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AnHoTaumsa. PaccMoTpeHa 3ajaua NpOeKTHUPOBAHMS alaNnTHBHOIO (PUIbTPA
AJ19 aTYHKa akceJjepoMeTpa, YCTaHOBJIEHHOr0 Ha OeCHUJ/IOTHBIH JieTaTebHbIH ar-
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O0TKM CHTHaJ/a C JAaTUHKA YCKOPEHHS MPHU HAJUUHUH CYLLEeCTBEHHOH MOMEXH.
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BBenenue

[Ipu nmpoBenenun J0ObIX U3MEPEHUH BCeraa Bo3HUKAeT MpobJemMa OTAeseHHUs MOJe3HOT0
CUTHaja OT IIyMa WJM NoMexH. PasgesneHue Mmelnamliero CHrsa/ja Ha ABa THNA — IIyM U
nomMexa, Kak MpaBUJ/O, BeCbMa YC/JI0BHO. Mbl MOXKEM CUMTaTb, UTO LIYM BO3HHUKAET B 3J€K-
TPUYECKHX LeNsax KakK pe3yjbTaT ee pabOThl, HampuMep, NpoOOBOH LIyM, 0OyCJOBJIEHHBIH
IUCKPEeTHBIM XapaKTepoM I0TOKa 3apsi2KeHHbIX YaCTHL MJH NMOTOKOM (oToHOB. [lomexa, kak
npaBuJio, 00ycJIOBJIeHa BHEIIHUM BO3JeHcTBMeM Ha NaTuWK. MOXHO CUMTaTh, UTO NMOAOOHBIM
BO3JEHCTBHEM SIBJSIIOTCS BHOpauuu [2], cosnaBaeMble BAHTOMOTOPHOH T'PYTIOH J€TaTeNbHOT0
anmnaparta MYJbTHUPOTOPHOTO THMA, CYLIECTBEHHO HCKaKalolluhe pe3y/bTaTbl M3MepeHHUs NaT-
YUKOM KOMIIOHEHT YCKOpEHHUS.

YHUBepcaNbHBIX pellleHUH no 6opbOe ¢ moMexaMHu WJM IIyMaMH He CyllecTByeT. Boibop
TOTO WJIM HMHOTO (pUJbTPA JJIsl BbIEJEHHS T0JIe3HOH COCTaBJAMLIEH CHrHaJ/la, Kak MpaBuJIo,
onpeaessieTcss TUIOM M HUCTOYHMKOM IMOMEXHM MJH WyMa, (PU3HUYeCKUMH NpOLecCaMH, oIpe-
NeNSIOUMMU T0sIBJIeHUe U paclpocTpaHeHUe MellalolUuX CHrHaJjoB. B HacTosilee BpeMs NpH
uMQppoBoH 06pabOTKe CUTHAJIOB ILIMPOKO MPUMEHSIOTCA (DHUABTPBI, HCMOJb3YIOLIHE MeIHaH-
HOe CIyIa’kKMBaHHUe, CKoJb3sllee cpenHee, Meton CaBuukoro — losesi, pasauuHble JHHEHHbIE
aJropuT™Mel [3-5].

Haubosbiiee pacnpoctpaHeHde mpu o0paboTKe CUrHaja C JaTYUMKaA YCKOPEHHS TOJY-
una puabtp Kanmana [7], B oCHOBe KOTOPOTO JIEXKHT aBTOPErpecCHOHHas Moaesb. PUbTp
KanmaHa no3BoJ/isieT Nosy4uThb XOPOLIHe Pe3y/bTaTbl, HO TpeOyeT GOJ/bIINX BbIUACIUTEbHBIX
MOILLHOCTEH B CpaBHEHHUM C OCTa/JbHBIMU MeTofaMU. BmecTe ¢ TeM anpuopHas MH(OpMaLHs O
rlomMexe IMO3BOJIsSieT CYLIECTBEHHO YMEHbIIWTh 00beM BbIUMCJEHUH MPHU COXPAHEHHWH KauecTBa
BblJle/IeHHsl M0JIe3HOTO CHUrHaja. B KauecTBe HMCTOYHMKA TaKOH HMH(pOPMALMKU MOXKET BHICTY-
naThb aKyCTHUYECKHH CUTHaJ, KOTOPBIH, OUeBUHO, KOPPEJHPOBAH C BUOPALUSAMHU, CO31aBaEMbl-
MM BHHTOMOTOPHOU rpynmno#. bosee Toro, MoXHO cuMTaTh, UYTO HUCTOYHUKOM AKYCTHUECKOTO
CUTHaJIa IBJIAI0TCA BUOpALUHU.

