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ARTICLE INFO ABSTRACT

Article history: Monitoring of rotating machines is usually performed on vibration signals and associated
Received 22 December 2017 signal processing tools focus on extracting weak cyclic information induced by faults on
ggig"e‘j in revised form 28 September mechanical components like bearings. Their sensitivity to operating conditions in speed

and torque are of huge interest in recent research activities. An alternative signal consists
in measuring Instantaneous Angular Speed (IAS) of the machine which has been empiri-
cally demonstrated as a good vector of information. Angularly sampled by nature, this sig-
nal investigates other transfer paths from fault to transducer and introduces new
challenges in understanding the relationships between operating conditions and effects
of faults on the rotating speed of the machine. The main contribution of this paper lies
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Rotating machines on the introduction of basic signal processing techniques in order to analyze the shape
Instantaneous Angular Speed of rotating speed fluctuations introduced by bearing faults. Modifications due to operating
Angular sampling conditions and size of the defect are clearly separated in our suggested analysis on IAS.

Another point of interest relies on the fact that this tool can be used in stationary or
non-stationary operating conditions. All the analysis are given on experimental data per-
formed on a specific test bench with different artificial bearing faults in various operating
conditions.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Nowadays, monitoring of rotating machines faces the absolute need to be available and fully functional during non-
stationary conditions, particularly in wind energy production. Traditional monitoring means are based on vibration signal
analysis [1] while some emerging techniques use other signals like acoustic emission [2] or Instantaneous Angular Speed
(IAS) [3]. The use of Instantaneous Angular Speed in rotating machine monitoring mainly relies just on the frequency content
analysis of the IAS signal. This original approach has already been shown able to detect bearing defects on an industrial test
case [4]. However, this empirical observation has not been yet clearly explained by specific measurement and some recent
works are focusing on emerging modelling [5]. This lack of understanding can be justified by the following two limitations.
First, usual mechanical models are confined to radial vibration influences of a bearing fault [6] and associated signal process-
ing tools [7,8]. On the other hand, the frequency analysis of IAS shows the existence of bearing harmonics but the shape and
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the magnitude of speed variations associated with these harmonics have never been quantified on the IAS. Whether the sig-
nal is obtained using demodulation technique [9] or elapse time method [10], it is always analyzed with conventional spec-
tral observation tools [11]. These techniques, widely known and optimized for the analysis of traditional vibration signals,
will be shown in this paper to be inadequate with IAS when applied on a bearing outer ring defect since they are not able to
distinguish the healthy from the defective behavior if the operating conditions change.

Our alternative proposition is based on the fact that measuring rotating speed delivers another signal with different kind
of information. Experimental evidence of bearing defect effects on Instantaneous Angular Speed has been proposed by sev-
eral authors since two decades on different devices [12]. Moreover this alternative signal takes advantage of a different
transfer path from excitation to response of the rotating machine. Another important feature lies on the fact that IAS mea-
surements induce implicitly angular sampling and allow very long duration measurement without disturbances from non-
constant operating speed of the machine. This is the general context of the present paper. The objective is to answer ques-
tions arising from this framework in rotating machine where signal processing tools as well as phenomena have to be
rethought from their basics.

The experimental evidence that will be shown in this paper support predictions made in [13], whereby the always vary-
ing load distribution inside the healthy bearing intrinsically induces speed variations of the cage and the shaft. As a conse-
quence, this paper proposes an approach simply based on the angular observation of the IAS signal rather than on its spectral
observation, and will therefore add grist to our mill concerning the following questions:

- How to detect the presence of a fault in the IAS signal?
- How to measure a fault severity in the IAS signal?

The two questions will be both focused on industrial issues. Answers will also help in submitting mechanical and phe-
nomenological models to simulate correctly the bearing fault influence over the angular speed behavior of the whole
mechanism.

The aim of the tool proposed in this paper is the use of the reconstruction of IAS variations signal in order to detect the
presence of a fault on a bearing and to estimate its size. Another interest is to characterize the shape of induced fluctuations
of IAS in order to state if there are consistent with physical phenomena. This tool is firstly presented in the general case and
then applied to the actual case of an outer ring fault on a laboratory test rig. Several bearings, healthy or presenting various
severity degrees of fault, will be compared. The test rig used in this study has been specially realized to ease experimenta-
tions on IAS and the reconstruction of IAS signal robustness will be shown for different operating conditions (radial load,
speed, torque). Preliminary works have been published beforehand [21]. They show the feasibility and potential interest
of the proposed tool but analyses were not sufficiently advanced, especially the actual size of the defects was overestimated.
Moreover, analyses are also performed on healthy bearings. These new analyses are useful to identify the entrance and exit
of a rolling element on a defect. Influences of bearing frequency slipping during measurement are also presented.

