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1. Introduction

Rolling bearing is one oftompesndiratsino dermrd crmmemroam i
equi pment.cdheéhasbtmali tfh c aonnt tihnef | ouveenrcael | operational
rotating machinery, especi alsl yhsqgaepm! ex amerc hbaongii ceasl,
engiwiersdr btjanuetso me b g lasnetlsa r emg i nes . Therefore, ti mely
diagnosis i s an pfloedtnipy @ nmean snatccd i anveo iddbwnt i me, pr e
njuryprenmdaiint enan@er feddd cdefneyt s i n bearing compc
palling, pittexaidgeed idrn vmp d Ir aefsti essm tvt ihber ateiaon nrgeds p o
i gaabd, t hey taor ei ncprlietmecnadigmg’s Hawletv er |, dame rteot itnhge ha
ondi,ttéapsetr anfsatesartes oci dtead iwmigtursa@alubymearmge d in str ol
nd complex intehéaviadeyehitdies ed,e tvelcitodmm | amyd f hiuddnos
articular, rail way axl e bearings,todhiose nathiras i @mc

ompl ex compositions. Trhudsy niasni batbhysal oaml wdye trraall

< O T 9 O n u

i bration signals measured on axle boxes that typi
rregulariti&s (dri )t rvd dk adefoectni se induced by conn
raction motofs (anmdtigewrm bbokee e-xodiotuedh Imys c whheeeell ou't
pol ygon, fslcatdt®hase andf avorable factors | ead to ch
rail wby aa X Ihes eeffofreec,t i voer meetchhondsques for radcdweci ng int

—_ —

measured Vvibration s‘irghatedwhebhetuerbanekdgtbabktapp
di agnosis of bearing faults.

Fortumwat ébleyas d nnigt fdmaeghods shave WwWieeh ektladbl phed
f eatemtheencaménnoi se cancell ation capab, |l sucks asf S |
envel opédarmdliwslivamigBO)Pnadapti vieoltgcempobhastic reson
14 'Morphol ogi tPadndimoedul atgi’d nAnboinsgp etcht @ suBDinsateh od s,
advancwidd ampiipar seetilean enwedehnotd f or fault diagnosi s o
l'ts basic prriiamcii mheeriss off ot ledeeo n &€ p e U @ tmipusé <taruasresdi ebnyt
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bearing defects from thepmpeapbjadts oghmielrebtair@epttiwoi z

populeareo®&ot vinver se filters: the objectiect dodruncti on
al gorithAm2}(dEW\)requires that the objective function
it is Ineotf sruidalbving the daeicfofnerod nuttii aml e r ceyjAeant iovf e r
can give equivalent filter coefficients and there
di fferentiable or not. Thewmndforéhanhdwhaetaehhde OF#mag e
two other met hods for solving inverse filters hav

optimization (logdreirt tompg iamdre aanldoo@ elaee rearhplzeeyde ds)pher i ca
transf dramaetdi offed®hddt he convoawunbagad PtahBlke slee

schemes extend ¢$hef sdeaobhovol meitbemdpompl é sty wdi | €h
opti mipzetciesrs i s increased compared with OFM and EVA

