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AHHoTanusi. OICHKa TEXHHYECKOTO COCTOSHHS pPOTOPHOTO OOOpYAOBaHUS IO BHOPAIMOHHBIM CHTHAJIAM
TPaJULMOHHO ABJISETCA BaXKHOM 3a7aueil B MpakTHKe ero MpoU3BOACTBA U 3KclnyaTauuu. Ha coBpeMeHHOM aTame
pa3BUTHUs MOBBIIIEHUE (P(PEKTUBHOCTH BHOPOJMArHOCTUKH JOCTUTACTCS 32 CUET aBTOMATH3AIMU PEIeHUS TON
3a/aud U pa3pabOTKU HOBBIX NOAXOAOB aHanu3a. B craThe NMpOBOAMTCS aHAIM3 BIUSHHUS U3MEHEHHsS CKOPOCTH
BpallleHUs Baja POTOPHOro OOOpYZOBaHWS Ha KadecTBO 0OpabOTKM B wyacTOoTHOH obOnactu. [IpexcraBieHb
Pe3yJIbTaThl SKCIIEPUMEHTOB Ha TECTOBOM 000PYIOBaHUH.

Kniouegvie cnosa: BUOpomuarHoctuka, nnuppopas 06paboTKa CUTHAIOB, PE30HAHC, CICKEHUE 32 YACTOTOM, YaCTOTHAS
00/1aCTb.

Abstract. Evaluation of the technical condition of rotary equipment by vibration signals is traditionally an important task in
the field of its production and maintenance. At the current stage of development increasing the effectiveness
of vibration-based diagnostics is achieved by automating the solution of this problem and developing new analysis
approaches. The influence of changes in shaft rotational speed of rotary equipment on the quality
of frequency-domain processing is analyzed in the article. The results of experiments on test equipment are presented.
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BBenenue

BubpoakycTuueckasi 1MarHoCTHKa 000PYIOBAHHUS, COJEPIKAIIETO BPAINAIOLINECS Y3JIbl, PEIIaeT
3a7a4d MOMCKAa HEWCIPABHOCTEH M OLIEHKH TEXHWYECKOTO COCTOSHHS OOOpYyIOBaHHMS. YCIIEXH B ITOH
00acTH  COKpaIlaloT 3arTpaThl Ha OKCIUIyaTallMi0, PEMOHT ©  CHIDKAIOT PHUCKH  aBapuii
Ha Tpou3BOJCTBe W TpaHcrmopre. COBPEMEHHOE COCTOSHHE M JalIbHEHINee pPa3BUTHE TEXHUYECKON
JIMarHOCTUKM OCHOBAaHO HA AaBTOMATH3alMM aHAJIM3a W HPHUHATUS DEIICHHWH, a TakKe HHTErpaluu
B OHM3HEC-TIPOLIECCHI, [UISi YEro HCIONB3YeTCs BBIYMCIUTENbHAS TEXHUKA, CETH Mepeaadyd JaHHbIX,
udposas 00padOTKa CUTHAIOB M TEXHOJIOTUH MAlIMHHOTO O0Y4eHUS.

OOBEeKTOM aHaNM3a TPAAUIIMOHHBIX METOJIOB BUOPOIMArHOCTHKH, HAUOOJIbIIIEe pACTIPOCTPaHEHNE
U3 KOTOPBIX MOJTYYHIH METO/IbI YACTOTHOI'O aHAIIN3a, SBIISIETCS 000PYI0BaHUE, XapaKTEPUCTHKHA KOTOPOTO
HE U3MCHAIOTCA B TCUCHHEC YCTAHOBJICHHOI'O HWHTCPBaja BpEMCHU.
B mporuBHOM citydae 3QPEeKTUBHOCTh TPAJAUIMOHHBIX METOJIOB MOXKET OKa3aThCsl HEIOCTATOYHOM JUIS
HPHHSTHSI KOPPEKTHBIX PEIICHHUIA.

