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CPEIHEE BPEMJI 10 CPBIBA CJIEJKEHMS B}IEHPEPBIBHOFI
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Paccmompenvt memoowvl pacuema cpeone2o spemeHu 00 Cpblea CLENCeHUsl 8 Henpe-
PbIBHBIX U OUCKpemHblx cucmemax. [Ipusedeno ypagnenue, no Komopomy onpeoe-
JISlemest cpednee epemsi 00 Cpbled CAedCeHUss OJisl HeNPePbieHOU (Paz080t A8MoONoo-
cmpotiku, u e2o peuwtenue. [Ipu smux dce yCi08Usx NOKA3AHO NOLYHEHUe CPeOHe2O
8peMeHIL 00 Cpblea CedCeHUst NPuOIUdICeHnbIM Memodom [ anepkuna 6 ciyyae ouc-
KpemHuou (hazoeou agmonoocmpouxu. Jauvl 3a6UcUmMocmu cpeoHe20 8peMeHu 00
CPbIBA CNLEANCEHUSL NPU PAZTUYHBIX ZHAYEHUSX YACHOMHO20 PACCO2NACO8AHUSL 8 CILY-
yae OUCKpemHOU U HeNnPepbl8HOU (ha306bIX ABMONOICMPOEK, A MAKIICE 3A8UCUMOCTIU
CPBIBOB CediCeHUst 8 OUCKPEMHOU (Pa3060U A8MONOOCMPOUKe OM HOPMUPOBAHHO2O
UHMeEPBANA OUCKPEeMU3AYUU 8 CDABHEHUL C HeNnPePbIGHOU (a30801 A8MONOICMPOTi-
Koll. B pezynbmame Oblia NOKA3aHA 3a8UCUMOCTIb PAZHOCIU CPEOHE20 8PeMeHU 00
CpbIBA CLedcenUst 6 OUCKPEMHOU (ha30601 aBMONOOCMpotiKe NpU PA3IUYHbIX 3HAYEHU-
SX HOPMUPOBAHHO20 UHMEPBANA OUCKPEMUZAYUU OM YACHOMHO20 PACCONACOBAHUSL.

Knroueswie cnosa: Gdazosas aBTonoacTpoiika, muddepeHnanbHoe ypaBHEeHNE, OTHO-
IICHUS CUTHA/IITYM.

MEAN TIME BEFORE TRACKING LOSS IN CONTINUOUS
AND DISCRETE PHASE-LOCKED LOOPS

B.I. Shakhtarin, T.G. Aslanov

Bauman Moscow State Technical University, Moscow, Russian Federation
e-mail: Tabasik@gmail.com

Methods for calculating the mean time before tracking loss in continuous and discrete
systems are considered. The equation, from which the mean time before tracking loss
is determined for the continuous phase-locked loop, and its solution are given. It is
shown that for the case of the discrete phase-locked loop under the same conditions,
the mean time before tracking loss is obtained using the approximate Galerkin
method. The values of the mean time before tracking loss at different values of the
frequency error (for both continuous and discrete phase-locked loops), as well as the
dependence of tracking losses in the discrete phase-locked loop on the normalized
sampling interval in comparison to continuous phase-locked loop are given. As a
result, the dependence of the difference in values of mean time before tracking loss
in the discrete phase-locked loop with different normalized sampling intervals on the
frequency error is shown.

Keywords: phase-locked loop, differential equation, signal-to-noise ratio.