Mi ni mmnmr opyl WteicomWMaMED)kurt osi sunadg itome iBdb jaec teiaw d i
met hod appliedcihimenlt fdeBEYHobe wer ealiudtyoxifd eict ed
random transients or outliers in the siigmhe, causi
vi bratitomatsi @ame lbuenarreibnag & sle nt lnamapea ithleirteypet i ti ve tran
recovsearryiBeDmeofhods with i mproveaevmdofwdramarbcee dh avvi ed ebde ¢
into two categories fjreamtitvhei fppeokstpeecp @ vied tdod o rt heh aorl
f r equenndceyp eemdde nitmpul se peri od odrepemaréade efrorsmerc ds e
metrcompdt fr otm meheor f maigiudeenpeeyn d d iéEmp ul s e period o]
characteristic freguencgormwso ltuhtei oenbpjrésducirhrB@aesh ud ct i on
s ati2smpal s¥ nreorvre |l ope spect $%u ng esnpearrasliitzy® diG nLdpi/ cLagt onrosr r
i ndeGdI®nd -Box spar séNaneea stulraets MED al s ol hfeaslel smeitnhtood st h i
can adaephiatvredernysi e i dfdée abecua reisbg at i ,bustesme naflasgy hem
noper fwerinh t he presence oforstotomagr riamtdemf drriamg i ROt S¢€
single impulse or a few ITThpul atnmeteattsedsamawyl e edn f
ti mer eogguefncy doehayi ityhpuhat period or ach arhdd toerjiesct i ¢
function of deconvoluti“dPnmDbsoicdin hartomoaired*an &tdi kur t
indicato-or dér seygolftsuttaotcioarmraerliattyi on i mp dJdaverragremoni ¢
kur t*dsorsr el ated gencefaadli impedviepg/ cprmed mt ed*®general iz
These methods reodhuispiet i t edvreh & v edewefmaimtc e i n the preser
higmpl irtamdle m twiarhs itenirenphyelésped ol or characteristic fre
Howewédmren the impulse period or charadtenrnicstuiad fvad g
greatttlyey cannot eflésckepekeiyi vecovanst hat features,
di agnosis.paArfeceiammeno idkeevse |tohpeme pt | atalleé mBDlod ds
i hhe fmedHh mdry fault diagnosi s.

It is widely recognized that bearing fault signal
The objective functions coempourtiegdi falons itdrealt i amed diotnsa
mainly evaluate the i mpul siv®e¥n¥Es3, 36WHitlhe threemardomijge o
functions computed from the frequency domain (e.g
evaluating the cyclostati ¢dhd%’the ofebeériemyel aplet s:
sparsitytondéecaabrsycl ost afté asnwireittyi aolfl yb ebaergianng wiatuh
analysis. JBHIEE‘Fgizopaonsded to use the kurtosis of th
demodul ated signal instead of the kurtosis of the
Ant 6% ir oposed to use the anegamedoenygvéINEPe odnd of th
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spectrum of the signal to detect the i mpulsivenes
respectively. These are typical applications for [
Ma x i muonn-asredcer cycl ostationaritylibliangi deeenvabuBiDom
ai mi ng at enhandiyng baycliotsdt abh@pramidv € atbammd e oif o ns,e c o
cycl ost ateigaunarist w,he characteri skhowf@geeaecgomde i n
this | imit atli‘doenv,e | Poepeetee ribsh gentd a § &d tspre ca mvuandasgp at e t y

i ncluding NE, i b#d g ktlo( &hnglh athocyee rr epeti tive transients i
This work is the firthseptaomgatoproes eoft htehe dequ orfe dise my
as the objective funct iagenx goafti k@ wtl ce dgketh@a@f e ctalee | ¢ ¢ @
freguwenid e maintaining robustness tth#Di mpt*KFdesnoi se.
based on geqenmaramzde @Boxp /sipeaa sef es he squared envel ope

have been proposed and applied to fault diagnosis o

As mentioned above, sparsitiyumeaspres odreoeri thap a
frequency andknehmabcoebemebnetapit ngef ault features when us
for BD. I n addition to KNeathdsiGs$, ¢ & e e *dlcoiaz didtess g/ L o

reci pjocal also a sparsity measure commonly used to
bearing Theulgsmoowahmeagadbhydeoeech si®§n alnsdtpaitoissetsiscianlg
interpretation ixnttem@sndAi animeyp swa e %bd Dearftf ley einmttl ryq «

the smoothness index gradually decreases$? asheé he dat
modi fi ene mdsreoxot(hMS1 ) was proposed as anmabthuedrenat i ve.
range of [ O, 1] but also exhibits the BSaadkureol uti
appear. I n additi oni bitdhfiet MSal nlidipsmsdtIriagntgte ©,n tvihheiecshi B &t o

mapenor e suitable for the Thaeged oafe,r darhdorbetaramgi d ratu:
based owewkpdt hhishnwe bei gat ed

To estabhbhibhg f awedtthdidhtagonaséanhldafpatwletcdyetdi ti ve
transient feature@lsusmn t v er &@mdsaopm Irterda rosyi eérmtes4wor k of P
and Mi a’dt eBDmalt hods M3ilaed ondersd i gavel amhafsorpaper
enhancing repéhiet imae nt mawveilémntes and contributions
foll ows:

