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AnHoranus. [loBeimenne 3¢QekTnBHOCTH BHOPAIMOHHON NHArHOCTHUKH OCYIIECTBIIETCS 3a CYET pa3paboTkh
HOBBIX TOJXOJOB K OIIEHKE TEXHHYECKOTO COCTOSHMs 00opynoBaHus. B crartee oneHuBaercs 3¢((eKTHBHOCTH
WCIIOJIb30BaHMsI CKaJIOTPaMMBI B Ka4€CTBE HHCTPYMEHTa MOHUTOPHHTA COCTOSIHUSI 000PYIOBaHUSL.
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Abstract. Increasing the effectiveness of vibration-based diagnosis is carried out by developing new approaches to
assess the technical condition of equipment. The effectiveness of the use of a scalogram as a tool for condition
monitoring of equipment is estimated in the article.
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BBeaenue

BubpoakycTuueckass AMarHOCTHKa OOOPYZOBAaHUS COKpAIlaeT 3aTpaThl Ha AKCIUTyaTallulo U
PEMOHT TIPOMBILICHHOTO OOOPYAOBaHHSA, a TaK)Ke CHIDKACT PUCKH aBapuil Ha TPOHW3BOACTBE U B
TpaHcropre. JlanbpHeiinee pa3BUTHE TEXHUIECKON AUAarHOCTUKU OCHOBAHO HA aBTOMATH3AIlMM aHAJIH3a U
NPUHATHS PELICHHUH, a TaKKe HHTETPalliy B OM3HEC-TIPOLIECCHI, U YeT0 HCIONb3yeTCs BEIYUCINTEIbHASL
TEXHUKa, CETH Nepeiaun JaHHbBIX, IIH(poBas 00paboTKa CUTHAIOB U TEXHOJIOTHH MAITUHHOTO 00yUYEeHHSI.

JInsg aHanmW3a HECTallMOHApHBIX CHTHAJIOB  IEJIECOOOPAa3HO  HCIIONB30BaTh — BEHBIETHOE
npeoOpa3oBanue. B cuiry MacmraOupyromumx cBOMCTB BeiBieTHOro 0asuca, OHO 00ecIeunBaeT THOKYIO
CBSI3b MEXJy YaCTOTHBIM W BPEMEHHBIM pazpemnieHneM. CkanorpaMma IMO3BOJSIET OCYIIECTBUTH TTOUCK
OCHOBHBIX PE30HAHCHBIX YaCTOT MCCIIEAYEMOTO CUTHAIA. JIaHHBIE YaCTOTHI SIBJISIFOTCS KBa3HITOCTOSTHHBIMU
BENIMYMHAMH, OIPEICISIEMBIMA  TOJIBKO KOHCTPYKTHBHBIMH OCOOCHHOCTSIMH ~oOopymoBanust [1].
COBOKYIHOCTh PE30HAHCHBIX YaCTOT U3MEHSIETCS BCJIEACTBUE JCTPAAallii, PEMOHTAa 000PYAOBaHHS HITH
3aMeHBl HEKOTOPBIX ero yacTtedl. KoHCTpYKTUBHBIE M3MEHEHHS TaKKe MPHUBOIAT K NepepactpeieIeHHIO
SHEPrHHU (MOSBICHHIO HOBBIX PE30HAHCHBIX YaCTOT, YBEIWYECHHIO WIIM YMEHBIICHHIO YAEIBHOTO BKJIAJIA
CTapbIX U T. 11.). TakuM 00pa3oM, MOHUTOPUHI PE30HAHCHOW KapTHUHBI 000PYOBaHUS MOXKET MO3BOJIHThH
00HApYKUTh pa3BUBAIOIIUECS EPEKTHI €r0 JIEMEHTOB.

B nanHoii pabote onieHnBaeTcs 3P YEKTUBHOCTD UCTIONB30BaHMS CKAJIOTPaMMbl KAK HHCTPYMEHTA
MOHHMTOPHHTA PE30HAHCHOH KapTHHBI 000PYIOBaHHS C U3MEHSIOIICHCS CKOPOCTBIO BpaIlleHHs Baja JUIs
OIICHKM €ro TEXHWYECKOTO COCTOSHWS. B craThe mpeicTaBieHbl pe3yibTaThl MPOBEJCHHBIX
IKCIIEPUMEHTOB.

