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AHHOTaNMA
Paccmotpena 3aada nIeHTU(PUKAUH THHEHHO MEHSIOIIEICS YaCTOThl CHHYCOUIAJIBHOTO CHTHAJIA, UMEIOIIETO HEU3BECTHEIC
amIuTyny u a3y, BOSHUKAIOIIAs, HAIpUMEp, MPH YIPABICHUH TEIESCKONOM. TpaJuIIMOHHO METOIbI CHHTE3a aJrOPUTMOB
HICHTH(DHUKAIIMY JTMHEHHO MCHSIOMICHCS YacTOThl CHHYCOMJIAIFHOTO CUTHAJIA HCIIONB3YIOT HEOTPAaHWYCHHBIC (YHKIHA
BPEMEHH, YTO BBI3BIBACT TEXHUYECKUE MPOOIEMEI, TOCKOJNBKY B 3TOM Clydae HAIMYHE IIYMOB NPH W3MEPCHUH MOXET
CYIIECTBEHHO MCKa3UTh HacTpauBaeMblid mapametp. [Ipeanoken moaxon K uaAeHTU(UKALNY JIHHEHHO MEHSIOLIEHCS YaCTOTHI,
NpenyCMaTPHUBAIOIINI NTePaTUBHYIO (pUIBTpaIHio (C UCMONB30BAaHUEM JIMHEHHBIX YCTOHYHMBBIX 3BEHBEB MEPBOTO MOPSIKA)
U3MEPSIEMOT0 CHUHYCOMAAIBHOTO CUTHAJA, KOTOPAas MO3BOJISIET MOJYYUTh MPOCTYIO JIMHEWHYIO PETPECCHOHHYI0 MOJEINb C
OHUM  HEU3BECTHBIM IIOCTOSIHHBIM  mHapaMeTpoM. [lpuBeneHsl  pe3yabTaTbl  KOMIBIOTEPHOTO  MOIEIUPOBAaHMS,
WLTIOCTPUPYIONIAE PabOTOCMOCOOHOCTh MPEACTABICHHOTO anroputMa WaeHTH(GuKanuu. KoMmbloTepHOE MOISTUpOBaHKE
BBINIOJIHEHO KakK IMPH HAJUYUM IIYMOB B M3MEpPEHMsX, TaK U B MX OTCYTCTBHE. [lyTeM KOMIIBIOTEPHOTO MOJEIMpPOBAHUS
MPOBEJCH CPAaBHUTEIbHBIA aHaJIM3 IMpelaraéMoro IoJXoAa C IMOJYYEHHbIMH paHee MeETOJaMH, U II0Ka3aHO, YTO
MPEICTABICHHOE PEHICHNE 00CCICUNBACT CYIECTBEHHOE TOBBIIICHUEC TOYHOCTH UICHTU(UKAIIMY HEU3BECTHOM YacTOThI MPH
HaJIM4MH LIyMOB.
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Abstract

The paper deals with the problem of identification of linearly varying frequency of sinusoidal signal with unknown
amplitude and phase. Identification task for linearly varying frequency occurs, for example, during telescope operation
control and it is of practical interest. Existing synthesis methods for identification algorithms of linearly varying frequency of
sinusoidal signal use unlimited functions of time that is not attractive from a technical point of view, since the measurement
noise multiplied by an unlimited function tends to give extremely poor estimates of the tunable parameter. This paper
proposes a new approach for identification of linearly varying frequency comprising iterative filtering of measured sinusoidal
signal (with the use of linear first order stable components), which in turn gives the possibility to obtain a simple linear
regression model with one unknown constant parameter. We present computer simulation results, illustrating the performance
of the proposed identification algorithm. Computer modeling was performed both in the presence and absence of the
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measurement noise. Also, comparative analysis of the proposed approach with the previously obtained methods was carried
out within the framework of computer simulation. It was shown that the presented solution provides a significant
improvement in the accuracy of an unknown frequency identification in the noise presence.
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BBenenne. MaremaTnueckasi IOCTAHOBKA 3aJa9H