(1) oMShkequared isnypelooppsieed objective fuanthieown of de
BD met#dedidss achieve spaf sfeausl qu adrireaddd redsiges! nomgesme
squared envel oiBaD sv arashidfSibcvabtE-BoEN . a s

(2Nhe sparesrehdreddsnaaett & hfdreedq uteoncy domai n, and a ne
that takes MSI of s q tosrjeedc teinwealmephecsgjpoat,terdumnavyse | op e
spacatvioBaD wit mbMS®lev (SE&EtSED,)i asldeped t o generate spar
envel ope $®e adii ragym ofsotri ¢ s

B The i nverSEe8 DainRE 8BBmed fh otdlse f or emlaasdaame ntf eat ur
derived by EVA, r especdeicvoenl vyb h eatnrdd & sh ea rceo rgrievsepno nidni ndge

4 The effectiveness and advantages of the two p

experiment al data collectedi hgomeswordgé$fandnbyr aiol
several existing BD met hods.

The rest of thdsapapefll|l bwsstitoctSection 2, the th
briefly reviewed. Section 3 details ttiweo tpwm pmwrsemose
BD methods are validated using experimental signal s
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test rigs, respectively. Section 6 quantitatively
proposed BD met hocdosn.c |Fuisniaolnlsy ,o ft htehinsaipnaper ar e s umm:

2. Theoretical background

In this section, theidécashnvyaltbeodwend pryolal dmiied fien
BD methods for bearing fault diagnosi s.

2.Deconvelrobit emement

The targebf deconvolution is to restore the targeted signal composermtr to find an approximate
estimate of it from the measured signal by an inverse filterh 5% The deonvolution problem is
modeled as follows:

s=x*h Q)
where * denotes the convolution operation. The matrix foregoftion(1) is?44%

s= Xh @)
e ex] ALy - off  enfy

- TEE NS B () I (RS R I "
e ' é : : ' é :
é é é
gs[N-1] &N-1 YN -2 - N 4 (L]

whereN andL are the lengths of the measured signaland inverse filterh, respectivelyNote that
this paper uses the adjusted convolution definition proposed by McDonald and*Ztmavoid
introducing spurious impulsatthe start of the filtered signdhis adjustment reduces the length of the
filtered signal byL compared to the original signal but generally does not affect machinditgriosis.

The observed signal output by the sensor is usually a mixture of the content of interest and the
unavoidable noise as follows

X=C.* g, " g, 4)

where ¢, and c, representthe content of interest and the noise component, respectivednd g,
denote the effects of transmission padlssociated withc, and c,, respectivelyln actual industrial
scenarios, the collected machine vibration signals ustgally multicomponent signalsFor fault
diagnosis of rotating machine components such as bearings and gears, the content otintisrése
repetitive transients caused by local defects in the machine components. Due to the complex operating
conditions, thenterference noisec, usually includes background noise with approximately Gaussian
distribution, random ipulses caused by unknown shoeksl discrete harmonics causedgogentricity
and other factorg3353

Substitutingequation(4) intoequation(1), the deconvolution problem is expressed as:
s=(q*g 6+ gf h % (5)

Thus, deconvolution aims to design an optifiledr h to reconstructthe desired component,
while eliminating the uwaned componentc,. A schematic diagram of ttieconvolutionprocess for

restoring the content of interéstshown inFigurel.
2.Zypide@adnvoretathiocdbsarfddbmgnostics

Repetitive tr ardseantrsbolelamasgee ibnypul si ve and peri of
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cycl ost dmi oneasrpydresseet wticahalr act e rciastteigcoso,f etdveac onv ol ut i o
met hods have bmehsesgahiradhed i-shdepénddgopeunBsie and
peri oHaoadcfttrdeqq tdeerpeeyndent BD. The mai n cditfelgeowdinece bet
BD methods is whethesethbheebbpullesda veerfiumdkctoront he ch
freguesmsoyxi ated wilTyphi bebhridegohaal tti on methods for |
t heir ddeetpaicitseTdabke 1.