1.1. General background

This work is part of the broader framework of monitoring and maintaining rotating machinery and more specifically diag-
nosing localized faults in bearings leading to small variations of the dynamic behaviour. One challenge is to develop tools
able to detect these variations and then to analyse their results to obtain information about the fault [14]. The vast majority
of these works concerns the study of accelerometer signals and the use of time or frequency analyses. Recent research activ-
ities are also concerned with time-frequency analysis or by tools related to cyclostationarity approach [15]. The main ten-
dency consists in providing new signal processing tools applied on traditional accelerometer signals. Huge scientist efforts
are engaged to tackle sensitivity of these processing tools to operating conditions in speed or in load. For that, artificial intel-
ligence approaches have been intensively investigated in order to take into account the large amount of information con-
tained in vibration signals but not necessarily revealed by a single processing tool. Vectors of many different indicators
are then processed by heuristic methods to organise and to extract the most significant information related to the health
state of the machine under monitoring.

Based on this background, the proposed approach is mainly devoted to the understanding of phenomena involved in IAS
variations. The main objectives are to propose a signal processing tool in order to characterise the components in IAS signal
attached to tapered roller bearing defects. This approach allows to separate the operating condition effects, mainly associ-
ated with the magnitude of IAS variations, from the fault size effect. To estimate the contribution of this approach the exper-
imental signals measured on a test bench are analysed using a global spectral indicator and by our alternative method. The
tool proposed herein appears as a good candidate to detect an outer race bearing fault and to estimate its length and to
understand the link between defect geometry and its manifestation on IAS signal.

1.2. Characteristic frequencies and angular sampling
As said earlier, the experimental work carried out on different mechanical systems and in various operating conditions

have shown that the presence of a localized defect on a gear tooth or a bearing raceway will lead to weak changes in the
dynamic behaviour of the mechanical system. Resulting disturbances are of short time duration and appear cyclically. Let
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Ay (rev) be this period and f; (ev/rev) the corresponding angle frequency. Ag and f, only depend on the geometry of the com-
ponent of interest and are called, respectively, characteristic period and frequency. Gear characteristic frequency is the
meshing frequency and depends only on the number of gear teeth. Bearing characteristic frequencies refer either to Ball Pass
Frequency on the Outer ring (BPFO), to Ball Pass Frequency on the Inner ring (BPFI) or to the Fundamental Train Frequency
(FTF). All these characteristic frequencies have their corresponding orders in the order frequency domain (BPOO for Ball Pass
Order on the Outer ring, BPOI for Ball Pass Order on the Inner ring and FTO for Fundamental Train Order). The calculation of
these frequencies requires the precise knowledge of the internal geometry of the bearing which is usually not shared by
manufacturers. But they provide nominal values for these frequencies. However, it should be noticed that characteristic
nominal frequencies are calculated for theoretical operating conditions including no slip assumption and without taking into
account varying parameters like temperature or actual contact angle. In many applications, they can vary from 1% to 2%
around their nominal value. As most of the diagnostic techniques the monitoring tool proposed in this paper is based on
these characteristic frequencies and considers that, despite these small variations, these bearing frequencies can be localized
and identified in experimental signal measurement.

If the machine rotates at a constant speed Q (rad-s~!) the relation between shaft angular position 0 (rad) and time t (s) is:

0=Qut (M
Therefore it is possible to define the time period between two defect events as T in the following way:

A2t =QT (2)
Note that bearing characteristic frequencies are commonly given for a specific constant rotating speed Qg (rad-s~') and

expressed in Hertz. The relationship between a characteristic frequency fy, and its associated angular periodicity (or cyclic
periodicity) is:

19, Q
fHZ_T_Ao.zn_ﬁf(} (3)

In case of non-stationary speed condition Eq. (1) becomes:

o0 = /0 Q(u).du (4)

Time between two angularly periodic events is not constant anymore. The use of the angular approach is then essential to
keep a steady definition of frequencies expressed as generalized orders in reference with the shaft revolution.

In the angular approach, measured signals are sampled with a constant angle step rather than with a constant time step.
Angular sampling can be achieved directly through the acquisition process [16] or through post processing of time sampled
signals using classical interpolation procedures [17]. All these angular approaches are now very well-known [18]. Usual tech-
niques of signal processing may be applied on these angular signals such as transformation in the frequency domain using
the Fourier transform. The spectra are then expressed in terms of angle frequency (or cyclic frequency). In such spectra the
characteristic frequencies of the rotating parts are always well localized regardless the operating macroscopic speed of the
machine. The contribution of a specific part of the rotating machine will be concentrated on a particular and unique channel
in the frequency analysis regardless the speed of the machine. Angular sampling allows long measurements where low
energy components may be emphasized on a single channel in a high resolution spectrum [19]. This specific property will
be the core basis in the following approach.

