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Abstract

Rolling element bearings are broadly used in thatirigy machines to support static and dynamic lobdghis research, the
advance signal processing techniques are use émegsing of bearing fault signals. Experimentaidadion with genuine
vibration signals calculated from bearings withdezbdefects on bearing elements. The model-basétddfagnosis method has
attempted to diagnose incipient fault detection afabsification of bearing with data driven apptoaEeature extraction
technique has been developed with hybrid signatessing technique based on the band pass filtarenaf Empirical mode
decomposition (EMD), the resonant frequency baraigelowed in specific mono component signals caliddnsic Mode
Functions (IMFs). Synchronized resonant frequeranydo(SRFB) is obtained on based of orthogonalweaklet using spectral
kurtosis. Biorthogonal 5.5 wavelet, a real wavalkes been selected as a suitable wavelet for WPadhas “Maximum Relative
Wavelet Energy” and “Maximum Energy-to-Shannon epyr ratio”. Three, Feature extraction techniqué® Icontinuous
wavelet transform (CWT), wavelet packet transfos¥P(T) and modified Hilbert Huang Transforms (HHTg aompared on
bases of their classification accuracy with différelassification algorithm and filters. Variougpsuvised classifiers have been
compared through a common platform of Waikato Eovinent for Knowledge Analysis (WEKA) and concludkd k- nearest
neighbour (KNN) as an effective available classifa rolling element bearing. Further, asymmeproximity function based
KNN (APF-KNN) has out performs with modified featuselection criteria. Feature extraction throughified HHT and APF-
KNN has been future as a most effectual fault diaation method. For testing any unknown data,dified method has been
demonstrated, which make the proposed data dripproach more realistic, faster and automated.
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1. Introduction

Rolling bearings have to be most significantt pdirotating machines. Ball bearing is a uniquet path multi body dynamics
application. In present scenario, condition moimigrof ball bearing has vital role to support oWepaoduction cost in process
industries like power sector, paper & pulp indestri pharmaceutical & chemical process units. Insakth applications,
catastrophic failure of any one rotating elemeny raffect the entire process and which will raise giroduction losses. With
advancement in material technology and measuretoelst like sensor & data acquition, real time faliignosis techniques have
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improvised with upgradation in digital signal presig techniques. Time based, frequency based and-ffequency based
techniques have significant in vibration measureraed analysis for real time fault diagnosis of baelaring by (Tandon., 1994).

Dejie et al. (2005) has presented dual applicadibanvelope spectrum analysis technique and Hilbeahsformation for real
time fault diagnosis of bearing. Dejie et al. hadgested to transformed raw vibration signal itiftee-scale representation with
WT (wavelet transformation). Decomposed high scela@gelet co-efficient derived from WT had been eatéd with HT (Hilbert
transform). Proposed envelop analysis was evaluaidime bearing condition using (EMD) empiricabde decomposition and
HT. Also, data classification accuracy was improwétth proposed data mining application.

Tsao et al. (2012) proposed a newel idea ugimgjrecal mode decomposition techniques as effedtwdt diagnosis method for
ball bearing diagnosis. Huang et al. (1998) coretuthat “a band pass filtering character of decaamignal with EMD include
select mono component of signal recognize as INDptimize IMF selection has proposed by means of EMID a swept-sine
excitation and finished as effective tool for fadithgnosis. Anywhere, specific IMF has chosen sjibctrogram.

Various digital signal processing techniques haveéeun research to identify the effective fault diagis technique. Conclusion
on top of review, disclose different digital sigmmabcessing techniques begin from FFT, STFT, wauedmsformation, wavelet
packet transformation (WPT), Hilbert Transformateord Hilbert Huang Transformation (HHT). HHT alongh Wavelet packet
transform was the effective fault diagnosis prodessall bearing. HHT is just right tool for noméar and non-stationary signals
of ball bearing. HHT have also identified some deficy, a large swing has observed at end of octhalgrepresentation of
intrinsic mode function (IMF) due to curve fittidignitation. Another deficiency observed that fitstF is fail to satisfy definition
of mono component but even then, first IMF is cdaséd envelop spectrum. Researchers have consiflsedwo IMF as
genuine component and rest are the pseudo-IMFdnaept of pseudo-IMF was not available in literattgview. In this research,
effectiveness of subsequent IMF with different resa frequency band has been evaluated. Synchbnés®mnant frequency
band (SRFB) is selected with the spectral kurtapjdied with WPT noise reduction technology.