Beenenue. BHenpeHue CliyTHUKOBBIX PaJlMOHABUTAllMOHHBIX U Paguo-
CBA3HBIX CHUCTEM IIPUBEJIO K YCHUJICHUIO MHTEpECa K CUCTEMaM CUHXPOHHU-
3alMM U K UX TOYHOCTH [1-6]. B TeueHune mocieqHux JeT B CBA3MU C yBe-
JMYEHUEM TO0JIOCHl Pa0OYMX YacTOT U COBEPLICHCTBOBAHUEM JIEMEHTHOU
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0a3bl MUKPOJIEKTPOHUKH WHTEHCHUBHO NPOBOAMIMCH MCCIEJOBAaHUS 3Jle-
MEHTOB JUCKPETH3allMM CUCTEMBl CUHXpOHM3aUnu. Bcenencrsue mnosce-
MECTHOTO BHEJpPEHHs IHM(POBBIX CUCTEM CHHXPOHU3AIMH, B YCTPOWi-
CTBaxX PaCIIMPUIMCh BO3MOXKHOCTU CHCTEM, NMOBBICWIINCH 3()(HEKTUBHOCTh
YCTPOICTB, UX MOMEXOYCTOMYUBOCTh U ObIcTpozelicTBue. B HacTosmen
CTaTbe IPOBEIEH aHAU3 CPEJHEr0 BPEMEHU [0 CpPbIBA CIEKCHUS I
HENpepbIBHBIX M JAUCKPETHBIX cxeM (a3oBoil aBromoxctpoiiku (PAII), a
TaKXe Pe3yJbTaThl PACUETOB.

CpbIB cjieskeHHs JJs TUCKPETHOH cUCTeMbl CHHXpoHM3anuu. J{is
CPaBHUTEIHLHOTO aHalM3a IMCKPETHON M HENPEepPHIBHON CXeM ObLia BbI-
OpaHa Monenb (ha30BOM aBTOMOACTPONKH C TayCCOBBIM O€JIBIM ITyMOM Ha
BXO0JIe, (pUIBTPOM MEPBOro MopsaKa U JUCKPUMHUHATOPOM, UMEIOIIUM CH-
HYCOMJIQJIbHBIA BHJ] HEIMHEHHOCTH.

Jlnig k-ro 1mara MOKHO 3alucaTh MHTErPajJbHOE ypaBHEHUE AJIs BEpo-
ATHOCTH CpbIBa CJIeKeHUs B TUcKpeTHON cxeme DAITI [7]:

a

di (x0) = /q(m]xg)dk_ldx.

Ipu £k =1

a

i (z0) =1~ [ g (afoo) do. (1)

—a

Onpenenum 4YUCIO MIAroB M-IO HAYaJIbHOIO MOMEHTA JIO0 CpbIBa CHH-
XPOHM3AIMH B UHTEpBaJe (—7; T):

Mo (20) = S K (0) = i (0) + / 1 (zlzo) |3 kdy ()| dz. @)

k=1

IToncrasinsag B ypaBHeHue (2) BolpakeHue (1), nomyuaem

a
o0

my (Tg) =1+ /q (x]zo) Z [k"d_1 ()] — 1] dx. (3)
“. k=2
CrnenyeTr OTMETUTH, YTO
n—1
dekl Zk+1 p (@) —1=Y Cfm,_y(z), @)
k=1 k=0

rae C,’f — OMHOMUATBHBIA KOI(PPHUITUCHT.

[ToncraBum Beipaskenue (4) B uHTErpanpHoe ypaBHeHue (3), Toraa
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a

mp (Tg) = 1+ /q (x|z0) i:C’Smn_k ()| dx =

—a

n—1
=1+ /mn (x) q (z|xo) dx + Z Crig, 1 (z), (5)
k=1

e My (¢ /mnk (z|z)dz, i =1,k —1.

ITo ypaBHeHmo (2) MOXHO 3amucaTh PeKyppPEeHTHOE BBIPAKCHHE VIS
BBIYHCIICHUSI MOMEHTOB 1, (Z0):

My, (o) = my, (z) — 1 — Z_: CFmy,_y ()

TaK, AJId ICPBBIX ABYX MOMCHTOB 71111 U Mo 3alIUIICM

(xg) =1+ /m1 q (z|xg) dx; My (z9) = my (zo) — 1;

(xg) =1+ /mg q (z|zo) dz + 21y (x0) .