B nmanHOii paboTe OOCYKHAIOTCS METO[bl, MO3BOJISIONIME MPOBOAUTH TOYHYIO HATHOCTHKY
POTOPHOrO O00OPYJOBAaHUS C W3MEHSIOLICHCS CKOPOCTBIO BPAILCHHS: METOJbI CICKEHHS 3a YacTOTOH
U TepeUCKPeTH3alusi CHTHala. AKTyalbHOCTh PAacCMaTpUBAEMOH TEeMbl OOYCIIOBJIEHA YBEIMYCHHEM
MHTEpeca MPOMBIIUICHHOCTH K BETPSIHBIM T'€HEepaTopaM H, Kak CJIEACTBUE, K CHCTEMaM UX THarHOCTUKH.

Teoperuyeckuii aHaIU3

B xauecTBe 00beKTa aHaTM3a BUOPOIMATHOCTHKA HCIIONB3YeT BUOPALIMOHHBIN CUTHAJ, KOTOPBINA
SBIISIETCS HOCHTEJIEM uHpOpMaIH 0 TEXHUYECKOM COCTOSIHUN 000pYyAOBaHHUS.
B coorBerctBun ¢ wmHTerpaiom Jlroamens, aHaIM3UpyeMblii BHOpalMOHHBIM curHan V(t) MOXHO



NPEACTaBUTh B BHJIEC CBEPTKM BHOPALIOHHOTO CHTHAajla BO3MYIICHUS V,(T) U HMIyJIbCHOH
xXapakTepucTHKH 00opymosanus h(t):

v(t) = Tvo(t)h(t—r)dr. 1)

B o0mem Buze muaraoctTupyeMoe 000pyI0BaHHE MOXKHO pacCMaTpHBaTh Kak mudppoBoit GpuimsTp
C TepenaTouHoi XapakrepucTukoit H(z):

H(z) =H,(2)-H,(2). )
rae H,,(z) — nepenarounas xapakrepuctuka obopynosanus, H (z) — nepenarounas xapakTepuCTHKA
U3MEPHUTEIBHOTO TpaKTa. [ paHHIIbI TTOIOCH! MPOIYCKaHKs BUOPOJATYMKa ONpeIessiFoTes mo ckaty AUX
Ha 3 nb. Torma B mosoce 4acTOT M3MEpeHMH NepefaTOuHyI0 XapakTepucTuky npumeMm H (z)= 1,
cnenoBarensho, H(z) =H,,(z) u moxer ObITh 3anucana B Bujie
-1 -2 -N

B(2) _ by +bz 7 +b, 27" +...+ Dbz 3)
A(z) l+az'+az’+..+a,2"
rae nopsinok ¢punbTpa donbmee N wiu M [1].

Hynu gmcnurens (3) COOTBETCTBYIOT HYJISIM YaCTOTHOM XapaKTEPUCTHUKH, HA JTHX YacTOTaxX
koddumeHT mnepenaun QUILTpa paBeH HYJIO, HYJIM 3HAMEHATENS — IOJIFOCAM, HAa JTHX YacTOTax

IPOUCXOJUT PE30HAHCHOE YCHIJICHHUE BXOJHOTO CUTHAJIA.
Cremyer OTMETHTh, 4YTO XapakTepucTtuka oOopymoBanus (puibrpa) H(z) B mpemenax

H(z) =

aHAIM3MPYEMOT0 BUOPOCHTHAIA €CTh BEJIMUMHA ITOCTOsTHHAS. M3Menenune napamerpoB H(z) mpoucxoaur

TOJIBKO BCIICJICTBUE U3MEHEHHsI KOHCTPYKIMHM OOOpYIOBaHUS, T. €. pEMOHTA, Jerpajalyy WA 3aMEHBI
HIIEMEHTOB.

Takum 00pa3oM, U3MEHEHNE XapaKTEPUCTHK BHOPAIIMOHHOTO CHT'HANIA B TIPEUIOKEHHOH MOJIENH B
OonblIell CTENEHN CBS3aHO C CHIHAJIOM BHOpAlMM BO3MYILEHUs V,(7), KOTOPBIH HpencTapiseT coOoil

(GYHKIMIO MHOTHX MTapaMeTPOB:

Vo (1) = F(N(), SO, T(1)....), (4)

rae N(t) — 3akoH m3meneHus Harpy3kw, S(t) — 3aKOH M3MEHEHHS CKOPOCTH BpaieHus, T (t) — 3akoH
U3MEHCHHUSI TeMIIepaTypbl M T. J. B JaHHO# cTaThe paccMaTpHBACTCS 3aBHCHMOCTh AHAIM3UPYEMOIO
BHOpPOCHIHAJIA TOJIBKO OT CKOPOCTH BPAILEHUs Basla 000pynoBaHus, koraa V, (t) = f (S(t)).

