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PaccmaTpuBaeTcs 3amaua GUIBTpanuy BUOPOAKYCTHUECKUX CHUTHAJIOB JIBUTATENs BHYTPEHHETO
cropanus (JIBC) c npuMenenueM amantuBHoro ¢guibrpa KanmaHa ¢ menpio fanpHEHIIero npuMe-
HEHUs OT(UIBTPOBAHHOTO MaccuBa ISl peICHUs 3a1a4K TeXHH4Ieckoi nuarHoctuku JIBC.

Taxoke MpUBEJCHBI Pe3yNIbTaThl MOJCIUPOBAHNS aIaNTHBHOTO (PUIbTpa B IPOTpaMMHOH cpe-
ne MATLAB/Simulink peansHoro BuOpoakyctmueckoro curHaia JIBC aBromMoOWiast Mapku
Opel Vectra. PeanmzoBano ycrpoiicTBo Ha 6aze MukpokoHTpoiuiepa Arduino Mega, koTopoe ObUTO
MPUMEHEHO JUI1 00pabOTKK HATYpHBIX HAOMIOAeHNH 00bekTa uccienoBanus — JIBC.

Bomnpocy pa3paboTKi METO0B ONEPATHBHOTO ONPE/IENICHUS TEXHIYIECKOr0 COCTOSHUS JIBUTaTeNeH
BHyTpeHHero cropanus (JIBC), B mepByro ouepeab aBTOMOOMIBHBIX, B HACTOSIIEE BpEMs yIENAeTCS
0co0oe BHIMaHHUE B CBSI3M C 00ECIIEUEHHEM HE TOJBKO HAJISKHOCTH (DYyHKIIMOHUPOBAHUS MOCIIEIHETO,
HO U C BCE BO3PACTAOIINMH TPEOOBAHUAMH K SKOHOMUYIECKUM U 3KOJIOTHYecKuM mokasarensm IBC.

OTH METOBI TOJDKHBI MTO3BOJIATH MPOBOIUTH AMATHOCTHKY TeXHHUYeckoro cocrosaus J[BC aB-
TOMOOMJISI U CBOEBPEMEHHO OCYILECTBIIATh PETYINPOBKH cUcTeM U y31oB [IBC, TeM caMbIM IOBBI-
CHTB KCIUTyaTallMOHHbIE TIOKA3aTEIH M CPOK CITY>KOBI JAaHHOTO 0OBEKTA.

Cpenu pa3HOOOpa3HBIX METOJZOB AWAarHOCTHPOBAHMS TEXHWYECKOTO COCTOSIHHS JIBUTATeNeH
BHYTPEHHETO Cropanus oco0oe 3HauCHHE MMEET METOJl, OCHOBAHHBIM Ha aHAIN3e BHOpOaKycTHde-
CKUX CHTHAJIOB, ITO3BOJISIOIINI ITPOM3BOANTE Oe3pa300pHBIH KOHTPOJIb y37I0B M conpspkernit IBC.
IIpu 3TOM cllexyeT OTMETHTh, YTO aHAIM3UpyeMble BUOpoakycTudeckue curaaisl JJBC B3anmoxop-
penupoBaHbl ¢ TOUKH 3peHus paboTsl y310B JIBC. IToaToMy A ageKBaTHOTO YCTaHOBICHHS U JIO-
kanmu3anuu mMecra aedexra JIBC He0OX0AMMO MPeaBapUTEIBHO BBIACIUTDH IMOJIC3HBINA CHTHAI B yC-
JIOBHSAX B3aWMOBIHUSHHS HECTAI[HOHAPHBIX BHOPOAKYCTHYECKHX CHUTHAJIOB, CO3JaBaEMBIX pa3sIny-
HBIMH y3JIaMH JBHTaTEIs.

Kntouesvie crosa: adanmusHulii guibmp, paspabomka, MoOoeiuposanue, Guibmp CUSHALos,
@opmuposanue, 0gucamens, OUASHOCMUKA, Pe2YIUPOGKU CUCEM, AHANU3, BUOPOAKYCMUYECKUTl Cue-
Ha, oyeHKa.

