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Abstract: This paper considers the creation of ansient vibration signal model
established for signals generated in deep grovd behrings with pitting (spalling)
formulation on their inner race. The fault on theér race was created artificially. The
derivation of the signal model is based on dataugsition, signal filtering and parametric
identification. A new filtering method is presenthdst is suitable to eliminate the effect of
amplitude modulation and noise that usually arisesthe case of bearing vibration
measurements. We show that a three-parameter sigmalel is adequate to describe
unmodulated transient pulses. Our signal model barused in developing new bearing
vibration analysis and condition monitoring methods
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1 Introduction

Nowadays, bearings are commonly used componentamachinery. This
component plays a prominent role in the operatiébndevices. Failure can
therefore not only cause enormous damage, but smegeput human lives at risk.
The failure of rolling element bearings during ag&m is indicated by the
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unusual behaviour of the bearings. Improper opamathay be indicated by a
rising or increased vibration level in a bearindieTinitial state of "unusual
behaviour" is usually followed by sudden failure tbé bearings. In this way
bearing failures may have unforeseen consequeacestherefore the periodic
inspection, preventive maintenance and replacen@ntdefective parts is
important.

In order to avoid unexpected failures, various pthoes have been developed.
These include condition monitoring and vibratioralgsis. All of these methods

strongly rely upon the kinematical or dynamic modethe bearing. At the early

stage of bearing failure, micro-cracks develop urtde rolling surfaces due to the
repetitive load on the contacting elements. Thisallg produces high-frequency

(ultrasonic) vibrations that can be sensed by amesnission methods. In the

next phase of bearing failure, these cracks relehsurface. When two surfaces
contact each other in this situation, resonanegd#ted in the bearing.

The mathematical model of the vibration response¢hef bearing with a single
point defect is investigated in [1, 2, and 3]. Thethors in [1 and 2] consider the
propagation path of the vibration and the effecload distribution. This type of
mathematical model is an exponentially damped sidusinction. Later, in [4, 5],
the signal model was extended to cases of multitsEfect.

Another approach is to model the bearing as mamyedgs of freedom (DOF)
system. The authors in [6, 7 and 8] use a 2 DOFema¢hile others in [9] a use 3
DOF model. These models are based on the Hertpiatact theory, considering
the centrifugal load effect and the radial cleaeanc

Our aim was to develop a realistic signal modetibfation response of a bearing
with a single-point defect by creating an artifid@ault. We set up test equipment
to record the vibration response of this type dédg and we also created a model
with an appropriate numbers of unknowns and treefind numerical values to fit
these variables by parametric identification, whehe measured and the
theoretical vibration response are in good agreémen

2 Establishing a Vibration Signal Model

Vibrations generated by bearings appear at differéequency ranges.

Periodically occurring transient pulses are produaefrequencies determined by
bearing geometry and speed. The frequencies ofieainpulses depend on the
characteristic frequencies of the bearing. Theeeadso low frequency vibrations
originating from unbalancing. The subject of oumexnation is the model of

these transient pulses.
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2.1 Bearing Selection and Data Acquisition

The primary consideration at bearing selection igsapplicability for testing. We
had to choose a bearing that can be disassemblddassembled without
destruction. Taking into account the available neses and above considerations,
a 6204-type, plastic cage, single row, deep graadél ball bearing was chosen

(see Fig. 1).

Figure 1
An assembled and disassembled deep-groove balkbetype 6204

In order to obtain a signal model, we had to forpoat-wise fault on the surface
of the inner ring of the bearing. Since bearingenat is very hard (HRC 58-65),
we experimented with applying sulphuric acid antigiacid on the surface, but
in neither case was the fault point wise. Finallyy were able to form a single-
point fault (Fig. 2) with an electric arc engraagd with a laser engraver-cutter.

The shape of the failure created by electric affeidi from the ideal circle, while
by using a laser beam a hole can be created thatysclose to the ideal circular
shape. The artificially created fault on the inrece of a deep grove ball bearing
is shown in Fig. 3.