Pe3onaHcHbIe yacTOTHl 000pY0BaHMsI, ONpe/elsieMble motocamMu (3), MOTYT OBITh PACCUUTAHBI
yrciaeHHo. Hamprumep, MOMMMIHKUK YIIPOIIEHHO MpeACcTaBisieT co00il Habop JBYX TOHKOCTEHHBIX KOJIELl
(BHYTpEHHErO0 M BHEIIHEr0) M TeJ KadeHus. Torma pe30oHaHCHAas YacTOTa BHYTPEHHETO KOJbLa
ompeiessieTcs NPUOIMKEHHOH HopMyIIoi:

( _RR-D 1 [E] ©)

" o2zRP 41 @ \m
rae R — mopsiok pe3oHaHca, & — paJiyc HEHTPaIbHOI OCH, J — MOMEHT MHEPIIMH TOTIEPEYHOTO CEYCHHUS,
M — yaenbHas TUHEHHAS Macca KoJiblia, E — Moayms ymnpyrocta [2].
B Beipaxenun (5) fr ompenensiercss TOJIBKO T€OMETPUYECKHMH MapaMeTpaMu TMOANIMITHUKA
¥ CBOWCTBAMH MarepHana, W3 KOTOPOro OH m3rotosieH. CieaoBaTelbHO, pe3oHaHCHas dvacTtora fr
WHBapUaHTHA K 3HAYCHUIO CKOPOCTHU BPAIIICHUS BaJia.

MeTOI[I/IKa IKCIIEPUMEHTA

HcrouHukoM  BHUOpALMOHHBIX  CHUTHAIOB  SIBIISIETCA  TECTOBBI  CTEHJ,  COJAEpIKalluil
anexrpoasuraresis AMP80B6 ¢ wactotHeiM ynpaBieHueM. OOBEKTOM aHajIHM3a SIBISETCS POJMKOBBIN
nomqmunHUK 6213. Curnansl BUOpanuu nonydeHsl B Gopmare WAV-(aiinoB, CHATBIX TPU ITOMOIIA
OJTHOKaHATBHBIX JaTuukoB VBX. Jli1s1 mpoBeeHus SKCIiepuMeHTa UCTIONb30BaHa BIYHCIIUTENBHAS cpeia
MATLAB. Ilpoananu3zupoBano 52 peanu3alMy NOJIIMIIHAKA B HOPMalbHOM COCTOSHMM U 64 — 1uis
MOJIIMITHAKA C Je(EeKTOM Hapy)KHOrO KOIblla. B cuily orpaHWueHwid CTaThbH HIKE MpEICTaBIeHA
HeOOITbIIAas 9aCTh ATOH BHIOOPKH.

YacroTta BpauleHusl Baja u3MeHsU1ach B npeaenax 20 % mo 3apaHee YCTaHOBJICHHOMY 3aKOHY.
3HayeHne CKOPOCTH BPALIECHUS! POTOPa TECTOBOTO CTEHJAa KOHTPOJIMPOBAIOCH MOCPEACTBOM MHAMKATOPA
CHCTEMBI YaCTOTHOTO YIIPABJIECHUS HIEKTPOMOTOPA.



OCHOBHBIMH 33J]a49aMH SKCTIEPHUMEHTA SIBJISLTUCH:

a) aHaJM3 NepelaTOYHON XapaKTepUCTHKH 000PYIOBAHUS MIPU PANIMIHBIX CKOPOCTSX BpAIlCHUS
BaJa;

0) aHamu3 A(PQPEKTUBHOCTU TMPUMECHCHUS QJITOPUTMOB IEPEAUCKPETH3AIMA U  CICKCHUS
3a YacTOTOM [UIS aHaiW3a B YacTOTHOW oOmacth (aHanmW3 CHEKTpa M CIIEKTpa OTHOArOIIei
BUOPOYCKOPEHHS).