2. Experimental Setup and Data Acquisition

Experimental set up has shown in fig.1. a table ¢éxperimental set up was design and installed iBeGrkKSV skill
development workshop. To minimize modulation ofrsunding noise an appropriate rubber packing hstalled between rigid
structures & set up. SKF6205 deep groove ball hganas utilized in current research. Ball bearirmuned on balanced rotor
and rotor system drive by a DC motor with extersevo controller. A flexible spring type coupleredsto reduce misalignment
between rotor & motor, if any being there in systdine localized defects of size of 300 X 300 X 2i@ron have inserted in ball
bearing parts as shown in Fig.3. A localized defente inserted on Outer race defect (ORD), Innee defect (IRD) and Ball
defect. Vibration data has collected with vibratemalyzer shown in Fig. 2. Unidirectional piezogéliecsensors with frequency
range of 1-30 kHz and measuring range of +/- 50@ vesolution of 0.005 g has utilized to collectta at sampling rate of
20.480 kHz. Calibration of variable speed mototwitbration analyzer has recognized up to resofragtiency of 70 kHz. Post-
processor of current analyzer is trouble-free terafe with its GUI interface and MATLAB reliability

Spectrum Analyzer

| ' DC MOTOR
- R TP b
| T— —y
 © shaft .
Bearing !Hﬂlslng

Flexible coupling

Figure.3. Seeded Localized defect on ball bearing
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3. Methodology

In this research paper, unique time series watlecaying with wavelet packet using real revéaiserthogonal 5.5 wavelet,
where choice of R-bio5.5 wavelet was suggestedPandya et al., 2013) therefore decompose signakepmbto check spectral
kurtosis of every decompose section. Better théokig includes analytic of impulsive responseshat synchronized frequency
band. Nowadays, decompose the original time seféga in intrinsic fluctuation mode, by means of #a@pirical mode
decomposition and to finish, the envelop spectrypliad to the IMF with resonant frequency band whooordinated with
preceding chosen frequency band.

The procedure of assortment of IMF based on symited resonant frequency band intended for ballibgaliagnosis was
planned stepwise as follow:

e Collect raw vibration signal datgf(t)
» Decay signal, Selecting a wavelet & decompositievel J. The entirety decomposition levels (J) cancbnsidered
according to the following affiliation:

J 2log, {ff—s

+1
Cj Wherever, f s is sampling frequency and f ¢ charéstic defect frequency
e Choose the W P T resonant frequency band amongnmaxikurtosis & get maximum impulse frequency irsthand.
Spectral Kurtosis effective capability to analyzeguency domain and to indentify concern frequdrenyds someplace
the fault signal can be most excellent detecteBwyer (1983), Antoni (2006,2007), Randall (2005ja (2015).

« Performing arts band pass filtering with E M D ond series daté(t) .

* Optimize | M F and gather set of | M Fs of specffiequency band.

* Pick the I M F with resonant frequency band, whaymchronized frequency band obtains with W P T 8pdctral
kurtosis.