=

Figure 2
The “crater” formed on the inner race of the begby electric arc (left) and by laser beam (right)

—-65-



L. Téth et al. Construction of a Realistic Signal Model of Transients for Ball Bearing with Inner Race Fault

Figure 3
An artificially created fault on the inner raceatleep grove ball bearing

Figure 4
The machined outer ring

For the test rig we used a turning machine of EjNet The bored and

reassembled bearing was mounted on a shaft fixedeirchuck. We used a rod
fixed in the tool post as a support. The rotatimgure of the tool post made it
possible to apply radial load on the outer rindbeéring, where the force was set
to be perpendicular to the rotating shaft. Our priyngoal was to minimize the

force/vibration transmission path, since noise @amme from a number of

different sources. They can be mechanical or ébattnoises. Electrical noise can
be eliminated by properly set up measurement deyishile mechanical noise

usually comes from the test rig. A portion of th&tey ring of the bearing was

machined by grinding (Fig. 4). An accelerometeK8TLER 8702B50 type was

attached to the flat area with beeswax.
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Figure 5
Measurement set up

For data acquisition we used the following devices:

e HAMEG, HM507 analogue-digital oscilloscope, 100 Msgfeal-time
sampling rate,

e KISTLER accelerometer 8702B50,
e KISTLER 5108 charge amplifier,
« PCI 6063E PCMCIA DAQ card, 500 ks/s sampling rate.

The DAQ card was controlled by software developedden the NI
LabWindows/CVI programming environment. Validatiafi our software was
performed using a HITACHI VG-4429 function generatand digital
oscilloscope.

Sampling was performed at a constant inner ringdmeé 1812 mift. This value
satisfies the specifications of American ANSI [18hd German DIN [11]
standards (1800 mih+ 2%) concerning bearing vibration measuremente T
outer ring was stationary, as it delivered radiad. The sampling frequency and
gain were set to be 30 kHz and unity, respectively.

When a ball rolls over the fatigue point, it exsit@sonance in the bearing at one
of the natural frequencies. The amplitudes of excimpulses are proportional to
the load and influenced by the load distributioctda. The closer a fault is located
to the load zone, the higher the amplitude of extimpulse is. The repetition
frequency of impulses is 30.2 Hz and the time betwsuccessive impulses is
T=33 ms. The resonance excited by an impact emigeddenoise and the
corresponding spectrum are plotted in Fig. 6. Smaetest rig contains a gearbox
to transmit power from the motor to the lathe sfEnthe gear mesh frequencies
should appear in the spectrum. These frequenciespgcthe higher frequency
ranges of the spectrum. Using a faultless testimgpasf the same type as a
reference gauge we were able to distinguish betwgsar mesh and bearing
frequencies.
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Figure 6
Time plot and corresponding amplitude spectra eftbaring with inner race fault

Bearing defect frequencies could also be calculfimn the geometry, which is
shown in Table 1.

Table 1
Bearing defect frequencies of 6204 bearing for 81:21min’, stationary outer ring
BPFI 149.339 Hz
BPFO 92.261 Hz
BSF 60.349 Hz
FTF_i 11.533 Hz

We used a 6th-order Butterworth 300-1800 Hz barsbddter to remove the
unwanted “noise”.

The signal at the output stage of filter still @ins a considerable amount of
noise. To establish the signal model of this kiridbearing failure we need a
“noiseless” time signal. To resolve this problemaseated a new filtering method
that usedh priori information about the signal.
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Figure 7
Time plot and corresponding amplitude spectra effflulty bearing after filtering

2.2 Examination of Bearing Vibration Signals

Bearing vibration signals, especially those whiekult from pitting formulation,
are a series of amplitude modulated transient pul$be source of amplitude
modulation is the load distribution, which is unabalong the inner or outer ring
of bearing (Fig. 8). The load distribution (Equatif?)) is expressed in terms of
the load distribution factore. The external radial force generates a number of
reactive forces whose amplitude varies with thetacnfunction in Eq. (1). That
is, the closer the fault (pitting) is located te fbad zone, the higher the amplitude
of the transient vibration is.

