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VIBRODIAGNOSTICS OF ROLLING BALL BEARINGS CONNECTED
WITH PROCESSING, RESULT’S COMPARISON AND PREDICTION
OF SERVICE LIFE

Summary. This article deals with vibration analysis and the processing of the
vibration signal obtained during the experimental measurement on a rotary shaft
at start-up, constant speed and run-out, with rolling ball bearings. The next step of
the research is the introduction and application of mathematical and numerical
methods for the processing of input and measured data using diagnostic and
mathematical software. The principle of measurement and processing was to
compare the results of oscillation of an undamaged bearing with several types of
damaged bearings with corresponding deformations in the orbits/raceways. The
purpose of this research and comparison was to achieve optimal results (in terms
of amplitude values, the occurrence of eigenvalue vibrations and the resonance
phenomenon) of individual bearings with corresponding deformations in the
raceways and to obtain calibration diagrams as a tool for possible prediction of
bearings in operation.
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1. INTRODUCTION

Measurement, data processing and mechanical vibration analysis are an integral part of
the diagnostic system for monitoring the operating conditions of mechanical parts and
machinery (roller ball bearing in our case) in every industry. The purpose and aim of
diagnosing vibrations of machine components and machinery are to detect the occurrence and
causes of the resonance phenomena, increased frequency amplitudes and noise of the machine
component in service (rolling bearing) [4]. The next step in diagnosis is the possibility of
eliminating the above-mentioned issues in order to ensure life prediction and maximise the
safety and reliability of the mechanical component in operation [6,8,12].

2. MATHEMATICAL METHODS USED IN PROCESSING

Fourier transform and its applications together with wave transformations of various
types are effective mathematical methods, which find effective use in processing and
subsequent analysis of measured signals and data. Mathematical methods make it possible to
obtain relevant results and information from measured data by applying generated algorithms
of a given methodology using computer software. The output is a graphical representation of
vibration signals in the time or frequency domain with the possible detection of adverse
vibration phenomena [2,5,10].

2.1 Short-time Fourier transform (STFT)

The Short-term Fourier transformation is a time-frequency analytical tool for non-
stationary signals. The transformation provides information about the signal f(t) and its
spectrum F(w) in the time-frequency window [2]. The principle of this method is to multiply
the f(t) signal to be analysed by a certain type of symmetric window function (so-called
window) w*(t-t) of constant length and then calculate the Fourier transform of the individual
signal segments f). The STFT of the continuous signal f(t) is defined by the following formula
(Equation 2) [6].

STFT{x(t)}(z, w) = X(r, w)
= [ fw=(t—1) e/dt =< f(t).c0 * (t — T)&’F > (1)

where the symbol (*) matches complex conjugation and t - time shift of the window. The
most commonly used window elements are the Hamming, Kaiser, Gauss or Hann rectangular
windows.

2.2 Fast Fourier transform (FFT)

Due to the fact that the calculation of the classical Fourier transform requires a
considerable amount (N2), which is the most time-consuming operation, an algorithm was
developed to allow a significant acceleration of the calculation [11]. This algorithm is
described as FFT — Fast Fourier Transform (Equation 1).
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The FFT algorithm uses the mathematical property of FT, which is the real output signal
of the odd number of symmetric spectrum elements (Fig. 1) and complexly associated around
its centre.

This means that the real component is around the centre even and the imaginary
component is odd. As a result of this finding, it is enough to calculate the first half of the
spectrum and the second will be identical to the opposite sign of the imaginary component

[7].
2.3 Wavelet transform (WT)

The principle of Wavelet's transformation is to de-interleave and compose input signals
through so-called functions wavelets. Essentially, the waves represent time-localised waves,
respectively wave package. Wavelet transformation has all functions created from one basic
function, called mother pattern. Prototype function of basic wavelength y(t) is generated by
using two basic operations of scaling and time shifting [9].