» Process preferred signal to extracting fault fesgur
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Figure.4 Healthy bearing at 4000 RPM (a) STFT envelop spet{b) FFT Plot (c) selection of SRFB with spelckuartosis
(d) Fourier spectrum of first four | M Fs (e) FFT bM F1 (f) FFT of I M F3
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Figure5 Ball Bearing outer race defect at 4000 RPM (a) B&Rvelop spectrum (b) FFT Plot (c) selection oF8Rwvith
spectral kurtosis (d) Fourier spectrum of firstrfoi Fs (e) FFT of | M F1 (f) FFT of | M F3
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Figure.6 Ball bearing with inner race defect at 4000 RPMS@&FT envelop spectrum (b) FFT Plot (c) selectb®8RFB with
spectral kurtosis (d) Fourier spectrum of firstrfoi Fs (e) FFT of | M F1 (f) FFT of | M F2
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Figure.7 Ball bearing with ball defect at 4000 RPM (a) STéfivelop spectrum (b) FFT Plot (c) selection of BR#th
spectral kurtosis (d) Fourier spectrum of firstrfot Fs (e) FFT of | M F1 (f) FFT of | M F3

4. Results and Discussion

Inner race defect faults come in load zone insideballion & engender low frequency vibration replycompared to same size
of outer race defect fault, still it should not guce several impulses once inner race defect falbsent of load zone. BPFI is
modulated with rotor spinning frequency generditycase of defective rolling element, two times B3 be produced, because
the fault strikes both races during each revolutibthe ball. The RMS value of the frequency geteztas not very high because
the ball is not always in the load zone when thdtfatrikes the race. This frequency usually paskssugh more mechanical
interfaces and may not be measurable in some cBsBsF | is normally modulated by way of rotatingduencies & B S F
resultant in age group of elementary train freqyembich is modulated additional frequencies sucBd#sF |, B S F and rotating
component frequency. This modulation generates rainoé side bands something like the characterfstidt frequency (C D F)
or some time it's not easy to recognize the C O Iew down frequency.

Experimental response is obtained on various speddlifferent bearing conditions like healthy begsi, outer race defect fault,
inner race defect fault and ball defect fault, diesihis section, the conventional envelope analgdise midst of fast kurto-gram is
worn to notice various bearing faults, & the diagisaecital is compared & discussed by way of 626&ring at 4000 rpm.

4.1 Healthy Bearing

In this work, results & conversation arranged ficshealthy bearing. Fig. 4(a), show fast kurtorgi@mong decomposition level
4.5, show far above the ground non-stationary nesg® approximately carrier frequency of 8476.66 Wzich maximize the
kurtosis, is (fc, B W), so as to frequency bandfB833 Hz — 8690 Hz]. Envelope analysis shows sicanit peak at X (66.67 Hz)
and 2X (133 Hz) are observed in fig. 4 (b). Figchshows the spectral kurtosis at three deconipasigvels, selection of three
decomposition levels depends on concern CDF at 4p60and with 20.4 KHz sampling frequency. E M Dukse of action
computed waveform spectrum of 16 | M Fs out of widlials first four Fourier spectrum of | M Fs shouarfig. 4 (d)., Maximum
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SK is observed in the higher frequency range atira@d000 Hz and above, where IMF1 is synchronizétl this frequency
range. But, IMF1 is not satisfied the definitionmbno component and end of IMF1 has large swingtdwarve fitting limitation
as reported by Peng (2002). In this scenario, sebagher frequency band is observed at 3000 Hzcandern envelope spectrum
proposed concept shows the significant peaks &66{ Hz), 2X (133 Hz) and (1/2*VC+X) (187 Hz) aybserved in fig.4(e).
Now comparing the envelope spectrum of fast kureoyg& proposed concept, it's clearly observed treduatation of rotating
frequency have reduced with less sideband in epeespectrum of proposed concept and clearly shevexperimental set up is
rotating with minor misalignment which results inbalance rotating frequency at X and 2X. Anotheakpat 175 Hz (VC - X)
clearly show the interaction of varying complianeasl rotating frequency indicate healthy bearingdition.