In case ot < 1 the load zone can be characterised bytmact function. [12].
¥ = arccofl - 2¢) M

The load on a rolling element at arbitra;éangle is given as:

Q= Qe J1- m—cos(w»} ,
28 (2)

where Q__ is the maximum load on a rolling element [1In = 3/2 for bearings

max

with point contact (ball bearings), ain = 10/9for bearings with line contact
(roller bearings).
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Figure 8
Interpretation of load distribution facte{12]

On the basis of static balance, the vertical coraptm of rolling element load
should be equal to the external radial load:

Y=+ Y’e

F= > Q,cos(?).
=S ©

Therefore,

Pty

F = Qu, ;9[1_%m_cos(p))}ncos(w). @

Applying Newton’'ssecond law on (4), i.e. that the accelerationaraltel and
directly proportional to the net force, it is claghat the instantaneous amplitudes
of vibration acceleration are determined by theialatbad corresponding to
contact functionThat means amplitude modulation.

2.3 Filtering of Amplitude Modulated Transient Pulses

Transient signals are finite energy signals byrdtdin (5)
E= [x*(t) dt<eo, (5)

whereE denotes the energy of signdt).
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For characterising those in the time domain, patarsesuch as rise-time,
overshoot, settling-time or fall-time can be us€He shorter its time extent, the
wider space it occupies from the frequency plane:

F(0@)=1, (6)

where #( ) denotes the Fourier transform operator a() is the Dirac delta
function.

Real world electrical signals are usually embeddedoise. In the case of
vibration measurements we convert the mechanicglatiement into voltage.
Noise might come from the equipment where the itigated part is located. This
usually happens, even if it operates under norroatition. Noise can also be
measurement noise that arises during the convepimgess of mechanical
quantities into electrical values. Or it might anigte from EMC disturbances. But
it can also be quantization error arising durin® Abnversion.

Depending on the source of the noise, its spectmay be located within a
specific frequency area or it might occupy the whdélequency range. The
filtering of transient signals embedded in noise dpnventional methods is
difficult, since it is hard to establish the cuf-dfequencies of the filters
accurately.

In certain engineering processes, periodically aggxe transient impulses arise
whose amplitude varies with time depending on spimgsical parameters. This
means that the transient impulses amplitude is tatetli The amplitude
modulation alters the original pulse spectrum. Tdeation of sidebands depends
on the modulation index and the shape of modulasiggal. In addition, this
spectrum is usually buried in one of the previousigntioned noises, depending
on the signal to noise ratio (SNR).

Assuming that each transient impulse is just aslfliko appear in the sampled
data, and its time course — aside from the diffeesncaused by amplitude
modulation — is the same, we obtain the most ateufeequency domain
representation if we take as many samples of theeas possible. If the transient
pulses are generated by a deterministic procesg,efpetition rate is constant or
well defined.

The Fourier transform of absolutely integrable trénergy signals with only a
finite number of local extremes is a continuousction. Amplitude spectra of
periodic functions are line spectra, where theadisé between individual spectral
lines is equal to the frequency calculated from pleeiodicity. As a result, the
Fourier transform of periodically recurring trangisignals must be line spectra.

When a periodic signal is amplitude modulated, &ideds appear in its spectra.
The spectral line corresponds to the carrier sigmal the sidebands to the
modulating frequency, respectively.
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One form of amplitude modulation (AM-DSB, or A3H) fime-domain can be
written as:

)= (sl ) o
wherex(t) is the amplitude modulated signai(t) is the information (modulating
signal, base band signat)}) is the carrier and is a constant.

The general form of the carrier signal

c(t) = C Bin(wt + @), 8)

whereC, ¢ andw.are the amplitude, phase and angular frequendyeotdrrier.

The time function of the modulating signal

m(t)=M todw,t + @), ©)
whereM is the amplitude maxima of the modulating signalj @ andw,, are the
phase and angular frequency of the modulating signa

The carrier and the modulating signal frequency bancalculated based on
Equations (10) and (11).

- %

¢ 2m (10)
= %m

"o2m 1)

The carrier frequency is always greater than tleguency of the modulating
signal:

fo>> 1o (12)

If A=0 then we have double-sideband suppressed-caatemission (DSBSC).
The condition of double-sideband amplitude modatath =M.
The modulation depth can be calculated using
m=—
A (13)

Assuming an additive, uniformly distributed "whitmise" e(t) with zero mean,
the amplitude modulated signals embedded in n@irébe written in the form:

y(t)=x(t) +€t) (14)
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White noise is a signal where the consecutive sasmbb not correlate:

. o’d ., t =t
o) )={7 % LT
’ 1 2, (15)

whereE{e(t)} is theexpected value of random variatdé) (mean value, average
value) and the asterisk stands for the complexugatjon

0’=E{/e(t)#} variance of random variabét) (power).
The autocorrelation function of a white noise {gulse at; = t,.