1.3. Instantaneous Angular Speed used for monitoring rotating system

Instantaneous Angular Speed signals used in this paper to monitor bearing defects are obtained by the elapsed-time
method which has been the subject of numerous publications [9 —11]. It is based on the simultaneous use of an encoder with
a resolution of R impulses per revolution and of a high-frequency f. counting clock. It consists in counting the number n; of
clock ticks between two successive pulses of the encoder signal. This first signal (6;, ng;) is by construction sampled in the
angular domain and allows easy access to the angle-time relationship:

t; :f(gi) :fl.an- (5)
c j:1

It also allows to estimate the average speed w; for each angular step A6; by Eq. (6), this signal being called Instantaneous
Angular Speed:
;= & - Zj ) fif (6)
At R "ng
This method allows high precision estimation of IAS [19] on long measurements and then a high resolution in spectral
analysis. Several authors have demonstrated the effectiveness of IAS signals [9] and used them in various applications [9
-12] but usually in a spectral analysis. Usual techniques of signal processing can be applied to IAS which appears very useful
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for monitoring and diagnosing different faults in rotating components such as bearing outer ring defects [9,12]. These tech-
nics allow to detect the presence of a faulty bearing but do not give information on the shape and magnitude of the speed
variations induced by a bearing. Indeed, most of the usual monitoring tools have been developed for acceleration signals and
stationary operating conditions. These signals do not have very low frequency components and information on the magni-
tude of the disturbance can be estimated. On the opposite, IAS signal is mainly composed of macroscopic fluctuations due to
operating speed conditions and components of interest in low frequency which are very difficult to exhibit.

Moreover, measurements performed on different devices show that in some operating conditions, BPOO can be detected
in IAS spectrum for healthy bearings. Therefore, detection of the BPOO in the IAS spectrum is not enough to guarantee the
presence of a defect. It appears necessary to have information on the shape and magnitude of speed variations due to the
natural bearing rotation and to estimate the influence of the defect on them.

2. Reconstitution of angular speed variations using inverse Fourier transforms
2.1. Principle

Assuming that the IAS signal ® depending on the angular position 6 can be written as

@(0) = 0p(0) + @ (0) (7)

where m, gathers speed components associated with the considered bearing BPOO and o is the residual speed. The proposed
tool is able to extract m, from . wy, has by definition a constant angular period, which is translated in the angle frequency
domain by the emergence of peaks located at harmonics of the bearing of interest BPOO. Most of monitoring techniques are
based on indicators computed using magnitude of these harmonics, the proposed approach is only an alternative way to
understand how these harmonics are impacted by the defect and how they can be used to estimate the size of the defect.

The suggested signal processing tool is basically based on Fourier and inverse Fourier transforms. It consists on extracting
from the angle frequency spectrum the harmonics associated with the bearing BPOO and then to come back in the “angle
domain” using inverse Fourier transform. Then, it is possible to have information on the shape and magnitude of the speed
variations o, and to estimate the influence of a bearing defect.

The methodology of the proposed tool can be summarized as follow:

. Measuring IAS signal o,

. Computing its angle frequency spectrum without any normalization about the signal size,

. Identifying the actual angle frequency f, associated with bearing outer race (actual BPOO),

. Editing the angle frequency spectrum and selecting channels of interest by using m rectangular windows centered on the
first m harmonics of the characteristic frequency f,. Details of this step are given in Section 2.2.

5. Reconstructing the filtered angular signal wy, in angular domain which represents IAS variations linked to the bearing

characteristic angle frequency f, identified in step3.

AW N =

2.2. Spectrum editing step

The reconstruction is performed by employing m rectangular windows centered on the first m harmonics of the charac-
teristic fault frequency. So the main step consists in identifying the characteristic fault frequency. But during measurement
this frequency may vary of several percent around its nominal value due to slipping conditions or weak variations in oper-
ating conditions. The proposed tool can be used only when fy can be identified it is to say when a peak can be found in the
magnitude spectrum of the IAS in the vicinity, defined by the user, of the nominal BPOO (green point in Fig. 1a). In the

a) Magnitude of IAS spectrum (rad.s™) 16 b) Real part of IAS spectrum (rad.s™") x 10° ©) Real part of extracted spectrum (rad.s™!)
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Fig. 1. Editing the angle frequency spectrum principle.
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present work, this identification is performed by the user but automation of this step is probably possible. Some further
details about frequency slipping will be given in Sections 3.2 and 3.5. The width of the associated harmonics expresses that
the cyclic frequency can slightly vary during measurement. This width is also identified by the user and defined as 2n + 1
angle frequency channels centered on f,. In case presented in Fig. 1a, n equals 5.

Real part of the spectrum is shown in Fig. 1b. The values associated with the selected channels are considered (green and
red points in Fig. 1b). Between the first and the last frequency channels, the foot of the undisturbed spectrum is assumed to
be a straight line (green line in Fig. 1b). The value of each selected channel with regard to the spectrum foot is extracted,
leading to the extracted real part spectrum shown in Fig. 1¢. Same process is applied on the imaginary part of the spectrum.