Source Transmission
component path effect
Content of R Measured  Inverse  Estimated
interest G > 8 signal filter signal
X —» h —» 3
Noise ¢, —> g,

Fi gdareSchematic di agrpmooésshe deconvolution

Tabl.e Tlypi cal metc focrod [buetairo nnagn dd itahgen dr @1 toiddj seacrt 9 .v e

Category Met hod Objective fulnverse fi
ME D? 8 Kurtosi s OF M
Opt i MEalF? D-nor m OF M

Blind fibheNE L2/ HbfancEVA
envel ope s|squared enve
sparisidtiydat
|l mpul sé Masxnium Gi ni GI todequar ed EVA
characte deconvdlGU D an@l tcdseqpu e d
freqguenc andaxm mum envel ope spe
independ envel ope s|
index decol
(MESG)BH
Bl ind filt«(Boxox spar seEVA
Bo£ox spar:of the squar
meas & es spectrum

Maxi mum coiCorrel ated kOFM
kurtosis di
(MC K D%?°
Mul ti point Mul tniorDm OF M
mi ni mum en:
| mpul se ‘
deconvol ut |
characte
(MOME D A}
frequenc ‘ . .
Sparse maxiHar motna @ igsaet i OF M
dependen o
har metno cciss e
radieconvol
( SMHD)
cycBb! Indi cat or-orod e EVA

cyclostation
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ThEBD met hods that are independent of impulse peri

extract transient features in the signsaolmethiutest he f
seriously admpelcitteudd eb yr impahnmg t tr lae so lejne st. i ve functions
Gl is more robust to mMmN&ndo2n H I aandtieebratissg dtGHBaDn nkeut rhtoodssi
may be more effective in the presence of random
detectabilldwer otfhaGl tikaBu nafer k mrot s s Md e dvware,ncreai | w
axle bearings serve on bogies that run dynamically
usually compdaEckignoundt nmtaagddomntdr ansi ents from track

track defectad.l eTHeaxd oursf anagrbaaese BDheet hioldsr e nofl e GE
bearing faults.

Aided by knowledge of i mpulse period or character
presented by MCKD, MOMEDA, S MHDn ga ncda pGaybhChBaDn tegx htiob i t
petitive tnansyemeateatmeas signals. Among such m
ckground noise resistibility compared to MCKD, MO
nction compuerdy fdomaitrh.e Howawer , these methods a
riod or characteri sti canfdr ecgue nocrylr ya sre eéaind misvriep witanppual re
atures of the s pelchiefatfeedr lgpenrceemte nd i a @ noe grimdicc ep e r

ch menéhodesegrabedi mhese phrraditeegueanccy s inaccur
addition, due to the frequent acceleration and
eel set often fluctamd eshamalcttdrei 9tmpal fsree peenoyd of
obtain accurately. The stehBaDn anedtithteatls | irem pf yal ceteo rpse rmaoyd coa
characteristic frequency to fail when diagnosing ax

q
>S5 € ® O € 9 O O

- n 5T = o =

=
=

3. Blind deconvolution driven by modified smoothnessndex

I'n this section,t hdleamett hdoecdbovobot vongprobl em i s
then two propbasddBonmadteBddsd SBES are el aborated.

3 X0l ut i odn Mebtalsdeedc onvol uti on probl em

MS | requires the i-npgatisegqueHowet®r ,bet meonampl i tu
bearing vibration si gvnealasn da rnee ggaetnimwedhl |l Tyh erpetfrhoartgqosn at
usually persfigmnmeagdeonoaet he fMSrikka scead caund atthengdemodul ati ol
of the Hilbert transform, the squared envelope and
t he bearéehagtubrdewst ebautt alesgoath avvee lammgdl dictisui dodme. MS | of 't he
squared envel ope and the MSI of the squared envelop

deconvolution, respecti veilfyfewbhimbhabhkatdhdto OMSM daenm
be used t-basedveedMShvoFaoatti omatpelop,! etmsi.s BpYA bl em can
ThusEVA is adopted to solve the inemrehizmg fbhdadreirrsg of
fawledt ated features.