CpenHee BpeMs 10 CpbIBa CIIEKEHHUS MOXKET OBbITh OIPEENICHO 0 Clie-
JYIOILEH 3aBUCHUMOCTH:

Yep = miTo. (6)

CpbIB cileskeHHUs] JJisl HeNPepPbIBHOW CHCTEMbl CHHXPOHU3AIUM.
B pabote [6] cpemHee BpeMs 10 CpbiBa CIEKEHHUS B HETPEPHIBHOM cxeme
OAII Haxonutes ucxons u3 ypaBHeHus [lonTpsiruna:

%—rh(z)dg—;x)—l—rzo; (7)
h(z) =sinz — g,

e 71 = Yep = §¥Io, — cpenHee Bpems JIO CpbIBa CIEKEHUS; 7 — OT-
HOIIICHUE CUTHAJ/IIYM; [ — HOPMUPOBAHHOE HAYAJILHOE PaCcCOTIaCOBAHUE
YaCTOT YyHIPpaBIACMOr0 reHeparopa U BXOAHOIO CUTHAJIA.

Cpennee BpeMs JI0 CPbIBA CIEKEHHUS Y, MONYYaeM 110 GopMyiaM, MpH-
BEJICHHBIM B padote [8]:

2m th(mv
Yop = ) ®)
g
e Ry = v \I;y, (1)]; v = Br; 1, (r) — mognduumpoBanHas QyHKIHS
sh(mv)
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Puc. 1. 3aBHCHMOCTB CpeiHEr0 BpeMeHH 10 CPbIBA CJIEKeHHS OT BeJUYMHBI T NPH
3HAYEHHSIX YACTOTHOro paccortacosanus 3 =0 (I, 2), 0,3 (3, 4) u 0,6 (5, 6) npu
T=10

beccens MEUMOro nopsiaka,

h > (-1)"1I, h
) [ g (F 0] shin)
T n2 4+ 12 T

|Iz (’T’)|2 RE.
Ha puc. 1 npuBeneHbl 3aBUCUMOCTH CpPETHETO BPEMEHH J0 CphIBa Clie-
JKEHHsI OT BEJIMYUHBI 7, paccuuTaHHoro 1o (6) u (8) mpu 7' = 1,0 (kpuBble
1, 3, 5 nonyuens 1o (7), kpusbie 2, 4, 6 — 1o (8)).
Ha puc.2 npezacraBineHsl 3aBUCUMOCTH CPEIHETO BPEMEHM JIO CpPbIBA
CJIXKEHHUSI OT BEJIMYUHBI 7", PACCYUTAHHOTO 110 (6).

Yep Yep

10° F 2

Puc. 2. Cpennee Bpemsi 10 CPbIBA CJIEKEHHUSI MPH PA3JIMYHBIX 3HAYEHUSX HOPMHUPO-
BaHHOTO Bpemenu auckperusanuu npu B = 0,6 (e) u 0,3 (6) nst T = 1,0 (1), 0,5 (2)
u 0,001 (3)
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3akiarouenne. Pe3ynbTaTbl CpaBHHUTENBHOIO aHAIM3a CPEIHETO BpeE-
MEHH J0 CpbIBA CJIEKEHUS JI1 HENPEPBIBHBIX M AUCKpeTHBIX cxeM DAII
MOKA3bIBAIOT, YTO IPHU HYJIEBOM HayaJbHOM pPacCONIACOBAHUU AAXKE IPU
HOPMHUPOBAaHHOM MHTEpBajie JUCKpeTu3auuu 1y = 1 pacxoxaeHus cpen-
HEro BPEMEHHU 10 CpbIBAa CIIEKECHHs B yKa3aHHBIX JBYX ClydasxX HeCylle-
cTBeHHO. [Ipu TOM ke MHTepBalle TUCKPETU3aLUH, HO IIPU HEHYJIEBOM Ha-
YaJIbHOM PacCOIVIACOBAHUU HAOJIIONAIOTCS CYIIECTBEHHBIC PACXOXKICHMS,
KOTOpBIE CHMXKAIOTCSI C YMEHBIIEHHUEM MHTEpBaJla AMCKPETU3alluu U Ha-
KJIaJbIBAIOTCS IpyT Ha Apyra mpu 1 > 0.
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