This processing method is performed on m harmonics of the BPOO. In practice m corresponds to the number of harmonics
with significant magnitude. Let’s ng be the closest channel number corresponding to the event frequency fy. The channels
used for filtering information linked to the j harmonic are between the (j. n, — n)th and (j. n, + n)th ones. By construction
the mean value of the filtered signal is nil as there is no DC in the resulting filtered spectrum. Then the resulting filtered
spectrum contains 2.m.(2n + 1) components different from zero extracted from a large amount of components. In another
hand more components are gathered in this filtered signal than the number of components used in classical indicators where
only magnitudes of the first m harmonics of the BPOO are summed. The number m of useful harmonics and n of useful chan-
nels are specific to the considered experimental data and have been chosen to build both smooth and representative wave-
form of IAS variations induced by healthy or faulty bearings. Without any further indication, in the present work n and m are
set to 10.

Fig. 2 illustrates these different steps for one bearing during measurement M2 defined in Section 3. The macroscopic
speed variation shown in Fig. 2a will be explained in Section 3.1 and analysis of the resulting IAS filtered variations shown
in Fig. 2d is the aim of the present paper.

a) Step 1 : Measuring IAS Signal

6 b) Step 2 : Computing IAS angle frequency Spectrum
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3. Experimental applications

In this section IAS signals, measured on a dedicated test bench described below, are analyzed for healthy and faulty bear-
ings and for different operating conditions.

3.1. Test bench description

A specific test bench presented in Fig. 3 has been developed. It consists in a shaft supported by two identical tapered roller
bearings (SNR 32005 V) with Z = 17 rolling elements and a nominal BPOO provided by SNR equals to 7.26 ev-rev_'. The bear-
ing 2 is always healthy while the bearing 1 can be healthy or presented different levels of spalling on its outer ring. Faults are
artificial and obtained by electro erosion but care has been taken to have defects with realistic sizes and shapes. For the pre-
sent analysis, three different sizes of defect are considered (Fig. 4). In practice only the outer ring of bearing 1 is replaced for
each measurement. An original device composed of a spherical bearing and two springs allows to apply adjustable radial
loads independently on the rotation speed. The position of this device can be adjusted along the shaft. In the present work,
it is centered between the two bearings, so the radial loads on the two bearings are assumed to be the same. An axial preload
can also be applied in the form of an imposed displacement of one bearing outer ring. A high accuracy optical encoder
(R=5000 pulses per revolution), not shown in Fig. 3, coupled to an acquisition device with a high frequency clock at
fc = 80 MHz ensures the angular sampling and measurement of the Instantaneous Angular Speed by the elapse time method.
For more details on the advantage and limitation of this method see [20]. This shaft is placed in revolution by an electric
motor via a flexible coupling.

This bench allows to test the influence of operating parameters (load, macroscopic velocity) on rotating speed variations
and to compare, for a given operating condition, the effect of the bearing fault.

Due to motor control, despite a constant control voltage of the electrical motor (3.2 V) the rotating speed of the device
may vary slightly as shown in Fig. 5a. Angle frequency analysis, Fig. 5b, shows that these variations are associated with phe-
nomena whose angle frequencies are 1, 2, 3 and 4 events per revolution. So analysis presented in the following are not
obtained for stationary rotating speed, but around a macroscopic mean speed.

Lengths Ly of the defect which are measured along the rolling direction are given in Table 1. These defects are localized on
the outer raceway at a diameter d (40.5 mm), so they correspond to an angle 04 defined by Eq. (8)

2.Ly
0, == ®)
Angle between two rolling elements is 0, defined by Eq. (9) where Z is the number of rolling elements.
2.
bo="7 ©

To allow working with dimensionless data, angle ratio ry between the fault angle 04 and the reference angle 6, between
two rolling elements, are also given in Table 1

04

r()=0—
o

(10)

Tapered roller
bearing 1

Tapered roller
bearing 2

AOTCUROL

Flexible coupling

Electric motor

Fig. 3. Specific test bench based on a simple rotating shaft.
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Fig. 4. Artificial bearing faults on outer race.
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Table 1
Geometrical characteristics of defects.