325 uared sp&es$ ohiba athnidomecomoedi Ut ednsmobobhhness i ndex

The objedtve function of SESBD is the MSI of the squared envelopeéhich is dedicated to finding
an optimal inverse filter to maximize the MSI of the squared envelope of the filtered sgnakhieve
a sparse squared envelopased orequation(2), the squared envelope cands@ressed ag-34
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SE=|¢" #XK§* diag($) Xt 6)

where the T&oumpeprseg e mptts At he t r ahe 8%l of thesquarfed eavelopect or or
is defined as:

VO s
MSI =1 ?N—l[d ()
— § SH
N & SE ]
The numerator and denominatoremfuation(7) can beespectivelyformulaied as:

_ a,N/ A" se A 0
«N}o " SH r = SE' dia aeC;ET;SIEE[d c-)E ®)
9 -

13 SE[ ] = SE' dia%\l—é 1 QE (9)
Ngl - ¢ |SE| g

Thus,equation(7) is expressed in matrix form as:

SEleag"’é\l J“O n=1 SH %

SE' SE

MSI =1 9 _ _
SE'dia ‘%é BE
e @ (10
10
=1 NQO!sH1] 3
SE diag - T SE
&SE| SE' SE T
_ ¢ = _SE'WSE
SE'di a1 6E SE'W, SE
ial :
%se) &
where W, and W, ar e dti wgmataisa,s f ol | ows:
é a AN
b gl NGO, sH
I 1~ Iag T
1 &SE| SE' SE
I ¢ (11)
}W d'agé 12
Tw, = di .
P ¢TSE| ¢
Substitutingequation(6) into equation(10), the following expression can be obtained:
~ hTXTdiag(s)Wdiag(§) Xh h'R,,h 12)
- hTXTdiag(s)V\lzdiag(sT) Xh h'Ry,xh
where Ry, x and R,, , are two weighted correlation matrices, as follows:
f wx = XTdiag(s)V\{diag( §) X 3
I
T Ranx = XTdiag(s)V\édiag( §) X

Equation (12) is a generalized Rayleigh quotient whose xinaization with respect toh is
equivalento solving the maximum eigenvalaef the generalized eigenvalue problem as follows:

8



Rewx D=/ Ry (14

The maximun eigenvalue obtained bgguation(14) corresponds to the maximum MSI and the
eigenvector corresponding to the maximum eigenvalue is equivalent to the dptierakfilter h.
However the optimaffilter h cannot be achieved directly bguation(14) because theomputatiorof
Rawx and Ry, requires an initial guessf h. Therefore, he equivdence between theaximum
eigenvalue» and t he e xhHe optimal hiyican only be achieved by an iterative algorithm
Based on the aforementioned theories and derivat&ofi@wchart of theSESBD method for bearing
fault diagnosis is depicted Figure2. The implementation procedure SESBD is described as follows

@earing vibration signaD

Set the filter length and Iterative optimization
iteration stopping criterion
e

}

Calculate s, W, and W, using X| |
and guessed it

l

Compute Rxw'x and R-V'*z‘"

I
I
. e I
Estimate an initial guess for the I
I
I
I
I
I
. . . I
Obtain the optimal inverse | using s, X, W, and W,
I
I
I
I
I
I
I
I
I

inverse filter &

filter & l

l Solve Eq. (14) to get the
Generate the optimal filtered updated inverse filter

signal using X and optimal &

:

Perform envelope spectrum
analysis on the filtered signal

@earing fault diagnosia

Figar eFl owc HS&ErBtDmef hokdef or bearing diagnostics.

Satisfy the iteration
stopping criterion?

No

Step 1 Collect the vibration acceleration signal of the monitored rolling bearing.
Step 2 Set filter lengthand iteration stopping criterion.
Step 3 Estimate an initial guegsr the inverse filterh .

Step 4 Calculatethe filtered signals using X and guessedh, thencalculate W, and W,
using the squared envelope

Step 5 Compute R,,,x and Ry, using s, X, W, and W,.

Step 8 Solveequation(14) to get the eigenvector corresponding to the maxireiganvaluei.e.
the filter h.