CuHTe3 alropuT™Ma UASHTU(QHUKAIIUN JIMHEHHO MEHSIOIIEHCS YacTOThI HeobXxoouMm, HApUMeEp, B 3aadax
KOMITCHCAIINY BO3MYIIICHUH TTPH YIIPABISHUH CIIOXHBIMH TeXHUYECKHUMHU cucTeMamu [1-4]. B [1] paccmorpena
3a/a4a HACHTU(HUKAIMA JTHHEHHO MEHSIOMIENCSl 9acTOThl CHHYCOHMIAIBHOTO CHTHANIA, MMEIOIIETO B TOM YHCIIE,
HEW3BECTHHIE aMIUIUTYAy U (a3y. B pe3ynsrare aHaim3a 0COOCHHOCTEH yIIpaBIeHHS TEIECKOIIOM CIeTaH BBIBOJ,
YTO 3a7a4a HWACHTU(UKAIMHA JMHEHHO MEHSIOMIEHCS YacTOTHl CHHYCOWIANBHOTO CHTHANa BO3HHUKACT, €CIH
TPACKTOPHUS IBIDKEHHS OCH TEIIECKOIIa COCTOUT M3 YYAaCTKOB ABIDKCHHS C MOCTOSIHHOW CKOPOCTBIO (B ciydae
CONPOBOXK/ICHHSI MEIJICHHBIX OOBEKTOB) M YYacTKOB PaBHOYCKOPEHHOTO JIBHKEHUS (TIEpPeXon MExIy
Pa3NuYHBIME 0OBEKTaMH, COIPOBOXJICHNE OBICTPO JBIKYIIUXCS 00BEKTOB, MPOEKLUS TPACKTOPHI KOTOPHIX Ha
a3UMYTaJbHYIO OCh OMHUCHIBACTCS Mapaboioit). B aToM ciydae pa3suTre 3yOLIOBOrO MOMEHTA (CM. MoJapoOHEe B
[2-4]) Bo BpemeHu OymeT OIMKCHIBATHCS TAPMOHHYECCKON (YHKIMEH C JMHEHHO MEHSIOIICHCsST YacTOTOM.
[ocnennee, B cBOIO ouepelb, 00ECIEUNBAET aKTyaJ bHOCTh PACCMAaTPUBAEMOM 3a]a4i WICHTU(DUKALUY JIMHEIHO
H3MeHﬂlOHJ,eﬁCﬂ YaCTOTbl CUHYCOUAAJIbHOIO CHUI'HAJIA. B HaCTOﬂlHeﬁ CTaTrbe JIsd I/I,Z[eHTI/I(bI/IKaLII/II/I YHYaCTOThI HE
MPEATIONIaraeTCsl UCIONb30BaHIe PErpPECCHOHHON MOJENH, CoIep Kallel HeorpaHHYeHHbIC (QYHKIIMH BPEMCHHU,
YTO SABISETCS OOJIee MPUBICKATEIHHBIM C TEXHIUECKON TOUKU 3PCHUSI.

Kak u B pabote [1], paccMoTpuM cUrHaI BUa

2

y(t) = Asin %Hp , )

rac A, ® U (¢ — HCHU3BCCTHBIC UUCJIA.

CraBuTcs 3aada CHHTE3a ajiropuTMa HIACHTH(GHUKAIIMHM HEU3BECTHOW HYaCTOTHI ®, OOECIEYUBAIOIIECTO
BBIIIOJITHCHHUC yCJ‘IOBI/ISI
lim®d=0, 2

t—wo
e @=0—0.

Ecnu yactora CHHYCOMIANBHOTO CHI'HAJIA SBJISICTCS MOCTOSIHHOW BEIIMYMHOM, TO JJIS €€ MICHTU(UKAIIMH
MOXKHO HCIOJIb30BaTh pa3IUYHbIE, XOPOIIO HU3BECTHbIE METOAbl (cM., Hampumep, [5—11]), omHako oHu
HETMPUMCHUMBI JIJIsI 33Ja4i WIACHTU(HUKALNMU JTHHEHHO W3MEHSIONICHCS 4JacToThl. B pabote [1] mns momenu
CUHYCOHMANBHOrO curHaia puna (1) mpou3BelneHa mapamMeTpHU3allvs, MPUBOASAIIAS HETHHEHHOE OTHOCUTEIBHO
napameTpa o ypaBHeHHe (1) k TuHeHHON perpecCHOHHON MOJeny Buaa

Py(t) = (2p° + )&, +0(E, + P&,), 3)
e p=£% - omeparop  au(depeHLHpoBanHs, é()—( )ZY() iz()—( )zn()YG)
&)= o+ Dzﬂ(ﬂyﬂ)1ﬂ0—t149——