Pe3ynabTaThl M X 00Cy:KIeHHE

W3MmeneHne dYacTOTHI BpalmleHWs Bajla OCYIIECTBISUIOCH II0 3apaHee H3BECTHOMY 3aKOHY
B muamazonax +20 %, £10 %, 5 %, £2,5 %, 1 %, £0,5 %. HoMuHampHas CKOPOCTH BpalleHHs Bajia
SO = 750 o6/mun. Llenpio AaHHOW CTaThbH HE SBISETCSA aHAIN3 METOJOB CIICKEHHS 3a YacTOTOM.
Bce 3akoHBI M3MEHEHHS YAaCTOTHI, TOJYYCHHBIC AITOPUTMUYCCKH, MPOBEPEHBI 3KCICPUMEHTAIBHO.
Ha puc. 1, a mpeacraBieH 3aKk0H U3MEHEHUS 9acTOTHI B nuana3one +20 %, Ha puc. 1, 6 — cnexTporpamma
BUOPOYCKOPEHUS CUTHAIA OAIHUITHKKA 6213 ¢ neeKToM Tes KaueHUs..

Frequency Tracking Spectrogram (Acceleration Spectrum)
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Puc. 1. U3MeHneHne 4acToThl BpallleHUs Bajia!
a — 3aKOH U3MEHEHHS YaCTOThI; O — CIIEKTPOrpaMMa BHOPOYCKOPEHHS

CrnekrporpamMMa BHOpoyckopeHust (puc. 1, 6) comepKuT 2 THIAa KOMIIOHEHT: «IIEPEMECHHBIC» —
TapMOHUKHM 4YacTOTHl Bpamienus Bama F1 = 13,5 T'm; rapmonuku yactotel cemaparopa FTF = 55 I'n
U «IIOCTOSTHHBIE» — TapMOHUKHN ceTeBod "acToThl FL = 50 I'n. 3HaueHns «mmepeMeHHBIX» KOMIIOHEHT, B
OTJINYHE OT IIOCTOSIHHBIX», HAMIPSMYIO 3aBUCST OT 3aKOHA M3MEHEHUsI 4acTOThI (puc. 1, a).

[lepenarounass xapakTepucThka o0opynoBanusi H(Z) modydeHa mMpH MOMOLIM aJIrOPUTMA
JTUHEWHOTO Tpe/cKa3anus (pparMeHToB curHana mauterasHocTeio T = 0,5 c. Ilopsmok cuHTE3MpyemMoro
¢umptpa N = 32. OparmeHTHl BBHIOpaHRI B MOMEHTH BpemeHn t1 = 26 ¢, t» = 46 c.
u t3 = 71 ¢, cooTBeTcTBYyIOIIME CKOpOCTAM BpameHus Bajga S1 = 900 o0/mMunH, S; = 750 00/MuH
u Sz = 600 06/muH (puc. 1, a).

Curnan BHOPOYCKOPEHMS MEPEAMCKPETU3UPOBAH B COOTBETCTBUM C IOJYYEHHBIM 3aKOHOM
u3MeHeHus: dactotr (puc. 1, a). Ha puc. 2 npencraBieHa mneperaTouHas XapaKTepUCTHKa (GuibTpa
(oOopymoBaHMsI) 0 U MOCIIE TEPEAUCKPETHIAIIH.

Kak mnpeacraBneHo Ha puc. 2, g, 3HAa4YCHUS] PE30OHAHCHBIX YacTOT 00OpYyIOBaHUS
0Py Pa3IUYHBIX CKOPOCTSX BpallCHHsA Bajla OCTAlOTCS HEU3MEHHBIMH B TIpeAeiax HEKOTOPOH
MIOTPEITHOCTH. C Jpyroi CTOPOHBI, nporiecc nepeICKPeTU3aNN MPUMEHSIETCS
KaK K BHODalMOHHOMY CHTHalIy BO3MYyHIEHHS V,(T) ¢ M3MCHSIONMMHCS MapaMeTpamy,
TaK M K MepelaTouHol Xapakrepuctuke Gpuibtpa H(Z) ¢ nocrosHHbIME apamerpaMu. Benencteie 3toro
BBIPQKEHHOCTh «MIEPEMEHHBIX) CHEKTPAITBHBIX COCTABIISIOIINX YBEIMYUBACTCS,
a «IOCTOSHHBIX» — YMEHBIIAETCH.
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Iy - = =600 rpm