Step 7 Return to Step #b further optimize the inverse filteising h updated inStep 6until the
iterationstopping criterioris met

Step 8 Generatahe optimalfiltered signal usingX and optimal h.

Step 9 Perform envelope spectrum analysis on the filtered signal to diagnose bearing faults
9



I'n thisi sitwidy!l, ¢gdarreses &odhitbkhyedistveni ng filter, which

strateg?® Odhed imitial filter can atbteeanruiantge vtihber adteitoe
sighaladdition, a double criterion i se uesrerdort oo fs ttohpe
maxi mimgemrsoht aened by two consecutive iterations is
number of iterations is satisfied.

33.5yuared envesppeaiipiba f ndmdeconvol ution with modifi

The objedtve function of SESSBD is the MSI of the squared envelope spectruiich aims to
devisean optimal inverse filter to maximize the MSI of tbguarecenvelopespectrumof the filtered
signal i.e., achieve a sparse squared envelope spectrum

Based orequation(6) and discrete Fourier transform, the squared envelope spectrum is expressed
as?i34

SES= F'diag(s) Xr (15
al 1 1 1
é o1 .ok . K-1
& ¥ .. M L i
e
é : - :

F==¢ . - kn n(K-1) 16
R w9
€ N-L4 JK(N-L ) N k(K 3
%l. e-2/71 N-L 92” N -L 62 L

whereK is themaximumindex of the frequencsangeof interest in the squared envelope spectrum. The
MSI of the squared envelope spectrum is defined as:

MSI =1 K_V?KMSESU} 17
K%SES{ §

The numeator and denominator equation(17) can berespectivelyformulated as:

a
K U \ O k=1 Eq l}
Jo SEY k=SES' dia & SeSsES % (18)

9
1 X .a 1 08
—a SE =SES d ES 19
A SES R 8 = & (19

Equation(17) is expressed in matrix form as:

10



é ..’A K SE 6
SESTdiagaé< O,.SE9 § %ES

& SES SES
MSI =1 ¢ _
a 0
SEsTdiaggTSal?51 HES
: T (20
a q/" K 0
SESdiag® L - ° O,.,5e4 § $ES
@SES SES' SES  § SES W SES
= ¢ T =
SESTdiaga%—1 %ES SES W SES
where W, and W, ar e dti wgmatarli xes, as foll ows:
e é_ .. ’A K
EW =diagae 1 K OkZISEq l}
e &SES SES' SES
I ¢ (21
%W d'agé 1 2
W, =di 8
f grSEy 2

Then, sibstitutingequation(15) intoequation(20), theMSI can be further expressedfalows:
_ h"X"diag(s) FW,Fdiag(s") Xh h'Ry,h

= 22
h" X "diag(s) FWZFTdiag(sT) Xh h'Ry,«h #2

SR, = X'diag(s) FW, F'diag(s') X
Pron (9 i diagl < (23
’fR

o, x = X' diag(s) FW, FT diag( sT) X
Similar to equation(12), the maximization of the geneizd Rayleigh quotient iequation(22)

with respect toh is equivalentto solving the maximum eigenval@eof the following generalized

eigenvalue problem:

h=/ Ry, , h 4)

XW, X

R

XW,; X

Therefore, the eigenvectdn corresponding to the maximum eigenvabfeequation(24) is the
optimal inverse filtefor SESSBD. The implementation procedure®ESSBD is similar to that oBES
BD, thus the related description and flowchart are not given. The only difference between them is the
calculation ofthe weighted correlation matriceR,,,, and R, ,.In additon,due t o the need f
di screte Fourier transform, thSEPEBDcesemaft eoptl ymi zi

complicate8EBRan that of
34.Par ameter settings

Béore the verification SHES8DamBESESIh gnhbetset pengsr mhb
maiath gopiarlmet ers are di scussed below. The parameter

filter | ength, minimum relative error and maxi mum n
The filter | ength apoh aneapleyr faofrfmeacntcse tbhuet fael astou rteh e
efficiency of the algorithm. When théimel cam Ibengt
shortened, but it may not match the impulse respons
t of feeceinhafngguel t 1 mpul se features. However, when the
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can effectively match the i mpuleadafneelptonseatcanness,d
calculation time i s grheeatelfyf iicn cernecays eod, fvahuiladh dved aekcdn
l ength should be chosen as a compromi se. Based on t