Defect Length Ly(mm) Angle ratio ry

a 1.16 0.15
b 2 0.27
[« 3.31 0.44

As said earlier actual values of BPOO may vary of several percents around its nominal value due to slipping conditions or
weak variations in operating conditions. Consequently even with similar operating conditions the two bearings of the test
bench may have different actual BPOO. Taking advantages of long duration measurement and angular sampling, IAS mea-
surement with elapse time method will give sufficient precision on spectral analysis to separate these weak differences
in BPOO from the two bearings. Fig. 6 gives an illustration of these BPOO differences with two healthy bearings configuration
in Fig. 6a. and with one healthy and one faulty bearing configuration in Fig. 6b. BPOO variations Af indicated in Fig. 6 is the
relative variation from its nominal value (7.29 ev/rev) and the actual value identified in the angular spectrum. They are less
than 2.5% for all the tested bearing associated to each component. So, for each measurement it is possible to have informa-
tion from the two bearings but it is impossible to identify the bearings. In Fig. 6a. we are not able yet to explain precisely why
the magnitude of the two peaks is different. The most relevant for us is related to the fact that the BPOO of bearing “B” pre-
sents a larger width which is associated to more fluctuations in bearing kinematics (see Section 3.5). Dispersions in measure-
ment and influence of the overall architecture of the test bench can also explain this difference. By comparing the magnitude
of the identified peaks in Fig. 6b (corresponding to a healthy and a faulty bearings) with the magnitude of healthy bearings in
Fig. 6a (about 2.1073 rad-s~!), we can guess that the bearing associated with the peak A is the faulty bearing but we are not
able yet to locate it in bearing position 1 or 2.

To estimate the contribution of the proposed approach, signals are analysed using global indicators called Hs,, and by the
proposed method. Hg,, is defined as the sum of the maxima of each filtering window. For example for a bearing of measure-
ment M2 the maxima of each filtering window is given in Fig. 2¢ and the corresponding Hs,, can be computed by:
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Fig. 6. Effective BPOO localization in IAS spectrum.

Hypn = (5.86 +3.47 +2.29 +1.97 + 1.56 + 1.18 +- 0.69 + 0.54 + 0.21) - 10 > = 0.017 (11)

So for each measurement when two peaks appear clearly two indicators are computed. Operating conditions and Hg, for
the measurement analysis are summarized in Table 2. By convention Hgy,; is assumed to be the higher, we will see in Sec-
tion 3.2 that it can be related to the faulty bearing. All measurements described in this section consist in signals of 6 million
points in length (i.e. 1200 shaft revolutions).

3.2. Analysis of speed variations in case of healthy bearing

As previously mentioned, existence of BPOO harmonics in the speed signal is not revealing the presence of a fault on the
outer race. Indeed as demonstrated in [5] for deep groove ball bearings, BPOO components are also related to loading vari-
ations on rolling elements during the shaft rotation as illustrated in Fig. 7. The analysis suggested may be very helpful for
estimating the shape of speed fluctuations due to healthy bearing.

For the two healthy bearings of measurement M1 their filtered speed variations are plot in blue in Fig. 8a. In order to com-
pare phenomena with angle periods presenting weak differences, the horizontal axis is graduated in multiple of period Ag
(1/BPOO) defined in Section 1.1 of the considered bearing and the origin of the vertical axis is arbitrarily fixed. The shape
of these variations are very similar and close to a sinusoid. In the following we will consider that this shape of the filtered
speed variation is the signature of a healthy bearing. For measurements M2 and M4 performed in the same operating
conditions than M1 (mean speed of 60 rad/s, radial load of 3200 N) the filtered speed variations associated to the bearing
with the lowest H, factor are also plotted in Fig. 8a. They have similar signatures than those of the healthy bearings of mea-
surement M1. So we can conclude that in case of bearings operated in the same conditions the value Hg,, allows to identify
the healthy and faulty bearings. This conclusion can be strengthened by comparing measurement M2 in Figs. 8a and 2d. In
Fig. 2d filtered speed variations are plotted for the bearing associated to the higher Hy,, exhibiting a different shape from the
healthy bearing.

Fig. 8b shows the filtered IAS variations for the healthy bearing of measurements M3 and M4 which correspond to the
same rotating speed (mean speed of 60 rad/s) but different radial load (2200 N and 3200 N). It shows that an increase of
the radial load leads to an increase of the magnitude of the filtered IAS variations. This phenomenon is not significantly
detectable in the global indicator as the associated Hgy, is 0.0024 for M3 and 0.0027 for M4.

Table 2

Measurement operating conditions and corresponding global indicator Hgp,.
Measurement Bearings condition Radial load (N) Mean speed (rad-s~!) Hsmi Hsma
M1 Healthy - Healthy 3200 60 0.0035 0.0025
M2 Defect a - Healthy 3200 60 0.017 0.0025
M3 Defect a — Healthy 2200 60 0.0091 0.0027
M4 Defect b - Healthy 3200 60 0.011 0.0024
M5 Defect b — Healthy 2200 30 0.015 -
M6 Defect ¢ - Healthy 3100 40 0.034 0.0045
M7 Defect ¢ - Healthy 3100 124 0.017 0.0027
M8 Defect a — Healthy 3100 variable 0.012 0.0025

M9 Defect ¢ - Healthy 3100 variable - -
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Fig. 7. Illustration of normal load distribution versus rolling element angular position.

These results lead to the following conclusions:

e The proposed tool is robust as it gives similar signals from different measurements.

e From measurements performed on a mechanical system with two identical bearings it is possible to have healthy infor-
mation for each bearing.

e Speed variations associated to rotation of a healthy bearing are very weak (0.025% of the macroscopic speed of the shaft)
but nevertheless they may be detected. Their shape is close to a sinusoid and sensitivity to load conditions validates the
fluctuation of rolling element load during rotation as their origin.