OnuuM U3 3GGEKTUBHBIX METOAOB (DHUIBTPALIMK B YCIOBUSAX HECTAIIMOHAPHOCTH CUTHAJIOB SIBJISICT-
¢ ucnonb3oBanue ¢punbrpa Kanmmana [1].

[Ipy npumMeHeHUH 3TOro MOAXOJa K 3agade auarHocTuku cocrosiaus JBC cienyer ydecTs, 4To B
paccMaTpuUBaeMOM cliydae IpH padoTe ee BUOPOAKYCTUUECKUI CUTHAJ, BOCIIPOM3BOIUMBIN KaXIbIM M3
Y3JI0B 3TOT0 00BEKTa, UMEET B3aUMOKOPPEISILIHUIO ApYT ¢ ApyroM. IlosTomy, HCXOs U3 HACOIOTUU TEO-
PHH KJIIETOYHBIX aBTOMATOB [2—4], IpH pelIeHun 3a1a4u GUIbTPaIi CUTHAIIOB HEOOXOIMMO TIPOH3BO-
TP TapajiellbHble U3MEPEHUsT U COBMECTHYIO 00pab0TKy BHOPOAKyCTUYECKUX CHUTHAJIOB JJISI CMEX-
HeiXx y3n0B JIBC. Hampumep, ecnu nmpousBOAATCS M3MEpPEHHs CHTHaja Ha NepBOM OJOKE LUIMHAPOB
JBC, cnenyeTr perucTpupoBaTh BUOPOCUTHAI U HA BTOPOM OJIOKE LUIHHAPOB.

[TosTomy ¢ yderom 3TOro, paccmarpusas JIBC kak TMHAMHUYECKYIO CHCTEMY, C KOTOPO CHUMAIOT-
csl ciydaiiHbIe OJJHOMEpHBIC BUOPOAKyCTHYECKHE CHUTHAIBI, MOKHO 3alUCaTh IS TIEPBOTO U BTOPOTO
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KaHala M3MEPEHHUH CJEOYIOUIYI0 CHCTEMY CTOXAaCTHUECKHX Au(¢epeHINanbHbIX YpPaBHEHHUH UIA
¢unprpa Kanmana:

%#(r)x(z)mz),ﬂm = fi: (1)
2(0) = e()x(0) + (Do) @
%w(z)r(ma(z)m(z); 3)
(1) = g(0)* (1) + HOVO). )

ABTOKOPPEISIMOHHYIO (QYHKIIUIO CIYYalHBIX Mpoueccos r(¢), n(t), m(t), v(t) MOXHO NPEICTaBHTh
B CJICAYIOIINX BUAAX:

R, (1,7) =0(1) * (¢ — 1);

R, (t,1)=N(t)*d(t —1);

R, (t,1)=M(t)*5(t —1);

R, (t,t)=V(t,T)*0(t 1),
rae O(t), N(t), M (¢),V(¢t) — u3BecTHBIC IeTEPMUHUPOBaHHBIC (YHKINH, a O(f —T) — pyHkums Hupaka.

B ypaBuenusix(1) u (4) f(¢) u ¢g(¢) cuuTaroTCs U3BECTHBIMU H JICTCPMUHUPOBAHHBIMH (DYHKITHSIMHU.

®)

B nanHo#i 3a1aue NpUHATHI CIEAYIONIUE YCIIOBUS:

mpolenypa OLEHKU JIUHEHAS;

OlleHKa HecMeleHHas Mx = Mx =X;

OLICHKA X — 3 dekTuBHas DX = min.