s set to 100 in this paper.
The minimum relative error aned utsheed naox i sntuomp ntuhreb eil

procedure for optimizing the inverse filter. | f the
number of iterations is assigned too small, a relat
on t hrearcyanti t wi l |l greatl yobmpteci enazé nghé¢ heammpuo thaets iedny
af fectfifnigcitehrecye of fault detection. Therefore, basec
experiments, the mitrhiesou mumehaimbee efr ot eamdi ons ar e
and 30, respectivel vy, in this paper.

Addi ali,lbpy shocobenput @t imenalthe squared emuvealrepe spe
requwamady emphdytt o cal SEISEBD e bM&hvéehlreope speetrum i n
requency band is usedthe sgluauladt emaM®@d iotpled e pdefic $ tr Ipe
ofwr equency band, which conbaanbrthtaf afclttesti sftd wr fherq
empl oyed

—_— — o —h

N

. Case study 1

In this section, the axle bearing experiment al d
rail way passenger cars are used StEBDapS3ES$EBD t he f aul
ncluding outer race faul tt hhea ddtteocHtbisonorgt e l-oeffmenhef at h
haer t BD methods are presented fbltiwowompaltteonhngi hat
envel ope spectruMGIlsPpradESSGlIn i ndi sapapser met hedbl i nd f
baseMEonL2/ L1t lsegdi aldle dofenv el alpler eswieatt-B& i, ma EESHES N E
and BFHI respectively, for the convenience of distin

—_ —

4. 1. Experimental setup

The wheel set bearing tessts mia®ombps efdiumidaaya mansseng
wheel set with, ta&oiwvaiikcheg, tleoaardiinnggs devi ce aFnidgucroent r ol
3(@. hte albteltay i ng and a damaged bearing aTke iaxtall ed
bearings with outer race fault and tiodbhalnhgspeée @ednen
respedthievéloyx al damage on the surafradd i afi attHe B amgprl iamg
a deptmmodnd. &2 wi dt hhiobfi FOe.deB(lmemach ch Jgheéxh dr @almleit kg ,

el ement di ameter, contact angle and the number of |
187 . 22 6 mény, 12. 08A and 17, r ewgpmauntveed yab dAwne atclce | @&x |
to collect the vibration signal of the damaged axl €
l ength of each signal is 8192 data points.

12



Loadine device ™ (b)  Bearing outer race

Axle-box bearing ; wi Driving device

FigBrea) Wheel set rbaialrwayg peséblherurrargexdace of axl e beari
damaged rolling el ement of axle bearing.

4. Ax1l e bearing outer race fault

The vibration signal of thewax!| eolbleadttead | awtntathh @ a
speed rdfmi8a8Bs4 skhioginf.@)mhe fault characterisdé¢e frequel
i s dbloOuHzE i galfyki sptlhaey envel ofetdhpmpe btemaumng. exhpeer i ment
specteasatatd i haul t charfacft ebéarti cgnfdo @ tgese rhcagrcneond ¢s  ar
protr,udcgihogvi ng that the direct envelope spaetrum an:
t esaxelde bearing.

The propBbDmetd hbws ar e aapplsihddvglid fatemeh asbhogarrg ng
fault fTeathuirgehsl.i ghthcé heof pdrhfeorpnrasposb@ttdamertthods,
deconvolutiionnc| mdt h@QYIGHRBLS NEF , EBE21 BFMGI &nd
MES GlaDel applied to the experi ment ddee sadagmpaalr.i senr a
met hods empl oy the sameoppl hgrctienhgt hoahmidgsitdaeapronp
5and 6 tdhepfalftered signals antythdeffeedn®indpeosype
met hNatse that the amplitudes of the filAttesdédwni gnal

i Ri gbhden(de)nki geaf,e)a prominent i mpulse featusre can be
of MEBL-BFanMESG) Dwhil e the repetitive impul ses are
component s, resulting in the fault characteristic f