Teoperuueckuii aHaIU3

Knaccuueckuii 4acTOTHBIM aHAmM3 OCHOBaH Ha wMccienoBanmm curHanos  S(t) € L?(0,2r)
IpH IoMoIu mpeobdpaszoBanus Oypbe

§(f)= T s(t)e>™dt . (1)



I[aHHLIﬁ moAXoa IIO3BOJIACT ITOJIYYHUTb MAaKCUMAJIbHO BO3MOXHOC€ YaCTOTHOC pPa3spClICHUC

BCJIGICTBHE TOTO, YTO SPO MpeoOpasoBaHMs € 2 He JOKATM30BAHO BO BPEMEHH. JTO OOCTOSTEIBHO
nemaer mpeobpazoBanne Dypbe NMpeKpacHHIM HHCTPYMEHTOM JUIS HM3YYEHHS IIPOIIECCOB, CBOWCTBA
KOTOPBIX HE MEHSIOTCS BO BpeMeHu. OIHAKO 3TO SBJISETCS W CYHICCTBCHHBIM HEIOCTATKOM IIPU
WCCIIEIOBAHNN UPPETYISPHBIX (PYHKIWH, CBOWCTBA KOTOPBIX OBOJIONHUOHAPYIOT BO BpPEMEHH.
Jns ycrpaHeHHs JaHHOTO HEOCTAaTKa MOXKET OBITh UCTIOIB30BaHO MpeoOpa3oBanue ['abopa

@ (t-tg)?

GT(f.t,0)=[s(t)e < e”"dt. )

OkHo mpeoOpa3oBanus ['abopa B MPOU3BONBHOM ToYke to MMeeT (PUKCHPOBAHHYIO MIMPHHY,
ompeAeseMylo mapameTpoM o. OGQeKTHBHAsS JUIMHA OKHA OIPEACIACT BEIMYMHY BpEeMEHHOro At
¥ yacToTHOro Af paspemienus, npuyeMm
AfooL | @)

At

U3 (3) cnenyet, uTo npu ucmonb30BaHuU mpeoOpazoBanus ['abopa Bo3HUKaeT mpobiiemMa BeIOOpa

ONITHMAJILHOM HIMPUHBI OKHAa BO BpeMeHHOW oOiactu [2]. J{ns ycTpaHeHHs JaHHOTO HEJOCTaTKa IS

nccenoanns curaanos S(t) € L (R) mcnonbsyercs BeiiBIeT-Ipeobpa3oBane
1 7 . t-Db
W (a,b) =5 [ sOv’ (=), 4)
o™ = a

rae ' (t) — BeiiBieT-QyHKIUS; @ — MacIITaOHbIH KO>()QULIMEHT, KOTOPHIH ONpEeIIeT pa3Mep Beiipnera; b
— CIIBUT, 33/IaI0IINH BPEMEHHYIO JOKAIH3aLUIO.

AHanM3  pacmpeneNieHHMss OSHEPTUH IO  YaCTOTHO-BPEMEHHOH  IIKaje  OCYIICCTBISICTCS
Ha OCHOBE CKaJIOTPAaMMBI, KOTOpast JUIsl TUCKPETHOTO CUTHAa MOXKET OBITh 3alncaHa Kak

S(a.b;) =W, (a.by)[ - 5)

B nmanHOl craThe A pacdera CKajJorpaMMbl HCIONB30BaH BeitBmer Morlet, oGmamaroruii
MUHHUMAJIEHBIM YaCTOTHO-BPEMEHHBIM paspericHueM [3]

\V(t) _ e—t2/4ei2nt . (6)

Jns  MOHWTOpWHTAa pPE30HAHCHOH KAapTHHBI OOOPYJOBAaHHSA  IEJIECOO0OpPA3HO  IMEpEeuTH
OT cKajorpamMmsl (5) k ckeimorpamme (7) u ckeitiorpaMMe, HOPMHPOBAHHOM IO YHEPTETUIECKOMY BKIIATy
(8). CkeitnorpaMma sIBJIsIeTCSI aHAJIOTOM CIJIAKEHHOT'O CIIEKTpa MOILIHOCTH B KJIACCHYECKOM YacTOTHOM
aHanmuse. o ympomeHWs aHanm3a  OCYLIECTBISCTCS Iepexo] OT CeTKH MaciTaboB @

K ceTke gactoT f [4, 5].