Texnndeckass peanmsamust curHanoB &, (t) = ——nOyt) u &)= —n 2(H)y(t) mosxer

(p+ ) (p D
OKa3aTbCs MPOOIEMATHIHOH, TTOCKONIBKY B CITydac MCIOIb30BaHHUSA YHCTOTO MHTETPUPOBAHMSA CHTHANBI &, (1) u
&, (t) 4yBCTBUTENBHEI K IIyMaM. JIJIst pa3bsiCHEHHS HOCIESIHETO PACCMOTPHM peanu3anuro Gpyukuun 1(t)
q=1+g(t), (4)
rae &(t) — HEeKOTOpbIN HEYUYTEHHBIN CUTHAJ, HATIPHUMED, MPECTABISAIOIUI CO00# IIyM.
ITocne unTerpupoBanus (4) umeem

t
m0=t+LdQ$,
OTKy#a JIETKO BHIETb, 4To ¢GyHKuua ((t) omimuaercs oT mckoMoil ¢yHxumu m(t) Ha BeJUYHHY I;S(S)ds’

KOTOpasi, B CBOIO O4Yepe/b, IPH € = CONSt MMEET HEOrpaHWYECHHBIH POCT BO BPEMEHU. AHAJIOTWYHAs Mpodiema
MOYKET BO3HHKATh, KOT/a B n3MepeHusix curnana Y(t) comepxurcs mym, T.e. foctymned He Y(t), a curnan

Hay‘-IHO-TeXHI/I‘-IeCKI/IIZ BECTHUK I/IHd)OpMaLI,I/IOHHbIX TEXHOMNOMNM, MEXaAHUKN N ONTUKN,

2019, Tom 19, Ne 1 53



ANTOPUTM MOEHTUSUKALIMW MMHEMHO MEHAIOLENCA YACTOTH ...

yi(t) = y(©) +&(t), ®)
B 9TOM ClIydae

&)= o+ )zn()y() o+ )zn()()

ig()—( )zn RONOK: o+ )2n (De(t) .

W3 mpuBeneHHBIX ypaBHEHHH JIETKO BHAETH, YTO B ciydae (5) ommOka oIeHMBaHUS mapamerpa 0 c
ucnonp3oBareM anroputma (12), (13) u3 [1] MoxxeT OBITH CyIIECTBEHHOIA.

Ipe/TaraeMelii aIropuT™ HASHTH(GUKAINN MapaMeTpa 0 = —o° He comepxkuT smementoB n(t) u n2(t),
OoH OazmpyeTcst Ha pesyiaprarax [12, 13], mO3BONAIOMNX CHHTE3MPOBATh AaJTOPUTMBI HACHTHU(DUKAINN
HeCTalHOHAPHbBIX MAapaMETPOB VIS IMHEHHBIX PErPECCHOHHBIX MOJIEICH.

OcHoBHOI1 pe3yabTar

Paccmorpum ypaBHEHUE (3). ITocnenoBarensHO HCHOJb3Ys COOTHOILICHHE
1

(04 . o .
YaXz = %a X2~ [xl ij (cm., manpumep, [14]), s &, u &, , nomy4nm
p+a p+a p+oa p+a

1 1 1 1 1 1 2
&, = ty = {t y}—( sy=t Y- 5V, (6)

p+lp+1 p+1l| p+1 p+1) (p+1) (p+1)
1 1, 1 [, 1 1 2
= t2y = t - t =
= p+1p+1 y p+1{ p+1y p+1[ p+1yﬂ
1 1 [ 2 B
p+1 p+1 p+1 p+1) y p+1 (p+1)2y B
1
+

2
p+1{ p+1} p {(p+1) } (D"’
1
+

1, 2 12 . 2

(p+n p+n o ey e
2

(-1 (pr1)”

Y (7

o

-t (p+n (p+n (p+n4y_
O BN S
(p+1)? (p+)* " (p+)

rae 0.>0,a y, u y, —mobsle tuddepeHnypyemble QyHKIHU.