3.3. Analysis of measurements M2, M4 and M6: Influence of defect size

Measurements M2 and M4 are performed for the same operating conditions (macroscopic speed 60 rad/s, radial load
3200 N), but with two different faulty bearings, the second bearing of the experimental setup being healthy. As seen before,
indicator Hgy,, allows the detection of a faulty bearing but not the estimation of the fault size as the smallest defect (a, mea-
surement M2, Hy,, = 0.017) gives an higher indicator level than the defect (b, measurement M4, Hy;,, = 0.011). Fig. 9 shows the
filtered speed variations for each measurement and for faulty and healthy bearings.

From the two measurements, the presence of defect on bearing outer race largely modifies the shape of the filtered speed
variations curve associated with the faulty bearing. This modification is characterized with a high magnitude peak. By using
the healthy bearing curve (in dash point) and knowing the size of the defect expressed in percentage of the period A, we are
able to conclude that this maximum is related to the defect exit. The entrance is more difficult to identify but it seems to be
followed by a minima.

When outer races are changed on the experimental setup, they are theoretically mounted in a position such that the
defect is located under the radial load. Therefore, by comparing healthy and faulty curves in Fig. 9a it is possible to associate
extrema of the healthy curve with position of rolling elements (see Fig. 7) during rotation. Minimum of the sine wave is asso-
ciated to position 1 and its maximum is with the position 2. In the case of M4 measurement (Fig. 9b), it appears that the
defect entrance is slightly shifted from the minimum of the healthy curve, indicating that the defect position is shifted of

a) Filtered IAS variations for all healthy bearings in same 0.04——  b) Filtered IA_S variations for healthy bearing — Radial
0.04 operationg conditions - Measurements M1-M2-M4 load influence Measurements M3-M4
r 7 External load
~ 3200 N (M4) |
T 0031 _____ 2200 N (M3)
=
& =
] @
g 3
g £
x| P
5
] >
51
5 2
Z
0.01 - 4
- - ML
— M2 | |
I ]
0 L L 0 I |
0 Ag 2 Ay 3Ay Ay 2A 3A
Shaft Rotation Shaft Rotation

Fig. 8. Presence of BPOO components for different measurements and load conditions.
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a) Filtered IAS variations for measurement M2 b) Filtered IAS variations for measurement M4
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Fig. 9. Filtered IAS variation for healthy and faulty bearing working in the same operating condition - influence of defect size.

about 0.26A, or 5.5° from the radial load direction. This position shift may also explain the reason why speed variations from
M4 are weaker (Hs,, indicator is lower) than those obtained from M2 measurement while the defect is larger. In that case,
defect entrance appears easier to detect.

Fig. 10a shows filtered speed variations from the bearings of measurement M6. The defect (c¢) exhibits a large modifica-
tion of speed variations with a magnitude of about 0.18 rad/s which is 0.45% of the nominal shaft speed (40 rad/s).

The defect exit remains easy to detect and associated to the maxima of speed variations but a second extrema is also vis-
ible for different measurements. As reported in Fig. 10b, this second extrema is located at a distance of 0.33A, from the
entrance and could be related to the surface roughness and to the shape of the defect, more complex than for the other
defects. It could be associated to the partial contact between the race and the rolling element.

The previous analysis has shown the advantages of the tool for estimating the size of the defect. In the speed variation
signals the exit is clearly located as the entrance is more difficult to locate. In association with vibration analysis in which
entrance looks easier to detect, the combination of these two signal analyses may offer a good alternative in defect size esti-
mation. Other information like the defect location relative to the load direction or the shape of the defect are also available
with IAS measurement but remain for further investigations.

3.4. Analysis of measurements M2/M3 - M6/M7 and M4/M5 - M2/M7: Influence of operating conditions

The aim of this section is to estimate the influence of operating conditions on the speed variations. Measurements M2 and
M3 are performed for defect (a), for the same macroscopic rotating speed (60 rad-s~!) but with different external radial load

a) Filtered IAS variations for measurement M6

b) Defect (c) geometry
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0 Aq 2 A 3 A
Shaft Rotation

Fig. 10. Filtered IAS variation for healthy and faulty bearing for measurement M6 and corresponding defect geometry.
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(3200 N and 2200 N). Corresponding Hg, indicators are 0.017 and 0.009. Measurement M6 and M7 are performed for defect
(c), under the same external radial load (3100 N) but with different macroscopic speed (40 rad-s~! and 124 rad-s™'). Corre-
sponding indicators Hg,, are 0.045 and 0.014. For both case, evolution of the indicators may only confirm the influence of
operating conditions on the detectability of the defect. Next figures present the filtered IAS variations associated with each
case.