>8(f, -k, b))

J

Sc(f,) = N , (7)
1 Sce(f)
k, RMS(s(t))"

rie ki — koadbpunuent koppexunu cetk yactot f (Kri# 1 a7t BeWBIETOB CO CMEIIEHHBIM SHEPTETHIECKIM

SCE(fi) = (8)

nentpom, st Morlet ki =1); N — konmuectBo macimtaboB anst ycpeanenust [5]; ka — xoaddurment
KOPPEKIUH aMIUTUTYAHbIX KodddunuenTtos (ust Morlet k, =1/ J2); RMS(s(t)) — cpennexsanpariaeckoe
3nauenue curnana S() B muamazoHe n3MepeHHid.

Mertoauka IKcIIepMMEHTa

HctounnkoM  BHOpAlMOHHBIX  CHTHAJIOB  SIBJSIETCSl  TECTOBBIM  CTEHA,  COJEp KAl
anektponBuratenb AMP80B6 ¢ dactoTHeiM ympabimeHneM. OOBEKTOM aHaaW3a SIBISETCS POJTMKOBEIN
nogqmunHUK 6213. Curnanel BuOpauuu noiydeHsl B ¢opmare WAV-(aiinos, CHATBIX NpU MTOMOILU
onHokaHabHBIX |CP-matunkoB B&R (uyBctBUTENnBbHOCTE So = 100 MB/g), mameputensHblil nuana3oH
Fr=0...10 k['u. JIns mpoBeaeHUs SKCIIEPUMEHTa UCIIONb30BaHa BhuncuTeNnbHas cpeaqa MATLAB.



[Ipoananmm3upoBano 62 peanu3alud IS TOAINIAITHUKOB B HOPMaldbHOM cocTosHUH u 108
peanuzanuil JUIS TOJIIMIHAKOB ¢ jAedekramu. B cuily orpaHuyeHud cTaThbd HIDKE IPEJCTaBICHA
HeOO0JIbIIAs 9aCTh 3TOW BEIOOPKHU.

Lenbto 3KCTIEpUMEHTA SIBISIIOCH:

a) OICHKA WHBAapHAHTHBIX CBOWCTB CKEHIOrpaMMbl BHOpOCHTHaTa B  3aBUCHMOCTH
OT U3MEHEHUS pexrmMa paboThl 000PYIOBaHNUS;

0) olleHKa BO3MOKHOCTH NMPUMEHEHHUS CKEHIOrpaMMBI B Ka4€CTBE METPUUECKOTO NOKa3aTes s
MOHHUTOPHUHTA TEXHHYECKOTO COCTOSIHUS IPOMBIIIICHHOTO 000PYI0BaHHS.

CkopocTh BpallleHusl Baia U3MeHsIach B quana3one S = 270...975 o6/MUH 10 THHEHHOMY 3aKOHY
(puc. 1, 2). 3HaueHue CKOPOCTH BPALICHUSI POTOPA TECTOBOTO CTEHA KOHTPOIMPOBAIOCH MOCPEICTBOM
WHIWKATOpPa CHCTEMbl YacTOTHOTO YIPaBJCHUS BJeKTpoMoTopa. [y cpaBHEHHs CKeorpamMm NpU
Pa3INYHBIX CKOPOCTSX BpAIlCHHs BaJla HCIIOIh30BAIKChH PealTU3allvy JITUTEIbHOCTRIO T = 60 C.

