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Abstract

Condition monitoring is very important to avoid unexpected breakdowns of expensive rotating
machines found in the power generation and mining industries. The fault information in vibration
signals is often buried in low energy frequency bands. In addition to this, time-varying operating
conditions and the presence of impulsive noise results in the signal to have time-varying spectral
content, which impedes the condition inference process. The instantaneous power spectrum is
a powerful method that can be used for bearing and gear damage detection under time-varying
operating conditions. In this work, we propose a new method of using the instantaneous power
spectrum for improved fault diagnosis under time-varying conditions by enhancing the fault
information in the vibration signals. It is shown on experimental datasets that the proposed
method enhances the fault information in the signal, whereafter it can be used to obtain reliable
condition indicators under time-varying operating conditions.
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1. Introduction

Vibration-based condition monitoring is very popular for drive train and bearing monitoring,
since the vibration data are rich with fault information [1-3]. Damaged mechanical components
result in the signal to contain periodic transients [4, 5|. Therefore, the vibration signals can be

analysed to detect the presence of damaged components, determine which component is damaged
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and perform fault trending (i.e. determining changes in the condition of the machine) [3, 6, 7].
However, the vibrations of the rotating machines are not only affected by the instantaneous
condition of the machine components, but also the operating conditions (e.g. load, speed, tem-
perature) during the data acquisition process [8, 9]. The ambiguity that results from the fact
that changes in the vibration data could be ascribed to both changes in operating condition and
changes in machine condition, impedes the reliability of many conventional condition monitor-
ing methods in the power generation (e.g. wind turbines) and the mining (e.g. bucket wheel
excavators) industries [8-10].

It is possible to extract the salient fault information from the vibration signal by utilising
frequency band identification methods [11-16]. Frequency band identification methods highlight
informative frequency bands in the signal and can be used to design a bandpass or matching
filter [17-19]. Subsequently, this filter is applied to the measured signal, which is analysed for
symptoms of damage [18, 20]. The kurtogram [12], the infogram and related methods [4, 21, 22],
the ICS2gram [18], the IFBI,gram [23] and the accugram [24] are examples of frequency band
identification methods. After the application of frequency band identification methods, it is
necessary to use signal analysis methods such as the Squared Envelope Spectrum (SES) on
the filtered vibration signals [25]. However, even though some of the methods are capable of
extracting the fault information under time-varying operating conditions, the filtered vibration
signals may still contain operating condition information, which makes it difficult to distinguish
between changes in the machine and the operating conditions [9].

It is possible to obtain more robust representations of the condition of the machine by compar-
ing the condition indicators against the operating condition information [8, 10|, by attenuating
the amplitude modulation attributed to varying operating conditions [9], and by identifying the
operating condition state in the machine and using this information to segment the machine
condition features in quasi-stationary states [26].

Deterministic signal components and dominant frequency bands could impede the detection
of damage components [25, 27-29]. Cepstral methods [27]; deterministic-random separation by
subtracting the generalised synchronous average [25, 29]; and cepstrum pre-whitening [28] have
been used to enhance the fault information or to improve the diagnosability of the damage.

Damaged rotating machine components often result in the instantaneous power of the sig-
nal to become more periodic in narrow frequency bands [6, 30, 31]. This makes time-frequency
methods well-suited for representing the non-stationary components associated with damaged

mechanical components [32-34]. The instantaneous power spectrum of the vibration signal vi-



sualises changes in the instantaneous power of specific frequency bands and is well-suited for
rotating machine fault diagnosis [6, 35, 36]. However, it could be difficult to detect incipient
damage from the two-dimensional representation and therefore further processing is necessary.
Antoni and Hanson [37] used the cyclic spectrum of the instantaneous power spectrum, referred to
as the cyclic modulation spectrum, for ship surface detection. Abboud and Antoni [38] extended
the cyclic modulation spectrum for fault detection under time-varying operating conditions. Ur-
banek et al. [36] proposed the synchronous average of the instantaneous power spectrum for
detecting bearing damage and showed that it is very effective for wind turbine bearing fault
diagnosis under time-varying operating conditions.

The instantaneous power spectrum is rich with fault and operating condition information,
however, it is difficult to detect the damage components when there are frequency bands with
high energy levels. This is illustrated in Figure 1 for the vibration signals acquired from a
healthy gearbox and a gearbox with a damaged gear. The spectrograms in Figures 1(a) and (b)
are dominated by frequency bands without much fault information. This makes it difficult to

detect the fault information in the frequency range of 350 to 700 Hz in Figures 1(b) and (c). The
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Figure 1: The spectrograms of a vibration signal acquired from a healthy gearbox and a damaged gearbox are
presented in (a) and (b) respectively. The corresponding frequency marginals, i.e. integrating the spectrograms
over time, are presented in (c¢). The vibration signals were acquired from the experimental test-rig presented in

Section 3.

damage would be easier to detect if the dominant frequency bands without fault information were
attenuated. After the dominant frequency bands are attenuated, the time-frequency distribution
needs to be processed to ensure that the damage can be detected.