4.2 Outer Race Defects

Outer race defect fault is put in the load zond’&éxecuting stationary signals. Inside of beaangpng outer race defect fault,
both fast kurto-gram & planned concept shows sigaift and visible responses. Fig. 5 (a), show fasto-gram amid
decomposition level 2.5, shown high stationary oesg just about carrier frequency of 7680 Hz. aNhmaximizes the kurtosis,
(fc, BW), with the intention of frequency band [@Rlz — 8533 Hz]. at this point, a characteristifedefrequency (B P F O) is
239 Hz. intended for rotational frequency of 66H8%7 Envelope analysis among fast kurto-gram obthim responses next to B P
F O & it's harmonic seeing that shown in Fig. 5.(I5ig. 5 (c) represent the spectral kurtosis dtl&vel of decomposition, which
show the maximum kurtosis at 3840 Hz & decompasitavel 5 of W P T matching resonant frequency b@680 Hz—4000 Hz].
E M D process computed wave form spectrum of 16 Fdvelsewhere of those first four Fourier spectrafnsM Fs shown in
Fig. 5 (d). Nowadays, the Fourier spectrum synclzexhthrough resonant frequency band is | M F3aldlsthed HHT envelope
analysis based on | M F1 still during | M F1 coeeample frequency range at high frequency regioro&make happy the mono
component description. Fig. 5 (e) & (f) represaamselope spectrum of | M F1 and | M F3 in that orgedgment without a doubt
indicate reduction in sideband in envelope spectwith IMF3 in Fig. 5 (f). These reductions are rmcause of amplitude
reduction but also demodulation of signal at appeade low frequency synchronized resonant bandve®pe spectrum with fast
kurto-gram, conventional Hilbert Huang Spectrum praposed concept are observed significant peBRP&O and its harmonics.
All three methods are effectively diagnosing tharb®y with outer race fault.

4.3 Inner Race Defects

Fig. 6 (a), represent fast kurto-gram among decaitipa level 2.5, show high non-stationary respoaiseind carrier frequency
of 4266.67 Hz. which maximize kurtosis are [fc, BWijth the intention of frequency band [3413.33 B¥39 Hz]. at this time, a
attribute defect frequency (BPFI) is 361 Hz inteshdier rotational frequency 66.67 Hz. Envelope speuntanalysis through fast
kurto-gram be recorded significant peak at X, 2Xadditional peaks recorded at 214 Hz, 227 Hz, 39qBIP F I+ F T F) &
513.23 Hz. seeing that in Fig. 6 (b). Fig. 6 (Qresent the spectral kurtosis at 3 decompositieal levhich shown the maximum
kurtosis at 2880 Hz & decomposition level 5 of W Bnsuing resonant frequency band is [2720 Hz- 389ZJ0E M D process is
computed wave form spectrum of 18 | M Fs elsewliiesé 4 Fourier spectra of | M Fs shown in Fig. 4&). At this moment,
Fourier spectrum synchronized resonant frequenagds | M F2. Established HHT envelope analysisased on | M F1 even
during | M F1 wrap a broad frequency range at Hrglquency region & not make happy the mono compbdefinition. Fig. 6
(e) & (f) represent the envelope spectrum of | M&1 M F2 in that order, judgment noticeably des¢m the helpfulness of
projected concept. Envelope spectrum amid | M p2asent the significant & clear peaks at X, 2 X B | (361.24 Hz) & BP F
| + F T F (385.72 Hz), even as envelope spectruin\dfF1 represent the momentous peaks at X & 2ppRmentary peaks are
pragmatic as side bands next to 254 Hz, 278 Hzlt Héagnosis of inner race defect is the most diiffi diagnosis due to non
stationary nature of signal as defect is continlyouBanges its position with rotation of shaft. pesed concept has diagnosed
inner race defect more effectively with resonaagrency band of IMF2 as compare to STFT baseddaki-gram amid resonant
frequency band next to [3413.33 Hz -5119 Hz] & degt resolutions in the midst of | M F1 envelopecpum next to high
frequency region & also meager curve fitting litita of 1 intrinsic function.