WT:(a,b) = [©_f(£) Wi, (8)dt = (), Urop()) a€RF b ER 3)

3. DESCRIPTION OF ANALYSED BALL BEARING

The aim of the analysis was to examine and analyse the oscillation of the investigated
object, which was rolling ball bearing, is shown in Fig. 1. The mentioned ball bearing is
connected to the rotary shaft in the test centre as can be seen in Fig. 2.

0,00 50,00 100,00 {rmrm)
[ EEEE—— |

25,00 75,00
Fig. 1. 3D model of investigated rolling ball bearing

The measurement itself was carried out in several steps to examine and compare the
individual bearings with respective deformations in the orbits. The basis of the measurement
was to obtain data on the dynamic behaviour of individual bearings with and without
deformations in orbits for the need to detect vibrations and to understand the behaviour of
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the examined mechanical components during operation. Measurements were made at the
start-up of the test device (with an appropriate bearing on the rotary shaft) at 1000 rpm,
staying at this level of mentioned rpm and run-out of testing machinery in the cycle of
approximately 50 s.

Fig. 2. The picture of mounted rolling ball bearing and sensors to the testing facility

The measurement process conditions were:
a) Installation of acceleration and measurement sensors.
b) Installation of individual bearings on the test facility.
c) Execution of measurements at specified time.
d) Measurement is always carried out on one bearing only.
e) The purpose to achieve the proposed maximum speed of 1000 rpm.
f) Compliance with the occupational safety protocol.

The essence of the measurement was to display the data and results used in the operating
mode and to compare the results with the computational model (0 pm; 7.88955 um; 48.7087
um). The individual bearings were mounted together for acceleration (rotating shaft) and
measurements were made on a test ramp of 1000 rpm, at constant speed and lowering for
about 50 s, so that the radiation load of the bearings with a force of 40,495 N.

4. PROCESSING OF MEASURED DATA AND APPLICATION

Approximately 1,400,000 data representing acceleration values with a proposed sampling
step of 3.9062525 - 10° s were obtained by the process and measurement of individual
bearings. The total measurement of each bearing was performed continuously for 50 s with a
sampling frequency of 25,600 Hz, with the emphasis being placed on achieving a maximum
speed of 1000 rpm, which corresponds to triggering of start-up, constant speed and run-out of
testing machinery as shown in Fig. 3 (spectrum is equal for each bearing with given
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deformation). The measurement itself took place in three different directions, namely in the
radial, axial and tangential use of individual diagnostic sensors.

The obtained acceleration values were subsequently analysed using mathematical
methods and mathematical software Diadem, LabView and Matlab R2019a.

For the overall analysis and diagnostics of individual bearing vibration, data
corresponding to the axial direction of acceleration sensing were used, the reason being the
most accurate results and graphical outputs in terms of comparison of the individual bearings
with the corresponding indentation [1,3]. Another reason for using only axial direction data is
that the bearing stiffness is lower in the axial direction than in the radial or tangential
direction. For angular contact bearings, the resulting force component extends in both axial
and radial directions. These facts show that the results from the axial scanning direction have
the highest predictive value and thus provide the most accurate results of each simulation.

RPM and acceleration in the time scale
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Fig. 3. Representation of measured speed [RPM] and acceleration [m/s?]
in the axial direction

5. TRANSFORMATION OF MEASURED DATA BY STFT

The short-term Fourier transform and the subsequent application of this mathematical
theory serve as a tool to detect the adverse effects of vibration (increased vibration
amplitudes, internal vibration patterns, resonance phenomenon, and increased noise). The
most important advantage and characteristic of this mathematical method is the ability to
detect adverse vibrations simultaneously in both time and frequency domains. An algorithm
was developed and used in the Matlab R2019a software to diagnose vibrations and evaluate
the results of the investigated deposits. The STFT (Spectrogram) algorithm gives us a
graphical output in the form of a spectrogram (time-frequency vibration detection) and
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a graphical representation of the projections of the individual time, frequency, and speed
parameters plotted on the x-axis relative to the amplitude displayed on the y-axis. The STFT
vibration treatment was performed for individual bearings with given orbital deformations.
The graphical results for the 0 pm indented bearing are shown in Fig. 4, the 7.895 pm
deformation is shown in Fig. 5 and the deformation 48.7087 um is shown in Fig. 6.
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Fig. 4. Spectrogram and projection amplitude-time variant 0 pm