3/1ech BEKTOP COCTOSIHUSL X JUHAMUYECKON CUCTEMBI, KOTOPBIN SIBISETCS CIy4YalHBIM IayCCOBCKUM
MIPOIIECCOM, B TAHHOM CJIydae BEKTOP COCTOSHHUS X , ITyM M3MEPEHUS SBIISIOTCS TaAYCCOBCKUMU CITydai-
HBIMH TIPOIIECCAMU C HYJIEBEIM MaTeMaTW4ecKuM okupanueM. [loaromy mpumem mofienb 6emoro mryma
B CUCTEME U B U3MEPCHUSIX.

PaccmatpuBas peructpupyemblii BUOPOAKYCTHUECKUN CHUTHAN KaK OJHOMEPHBIM JUCKPETHBIA Mpo-
LIECC ¥ UCXOJIS M3 BBIIIC MPUHATHIX YCIOBUH, 3alUIIIeM PEKYPPEeHTHBIC ypaBHEHUs i1 GuinbTpoB Kab-
MmaHa. /[ mepsoro 6moka nuuHpoB JBC:

x(k+1)=F(k)x(k)+r(k), (6)

z(k) = Cx(k) + n(k) @)
1 st BToporo Oioka mumuHapos [IBC:

d(k+1)=D(k)d(k)+ m(k); (8)

w(k) = G(k)d (k) +v(k), ©)

rne  r(k), n(k), m(k),v(k) - Gemsie wmymer M|[(r(k))]=0, M[(n(k))]=0, M[(m(k))]=0,
M [(v(k))] =0 u ¢ KOBapHAILIMOHHBIMU MaTPULIAMU:

cov[r(k), n(k)] =0, cov[m(k),v(k)] =0, cov[r(k),r(k)] =R(k)*o(t — ),

cov[n(k),n(k)] =N(k)*o(t—n), cov[x(k)x(k + 1)] =P (k).

B naHHOI 3a7a4e MPUHATHI CICTYIONIUE YCIOBUS:

npoIeypa ONCHKU JTUHEHHAS,

OIleHKa HecMelleHHas Mx = Mx =X;

omneHka x— d¢¢ektuBHas Dx =min . Tak kak 06a QuibTpa SBISIOTCS WACHTHYHBIME, TTO3TOMY

paccMOTpuM cuHTE3 epBoro ¢unbTpa Kanmana.
Ucxons U3 9THX YCIIOBHIA, BHIOMpPaeM CTPYKTYPY IIEPBOrO GUIBTPa B BUIC

x(k)y=Hx(k)+ Kz(k),
rae H u K HeoOXO0IMMO OMPEIeIUTh U3 YCIOBUS HECMEIICHHOCTH OIICHKH X.
x(k+1)=Hx(k)+ K [Cf(k) + @] — Hx(k)+ KCx(k) + Kn(k) — F(k)x(k) + r(k).
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Otkyna
Hx(k)=[F(k)— KC|x(k)+ Kn(k)+ r(k). (10)
VYuuThIBas, 4TO CcpegHee 3HAUeHHEe BXOxHOro Oemoro myma 71(k), (k) paBHBI HYJIO, HUMEEM
H=F(k)-KC.
Matpuiy H onpezaenum u3 ycnoBust d3pdextuBaocTr otieHku X(k), TO ecTh
Dx = minD(x(k) - fc) - min(trPe ),
rae tr()— ciea KoBapuMallMOHHOW MaTpulbl; P, — KoBapHMalMOHHas MaTpuua omubku e(k). Jlng ompe-
JeleHuss MUHUMYyMa trP, 3amuiem

e(k) = (x—%) = [F(k)x(k) + 7 (k)] - [H% + K%] = [F(k)x(k) +7(k)] - [F (k) — KC]x(k) +

+KCx(k) + Kni(k) = F (k) [ x(k) - X (k)] - KC [x(k) - x(k)] +r(k) + Kn(k) = F (k) * e(k) -

—KC*e(k)+7(k)+ Kn(k). (11)
B pesynbTaTe nMeeM ypaBHEHHE PUKKAaTH U KOBapHAIIMOHHYIO (DYHKIUIO CICAYIOIICTO BHIA
e(k)=(x—-x)= [F(k) - KC] *e(k).