OTmMeTHM, 4TO JATUUK YCKOPEHUS UCMOJNb3YyeTCs /51 U3MepeHHs MOCTOSIHHBIX UJH CpPaB-
HUTEJIbHO MeJJIeHHO U3MEeHSIOILHUXCS 3HaUeHUH YCKOpeHUsl, 00yCJIOBIEHHBIX 3BOMIOLUSMHU Oec-
MUJOTHOTO annapara. Tak Kak 1/15 U3MepeHUs 3ByKa, KOPPeJUPOBAHHOTO C TOMEXOH, HCIOJb-
3yeTcsi MUKPO(OH, TO MOJNYy4YeHHbIH CHrHas OyleT orpaHWYyeH 10 4acToTe CHU3y NPUMepPHO Ha
ypoBHe 10 I'l M3-32 KOHCTPYKTUBHBIX 0COOEHHOCTEH MUKPO(OHOB, TO €CTb CUTHAJ C MUKPO-
(oHa He OyneT comepxxaTb JaHHBIX 00 YCKOPEHMH ammnapara, a TOJNbKO O IOMexe. YKa3aHHble
(haKTBl MOXKHO HCIIO/1b30BaTh 1151 IOCTPOEHUS aJalTUBHOTO (PUJIbTPA.

1. OnucaHue aganTUBHOIO (PUIBTPA

Ha pucynke 1 mpesncraBieHa BO3MOXKHasi CTPYKTYpHasl CXeMa yCTPOHCTBA, BBIIOJIHSIIO-
masi u3MepeHHe KOMIOHEHTHI YCKOPEHHsI C y4eTOM BO3feicTBHsi momexu. Ha Bxon cuctemsl
MOCTYTAeT MOCJIEA0BATENbHOCTh OTCUETOB H3MepsieMoro curHagna s (k) ¢ mwymom n(k), o6y-
CJIOBJIEHHBIM MOTPELIHOCTbI0 KBAaHTOBAHHSI W PaGOTOi 3/1eKTPOHHOI cxeMbl. Ha mosesnsiit
CHTHaJl HakJjanbiBaeTcsl nomexa n (k), B3aUMOIEHCTBHE KOTOPOH C AaTYHKOM MOIEJHPYeTCs
GJIOKOM C MMITy/IbCHOH xapaktepucTHkoH w (k). ChopMHpOBAaHHBIN TakKMM 00Pa3oM CHIHA
g (k) cknambiBaercsi ¢ nosiesHbiM, pedyiastaT s (k) +1 (k) + g (k) siBasieTcst Mofe/Ibio CHrHa-
Ja ¢ JaT4MKa, M3Mepsiollero yckopeHue. Mamepenuslil curhan nomexu n (k) mocrynaer Ha
BXOJ, aJlallTUBHOrO (PUJIBTPA, BBIXOLAHOH CHTHas KOTOPOro y (k) BblUMTAETCS M3 H3MEPEHHOrO.
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Taxkum o6paszom,
e(k) =s(k)+n (k) +g k) —yk) - &), (1)

amech & (k) — morpemrHocTs U3MepeHust moMexu. [o/yueHHBIH BBHIXOMHON CHTHAJ TaKkKe §B-
JISeTCSl CHUTHAJIOM OLUMOKH, HMCMOJBb3YyeMBbIM MAJ1S1 KOPPEKTUPOBKH OTCUYETOB KO3(D(PHULHEHTOB
aZlaliTUBHOTO (PUJbTPA.

Ucrounux | SR+ 1K) Jr/\ 1 e(k) BoixomHoii
z Y —e—— curHan
crrHata kJ‘F k - CHCTEMBI

g(k) w(k) + E(k)
w(k)
/
Wcrournk | "% . AanTHBHBIH
OMeX ¢bueTp
/

Cursaji omuoKu

Puc. 1. CtpykTypHasi cxemMa aflanTHBHOTO (UJIbTPa

[Tosarasi, 4To KOppeaHpoBaHbl TObKO curHambl g (k), n (k) u y (k), noayuum Beipaxe-
HHe JJIsl MaTeMaTHYeCcKoro OXKHUIaHHUs KBajpara OLIMOKH