4.4 Rolling Element Defect/Ball Defects

Rolling element defect is executing non-stationsignal with of low frequency, which could be difiit to demodulate from
interfering signals. Fig. 7 (a), represents fastdegram among decomposition level 5.5, & showshhign-stationary responses
approximately carrier frequency of 1813.33 Hz. wahicaximize kurtosis [fc, BW], with the aim of fregcy band [1706.66 Hz —
1919 Hz]. at this time, a characteristic defectitfdnequency (B S F) is 157 Hz meant for rotatiofralquency of 66.67 Hz.
Envelope spectrum analysis through fast kurto-gr@mpresent in the same normalize magnitude giveuch momentous peaks,
but make bigger view observed the significant pesks, 2 X & its harmonic in addition to extra peate recorded nextto 2 F T
F(50 Hz) , B S F/2 (81 Hz) & modulated signal peadgresent in Fig. 7 (b). Fig. 7 (c) shows the spédkurtosis next to 3
decomposition level, which represent the highestosis by the side of 2880 Hz. & at decompositievel 7 of W P T matching
resonant frequency band is [2800 Hz -2960 Hz]. B Mhodus operandi is computed wave form spectruB8dfM Fs away from
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home first four Fourier spectrum of | M Fs are esgant in Fig. 7 (d). Currently, the Fourier spettrsynchronized by way of

resonant frequency bands is | M F3. Established l¢HVelope analysis is based on | M F1 represerglepg spectrum as Fig.
7(e). The significant peaks are observed at VC (23p 361 Hz and weak response are observed a6 X (6z) and BSF/2 (78.54
Hz) So it's difficult to diagnose the bearing caimh, modulation of FTF frequency is also represdrds additional side band in
spectrum. While the proposed concept shows thar gleak at VC (239.5 Hz), X (66.67 Hz) and denséiphel side band are

observed around BSF (157 Hz) with selected IMF3esgnt in Fig. 7 (f), which obviously shown the fusgess of planned

conception for fault diagnosis of ball bearings.

5. Conclusion

Inside this research paper, data acquisitiorbbas done through developed experimental set imstétute. The localized defect
spall is considered on different rolling elementmpmnent. First, signal processing technique has Imeedified with hybrid
method of HHT and WPT for incipient fault diagnosfAnywhere synchronized resonant frequency bandhissen among
maximum kurtosis at different decompose sub-bantcanresponding intrinsic frequency band will sefec fault diagnosis. The
real time application on bearing among outer defguter defect, ball defect & healthy bearing haerb tested. The result
obtained with proposed hybrid method shows itsofiffeness over STFT based fast kurto-gram as Whlis SRFB with HHT
and WPT has recognized as an effective fault disignmol. To be more precise on fault diagnosisitipie fault diagnosis
techniques have been applied depending on imp@timcomponent or processes. Seeing that beariag exclusive multi body
dynamic mechanism through various non-linearity digsrsified responses, therefore difficult to makdiagnosis fault condition
with advance signal processing techniques barebns€quently, data driven clever system has negedeare-validating
embryonic fault diagnosis of rolling bearing by #ide of signal processing technique.

I M F elected based on S R F B & after that statstffeatures extracted beginning preferred | MoFdata mining algorithm.
Data acquisition of vibration signals carried ofispeed range of 1000 to 8000 rpm next to interimisef 1000 rpm. To make
data more sensible five sets of data to be acqtineevery class of bearing. Total five classebedrings are measured.180 data
samples to be obtained for the 5 bearing conditith®, O R D, | R D, B D & C D). For every sampletal 18 features are
extracted to symbolize the characteristic in segeesontained in the sample, wherever 9 featurddoizontal & 9 for vertical
response.

Further, comparison of feature extraction techrsgaee compared along with 8 different classifiessoaiated with 8 different
filters for ball bearing fault diagnosis reportey imeans of investigational vibration signal anadygirimary, real wavelet is
preferred for W P T based assortment criteria ofimam relative wavelet energy & maximum energy htrepy ratio criteria.
Assortment of wavelet for C W T considered fromviwas investigator (Rafiee et al., 2010; kanakaalet2011(a)). Intrinsic
feature data set is prepared throughout progressfidh M D. Data mining algorithms spanned a broacemity of classifiers
counting Bayesian, regression based methods, metgsis, clustering, and tree based approacheshargen on basis of their
presentation in the respective data mining appre=adbr fault categorization of rolling element begr The W E K A default
setting of parameters was used for each algorithke¢p away from unfairness and over fitting. Basedop of facts
Subsequent conclusions are drawn.