CrnenoBaTenbHO, KOBAPHALMOHHAS MaTPHUIIA OIIHOKH OYAET OTPeAeTIsAThCS

P, =[F(k)~KC]P, + P[F(k)~KC] + K" + KRK". (12)

TTpu Z% =0 umeem ~C' P, —C"P, +2KR =0,

Toraa K03(hGUIMEHT YCUICHUS PUIbTPaA PACCUUTHIBACTCS CIICAYIOIIUM 00pa3oM:

K=C"P*R™, (13)

AJITOPUTM PEKYPCHBHOTO OOHOBJICHHUS OICHKH X(k) COOTBETCTBYET CICIYIOIIEH CHCTEME ypaB-
HEHUM:

Z (k) =C(k)F (k)x(k —1) —nporaozupyeMoe 3HaUeHUE HAOIIOIAEMOT0 CUTHANA;

e(k) = z(k) — z(k) — HeBsA3Ka MEXKIY TIPOTHO3UPYEMBIM U pEabHBIM HAOIIO1aEMBIMHU CUTHAIAMH.

[TosTOMY A1 MUCKPETHOTO CIydas U3MEPEHUs HaOII0JaeMOr0 CUTHAJIA HMEEM

K(k)=P.(k-1)C T (ky* [C (k)*P.(k-1)C Lky+ Q(k)]il — kK03 PUIHEHT yCHIIeHHs CTalMOHAPHO-
ro ¢puneTpa Kanmana;

x(k)=F(k)x(k —1)+ K(k)e(k) — oonosienue ouenku mnporecca x(k);

P (k)=F(k) [PS (k-1)—-K(k)C(k)P.(k— 1)]FT (k)+ Q(k)— oObHOBICHHE KOBapHAaIlMOHHON (yHK-
LMY OLIHOKH.

Bekrop koaddunmentor —w Qunprpa Kanmmana npu aganTuBHOW (QuiubTpanuy HaOIOIAEMOTO
CUTHalla He SBISICTCS JCTCPMHUHUPOBAHHBIM, MO3TOMY MaTpHia nepexona F(k)=1, a B kauecTBe Ha-

OJII0JIaeMOT0 CUTHAJIA UCTIONIB3YIOTCS CUTHAIIBI, MOJyYaeMble C JIMHUHA 3aJepkek QuiubTpa. BerxomHoi
CUrHaJI (pUIbTpa IpH 3TOM IPeCTaBIsgeT co00l MPOrHO3UpyeMoe 3HaueHHe Ha0I0jaeMoro CUrHana, a
B KayecTBe 00pa3moBoro curiana [i(k) BCTymaeT CHrHajl, MOCTYHAIOLIMA OT CMEXHOIo OJ0Ka LUIUHA-

poB /IBC. B sToM ciydae mrymom HaOJI0aeMOro CHrHaja SIBISAETCSl HEBSI3Ka MEXKIY BOCIIPOU3BOIU-
MBIM CHTHAJIOM (HIbTpa U 00pa3OBbIM CUTHAIOM W(K) , @ MaTpHIIa IIlyMa CHCTEMBI

E <o, >Ak-i)Q, ,
rae O, mpeBpallaeTcs B CKaIApHBII mapamerp.

Bennunna sToro napamerpa cinabo BIHUIET Ha pe3yiabTaT GUIbTPALUM, U OHA, MOXKET ObITh, IPHUHS-
Ta B nipegenax —[0,001...0,01]o; [5].