One-sided PSD (dB/Hz)
4
[=]
%
One-sided PSD (dB/Hz)

Frequency, kHz Frequency, kHz
a 6
Puc. 2. Ilepenarounas xapakrepucTuka Quibrpa:
a — 10 NepeaAUCKPECTU3AlINN; 6 — mocie nepeaucCKpeTu3auu

[on BeIpaXeHHOCTHIO Oy/IeM MOHUMATD
P(f,q)= max(f,q) , (6)
rms(f,q)
rae max (f, q) — ammutyaa cnekrpanbHo# coctaBisitomei f, rms(f, q) — cpennee kBaapaTuueckoe 3HaYCHHE
aMIUTATYTHOTO CIIEKTPa B OKpecTHOCTH (, mpudeMm ( = 5...20 %.

Kak mokazano Ha puc. 3, @, BBIPRXEHHOCTh «IIEPEMEHHOI» cocraBistomeii F1 mocie
nepeauckperusanuu ypenuuunace B P(FL5)/ P, (F15)=2,43 pa3a. BeIpakeHHOCTh «I1OCTOSIHHOM»
cocramsiromeit FL mocne mepenuckpernsanun  ymensmmiace B P(FL,5)/ P (FL,5)=8,72 pa3za
(puc. 3, 6). BerpaxkenHocTs BU pe30HaHCHBIX 4acTOT MOCIIE IePeIUCKpeTH3auy (pHc. 3, @) YMEHBIINIIACH

Ha HECKOJIbKO MOpPsAKOB, B orTiuume oT HYU-oOmactu, rime cMmelleHue pPe30HAHCHON YacTOThI IMOCIIC
HepeICKPETH3ANE MEHBIIIE ITMPUHBI PE30HAHCHOM 00acTH (puc. 2, 6).
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Puc. 3. Criextp CUrHAJIOB BUOPOYCKOPEHUSI 10 ¥ MIOCIIE MEPEAUCKPETH3AIHH
a—muamna3on D =0...32 xI'; 6 — quamason D = 5...60 I'g

JedexTsl moIUITHUKOB 1 3y09aThIX Iepead COMPOBOXKIAIOTCS MOAYIISIIIMOHHBIMH ITPOIIECCAMH.
TpaauIOHHO JIJIsl TUATHOCTUKH JaHHBIX 3JIEMEHTORB HCIIOJB3YETCS CIICKTP Orv0aromieit BHOPOyCKOpEHUsI.
BcenencrBue TOro, 4tro 00JacTM  PE30HAHCOB M3MEHSIFOT CBOE IOJIOKEHHE U (QopMmy IOCIe
MePEeTUCKPETU3ANNN, HHTEPEC MPEACTABIISET CpAaBHEHUE CIIEKTPOB OTUOAOIIEH, TIOYYeHHBIX JUISI METOI0B
«TepeaucKpeTH3anusa-ornoaromas-cekrpy  («res-envy  wa puc. 4, a, 6) u «orudaromas-
MepeNCKPETH3AIMS-CIIEKTP» («eNnv-res» mua puc. 4, a, 6). MeToa pacueTa «epeauCKpPeTH3aIMs-
OTH0AOIAS-CTIIEKTP» MTOIPa3yMeBaeT CICIYIOIICH Maru:

1) orieHKa 3aKOHA U3MECHEHHSI YaCTOTHI;

2) TepeINCKpETH3AIINS CUTHAIA BUOPOYCKOPEHHS;

3) moocoBast pUABTPALIKSA M PACUET OruOaromIe BHOPOYCKOPEHHS;

4) pacyer crieKTpa orubaroniei.

s MeTosa «ImepeANCKPETH3AIU-0THOAIONAsA-CTICKTPY ard 2 ¥ 3 MEHSIIOTCS MECTaMH.

Jlns pe3oHaHCHBIX YacToT, Haxomsamuxcs B H-o6mactu (fo = 1 xI'm, puc. 3, a), popma criexTpa
orubarolei HIeHTHYHA JUII 000MX METONIOB pacueta (puc. 4, a). J{ns pe30HaHCHBIX YacTOT, HAXOSIIUXCS
B BU-o6mactu (fo= 10 xI'i, 20 k', puc. 3, a), BRIpAKEHHOCTh CHEKTPATbHBIX cocTaBistomux K-FTF s
CITeKTpa orubarorei MeTo1a «orubarorias-nepeIucKpeTH3aUs-CIIEKTP)



B cpeHeM Bhie Ha 18,5-27,3 %, 4eM B CHIeKTpe TI0 METO/Y «IepeANCKPETU3AIMSI-OTHOAIONIAs-CITEK TP
(puc. 4, 6).