» Signal Processing Technique:

Reverse biorthgonal (5.5) wavelet is one of effitieal wavelet intended for fault identificatiofrolling element bearing. The
proposed concept of synchronized resonant frequeany (SRFB) is providing an edition edge to EMDaaseffectual incipient
fault identification tool. Due to curve proper maght at the conclusion of IMF1 broad swing is reépd and second, IMF1 is not
full fill mono component definition. But even theliMF1 is generally considered for Envelop analysitows by HHT. IMF1 is
considered as real IMF and others are pseudo-IMhdsuch explanations are reported in literatHexe, effectiveness of IMF2
and IMF3 has been justified with experimental vesifions.

Wen et al. (2012)., has shown STFT based IMF selectoncept where, conventional envelop analyspgageh is require to
examine all frequency band. But, proposed SRFBdasacept is decomposing the signal in time-fregyedomain with WPT
and impulsive characteristic in decompose frequdrayd identified with spectral kurtosis. Thus iroposed SRFB concept,
evaluation of all decomposed intrinsic frequencgdare not require to evaluate. So, the proposdtdadecan conclude as easier
and can apply for real time fault detection andyd@sis.

e DataMining& Expert System:

To get better the categorization accuracy, custethiENN algorithm is projected based on asymmetrimxipnity function
(APF) in simple method , information is bound ferdf test point to preparation data set & therefooge sensible information at
local level obtain among APF. Condition of fine asdtaloging can be achieved by storing 36 instardugh 18 features in one
class and parallel classification accuracy is olgtdiby means of optimized 8 features. SuitableevafiK plays a significant roll
in presentation of KNN as finished by former resbars (Mitra et al., 2002). In this research papetomized KNN consider

k:\/ﬁ, wherever n is the number of data worn for pre@mareason for each class (bearing condition) \waide of k will be
adjacent odd number. Investigational outcome alshoshows that proposed APF-KNN algorithm amontinoige feature has
out-perform the KNN algorithm through 100% witha@mpromising classification time and computatiom&mory obligation.
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Vertical response are more effective then horizaesponse, as out of 8 optimize features, 6 featare from vertical responses.
Significant of vertical response is revalidatedehesth data mining tool, that were reported byliearesearcher with numerical
simulation and experiment of rolling element begrifrukata et al., 1985;Harsha, 2006(b); Cao and, X&08;). Authors
revalidated that WPT is outperform as compared W6TQNikoloau and Antoniadis, 2002(b)) with theseuks. Authors also
revalidate EMD as an effective feature extractioethnd. Adaptive characteristic of EMD has evaluatssl frequency with
differentiation and not with convolution.

Investigational outcome obviously shows that APFNKBIgorithm among instant based (re-sample) fittes out-perform the
rest of algorithms with 100% classification accyratevoid of compromising classification time andmputational memory
requirement. APF-KNN is customized instantaneousetdaalgorithm, which hypothetically necessitate endassification time
and computational memory but together the draw $agk approximately unimportant in our scenariotfa reason that of
moderate amount of data sets.

More than most, these work concluded EMD as bét@ture extraction technique and APF-KNN as mofgtcéfe available
data mining algorithm. This information may elaktechwith some more experiment in working conditionkich certainly lead
industries for real application of intelligent sgst in automation.