Hence, in this work, we propose a new method to process the instantaneous power spectrum
for fault diagnosis under time-varying and non-Gaussian noise conditions. Firstly, the angle-

frequency instantaneous power spectrum is whitened, whereafter the signal is processed to remove



spurious signal components attributed to impulsive components. This ensures that weak fault
components are amplified and a reliable representation is obtained for fault diagnosis under time-
varying and in the presence of non-fault related impulsive components. In summary, this method

has the following benefits:

e [t is very simple to implement and only requires the availability of a vibration measurement,
an estimate of the instantaneous phase of the shafts of the rotating machine, and the fault

orders of the rotating machine.

e [t performs very well on data acquired under time-varying operating and in the presence

of cyclostationary components that are not related to the component-of-interest.

The layout of this paper is as follows: In Section 2, the proposed method is presented, whereafter
it is investigated in Section 3 on two experimental datasets that were acquired under time-
varying operating conditions. Finally, the work is concluded in Section 4. Appendix A provides
additional information pertaining to the proposed method and Appendix B contains an overview

of a synthetic signal used for the illustrations in this paper.

2. Proposed method

The process diagram of the proposed method is presented in Figure 2. Firstly, the In-
stantaneous Power Spectrum (IPS) of the measured vibration signal is calculated, whereafter
a whitening function is estimated and used to normalise the different frequency bands of the
IPS. Thereafter, the whitened IPS is processed using a synchronous processing procedure (e.g.
Synchronous Average [36]) and the processed IPS is integrated over all frequency bands. This
representation is subsequently used for fault diagnosis (e.g. fault detection, fault identification

and fault trending). Our contribution in this work is specifically in the whitening and the syn-
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Figure 2: Process diagram of the proposed method. A: Instantaneous Power Spectrum (IPS); B: Whitening
function; C: The whitened IPS obtained by dividing the IPS by the whitening function; D: The processed whitened
IPS; E: The integrated IPS which is used for fault diagnosis.



chronous processing steps.

Each step in Figure 2 is discussed in detail in the subsequent sections.

2.1. Instantaneous Power Spectrum (IPS)

The Time-Frequency Instantaneous Power Spectrum (TF-IPS) of a discrete-time vibration

signal = [z[0],...,z[N — 1]], sampled with a frequency fs, is given by [38]:

1

Taw (tn: fni AF) = =g - 1X (s foni AN (1)

where X (¢, fm; Af) denotes the Short-Time Fourier Transform (STEFT) of the signal z, Af is
the spectral frequency resolution of the STFT, N is the length of the signal, h is a windowing
function such as a Hamming window, the absolute time at time step n is given by t = ¢,/ fs and
the spectral frequency associated with the mth bin is denoted f,,.

The TF-IPS is ill-suited for application under time-varying operating conditions, due to the
fact that the signal components are periodic in the angle domain [36, 38]. In contrast, the
impulses generated by damaged mechanical components usually excite time-invariant carriers
and therefore the spectral frequency bands are not dependent on the speed. Urbanek et al.
[36] and Abboud et al. [39] proposed that signals from damaged components such as bearings

should be described in an angle-frequency representation and therefore the Angle-Frequency IPS

(AF-IPS), obtained with [36, 38]

Lo (as fr; AF) :g};{lm (tn, fr; AF)} (2)

should be used instead of the TF-IPS for condition monitoring under time-varying operating
conditions. The Order Tracking (OT) operator, converts the time domain variable ¢,, to an angle
domain variable ¢,, with this operation performed separately for each frequency band in the
TF-IPS [36, 38]. If the rotational speed is unavailable, tacholess order tracking methods can be

used to estimate the rotational speed from the vibration signal [40, 41].

2.2. Whitening function

It is desired to attenuate the dominant spectral frequency bands in the AF-IPS to ensure
that the fault information is enhanced. The whitened IPS refers to the IPS with its dominant
frequency bands attenuated. We use a whitening function, denoted W ( f), to obtain the whitened

IPS as follows:
Low (Pas fr; Af)
W (fm)

Ly (Pas fm; Af) = (3)



This whitening function should attenuate the transfer function effects as the signal travels from
the source (e.g. impact) to the sensors as well as other stationary components, without attenu-
ating the cyclostationary fault information in the signal.