in the envelopEighpeap@dmnBhgad).dihms,, MESEBFEahd
MESGfhAtidet ect the outer ralcre daQYGBRBEHENEFhe ESHIle bear
BFMGI ,BEB8DanIIESBSDsuccessfully confir metpled ikkdarei ngnpad tse
can be observed itbhéesmetthdder eds gilgaled) Jiaanpndd
Figur,eeahda) and the fault characteristic frequency
can be easily detected in the d¢comghEé¢dENogndamdy envel o
Figur € fajh@pbA(l,t hough t he r epegthiftci)veriempnolree priomounced
i Figb¢ta) )and h(ee har méniwhifch quamklyg o) samd/ e(@fninio t

be detkicg®d@he fault detectioBDefifSescti mathireved thpyt S
BF as present edFiignd (Hi)geusree r5¢ sf U5 EaSnDisrhSESESDh art
effechhaddar iengef v @ tiumroceigssiybr at i on signal tatned accur a
outer race faAddi oiftohaex ltlewyob eparroipnods.itld smeohgeé® resi sti
random i mpul,s esSB RhhaE SIBE D

13



(a) (b) 0.2
3 3
2 2
= 2 0l
£ £
< <
1 1 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0 100 200 300 400 500 600
Time (s) Frequency (Hz)
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FigbGreiltered signal sobatradi bpedr fEavehbtopdespaebdblrati on met

vi bratginan of outer rac+€ bdamidet)d (XEERB)DNEBE )-NFE)SLLA)
BF -(EpHBF The r ed ndidstctaehde Ifianuel t <c har alcaarriisg icocu tfere qruaeemec ya

hawvoni cs.
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FigurerFiéltered signals and their envelope spectra obtaine
Vi brati on rsirgancael doaf maogued)dé) a XMGdc)idth e  ME 8 G€)D (SEHR )ag X h (
SESEBSD. The red dotted |line indicates the fault characteri

4. 2x1 e bearing rolling element fault

The vibratthea!| i gve dlhimmfg ed r o wlsa o gu ettheetheradt at i on al
speed of, 8abs6 exmiugde ae dhienf ault characteristic frequ
el ement f,54s8 .abbloltizt.e nv el opfe tsipecmttqulenr s mgnalkri gsrdi spl ay
7b). The -fabhted i mpul ses ar e healOnillyy tphodl nbuattfecd 2by i nt e
of the fault characteristic frequemhicyu(rbd wkhda arhi ng r
cannot accuratelyidgtelmmeratt hault of axle bearing.

The proposed deweynpetchiedcdomamboadploned ap the experi

signal Bihgpédrae)ae mh atnhteenp ufl esaetiunrdeuscle @ a bhiyng r offdulntg el e me
The filtered signals and their envelope spectra ach!
i Fi gsBBr eanNlot9%e t hat the amplitudes o0As tshhedvifrg itrer ed si
8 ar), a&md eGndunend®,( @aymi nentanmbeadabbegrved in the fil
sigwhli e the repetitive ilmpiud8sfele)f,e@)tdudFreagruddee9 bt ob
and, (dhly the fault characterfiasnd ci tfsg dlgasreamahyd co f 2 t h
vaguely detected, while oTlhese hrag snwinti £ si tdinmate bteh a-
ESL-BEMGI BnMESGI DRI ef t oc nihaaldhyempul sescheaedr dy rollin
el emenand aaurleg suscepti lplud stec § trH odwiegE SsNMBg-d @E.S H |
B FS E-B Da nSIE SBSDe f f e cetnihvaenhcge r e p eltsiet ifveea ti unrpeusa catnedr it shtei d a u |
frequencar iofg trheel Ibiefd reshameanni @ mdddtys dteed in the env
speofrahe fi,l thespeick iegd@hea) s ((fj)), ande Eidu rabB.d9 (
I't can be observedfftbdat &dblkBE atidBbBlESS 8soismisl ar t o t |
ESNEF andBEIShHHIs case SE-Bbavs8EBESISESDAr e more robust to r
transients comRESABEYNCWBDIMEMEBDR can effectiivmgly diaghn
el ementr dialuway odlxn ea dcaiatrii mrg,. c o AESB8Da WS BEVSEDha Y CBD,
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