Since the Fourier transform of the autocorrelafiamction is the power spectral
density (PSD), PSD of the white noise is constardgughout the entire frequency
range. This means that all frequencies are préséne white noise:

Fel)}= 0. a0

The Fourier transform of a noisy, amplitude modedagignal is
F{yt) = Al cft) 1+ 7 mlt)icft) }+ 7{ elt) }, an

where the first part of the right side of the edurais the Fourier transform of the
carrier, the second part is the Fourier transfofrthe modulated carrier, and the
third part is the PSD of white noise. The Fourfansform of the second term in
Equation (17) can be calculated as follows:

T mit) o)== o) (o), 0

where the hat denotes Fourier transformation.

The harmonics in this term are symmetrical to tighaér-frequency carrier. Those
harmonics which correspond to the carrier are misgiom the spectra.

Using Equation (18) we see that
#{ m(t) () =%n[5(w—4)+5(w+2)+5(W—2)+5(a)+4)].
(19)

The first part of the right side of Equation (1@&presents transient pulses.
&la)=r{ )} o0

This term gives line spectra, since we have periddnction. The distance
between successive spectral lines is the aforeoredirepetition frequency.

If the amplitude or the frequency of modulatingmsibchanges with time, then the
position of spectral lines representing carrieqfi@ncies in Equation (17) does not
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change, but the amplitude of side bands (secomnd) t&nd their distance from the
carrier also alter. The location of the sidebarsdddtermined by the modulating
signal.

M () = 7{ mit) o)} o
Using Equation (12, 18 and 19) Equation (17) cancheitten as (22)
Y ()= AIT(w)+ M () + a2 22)

The second term containing modulation informatisont Equation (22) by
spectral sampling can be removed, since it has pectal component
corresponding to the carrier frequency:

V(@)=Y olw-nnf)¥(a) .nOZ (23)

n=0

where \?S(a)) denotes the sampled specadenotes the set of integer numbers,
and4f is theperiodicity we get from Cepstral analysis:

c[r] :%T ljllog‘ \?(e“")‘ej “Tdw,

(24)
Af=r7, where cr)=mafc(r)] (25)
To determine the frequency domain form of transperises we can use:
Clw)= l\?s - o2
A (26)

The valueA is a constant determined by the amplitude of theutating signal.
When it is unknown, then le&§ = 1. The filtered transient pulses can be obtained
by using inverse Fourier transformation

cft) =7 {é(w)} (27)
The proposed method consists of:

— sampling, considering Shannon’s theorem.

- performing Cepstral analysis to determine peridigigiin the spectra.

— estimating the noise level using signal spectra.

- sampling the amplitude spectra, according to threulte of Cepstral
analysis.

— decreasing the amplitude values by the estimatese hevel
— applying inverse Fourier transformation.
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2.3.1 Application of the Method for Filtering Bearing Vibration Signals

In our case transient pulses correspond to theecamave, while the effect of
amplitude modulation caused by load distributiomtda corresponds to the
modulating wave (Fig. 9). Applying the filtering thed on sampled data of
vibration of laser drilled bearing, we were ablestiminate the effect of amplitude
modulation. The time-domain behaviour of each femsin the filtered signal is
the same, which makes it possible to establisgrmasimodel of transient vibration
for this type of bearing failure.

Amplitude spectra of the bearing signal
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Figure 9
Filtered vibration acceleration signals of the tadidled bearing

2.4 Model Identification

Model identification can be performed in variousygaOur main idea was signal
enveloping followed by curve fitting. Since thenséent signal of this type of
defect does not contain a frequency modulated coemto(see Fig. 12), all we
have to be concerned with is the amplitude mochgatiement.

In [3, 12] the signal model of transient pulse gated by a point-wise fault on the
inner race of a deep groove ball bearing is defiascan exponentially damped
sine function

x(t) = A" Bin(w, ), 28)
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where a,, =2nf,, f, is the M natural frequency of bearing syste@,is a
damping factor, and is the initial amplitude.