References

Antoni, J. 2006, the spectral kurtosis: a usefal for characterizing non- stationary signaléechanical Systems and Signal
Processing, Vol. 20, No. 2, pp. 282-307. https://doi.org/1@ &/j.ymssp.2004.09.001

Antoni, J. 2007, Fast computation of the kurtogréon the detection of transient fault&Jechanical Systems and Sgnal
Processing, Vol. 21, pp. 108-124. https://doi.org/10.1016j3sp.2005.12.002

Cao, M. and Xiao, A., (2008). A comprehensive dyitamodel of double-row spherical roller bearing-rabdevelopment and
case studies on surface defects, preloads, amal EelaranceMechanical Systems and Signal Processing, Vol. 22, pp.467-
489. https://doi.org/10.1016/j.ymssp.2007.07.007

Darji A., Darji P.H., Pandya D.H., 2019, Fault Diegis of Ball Bearing with WPT and Supervised MaehiLearning
Techniques. In: Tanveer M., Pachori R. (eds) Maehimelligence and Signal Analysi&dvances in Intelligent Systems and
Computing, Vol.748. Springer, Singapore. https://doi.orgll@7/978-981-13-0923-6_25

Darji A. A., Darji P. H., and Pandya D. H., 202Mvglope spectrum analysis with modified EMD forlfadiagnosis of rolling
element bearing. In:Reliability and Risk Assessmi@nEngineering.Lecture Notes in Mechanical Engineering. Springer,
Singapore. https://doi.org/10.1007/978-981-15-3248-

Dejie Y., Junsheng C. and Yang Y. (2005).Applicatmf EMD method and Hilbert spectrum to the fauligthosis of roller
bearingsMechanical Systems and Sgnal Processing, Vol. 19, pp.259-270. https://doi.org/10.1016/S®3270(03)00099-2

Dwyer, R.F. 1983, A technique for improving detentand estimation of signals contaminated by ummenoise Journal of the
Acoustical Society of America, Vol. 74, No. 1, pp.124-30. https://doi.org/10.1122019597

Fukata, S., Gad, E.H., Kondou, T., Ayabe, T. anandia, H., 1985, On the radial vibration of ball begs: computer
simulation.Bulletin of JSME, Vol. 28, No. 239, pp.899-904. https://doi.orgliZR9/jsme1958.28.899

Harsha, S.P. 2005. Nonlinear dynamic responsebafanced rotor supported on rolling element beairhanical Systems and
Sgnal Processing, Vol. 19, No. 3, pp. 551-578. https://doi.org/ML&/j.mechmachtheory.2005.09.003

Huang N., Shen Z., Long S., Wu M., Shih H., Zheng¥@n N. C., Tung C. and Liu H., 1998, The empilimode decompaosition
and the Hilbert spectrum for nonlinear and nonistatry time series analysigroceedings of the Royal Society A:
Mathematical, Physical and Engineering Sciences, Vol. 454, pp. 903-95. https://doi.org/10.10984.41998.0193

Junsheng C., Dejie Y. and Yu Y. 2005. Time-eneadggsity analysis based on wavelet transfaddT & E International, Vol.
38 pp. 569-572. https://doi.org/10.1016/j.ndteidd®2.02.002

Mitra, P., Murthy, C.A. and Pal, S.K., 2002, Depdiased multi scale data condensati®fE Transactions on Pattern Analysis
and Machine Intelligence, Vol. 24, No. 6, pp.734-747. https://doi.org/10M2MTPAMI.2002.1008381

Nikoloau, N.G. and Antoniadis, I.A., (2002(b)). Roy element bearing fault diagnosis using waveglatkets, NDT & E
International, Vol. 35, pp.197-205. https://doi£4:1@1016/S0963-8695(01)00044-5

Pandya, D.H. & Upadhyay, S.H. & Harsha, S.P. 2@\ based fault diagnosis of rolling element begnirsing time-frequency
domain featurelnternational Journal of Engineering Science & Technology, Vol. 4, No. 6, pp. 2878-2886.