STFT spectrogram ' Spectrum - cut of ime spectrum

g
S

Amplitude
g s5 83388

Frequency (Hz)
2 &8 B B

—
=3

D -

5 10 15 20 25 3 35 40 4 50 5 5 10 15 20 25 N 3B 40 45
Tima (s) Tieme (3]

Fig. 5. Spectrogram and projection amplitude-time variant 7.8955 um

From the previous figures — spectrograms (left side), it is possible to detect a clear
difference in the graphical resolution of the spectrograms for each variant of the damage. In
the case of a non-damaged bearing, the colour resolution is one-sided, which means that the
bearing is in a trouble-free condition. In the case of damaged bearings, it is obvious that with
the increase of the deformation degree, the graphical contrast of the individual invariants in
the given spectrograms increases. From this finding, it can be said that in the region at 2000
Hz and in period <35, 55 s> (a graphically significant part of the output), there is an increase
of amplitude, own oscillations, possible resonance phenomenon and increased noise levels
with the given bearing.



Vibrodiagnostics of rolling ball bearings connected... 189

Spectrum - cut of time spectrum

100
12000
90+
10000 80+
70}
— 8000
) 60+
&
g p 50
S Fo00 E
£ 40}

5§ 10 15 20 X% I » &4 &£ 8 B 25 30 B 40 45 50
Tfn.(l) rmlsl

Fig. 6. Spectrogram and projection amplitude-time variant 48.7087 um

From the time-amplitude projections, it is possible to see that increasing of the amplitude
value depends on the deformation on raceways. In case of non-damaged (0 pm), bearing is
maximum amplitude value 15 m/s?, ball bearing with deformation 7.8955 pm shows
amplitude 60 m/s? and in case of variant with deformation 48.7087 um is detected amplitude
value 70 m/s?. It means that higher deformation on raceways caused higher values of
vibration amplitude.

Evidence of the above findings is also the individual graphical outputs of the spectrogram
projections into the time domain where it is possible to detect an increase in the amplitude
value depending on the depth of deformation of the path of the bearing.

6. TRANSFORMATION OF MEASURED DATA BY FFT

In the next step, an analysis was performed of stationary mode (only constant speed) by
means of a fast Fourier transform using the composing of the measured data through the so-
envelopes (21° number of samples) to obtain optimal graphical outputs as shown in Fig. 7-9.

From previous graphical outputs based on fast Fourier transform, which displayed
dependence of sampling frequency and amplitude values, it is clear to detect the significant
increasing of amplitude values depending on the depth of deformation of the orbital path of
the investigated bearings.

Mentioned figures displayed the dependence of vibration amplitudes on deformation. In
case of non-damaged (0 pm) bearing is maximum amplitude value 0.8x10* m/s?, ball bearing
with deformation 7.8955 pum shows amplitude 1.5x10° m/s?> and in case of variant with
deformation 48.7087 pm is detected amplitude value 2x10° m/s?. It means that higher
deformation on raceways caused higher values of vibration amplitude therein higher
appearance of resonance and higher level of noise.