Operating conditions govern the magnitude of speed variations induced by defect but the general shape of the perturba-
tion and particularly the locations of entrance and exit remain unchanged (the defect geometry remains unchanged). The
analysis reports the following:

e An increase of the radial load leads to an increase of the perturbation magnitude, in the current case an increase of 45% of
the load induces an increase of perturbation magnitude of 66%.

¢ An increase of the speed leads to a decrease of the perturbation magnitude, in the current case an increase of 210% of the
speed induces a decrease of perturbation magnitude of 55%.

Effects of operating conditions on speed variations associated to bearing defects are obviously nonlinear.

In the case of defect (¢), in Fig. 11b one has to notice that secondary maxima are detectable in both measurements in the
same relative angular location. Therefore and as stated in the previous section, this phenomenon is mostly related to the
defect geometry and not to the system dynamics.

Fig. 12a shows the results for measurements M4 and M5 with defect (b) mixing different load conditions (3200 N/2200 N)
and speed conditions (60 rad-s~'/30 rad-s—!). In both configurations, the exit point is perfectly located and defect size may be
estimated. From measurement M5 to measurement M4, shaft speed increases of 100% and load of 45% leading to a decrease
of 36% of the magnitude of the perturbation.

Fig. 12b shows the results for measurements M2 (for defect (a)) and M7 (for defect (¢)) both exhibiting the same Hg, level
of 0.017, the curve placement being insured by locating extrema associated to the defect exit. Despite the same magnitude of
the speed variations of 0.07 rad/s and different operating conditions in speed, the proposed method allows to dissociate the
changes in defect geometry.

Furthermore, Hy, indicator appears not efficient in estimating defect size but it is representative of the magnitude of the
speed variations induced by the defect as shown in Table 3.

To conclude, operating conditions characteristics and length of the defect are mixed in global indicators based on har-
monics magnitude but separated in the proposed analysis.

3.5. Analysis of measurements M8 and M9: Non stationary operating conditions

This section is dedicated to the analysis of IAS in non-stationary conditions and results are shown in order to introduce
some research perspectives about non slipping conditions.

Measurement M8 performed with defect (a) corresponds to very large and sharp speed variations as shown in Fig. 13a.
Nevertheless, proposed approach can be applied. Resulting IAS variations are plotted in Fig. 13b for four different shaft angu-
lar positions. It appears that the proposed tool is not affected by the large speed variations and still allows identifying the
presence of the defect and its length.

Curiously in the range 0-600 rev. where the speed is stable around 83 rad-s~!, filtered speed variations (red curve) exhibit
an oscillation not found for other speed conditions. This phenomenon is also present for other measurements operated at the

a) Filtered IAS variations for measurement M2 — M3 : Load Influence b) Filtered TAS variations for measurement M6-M7 : Speed Influence
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Fig. 11. Filtered L.A.S variations - Influence of load and speed.
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a )Filtered IAS variations for measurement M4-M5 b) Filtered IAS variations for measurement M2-M7
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Fig. 12. Filtered L.A.S variations - Influence of operating conditions and Hsp, indicator.

Table 3
Global indicator Hgy, for bearing 1 and corresponding speed
fluctuations.
Measurement Hsm1 Speed variations (rad-s—!)
M1 0.0035 0.03
M2 0.017 0.07
M3 0.0091 0.04
M4 0.011 0.045
M5 0.015 0.06
M6 0.034 0.15
M7 0.017 0.07

same speed condition (83 rad-s~!) and may probably be linked to interaction between cyclic excitation and structural
resonance.

Measurement M9 is performed with the defect (c) and corresponds to a speed run up as shown in Fig. 14a.

For this measurement, analysis is more difficult as the BPOO harmonic associated to the faulty bearing is not clearly vis-
ible in the angle frequency spectrum shown in Fig. 14b. Speed variations extracted from the whole measurement and filtered
with a large frequency band containing all the BPOO components exhibit interesting results shown in Fig. 15. Using the
whole signal, filtered IAS variations have been computed using the proposed tool. The red window in Fig. 14b is used. It

a) M8 macroscopic speed changes
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Fig. 13. Analysis of measurement M8 for faulty bearing (a) for non-stationary operating conditions.
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a) M9 macroscopic speed changes b) Speed variations spectrum for mesure M9 — Zoom around BPOO
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Fig. 14. Analysis of measurement M9 for faulty bearing (c) for non-stationary operating conditions.
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Fig. 15. Filtered signal at four locations for measurement M9 for faulty bearing (c) in non-stationary operating conditions.

is centered on 7.35 ev/rev and have a length of 41 channels (n = 20). Then zooms with a length of 3A, are performed around
different angular positions and plotted in Fig. 15. At first glance, it could be seen that the proposed tool does not allow recon-
structing the disturbance due to the defect on the whole measurement. In fact, in the first part of the filtered signal (200 rev
and 300 rev), effects of the faulty bearing are correctly reconstructed. The shape of disturbance is the same as the one
obtained with this defect (measurements M6-M7), characteristic extrema attesting their link to the defect geometry. In
the second part of the signal (600 rev and 1000 rev) the frequency filter is located closer to the healthy bearing BPOO
and exhibits the effects of this bearing rather than the faulty one.