Pandya, D.H., Upadhyay, S.H. and Harsha, S.P. Zeddt diagnosis of rolling element bearing witlrimsic mode function of
acoustic emission data using APF-KNNgxpert Systems with Applications, Vol. 40, No. 10, pp.4137-4145.
https://doi.org/10.1016/j.eswa.2013.01.033

Pandya D.H., Upadhyay S.H. and Harsha S.P., 2048t Biagnosis of high-speed rolling element begginsing wavelet packet
transform, International Journal of Sgnal and Imaging Systems Engineering, Vol. 8, No. 6, pp.390-401.
https://doi.org/10.1504/1JSISE.2015.072922

Randall, R. B. 2005, Applications of spectral ksitoin machine diagnostics and prognostitsy Engineering Materials, Vol.
293 pp. 21-30. https://doi.org/10.4028/www.scigatifet/KEM.293-294.21



20 Darji and Pandya/ International Journal of Engineering, Science and Technology, Val. 13, No. 4, 2021, pp. 12-20

Parmar U., Pandya D.H. 2020, Selection of motheveler for fault detection of cylindrical bearingibration and Acoustics
Research Journal, Vol. 2, No.1. pp. 1-26. https://doi.org/10.131R@#.2.2.11094.57928

Peng Z. K., P. W. Tse and F. L. Chu, (2005). A carigon study of improved hilbert—hung transform aveielet transform:
application to fault diagnosis for rolling bearingechanical Systems and Sgnal Processing, Vol. 19, No. 2, pp. 974-88.
https://doi.org/10.1016/j.ymssp.2004.01.006

Peng Z., Chu F. and He Y., 2002, Vibration sigmalgsis and feature extraction based on reassigasélet scalogranjournal
of Sound and Vibration, Vol. 253, pp.1087-1100. https://doi.org/10.10€8/2001.4085

Rafiee, J., Rafiee, M.A. and Tse, P.W., 2010. Aggtion of mother wavelet functions for automatiamgend bearing fault
diagnosisExpert Systems with Applications, Vol. 37, No. 6, pp.4568-4579. https://doi.orgM@ 6/j.eswa.2009.12.051

Rai V.K. and Mohanty A.R. 2007, Bearing fault diagis using FFT of intrinsic mode functions in Hilbéduang transform,
Mechanical Systems and Signal Processing, Vol. 21, No. 6, pp.2607-615. https://doi.org/TL&/j.ymssp.2006.12.004

Sheen Y.T., 2010. An envelope analysis based oreftnance modes of the mechanical system foraheny defect diagnosis,
Measurement, Vol. 43, pp. 912—-934. https://doi.org/10.10164asurement.2010.03.011

Sheen Y. T., 2007, An impulse-response extractiethod from the modulated signal in a roller bearMgasurement, Vol. 40,
pp. 868—-875. https://doi.org/10.1016/j.measurerd®ift.11.020

Sheen, Y.T. 2004. A complex filter for vibratiomgeal demodulation in bearing defect diagnodsy nal of Sound and Vibration,
Vol. 276, No. (1-2), pp.-105-119. https://doi.org/l@ 6/j.jsv.2003.08.007

Tandon N., 1994, A comparison of some vibrationapaeters for the condition monitoring of rolling mlent bearings,
Measurement, Vol. 12, No. 3, pp. 285-289. https://doi.org/1M 6/0263-2241(94)90033-7

Tsao W.C., Li Y., Le D. and Pan, M. 2012, An indigbncept to select appropriate IMFs for envelopalysis of bearing fault
diagnosisMeasurement, Vol. 45, No. 6, pp. 1489-1498. https://doi.orgli@ 6/j. measurement.2012.02.030

Xiao Y., Ding E. and Chen C. 2015, A novel charaste frequency bands extraction method for autiienbearing fault
diagnosis based on hilbert huang transfdsensors, Vol. 15, No. 11, pp. 27869-93. https://doi.orgB83%0/s151127869

Yadav H. K. and Pandya D.H., 2017. Non-linear dyicaamalysis of cylindrical roller bearing, 11th énhational Symposium on
Plasticity and Impact Mechanid§/PLAST, Procedia Engineering, Vol. 173, pp. 1878-1885.

Biographical notes
Ankit Darji is with theLDRP Institute of Technology & Research, Gandhimaalia

Divyang Pandya is with theDepartment of Mechanical Engineering, LDRP-ITR, K®andhinagar, India