Based on this finding, it is possible to conclude with certainty that the methodology and
the results obtained are correct, as evidenced by the two variants of the algorithms of
mathematical methods.
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Fig. 7. FFT spectrum variant O pm
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Fig. 8. FFT spectrum variant 7.8955 pm
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25X 10° FFT analysis of constant RPM
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Fig. 9. FFT spectrum variant 48.7087 um

7. TRANSFORMATION OF MEASURED DATA BY WT

In this section, Wavelet transform analysis was performed with the same objective as the
Fourier transform. The aim was to perform and compile individual computational algorithms
and compare the results achieved with the purpose of confirming previous findings and to
ensure the correctness of selected procedures and methodologies. In the following graphical
representations in Fig. 10-12, it is possible to see the individual spectra processed from the
measurement results of the three types of bearings with the corresponding deformations on
raceways.

From the previous Figs. 10,11, and 12, it can be assumed that in the region at 2000 Hz
and in time scale <35, 55 s> (a graphically significant part of the output) there is an increase
of amplitude, own oscillations, possible resonance phenomenon and increased noise levels, it
relates to the damaged bearings Figs. 11 and 12. Non-damaged bearing Fig. 10 does not show
any significant parts in projection, which means no defects and loss of reliability.

In summary of WT, increasing amplitude values in the form of contrast-bright invariants
emerging in the z-direction are obvious and clearly visible from Figs. 11 and 12 and non-
damaged ball bearing does not show any contrast bright-invariants. These results which
confirm the previous results with high accuracy are comparable almost identical to those
achieved through STFT and/or FFT computational algorithms.
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Fig. 10. WT spectrum of ball bearing variant 0 pm
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Fig. 11. WT spectrum of ball bearing variant 7.8955 um
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Fig. 12. WT spectrum of ball bearing variant 48.7087 um

8. LIFETIME PREDICTION THROUGH CALIBRATION DIAGRAMS

Calibration diagrams were generated based on the processing of the measured data in
terms of RMS evaluation (effective signal value) through computational models and
algorithms. In this simulation, 11 bearings, 10 bearings with individual notches created by
experimental loading equipment and 1 undamaged bearing were analysed as shown in Tab. 1.
Using the analysis, the dependence of RMS on the impression depth in um was created.
Calibration plots were generated in individual measurement directions (axial, radial, and
tangential) corresponding to the radial load cycle during the experiment and shown in Fig. 13-
15.

Tab. 1
Individual bearings variants with corresponding deformations on raceways

1. variant 0 um

2. variant 7,8955 um
3. variant 8,1881 um
4. variant 8,5763 um
5. variant 13,7826 um
6. variant 14,1388 um
7. variant 16,7959 um
8. variant 18,6022 um
9. variant 40,4592 um
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10. variant 48,2372 um
11. variant 48,7087 um

Thus, the calibration charts shown are suggestions for a possible bearing prediction in the
presence of orbital deformations. The prediction is based on the principle of the dependence
of the indentation depth on the value of the effective signal. The graphs clearly show that
when comparing the RMS of the undamaged and damaged bearing (7.8955 um), a significant
increase in the effective value of the signal, which was confirmed in all directions of
measurement, occurs.

Fig. 13. Calibration diagram of RMS and deformation
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Fig. 14. Calibration diagram of RMS and deformation in the radial direction



Vibrodiagnostics of rolling ball bearings connected... 195

Calibration diagram A3
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Fig. 15. Calibration diagram of RMS and deformation in the tangential direction

9. CONCLUSION

Measurement, processing and analysis of signals obtained from real machine tool
measurements, roller bearings in our case, is an integral part of a comprehensive diagnostic
system to monitor operating conditions. The purpose of vibration analysis of machines and
their components is to determine the occurrence and causes of oscillation and the consequent
possibility of eliminating their occurrence in order to ensure life expectancy and to maximise
the reliability of the machine in operation. In our contribution, we discussed the problems of
rolling bearings diagnostics, measurement and solution methodology using algorithms based
on mathematical methods. From the point of view of the analysis and comparison of the
bearings with the different variants of the damage, the amplitude sensitivity, the resonance
and the gradient of noise from the level of damage were determined by mathematical
methods, which is evidence of graphical outputs and obtained the results of the analysis and
getting possible methodology to prediction.
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