Acceleration Envelope Spectrum (f0 = 10kHz)
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Puc. 4. CpaBHeHHE METOJIOB pacyera Orudaroieil BAOpOyCKOPEHHS:
a — pesonancHas yactora fo = 1 kI'm; 6 — pe3onancuas gactora fo= 10 xI'1g

Pesonancubie yactotel BU-o6mactu fo = 10 kI'm u fo = 20 x['1f mpoMoOIyMpOBaHbI TaKKe
«IOCTOSTHHBIME» ~ COCTaBJsIOMMU  KFL,  BBIp@KEHHOCTh KOTOPBIX —IOCIE  IMEPEIUCKPETU3AINN
B ciy4ae 20-POIEHTHOTO H3MEHEHHSI YaCTOThI YMEHBIITHIIACH Ha MOPAIOK (pHC. 5, a).

Spectrogram (Acceleration Envelope Spectrum)

Acceleration Envelope Spectrum (f0 = 20kHz)
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Puc. 5. Criextp ornbatoreii BHOPOYCKOPEHHUS: a — CIIEKTP 10 U MOCIe TIePEeaUCKPETH3aNH;
0 — CIeKTporpaMma OrudaroIieit 10 mepeaucKpeTH3anum

Takum 06pa3oM, AJIsl AUATHOCTUKU 00OPYAOBAHUS C U3MEHSIIOIIECIHCS CKOPOCTHIO BpAIllCHHUS Bajia
npeJIaraeTcs MCIOIb30BaTh CHEKTPHI JI0 W TOCHE TepeAucKpeTu3anud. JlaHHBIM MOAXOJ MO3BOJIIET
BBIICJIINT ~ KaK  «IOCTOSIHHBIE», TaKk WU «IEpeMEHHBbIe»  HWH(MOPMATUBHBIE  NPU3HAKU
B YAaCTOTHOW 00JacTH € MUHMMAIBHBIMU aMIUIUTYIHBIMH HCKaXEHMsIMU. CTpyKTypHas cxema

npeajraracMoro ajiropuTtMa npeacTraBji€Ha Ha pucC. 6.
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Puc. 6. biok-cxema 00pabOTKH B 4aCTOTHOM 00J1acTH JyIst 000pyJOBAHHS
C IEPEMEHHOI CKOPOCThIO BpallleHUs Bajia

CrnenyeT OTMETHTD, YTO B IPEUIOKEHHOM MOAX0/¢ 00JIbIIOE BIMSIHUE HA KA4eCTBO 00pabOTKU
OyIlyT OKa3bIBaTh AJITOPUTMbI YTOUHEHUS 4acTOTHI [3].



3akiaouenne

B craTbe MpuBe/icH aHAIN3 CTCTICHH BIMSHUS W3MEHCHHUS YaCTOThI BPAIICHUS BaJla HA KA4eCTBO
00paboTkn B dacToTHOW oOmactu. Kak ObUIO TOKa3aHO, METOMABI CIEKCHHUS 33 YacTOTOM U
MEePEANCKPETH3AIMS CUTHATA 3HAYUTEIBHO YIy4HIaloT 00paboTKy B CHeKTpaabHON obmactu. Crextp
orubaromiell MPeyIoKEHO PACCUMTHIBATD MO METOJY «OrHOaroIIas-MepeIMCKpETU3aIusi-CreKTpy. TaKkke
JUTSL YBEJIMYEHHST TOCTOBEPHOCTH JUATHOCTUKH TMPEIUIOKECHO HCIOIb30BaTh WH)OPMATHBHBIC MPU3HAKU
CIIEKTPOB N0 M Tmocjie mnepeauckpernmsanmu. JlanpHelmume paGora Oyner — HampaBlieHa
Ha UCCIIe0BaHNE HHBAPHAHTHBIX CBOMCTB BpeMEHHOM 00mactH [4].
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