For further investigations, measurement M9 offering 1200 shaft revolutions is divided in 3 parts of length 400 revolutions
as indicated in Fig. 14a. Spectra extracted from each part are shown in Fig. 16a indicating that a sliding of the BPOO may
occur and may be detected in measurement M9 with lower resolution due to shorter length of analysis. This phenomenon
is properly at the origin of the fact that effects of faulty bearing are not correctly reconstructed in the previous analysis. For a
correct use of the proposed method, one has to ensure that the BPOO harmonics must be in the filter order bands on the
whole duration of the measurement. By applying the reconstruction tool with three filters defined for each part with similar
bandwidths, it is possible to better reconstruct the shape of the faulty bearing all along the measurement (see Fig. 16b).

Results shown in this section clearly exhibit that the tool may be used in non stationary conditions without modification
if there is no slippage in bearing of interest. When BPOO is slightly changing during measurement, one has to take particular
care in defining correctly the filter. The proposed approach may be improved by using further filtering methods in order to
tackle resolution issues in spectrum editing procedure or to implement tracking filters.
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a) Speed variations spectrum for mesure M9 — Zoom around BPOO

0.035 T T T T T
0 to 400 rev b) Filtered IAS variations based on 3 filter definitions of measurement M9
— 7,353 ev/rev 0.1 ;
003 388 if;vfzc’og(ﬁv'ev 4 200tr - 300 tr - 600 tr - 1000 tr
- 0.09 { , J
1 0,44 A
E 0025 i 0.08 ! !
: |
é ~ 0.07 E
Iz . -1 P
g 0% < 006 ]
< s I
= 7,37 ev/rev = 0.0 !
S 0015+ _ 5 7 5
el 8 1
‘E 7,365 ev/rev g 0.04 E
12}
2 001 7 < 003 :
E 1
0.02
0.005 4
0.01
0 . - 0
7.2 7.25 7.3 7.35 7.4 7.45 7.5 0 Ao 28, 3A

Angle Frequencies (ev / rev) Shaft Rotation

Fig. 16. Analysis of measurement M9 for faulty bearing (c) for non-stationary operating condition analysis performed by splitting the initial measurement
made of 6 000 000 points in 3 areas of 2 000 000 points.

4. Conclusion

The work presented in this paper is based on previous results which have shown the interest of the angular approach
regarding the analysis of vibration and Instantaneous Angular Speed signals for monitoring rotating machines. These studies
have shown that the effect of a faulty bearing on the rotating speed may be detectable by simple spectral analysis of the
Instantaneous Angular Speed if sampled in the angular domain over a large number of points. These facts being established,
the measurements performed on complex devices do not allow to clearly identify the relationships between operating con-
ditions and effects of faults on the rotating speed of the machine and do not allow the estimation of the magnitude and the
shape of the resulting disturbances. To gain a better understanding of these phenomena a signal processing tool is proposed
essentially based on the use of a filter defined in the angular frequency domain.

Using this tool to actual signals from a test bench has allowed to quantify the magnitude of the speed variations related to
the BPOO (Ball Pass Order on the Outer race) of the bearings under monitoring. For healthy bearing this magnitude is about
0.01% of the macroscopic speed and the shape of the speed variation is close to a sinusoid, mainly due to the load sharing
between rollers. For faulty bearings and for the considered operating conditions, magnitude rises up to 0.1% and the speed
variations present a specific shape that can be correlated to the size of the defect. This tool also distinguishes the speed vari-
ations due to an evolution of the defect to those due to variations in operating conditions. It can also explain why the
detectability of a defect may depend on the operating conditions. In classical frequency indicators based on harmonics mag-
nitude, modifications due to operating conditions and length of the defect are generally mixed. On the opposite in the anal-
ysis proposed herein, these two contributions are clearly separated. Another interesting point is that the proposed tool can
be used in stationary or non-stationary operating conditions and leads to the same results under the condition of no slipping
phenomenon in the bearing kinematics. Some results in non-stationary conditions have been presented when BPOO is
spread over several order components during measurement mainly due to slipping. The proposed interpretation based on
this single measurement must be further investigated with more adapted signal processing tools.

Applied to 9 measurements and 4 levels of tapered roller bearing defects, the proposed approach seems very promising
but it must still be improved and tested on other measurements, other bearings and other setups. These experimental results
should be compared to those obtained with phenomenological models in order to understand the transfer path between the
fault and its manifestation. Another perspective lies on extending this approach to inner bearing defect as the modulations
due to the rotation of the shaft have to be taken into account.
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