CrnenoBatenbHO, BBIIEYKa3aHHBIC (OPMYITBI IPUHUMAIOT CIIETYFOIIHIA BUJI:

(k)= u’ (k)W(k —1) — BeIxoaHOE MMPOTHO3UPYEMOE 3HaUeHHEe 00pa3I[0BOr0 CHTHAIIA;

154 Bulletin of the South Ural State University. Ser. Computer Technologies, Automatic Control, Radio Electronics.
2019, vol. 19, no. 1, pp. 152-159



LllloHaszapoe .M., Xonoe &.T., lMpumeHeHue ¢hunbmpa KanmaHa e 3adaye mexHuU4Yeckoul
Eecromun 0.0., TypcyH6adanoes Y.A. duazHocmuku deu2amenneli BHympeHHe20 c2opaHusi

K(k)= (P}E (k)(k— l)u(k)) / ( uT(k)P.(k-1)+ 0, ) — K03 GUIMEHT ycuineHnus GuibTpa;

w(k) =w(k —1) + K (k)e(k) — obHOBIEHHE OlEHKH KO3()(DUIUEHTOB aganTuBHOro (GuisTpa KanMana;

P.(k)=P.(k-1)—-K(k)u TPS (k—=1)+ O, — KOppeKTHpOBKa OLIEHKH KOBapUallMOHHOH MaTpuIlbl
OILIUOKHU.

Knaccudeckuii Bapuant ¢uibrpa KaiMana ObUT CMOJSIMPOBAH B CPEe MPOTrPaMMHOTO MPOIyKTa
MATLAB/Simulink [6] (puc. 1, 2).

1\

Random
Number
1
-A > o
J_L'— ’{ 1 140,521 P In Out
From - -
Zai Disorete Filter K.alman
Waorkspace Ferc-Order Gain
Hold 4 j| Err Taps
K] Terminator
| .
1z Kalman
Adaptive Filter
Integer Delay
cwwEka -
EXOAHOW CHrHan
I

Scope

BENOOH oM CHrHADN

Puc. 1. CTpykTypHas cxema mogenupoBaHua counbTpa KanmaHa

1\

Puc. 2. PeaynbTaTtbl MogenupoBaHus domnbtpa Kanmana

B nanHoil paboTe Takke CKOHCTPYMpPOBaH MpUOOp Ha Oa3ze MUKpokoHTposuiepa Ardiuno Mega,
BKITIOYAIOIIHI B ceOs BHOPOAKyCTHUECKOE M3MEPHUTENIbHOE YCTpoicTBO M GmabTp Kammana. Tak kak
Kiaccuueckas Gopma peanu3anyd JaHHOTO (HUIBTPA HA 5TOM MHKPOKOHTPOJUIEPE HE MPEACTABIACTCS
BO3MOYHBIM, TIO3TOMY OBLTH UCIOIB30BAHBI CICTYIONIHE ATOPUTMBI:

fk = F.Yk_l + I"k_l,
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rje X, — HOpeACKa3aHHue COCTOSHUS CUCTEMBI B TEKYILUI MOMEHT BPEMEHU;
X;_; — IpeJicCKa3aHue COCTOSHUS B MPEAbIIYIHI MOMEHT BPEMEHH.
[Iporno3upyemoe 3HauCHHUE OIMIMOKU KOBAapUALHH:

_rp_ T
P, =FP=F" +0;.
3nech P, — npeackazanue Kopapuauuu ommbky; P— —Kosapuauuu ommnOku B k —1-m ware; O, —Ko-

BapHallUK IIyMa Mpoliecca.
Onpezenenne ko3ppuUunUeHTa YCHUICHUS QUIIBTpA:

__ hrH!
CH*P*HT 4R’

k

rae K;— koabduiuent ycunenus ¢unbtpa; H — MaTpuia, 0ToOpa)karomas OTHOLIEHU U3MEPEHUI U
COCTOSIHUI; R —KOBapHaIs yMa U3MEpeHHsL.
OOGHOBIIEHHE C YUETOM U3MEPEHUS TEKYIIEro 3HAYCHUS Z),

OOHOBNIEHHE OIMOKU KOBAPHAIIHH:
P=(I-K,*H)*F,

rae [ — eAMHWYHAS] MAaTPHIIA CBSI3U.

