KO3hULIMEHTA KaK
ke < 2.3 ky . (7)

B psage npakTMyeckux NPUMEHEHWUN, KOr4a M3BECTHbIMU 3apaHee SBMATCA He 3HauyeHusl, a

AVanasoHbl U3MEHEHWs1 BRWSIOLLMX NapameTpoB f, U W(O) M HeobXoOMMO paccyuTaTth rpaHuyHoe

3HadyeHMe [OnuTenbHOCTUM nepexogHoro npouecca B LICOC, TouHOCTbL oueHku (7) sBNsSieTCs BMOMHe
JOCTaTOYHOWN.

MonyyeHHble pes3ynbTaTbl HEOOXOOUMO Y4YMTbIBaTb MNPW MPOEKTUPOBAHUM U pacyéte CUCTEM
pacCcMOTPEHHOrO Kracca.
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DYNAMICS OF DIGITAL PHASE-LOCKED LOOP AT ABSENCE OF NOISE
Sultanov B., Shcherbakov M.

State University of Penza
Krasnaya 40, Penza 440026, Russia, (841-2) 52-37-08, E-mail:mash@sura.ru

Object of research are all-digital phase locked loop (DPLL), described at absence of noise by the
nonlinear difference equation of a kind:

vlk]-2y[k-1]+y[k—-2]+klsin(y[k-1])+ k2 sin(y[k-2])=
=olk]-29[k-1]+o[k-2] (1)
where (p[k] and w[k] accordingly phase of input oscillation and phase error (phases difference of
oscillations at input and output DPLL); k1 and k2 - coefficients.

Let's consider a situation, when the phase of input oscillation changes under the linear law:
o[k]= 0, k, where; ), =27 f,,; f,, =f./f.: f. - sampling rate arises at presence of constant

s

frequencies shift f, at input signal concerning nominal. Thus the right part of the formula (1) addresses in a

zero. In view of it, entering designations A\p[k] =y [k] -y [k — 1], on the basis (1) we have:
Ay k]=Ay[k —1]- k1 sin(y[k —1])— k2 sin(y[k -2]). (2)
Nonlinear difference equation (3) allows to construct a phase portrait analyzed DPLL as function
A\p[k]: F(\y [k - 1]) Let's note, that its kind in many respects is similar to phase portraits of continuous

phase-locked loop of the second order.
Using periodicity of the equation (2) on  with the period 2 Tt phase trajectories expediently to build

in a range of change qj[k—l] from — 1 up to . As the processing of signals in DPLL is carried out

discretely in time, the real phase trajectories represent a set of not contiguous to each other separate points
of a plane. The phase portrait of system has only one steady condition of balance (steady focus or steady

unit, depending on meanings k1 and £2) in a point (y=0; Ay =0 ). As the phase trajectories have
discrete character, the meanings of a phase error w[k—l] practically never coincide with points * .

Therefore centers of unstable balance appropriate to coordinates (Y == 7t ; Ay = 0), at considered system

actually are absent.
The quantitative parities describing dynamics considered DPLL, were received at the numerical
decision nonlinear difference of the equation (1). Thus was established, that the given system as well as its

continuous analogue has practically unlimited range of capture on frequency (at the fixed meaning f. width

of a strip of capture is limited only to the Nyquist condition), though at the large initial meanings f. the

duration of transient is sharply increased. The received dependences of duration of transient on parameters
DPLL have shown, that for practically important ranges of change k1 (from 0,003 up to 0,103) and k2

(from —0,002 up to —0,102) in rather wide area of meanings f, < 0,006 as an estimation from above

duration of transient can use expressions

In(8)+ 0.5 In(4 k1+4 k2 —k12)~In(2 @, [T+ £2)
0,5 In(1+k2)

— number of sampling steps, ensuring convergence bending around of oscillatory transient

k <23

& max ,

where k

8 max

w[k] to the established meaning with an absolute error 9 .