M{e ()} = M{s ()} +M{lg®) —y P} + M {m k) - 2@} @

OTcyeThl cHrHaJga ¢ BbIXOJa aAallTUBHOI'O q)I/IJIpra CBsA3aHbI C CUTHAJIOM [IOMEXH CJeAYIOUIIHUM

COOTHOILIEHHEM
N-1
y(k)=) h(i)n(k—1)=H'n(k), (3)
=0
rne nT (k) = [n(k), n(k—1), ..., n(k— N —1)] — orcuern BxogHoro curnana; HT (n) =
= lho, hi1, ..., hy_1] — OTCUETBI HMMY/IBCHON XapaKTePUCTHKH afanTUBHOrO (UabTpa (Be-

COBOH BekTOp). Torma cooTHolleHHe (2) 3amUILeTcss B BHIE

MA{e? (1)} = M{s* (0)} + M {[g (k) =A™ ()"} + M { I ()) — £ (0} @)

ITo BBIpaXK€HHe OINHCBHIBAET CTAHAAPTHYI TMOBEPXHOCTb KBaJAPATHUHOHW OMIMOKU C OTHHUM
eIUHCTBEHHBIM MUHHUMYMOM.

Haiinem 3HaueHHs] 0TCUETOB UMMYJIbCHOH XapaKTePUCTUKH, 0OecreurnBaIiie MUHUMYM
MaTeMaTH4YeCcKOoro OKHAaHUS KBaaparta olIUOKU. [l/isg 3TOro BBIUKMCIUM I'PaJHeHT OT BbIparke-
Hus (4) W, IPUPOBHSIB €T0 K HYJIO, MOJYYUM

M {g(k)n" (k)} = M {HE,n (k)n™ (k)} .
HOJIaI‘aH, 4TO BECOBOH BEKTOpP M BEKTOp CHI'HaJla He KOppeJMPOBaHbI, 3allUlIeM
M {g (k)n™ (k)} = HE, M {n (k) nT (k)} . (5)

opt
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CDopMa [IOJIYHEHHOI'O BbipakKeHHUd COBIlagaeT C M3BECTHBIM [1], BBOAA aHAJOTHYHbIE 0603Ha-
YeHHA
P =M{g(k)n(k)},

B3aMMHasi KOPPEJSALUS MEXK/IY BXOAHBIM CHIHAJOM M OLEHHBAEMBIM MapaMeTpoM,
T
R:M{n(k:)n (k‘)},

ABTOKOPPEJISIIMOHHAsT MaTpHlla BXOAHOH CUIHAJbHOM MOCJ€el0BaTeNbHOCTH. B pesynbrare co-
OTHOILIeHHe (D) 3aMHUIIeTCs] B BUJE:

PT =HT

opt

R.

DTO ypaBHeHHe siBJsieTCsl 00lIen3BeCTHBIM ypaBHeHHeM BuHepa — Xomca [1], KoTopoe naet
ONTHMaJbHOe (10 METOLY HaMMEHBIIMX KBaapaToB) BUHepoBcKoe peleHue 175 Hy:

H,,: =R 'P. (6)

B ofuem ciyyae ucnosb3oBaHHe pelieHHs (6) 11 HAXOXKIEHHsI BEKTOpa ONTHMaJb-
HBIX KO3 (HIIMEeHTOB (QUIbTPa TPpeOyeT 3HAHHS BCEX OTCUETOB BXONHBIX CHTHAJIOB, YTO, Oue-
BHJIHO, He Bcerjma Bo3MOXHO. [loaTomy Haiimem BbIpakeHWe MJisi MTepallMOHHOTO Mpollecca
omnpejie/ieHHs] BECOBOrO BeKTOpa. BeIMosiHsist neficTBHS, MOA0OHbIE MPHUBEIEHHBIM B padoTe [6],
TepenuiieM BbipaykeHHe 15 oluOKH (1), ncnosb3ys cooTHoleHue (3), MOMyUUM:

e(k) =s (k) +n(k)+g(k) - H'n(k) - &(k). (7)

B sToM ciiyuae mMarematnyeckoe OKHIaHHE KBajpara OLIMOKH OyIeT MMeTb BHI (3/eChb Kak
¥ TIpeXKiie ToJiaraeM, uTo KoppeJupoBaHbl ToJbKo curHainsl g (k), n (k) u y (k)):

M{e(k)} =M {s*(k)} + M {g*(k)} —2PTH+H"RH + M {n*(k)} + M {&*(k)} .
Brruuciaum rpagueHT OT MaTeMaTHU4YeCKOro OxKHuJaHusd

V = —2P + 2RH.
YMHOXUB NOC/IeHee BblpaKeHue Ha R_1/2 c/eBa, B pedy/bTaTe OyieM HUMeTb:

-1
RTV =-R'P+H.