OTtkyna most %a MOJTy4aeM
. 1 p 4 4p 6p
=2t +1? - —t +
2 e e e

[oxncrasus (6) u (8) B ypaBHeHue (3), MOIyInM

, 1 2
py =(2p +p)é1+6(t(p+1)zy (p+1)3y

1 p 4 4p 6p
2t +12 - —t + =
a0 et (e (pe? ) (p+n4y]

p 3 4p 6 6p
:(2p2+ p)§1+ e[tz (p+1)z y+t((p+1)z y_(p+1)3 y)_(p+1)3 y+(p+1)4 yj:
=0, + 9t2(p11 +0te, + 00y, 9
2p? +p p 3 __4p ___ b 6p
(02 T o % T o o T oy ()

7Y (8)

e g1 =

Hcmonb3ys oneparop U1 ypaBHeHUS (9), OTyduM

1

54 Hay4HOo-TexHN4YecKknit BECTHUK MHCPOPMAaLMOHHBIX TEXHOMOMMIA, MEXAHMKN U ONTUKN,
2019, Tom 19, Ne 1



Jle BaH TyaH, M.M. KopotuHa, A.A. bo6uog, C.B. ApaHoBCKMI

pa, oy 1 42 1
Z, = - =0 t +0 te, +6 =
p+a, p+a, 1 p+a, Py ) Prp ) D3
a 1 200 a a o
=ot? —1 -0 t—= +0t—2 -0 L +p—2 =
D+ (2 p+a1|: p+a, (P11:| pta, (2P (p+a1)z D pia, Pi3
a 20
= 0t? 1 -ot— ¢, +0—2—
proy 0 (pra)  (pray)
(03 ol o
+0t——0, -6 = +0—2 =
p+o, (2P (p+oc1)2 (2P pta, D3
a 20 a
=0t> —= +0t| - L +—2 +
D+o, Py ( (p+0c1)2 Py p+o (912]
20 a a
+0 ! - L +—= =
((pﬂxl)s Py (p+oc1)2 ?rp pta, (P13J
= etz(le +0t,, +00,, (10)
po, o, oy, 20, o,
e z, = - Oy =y, Py = — + ,
) p+0t1y D+, 011 ¢y p+061(p11 Py (p+0tl)2(pll p+a1(P12
_ 204 Y %
Py3 (p+a1)3 Py (p+a1)2 P12 p+a Pz
YMHOXHM, COOTBETCTBEHHO, ypaBHeHus (9) u (10) Ha ¢,,, ¢, ¥ BBIYTEM OAHO U3 IPYIOro
YOu — U0z — ZyPy; = OL(Q,05 — PppPyy) + O0(Pr3P5 — PPy ) = 6L, + 604, (11)
THE Pz = Q13Py1 = P P11 U Qg3 = Py3P5 — P3Py -
Hcnons3yem oneparop Y2 Juist ypaHenust (11):
o,
o o o o o
z,=0—2top,, +0—2 =0|t—2 — 2 I e P
P, T P, [ pra, F (pray) %] pra,
ol ol o
=ot—2 +0| - 2 +—2 =06tep,, +00,,, 12
P+, D3y ( (p+ 0*2)2 Pz P+, (st) Pyp TUQ,3 (12)
a, ;. a, a, a,
e z, = p+—(12(y(p21 — 019, — Z1(P11) » Py = p+—az(932 1 Py =~ (p+ az)z Psp + P+, P33
AHanoru4yHo npepIIyleMy AeHCTBHIO, yMHOXKHMM ypaBHeHue (11) Ha ¢,,, a (12) —Ha o, !
YO Pay — 91901 Pur = 1Py Py — ZyPzp = O(Pg3Pyy — P3P ) = 005, (13)

THC @53 = P33Py — Py3Psg; -
Iockonbky ypaBHeHue (13) comepkut HepeanusyeMmblil WieH Y@,,¢,, , TO IPUMEHUM I HETO (puiIbTp

p+1

1 .. 1
b= m[ycb] _m[gl@ﬂ@n +72,0,,9, + ZZ(PSZ] =0v, (14)
1 1 . p 1 i P
(D= ] ‘P: CD :q) - CD '
rae P2 Par p+1(p53 " p+1[y ] p+1y P+1{ p+1y}

- . pa, pot,
o= + =@, ———0 + @, ———,, .
P Pap TP Py = Py pta, P11 TPy P+, (%

Takum 00pa3oM, MOIy4eHO YpaBHEHHE MEPBOTO MOPSIIKA, JJIsi KOTOPOTO MOYKHO HCIOIB30BaTh PA3IHYHbIC
TTOJTXO/TBI K OIICHUBAHMIO TTapaMeTpa 0 . Bocmonb3yeTcs anroputMoM, aHaJIOTHIHBIM [ 15]

0=—xk¥’0+1x¥z,, (15)
TJIe C IOMOIIBI0 Ko dummenta k >0 MOXHO perylTHpoBaTh OBICTPOACHCTBHE TApAMETPUIECCKON CXOAMMOCTH.