We created our signal model usiagriori knowledge of the process. The idea is
that the transient pulse can be decomposed intgoams: one that is responsible
for the amplitude rise and decay of the transieriimhe, and one that corresponds

to one of the natural frequencies of the bearingr §lgnal model consists of
product of these terms:

x(t)=m(t)n(t), (29)

wherem(t) is the amplitude modulating part andt) is the frequency modulating
part.

To determine the envelope function(t) we calculated the magnitude of the
Hilbert transform of the sampled and filtered tiens

m(t) =[#{ x(t)}

whereH{ } denotes the Hilbert transform operator.

(30)

The time plot of the sampled and filtered transiandl its envelope is shown in
Fig. 10.

Equation (28) assumes a sudden rise in the trangidse. This may be a valid
way of describing a process in which the excitattbrmaterial with shock pulse

and test of the response is within the same mat@tie transient pulse emitted by
a ball rolling into the fault triggers a series pastic deformation. Our signal
model takes into account the transient formulataomd decay process. We
assumed that, if coefficients used in our signafiehdit well with the envelope of

the transient, the signal model can be consideppdbariate.

We searched the equation of demodulated transigheiform of the following:

m(t)= Ad" @Y, tO[0®), AC,nO0, an

whereA, C, nare process parameters diddenotes the set of real numbers.

Transient pulse and its enevelope function Envelope function of the transient pulse
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Figure 10
Time plot of sampled and filtered transient pulsé #s envelope
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We used theNelder-Mead non-linear simplex method to find the best-fit
parametersA, n and C that minimize the Mean Squared Error (MSE). The
calculated best-fit parameters are shown in Table 3

Table 3
Best-fit parameters for the demodulated transielquation (31)
A 5.5749e-6
n 1.8334
C 0.008
MSE 1.8729e-5

The result of the curve fitting process can be $edtigure 11.

Sampled transient and it's approximated envelope function

) 5 10 1% 20 25
samples

Figure 11
The envelope plot of sampled and approximated data

The curve obtained by approximation displays armgadee fit with the envelope
of the sampled and filtered data. Because we wele ta find parameters with
which our equation well approximates the envelop¢éhe sampled and filtered
transient, our signal model can be considered gpiate. We performed the same
fitting process with four variables. The result wled that value of the fourth
variable was very close to one. Thus we considénedthree-parameter model
appropriate.

Transient pulse
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Instantaneous-frequency plot of the transient
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To examine the behaviour of the transient in tlegdiency domain, we calculated
the instantaneous-frequency values.

It can be seen in Figure 12 that the instantanéegsiency hardly changes with
time. This means that the transient is not moddlatefrequency. This gives the
second part of (29) in the following form:

n(t) = sin(eg, ), (32)

wherew), =277 f, f, and is one of the natural frequencies of theibgar

2.5 Model Verification

We used the vibration samples of a faulty bearifgype 6209 to validate our
model. After filtering and demodulating the tramgieve performed the same
fitting process as before. We were able to findffacients which gave reasonable
error (Table 4).

Table 4
The best-fit parameters
A 1.0065e-10
N 4.583
C 0.0114
MSE | 0.2765

The time plot of the sampled transient pulse ofatibn signal of the laser-drilled
bearing and its approximated envelope functiorshmvn in Fig. 13.

Tranzient pulse and its envelope function Sampled transient puise of bearing vibration and its approximated envelope function
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Time plot of sampled signal and simulated transségmal model
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3 The Proposed Signal Model

Our studies have shown that our signal model (B8))(can be used to describe
the signal caused by a point-like defect on thesimace of a deep groove ball
bearing.

x(t) = A" @ in(w, @), tO[0,©), AC,n00 (33)

where @, =277, andf, is one of the natural frequencies of the bearing.

Table 5
Model parameters of Equation (35)
A 5.5749e-6
n 1.8334
C 0.008

For simulation purpose the values shown in Tabtarb be used. But care should
be taken as these values change with load.

Conclusions

In this paper we developed a new signal model fpoiat-wise fault on the inner
race of a deep grove ball bearing. A new filtenmgthod was presented which is
suitable for eliminating the effect of amplitude dutation and noise that usually
arise in the case of bearing vibration measureméfs showed that a three-
parameter model is adequate to describe the trangalses. This model,
however, does not take into account the magnitdfdéneo load. By doing so it
would be possible to give quantitative values &f thodel parameters. Our signal
model can be used in developing new analysis msthod
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