UTo0b! HATTSHO MPOJEMOHCTPHPOBATH 3PPeKTUBHOCTh punbTpa Kammana, mns 3amaum auarHo-
ctuku JIBC Obuta mpowusBeneHa (uibTpaius BHOPOAKYCTHUYSCKOTO CHTHAJIa, KOTOpas OT MHKDPOKOH-
tposuiepa Arduino Mega nepenaercs uepe3 mopt UART kommbrorepa (puc. 3) U 3anKMChIBACTCS B IPO-
rpamme Excel 2016.

Jnst gérkoro mpuema curHama ot JIBC BHOpoakyCTHYEeCKHI HaTYMK 3aKpeIUieH K KOpITyCy
nsurareis apromoomns Mapku Opel Vectra Beimycka 1997 r.

Puc. 3. 3kcnepumeHTanbHasi cucteMa M3MepeHUs U hunbTpauumn BU6poaKyCcTUHECKMX CUrHaNoB
OBC aBToMmo6unsa mapku Opel Vectra

Brino paccunTaHo cpeHEKBaAPATUUECKOE OTKIOHEHUE JIJIsl MacCUBa 3HAYEHUMN, U3MEPEHHBIX C IO-
MOIIIBIO BHOPOAKyCTUYECKOTO JaTyhKa, U OHO cocTaBmwiio R =0,48. A 3HaueHue () B COOTBETCTBHUU C

pexomennanueii [S] pasao 0,002.

W3 npusenénnoro rpaduka (puc. 4) BUIHO, KaK CpeAHEKBaaApaTuyeckas omnodka Gunstpa Kanmana
B TPOILIECCE aanTalMH CTPEMUTCS K HYJIO, 9TO YKa3bIBACT HA TO, YTO OT(HUILTPOBAHHBIA CUTHAN TPH-
OIKaeTCs K CBOEMY HCTUHHOMY 3HAUCHHIO.
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i |
£00.0 OTGMALTPOBAHHEIA CUTHAN

BBIXOAHOW CUTHaN
BHOPOAKYCTMYECKDTD A3THHKE

450.0

200.0

ls50.0 T T T
1130 1230 1330 1430

Puc. 4. N'padmku 3awymMneHHbIX U OTPUNbTPOBaHHbIX BUGPOAKYCTUHECKUX CUTHaNoB
OBC aBTomo6unsa mapku Opel Vectra
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The paper deals with the problem of filtering vibroacoustic signals of an internal combustion
engine (ICE) using an adaptive Kalman filter in order to further use the filtered array to solve
the problem of technical diagnostics of ICE.

The results of the simulation of an adaptive filter in the MATLAB / Simulink software envi-
ronment of a real vibro-acoustic signal of the engine of an Opel Vectra brand are also given. Imple-
mented a device based on the Arduino Mega microcontroller, which was used to process the field
observations of the object of study — ICE.

The development of methods for the operational determination of the technical state of internal
combustion engines (ICE), first of all automobiles, is currently being given special attention in con-
nection with ensuring not only the reliability of the latter, but also increasing requirements for
the economically and environmentally friendly ICE.

These methods should allow to carry out diagnostics of the technical condition of the vehi-
cle’s internal combustion engine and to make timely adjustments to the systems and components
of the internal combustion engine thereby increasing the operational performance and service life
of the object.

Environments of various methods for diagnosing the technical condition of internal combustion
engines of particular importance are the method based on the analysis of vibroacoustic signals,
which allows indiscriminate monitoring of components and interfaces of an internal combustion en-
gine. It should be noted that the analyzed vibro-acoustic signals of the internal combustion engine
are mutually correlated in terms of the operation of the internal combustion engine assemblies.
Therefore, in order to adequately establish and localize the location of a defect in the internal com-
bustion engine, it is necessary to first isolate the useful signal in the conditions of the mutual influ-
ence of non-stationary vibro-acoustic signals generated by various engine components.

Keywords: adaptive filter, development, modeling, filtering of signals, formation, engine, diag-
nostics, adjustments of systems, analysis, vibroacoustic signal, evaluation.
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