Jis wutroctpanuu  paboTOCIIOCOOHOCTH MPEUIOKCHHOTO JITOPUTMA HICHTH()HUKALUN PacCMOTPHM
npumep.
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IIpumep

CpaBuuM anmroput™m uneHTtudukanuu (15) ¢ onyonukoBanHeiM B [1]. CHavama, cnemys [1], 3amamum
A=2, =0,1, ¢ =—2 u npomonenupyem anroputm (15) qna o, =2, o, =3 u k=10000. Ha puc. 1, au 6
MPEJICTABICHBI TPa(UKKU MOJCIMPOBAHUS COOTBETCTBEHHO JUIs ATOPUTMA M3 CTaThd [1] M MPEICTaBICHHOTO B
HacTosimeit pabore. Jlerko BuIeTh, YTO 00a mMmoaxoaa oOecHeynBalOT BhIMONHEHHE ycioBus (2). Temeps
paccmoTtpuM 0ojiee peaUCTHYHBIN ciaydaii, korma curHain Y(t) wusmepsercs HeTouHo (cM. ypaBueHwue (5)).
B kauectBe g(t) BhIOEpEM 4acTOTHO orpaHu4eHHbIH Oenblil miym ¢ MomHOcThi0 N =0,001 u npomoapenupyem
o0a amroputma. W3 rpaduka IepexoQHOro Hpolecca IepeMEeHHOW ® (puc. 2) B cilydae MCIOIb30BAHHUA
anroputMma [1] nmerko Buaeth, uto omeHkn ® = 0,1 HeymoBneTBopuTeNbHB. OMHAKO OIECHKH, TOITYYCHHBIE C
MIOMOIITBIO aJITOPUTMA, IIPEICTABICHHOTO B HACTOsMIEH cTrarbe, mpu o = 0,1, cymecTBeHHO ToUHEE U MOTYT OBITh

VIy4IIeHBI 3a c4eT BeIOopa kodddurmenta K > 0 (puc. 3). Takum 006pazom, mpeasiaraeMplil B HACTOSIICH CTaThe
AJITOPUTM SIBISIETCS] pOOACTHBIM TI0 OTHOLICHHIO K IIyMaM.

0, y.e. - - - - o, y.e.
04| | 05 |
03l | 0.4 |
03 |
0.2
02t
0.1 Mr 01}
0 10 20 30 40 tc 0 10 20 30 40 tc
a o

Puc. 1. Tpadux mepexoHbIX IPOLECCOB IEPEMEHHOM ( mpu orcyrcraun myma (t) :
a-amopurm w3 [1], ®=0,1, A=2, p=-2, k=1,

6 — IpeUIOKEHHBIN B HacTosme cratee, ® =0,1, A=2, ¢=-2, o, =2, o, =3 u k¥ =10000

?, y.e.

157

0 20 40 60 80 t,c

Puc. 2. IT'paduk mepexomHbIX MPOLIECCOB IIEPEMEHHON (O IIpy Hamwauu mryma £(t) : anropurm (12), (13)
mw[1]ompn ®=0,1, A=2, p=-2, «k=0,001

®, y.e. T T T T 03,y.e.
04t
03 f
03}
02t
02t
01 f ol
0 20 40 60 80 tc 0 20 40 60 80 teo

a 9]

Puc. 3. Tpadyk HepexoHbIX IPOLECCOB NIEPEMEHHOM () IPH HATMYHH IIyMa g(t):

amroput™ (15) mpu @ =0,1, A=2, 9=-2, 0, =0,2, o, =0,3, k=15 (a) u 100 (6)
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3akaouenne

B Hacrosmiel cTaThe NPEAIOKEH ANTOPUTM HICHTH(DHUKAIMK JMHECHHO MEHSIONICHCS YacTOTHI
CHHyCOWIaNbHOTO curHaia Buaa (1), obecmednBaromuii BBHIIOTHEHHE IeneBoro ycmoBus (2). IIpoBemenHoe
KOMITBIOTEPHOE MOJEIUPOBAHIE HAMISIHO MILTFOCTPUPYET JIydllee KauecTBO olleHMBaHHs anropurma (15) mo

CpaBHEHHIO C TIPE/ICTABICHHBIM B paboTe [1], a Taxke ero poOacTHOCTh K HEYITEHHBIM IITyMaM.
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	Синтез алгоритма идентификации линейно меняющейся частоты необходим, например, в задачах компенсации возмущений при управлении сложными техническими системами [1–4]. В [1] рассмотрена задача идентификации линейно меняющейся частоты синусоидального сиг...
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