Pe3ynabTaThl 1 X 00cy:KIeHHE

Ha puc. 1 mpencraBnensl pe3ynbTaThl SKCIIEPUMEHTa IO U3MEHEHUIO CKOPOCTH BpallleHUs Baja
TecToBOro creHaa. CreKkTporpaMMBl HCCIIETyeMOro CUTHajIa peICTaBiIeHs! Ha puc. 1, a, 6. VI3menenue
3HAaYEHHH 4YaCTOTHI OCHOBHBIX CIEKTpambHBIX KoMIoHeHT K*FTF u n*F1 (puc. 1, @) mpoucxomur 1o
JMHEHHOMY 3aKOHY, COOTBETCTBYIOLIEMY 3aKOHY HM3MEHCHHS CKOPOCTH BpalieHus Banma (puc. 1, o).
HawuGosee BoIpaXeHHBIME PE30HAHCHBIME YacToTamMu B auana3one Fr = 0...7 k' sBisitorest f1 = 1,3 k[,
fo=3 k' u f3= 5 k' (puc. 1, 6). CkamorpaMmMa HCCISIYEMOTO CHUTHaIA TPeCTaBlIcHa Ha puc. 1, 6.

3HaueHus PE30HAHCHBIX YaCTOT 060pyZ[OBaHI/I$1 HE 3aBUCAT OT CKOPOCTH BpallCHHA Baja
(puc. 1, 6, 6) W ONPEHCHSIOTCS KOHCTPYKTHBHBIMH OCOOCHHOCTAMH 3ineMeHToB [1]. Onnako
UX aMIUIMTYAHBIC 3HAYCHUS TPH HM3MEHSIOMICHCS CKOPOCTH BpAIlEHHs HE SBISIOTCS TTOCTOSHHBIMU
BenmuuHamiu (puc.l, ).
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Puc. 1. YacToTHO-BpeMEHHOE MPEICTaBICHUE HECTAI[HIOHAPHOTI'O CUTHAJIA!
a, 0 — CHCKTpOFpaMMa; 6 — CKaJ'IOFpaMMa; 2 — 3aKOH U3MCHCHUA CKOPOCTU Bpalll€HUA BaJia
s nccnenoBaHus MPOLIECCOB MepepaclpeeNieHus] SHEPTUU MEXy PE30HAHCHBIMU YacTOTaMHU
IpM M3MEHEHHH CKOpOCTH BpallleHHs HCHOJb30Badach cKeimorpamma SC5, HOpMupoBaHHAs MO
sHepreTrdeckoMy BKIany (8). CpaBHEHHE TPOU3BOIMIIOCH HA MTOAMIUAITHAKAX B HOPMAJILHOM COCTOSTHUU U
C BbIp@KCHHBIMH jieekTamu (puc. 2, 3).
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Puc. 3. HopmanpHBIi NOAIIMITHUK IPU Pa3IMYHBIX CKOPOCTAX BpPAILEHU !
a — CkeisorpaMma; 6 — SHEpreTHIECKUH BKIIak

YucieHHOE CPAaBHEHUE CKEHIOrPaMM MPOU3BOINIOCH B TEPMHUHAX

1) pasuuna koaddurmenra koppessuu (correlation coefficient difference — CCD);

2) pasuuiia sHepreTrdeckoro Bkiaaaa (energy contribution difference — ECD).

Pazuuia ko3 durmenta KOppesIiuyl BHIYUCIACTCS KaK
CCD(5,,) =[1—corrcoef (Sc(f,s;),Sc(f,s, - (1+8,, /100))]-100 %, 9)
rae Sc(f, Si) — ckeitmorpaMma CHMTHama MPH CKOPOCTH BpAIEHHUs Baja Si, Oy — MPOIEHTHAS pa3HMIA
B CKOPOCTSIX BpaiieHusi Baja, COrrcoef(Sci, Scj) — koaduimeHT Koppensiuu AByX HOPMHUPOBAaHHBIX
ckelnorpamMm SCi u SC;j.

Pa3HuIa S3HEPreTHUECKOro BKIIa1a ONpeIeNieTCs Kak

ECD(5,,) =|Sc®(f,5,) —Sc*(f,s;- (1+8,,/100))-100 %, (10)

rae ScE (f, si) — ckeitorpaMma, HOpMUPOBAHHAS TI0 YHEPIETHIECKOMY BKIALTY.