Hcnosib3yst onTvMaibHOe BUHEPOBCKOE pelleHHe (6), MOyuHUM BblpaxKeHHe [Jis HAaXOXKIeHHS
BEKTOPa KO3(P(PHULHEHTOB (PUIbTPA 3a OJWH LLAr:

Rfl
Hopt = H - TV

MoxHo nmokasaTb [l], UTO K MOJy4eHHOMY pelLleHHI0 aCHMITOTHUECKH CXOAUTCS CJedYIOLIHH
UTEePaLMOHHBIH IpoLecc:

Hy = Hy — uVy, (8)

3[eCb HMHIEKC k O3HayaeT, UTO TPAJMEHT BBIUMC/SETCS Ha wiare k, KOrja BeKTOpP BeCOBBIX
Ko3(pduureHToB paseH Hy, 1 — nmapamerp cXomuMoCTH.
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Haiinem oleHKy aJsi rpagvieHTa, BXOASIIEr0 B BhipaxkeHue (8), MCMOMB3ysi COOTHOLIE-

Hue (7):
oe(k
9e? (k) 3f(lo)
= 8h0 oo
Vi = e = 2e (k) ey | = —2€ (k)n (k)
9e? (k) Ohn
ohy

OKoHUaTe bHO AJITOPUTM HaXOXKAEHHSA OITHUMAJIbHOTO BEKTOpPa KOBCp(pI/II_[I/IeHTOB NpUMET BUM:

H;1 =Hy +2pe(k)n (k).

2. PesyabTaThl MOAeIMpPOBaHUSA

[Ipy npoBeneHUH MoneIUPOBAHUS aJAaNTUBHOIO (PUJIbTPA B KauecTBe M0Je3HBbIX AaHHBIX
s (k) ucro/ib30oBasICs CUrHAJ, IPEICTABISIOUINHA CO00H MOCIe0BaTENBHOCTD TPEYTONbHBIX HM-
MyJbCOB C HYJEBbIM CPeIHUM (OTCYTCTBYeT MOCTOSIHHAS COCTABJSIOLIAs CUTHAJA), UMEIOLIHH
IMPOKUH crekTp. IIpy 3TOM cpefHsIsi MOIIHOCTb [OJIE3HOTO CHIHaJja MPHUMEpPHO COCTaBJS-
na 0,13. B kauectBe nomexu n (k) OblT BHIOpaH rayCOBCKHUH LIYM TaKXkKe C HYJIEBBIM CPEIHHM
u nucnepcuel, pasHo# 0,5. Takum 06pa3om, OTHOLIEHHe CUTHAJT — IIYM COCTABHJIO MPUMEPHO
—2,8 J16. B cooTBeTCTBHH CO CTPYKTYPHOH cXeMOU ycTpoiicTBa (puc. 1), mepen mobaBjeHu-
eM MOMeXH K CHUIrHaJjly oHa Oblja MpomnylileHa yepe3 (QUJAbTP HU3KHUX 4acTOT MepBOro MOpsaKa.
AnanTUBHBIA (UABTP HMEJ BCEr0 BOCEMb BECOB HMIYJIbCHOH XapaKTEPUCTHKH, TO €CTb MAJsI
BBIYMCJIEHUS] HOBOTO BBIXOJHOTO OTCYeTa TpeOyeTcsl BBIIOJHUTb BOCEMb ONEpalUil CJI0KeHHs
U YMHOXEHHUS.

Ha pucyHke 2 npeacraB/ieH npuMep BbIYMCJIEHHUS BBIXOAHOI'O CUTHAaJa CUCTEMbl, XOPOLLIO
BUJIEH TpoLecC afanTalli¥ BeCOBBIX KO3(P(PHUIUEHTOB (PUJIbTPA K ONTHMAJbHBIM 3HAUEHHUSIM,
MPU 3TOM CpelHEeKBaApaTHYHOe 3HaUeHHe OTHOCUTEbHOH ONOKY u3MepeHust MeHble 0,1 mo-
cJle OKOHYaHMS afanTaluri. 3aBUCUMOCTb 3HaYeHHs BeJTUYMHbI OLUMOKH ONpeeseHUs] BECOBBIX
K03(p(ULIHEHTOB (PUIbTPA OT HOMepPA UTepaldu NMpHBeleHa HA PUCYHKe 3. 31echb MOA OMIUO-
KOW MOHHMaeTcsl CpefiHee apu(pMeTHUeCKOe 3HaueHHe KBaJpaTa OTKJOHEHHs PaCCUYUTaHHbBIX
3HaueHUH BECOBBIX KO3 (PULHUEHTOB OT U3BECTHBIX 3HaueHHH. Obyualolias KpuBas ycpeiHeHa
10 BOCBMHU peasiu3alusM.