W3 Tabn. 1, 2 ciaemyer, 4To CKEUIOrpaMMbl CUTHAJIOB C BRIPAKEHHBIMU PE30HAHCHBIMH YaCTOTAMU
MEHEe  TOABEPXKECHBI  MCKaXCHUSAM  HpH  CMEHe  pekuMa  paboThl.  DOTO  BhIpakaeTcs
Kak B 0Ooyiee BBICOKOH KOpPPEIUPOBAHHOCTH CKeimorpamm (Tabn. 1), Tak ¥ B MEHbIIEH pa3HHUIS
B DHEpreTuueckoMm Bkiane (tadm. 2). OObSCHEHHEM AaHHOTO (akTa SBISETCS YMEHBIICHUE YACTbHOTO
BKJIaJ[a IIIYMOBBIX COCTAaBJISIFOIIMX B OOIIYIO SHEPreTHKY CHUTHAIA HPU HATUYMU JeeKTOB 3meMeHToB. C
YBEJIMYEHHUEM TTPOLIEHTHOTO OTKJIOHEHHSI CKOPOCTH BPAIIEHHS Balla OT HOMHUHAIIFHOTO 3HAYSHUS pa3HUIIA
B DHEPreTUYECKOM BKIIAJIE OT/IEIHHBIX KOMIIOHEHT BO3pacTaeT.

Jauubiii  (hakT 3aTpyQHSET HCIOJNL30BAaHUE CKEHIOrpaMMbl KaK HMHCTPYMEHTA MOHHUTOPHHIA
COCTOSIHHSI 000PYI0BaHUs C CUIIBHO U3MEHSIONIEICS CKOPOCTBIO BpallieHus Baia ( §,, conee 10 %). [Tpruunoit
SIBJISICTCS. YBEIMYCHHE 30HBI HEONPENEICHHOCTH JUISi YCTAaHOBKM MOPOTOBBIX 3HAYEHHH M, KaK CICIICTBUE,
MEHbBIIIAs YyBCTBUTEILHOCTh CKEHJIOrpaMMbl K H3MEHEHHSM B COCTOSHHUM oOopymoBaHus. OmHako
CKeMyorpaMmMa MOXeT ObITh A(PQEKTUBHO WCIONB30BaHA IS JUArHOCTHUKH OOOPYHOBAHUS C MeEIJICHHO
MEHSIOIIENCs CKOPOCTBIO BpallleHus Bana (8, Menee 5 %). B kauecTBe mpumepa Ha puc. 4 NpHBEIEHBI
pe3ybTaThl MPUMEHEHHUS CKEWJIOrpaMMbl JUII MOHHTOPWHTA COCTOSIHHS TOMIIMITHUKA KadeHus 6213 B
npezenax GUKCUPOBAHHON CKOPOCTH BpalleHus Bana ( 8,, Mexee 5 %).

Ta6nuua 1. Pazanna ko3gduunenta koppeasuun



o

Scalegram, mis®
w =

N

Frequency, kHz
a

Scalegram Comparison. $=900 rpm

L
,
’
I
l
i
/
!

—B ]
— — ~NORM

~
o
o

o
=]

&
=)

w
=]

8]
=

3 4
Frequency, kHz

o

Energy Contribution Comparison. $=900 rpm

0 1 2 3

4

Freauency, kHz

3

4

Tun CCD (1 %) CCD (5 %) CCD (10 %) CCD (20 %) CCD (50 %)
SJICMEHTA Makc. Cpen. Makc. Cpen. Makc. Cpen. Makc. Cpen. Makc. Cpen.
HopmanbHblii 0,4 0,33 1,32 1,08 3,1 2,8 9,61 8,14 35,56 24,6
JedekrHbrit 0,11 0,08 0,14 0,10 0,44 0,40 0,85 0,75 4,52 2,65
Ta6mmna 2. Pa3HuIia JHEPreTHYECKOro BKJIaAa
Tum ECD (1 %) ECD (5 %) ECD (10 %) ECD (20 %) ECD (50 %)
SJICMCHTA Makc. Cpen. Makc. Cpen. Makc. Cpen. Makc. Cpen. Makc. Cpen.
Hopwmanbubiit 0,65 0,65 1,53 0,84 4,08 1,87 8,07 4,32 21,94 7,53
JedekrHbrit 0,43 0,43 1,12 0,63 3,83 1,64 5,57 3,72 14,98 4,30
a5 Scalegram Comparison. =750 rpm 0r Energy Contribution Comparison. S=750 rpm
o, 25 \ § 50
£ | 3
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8 2
Puc. 4. Pa3Burne nedexra e kaueHus: a — ckeimorpamma (S=750 06/mMuR); 6 — sHEepreTHyecKuid Bkiax (S = 750
00/MuH); 6 — ckeiorpamma (S = 900 06/MuH); 2 — 3HEpreTHYecKui Bk (S = 900 06/muH)

Ckeitnorpamma  SC®  mosBomseTr  ompemenuth  «IpaiiBephl»  pa3sBuTHA  1e)eKTOB,
T. €. Pe30HAHCHBIE YacTOTHI, Y/CIbHBIA BKJIAJ KOTOPHIX 3HAYHTENILHO yBennumuBaeTcs. Ckeilorpamma,
HOPMUPOBaHHAs 0 SHEPreTUYSCKOMY BKIJIAy, ONpPENessieT UCTOYHMKAMHK jJedekTa mommminHuka 6213
pe3onancHble 4acToThl f, = 3 kI'iy 1 f3 = 5 kI'11, yBeMuuBIIHE CBOI SHEPTeTHIESCKHIA BKJIa B CPETHEM Ha
5 % u 27 % cootBercTBeHHO (pHc. 4, 6, ). Kaxaas u3 0003HAUCHHBIX PE30HAHCHBIX YaCTOT COJCPKUT
crnekrpanbHbie cocrapisione K-FTF, k=1..5 u 2n-BSF,n=1,2. /lanHblii maGiioH yKa3bIBaeT Ha

HaJIM4YMe BHIPAKEHHOTO JedeKTa Ten kaueHus. Kak mpencraBineHo Ha puc. 4, a, 8, CIIEJICTBHEM Pa3BUTHUS
nedexra MOIINITHAKA CTaJo ITOBBIILIEHHE 0011ero YpOBHS cUrHaia
1, CJICTIOBATEIHHO, OOIETO YPOBHS CKEUIIOTPaAMMBI.

3aka0ueHne

B crathe mpuBeneHa OLEHKa BO3MOYKHOCTH HMCIOJIB30BAHHUS CKAJIOTPaMMbl BUOPOCHTHana Kak
WHCTPYMEHTa MOHUTOPHHTA PE30HAHCHOW KapTHHBI 000pYy10BaHUA. DKCIEPUMEHTAIFHO YCTAaHOBJIEHO, YTO
HanOoJIbIIyI0 3 (PEKTUBHOCTH MPETI0KESHHBIN METO/] AEMOHCTPHUPYET Ha CHTHAJIaX 000pYI0BaHMS CO cl1abo
MEHsoLIelcs CKOPOCThIO BpallleHus Bana (3,, MeHee 5 %). B pesynbrare ckeiorpaMmy HpeUIokKEHO

UCIIONb30BaTh KaK HMHCTPYMEHT MOHUTOPHHTa W KaK METOJl BBIICNEHHs HaubOosiee WH()OPMAaTUBHBIX
PE30HAaHCHBIX YacTOT 000pynoBaHusl. JlanbHelue ucciaeoBaHus IpeaaraeTcst HalpaBUTh Ha pa3padoTKy
METOJIOB PACIIMPEHUSI MPOCTPAHCTBA WH(POPMATUBHBIX NPU3HAKOB IS aHAJHM3a PE30HAHCHOW KapTHHBI
000pyIOBaHMs, a TAaKKe Ha pa3pabOTKy YaCTOTHO-BPEMEHHBIX MOJIEJIeld Ha OCHOBE BEHBJIET-aHAIM3a IS
OIIEHKH TEXHUYIECKOT0 COCTOSIHUS 000pyIOBaHUSI.
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