e(k)
‘n
MA 'W MW k
|
k
Puc. 2. BoixonHOH cUrHa CUCTEMBI Puc. 3. Ob6yuaromiasi KpuBas
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IEEEEEessssssssssssssssssmmm MO IEJUPOBAHUE UH®POPMATHUKA U YIIPABJIE HH E

3akaoueHuve

Taxkum o6pasom, pa3pabGoTaHHBINA afaTHBHBIH (DUJIBTDP N03BOJISET HA OCHOBE AlPUOPHBIX
JAHHBIX O BHEILHEH IoMeXe CYLIeCTBEHHO YJAyULIUTb TOYHOCTb U3MEPEeHHs T10J1€3HOr0 CUTHa-
Ja. Kak yxxe ynomMHuHaJ/0Cch, B KaueCTBe HOMNOJHUTENbHOH HH(pOPMALMK MOXKHO HMCIOJb30BATh
OoUH(POBAHHBIH aKyCTHYECKHH CHUTHaJ, cO3/laBaeMblii BUOpALMSMH BHHTOMOTOPHOH TpPYTMIOH
JIeTaTesbHOrO annapaTa MyJbTHPOTOpHOro tumna. Mcmnosnb3oBaHue MnpensioKeHHOTO adropuTMa
MPU 3TOM CYIIECTBEHHO COKpallaeT o6beM BblYMcaeHUH. B padoTe mokasaHo, 4To AOCTAaTOUHO
UCIOJIb30BAaHUSA BOCbMHU BECOBBIX KO3(P(PUUHUEHTOB (DUAbTPA, YTOOBl OTHOCHTEJbHAs OLIMOKA
OTpefiesieHHs] U3MepsieMo# BeJMuUHbl He mpeBocxoauaa 10 %.
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Abstract. When carrying out any measurements, there is always a problem
of separating the useful signal from noise or interference. The interference is
usually caused by an external influence on the sensor, for example, an acceleration
sensor. It can be considered that such an effect is vibrations created by the
propeller group of a multi-rotor aircraft, which significantly distort the results
of measuring acceleration components by the sensor. The Kalman filter, which
is based on an autoregressive model, has received the most widespread use in
processing the signal from the acceleration sensor. The Kalman filter allows
you to get good results, but requires a lot of computing power compared to
other methods. At the same time, a priori information about interference can
significantly reduce the amount of calculations while maintaining the quality
of useful signal extraction. An acoustic signal can act as a source of such
information, which is obviously correlated with vibrations generated by the
propeller group. Moreover, it can be assumed that the source of the acoustic
signal is vibrations. Note that the acceleration sensor is used to measure constant
or relatively slowly changing acceleration values due to the evolution of an
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unmanned vehicle. Since a microphone is used to measure the sound correlated
with interference, the received signal will be limited in frequency from the bottom
at about 10 Hz due to the design features of the microphones, that is, the signal
from the microphone will not contain data about the acceleration of the device,
but only about the interference. These facts can be used to build an adaptive filter.
A simulation of such an adaptive filter was carried out, and a signal representing
a sequence of triangular pulses with a zero mean having a wide spectrum was
used as useful data. At the same time, the average power of the useful signal was
approximately 0.13. Gaussian noise was also chosen as an interference with a zero
mean and a variance of 0.5. Thus, the signal-to-noise ratio was approximately -2.8
Db. According to the structural diagram of the device, before adding interference
to the signal, it was passed through a low-pass filter of the first order. The
adaptive filter had only eight pulse response weights. The developed adaptive
filter makes it possible, based on a priori data on external interference, to
significantly improve the accuracy of measuring the useful signal. The use of
the proposed algorithm significantly reduces the amount of calculations. The
paper shows that it is sufficient to use eight filter weight coefficients so that the
relative error in determining the measured value does not exceed 10%.

Key words: acceleration sensor, adaptive filter, iterative algorithm, adaptat-
ion, Wiener-Hopf equation, least square method.
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