The angle-average of the AF-IPS, i.e. <Im(goa, fm)>a, which is related to Welch’s estimate of
the power spectral density of the signal x, can be used to obtain an estimate of the whitening

function
W(wg(fm) = <II$(90aa fm)>a- (4)

The arithmetic average over the a index is denoted ( - >a in Equation (4). This function is used
in the calculation of the Cyclic Modulation Coherence (CMC) [37]. However, in Ref. [42] it
is the shown that the power spectral density contains fault information as well. Furthermore,
in Appendix A it is shown that Equation (4) is dependent on the magnitude of the damage
components. This indicates that the estimator given by Equation (4) would overestimate the
actual whitening function W (f,,) if damage is present and this estimation error changes as the
magnitude of the damage components changes. This would result in the fault information to
be attenuated, with the amount of attenuation being dependent on the magnitude of the signal
components.

Damage often manifests as sparse components in the instantaneous power spectrum and the
cyclic spectrum [35, 36]. Hence, a more reliable estimate of the whitening function would be
obtained by using the geometric angle-average of the instantaneous power spectrum instead of

the angle-average. The Geometric angle-Average Whitening (GAW) function can be written as

Wgeo(fm) = €Xp (< log (Lzz(pas fm)) >a) ) (5)

which emphasises that the average of the logarithm of the IPS is calculated as opposed to the
average of the IPS in Equation (4). It is expected that damaged mechanical components would
result in the tails of the distribution of the IPS to increase. Smith et al. [18] proved that the
average of a logarithm of a function converges better for long-tailed distributions than using the
average of the function. Hence, Equation (5) is expected to be a more appropriate estimate of

the whitening function. This is demonstrated on a synthetic signal in Appendix B.

2.8. Synchronous Processing of the Instantaneous Power Spectrum

The whitening function in Equation (5) would only ensure that noise levels in the frequency
bands of the IPS are the same. Additional processing is necessary to perform fault diagnosis with

the whitened AF-IPS. Urbanek et al. [36] used the Synchronous Average of the IPS (SA-IPS)



to highlight the impulses attributed to a damaged wind turbine bearing. The SA-IPS can be

calculated as follows for the whitened IPS:

Iavg((pl7fm7¢)0 SDZ +k (I)vam) (6)

MN

k:

with @y being the cyclic period (i.e. reciprocal of the cyclic order) of the component of interest,
K is the number of cycles, and 0 < ¢; < 9. The SA procedure provides an estimate with less
variance and is easier to interrogate than the full IPS and should therefore be preferred over the
raw instantaneous power spectrum for fault diagnosis.

Since the instantaneous power spectrum reflects the instantaneous changes in the signal, it
would also be sensitive to impulsive components that are not associated with the machine com-
ponent under consideration. This is expected for machines operating in impulsive environments
and when the non-synchronous components are damaged [31, 43, 44]. Hence, we propose that

the Synchronous Geometric Average (SGA) of the whitened IPS

Igea(¢z7fma q)o = exp ( Z lOg 907, + k - (I)Oafm))> ) (7)

should be used instead of the SA-TPS for signals acquired from impulsive environments, or if
the non-synchronous components are damaged. This is attributed to the fact that the geometric
average is much more robust to outliers than the arithmetic average. The synchronous geometric
average is used in the calculation of the correlated kurtosis [45]. The correlated kurtosis is used

as an important step to deconvolve a signal for diagnosing rotating machines [46, 47].

2.4. Fault trending

Even though the representation given by Equation (7) could be very effective for fault de-
tection, it is desired to obtain a single indicator that can be used for fault trending. The
root-mean-square of the vibration signal is one of the most popular indicators for prognosis [48],
however, it does not allow the condition of specific components in the gearbox to be inferred. It
is therefore necessary to use a targeted feature (e.g. degree-of-cyclostationarity) to ensure that
we can infer the condition of specific mechanical components [18, 49].

In this work, we use the spectral negentropy [4] of the synchronous average of the processed
instantaneous power for fault trending. This is calculated as follows. Firstly, the instantaneous
power associated with the synchronous geometric average of the instantaneous power spectrum
is calculated by marginalising over the spectral frequency variable

M—
egeo(gp“ q)O Z 7{(1]; (101'7 fm7 (I)O)7 (8)

m=0

7



with ®( being the cyclic order of the component-of-interest. Equation (8) is referred to as the
integrated IPS in this work and is defined in the domain 0 < ¢; < ®g. Secondly, the spectral
negentropy of the integrated IPS [4]

. _ [ ei’(pis®o) 5 et (i Po)
’w((I)O) - <<6%60(¢n; (I)())>n 1 g <<ez)60(s0n; q)o)>n> >n7 (9)

is calculated to obtain the condition indicator corresponding to the component with a cyclic
period ®¢. The condition indicator z,(®y) can be used to monitor the condition of specific me-
chanical components (e.g. to distinguish between a gear and a bearing fault) with the additional

benefit that it is very simple to implement.

2.5. Summary of method

The calculation procedure of the proposed method is presented in Figure 3 on synthetic
vibration data presented in Appendix B. In this signal, a damaged machine component is
simulated by generating an impulse at 180 degrees of the shaft, which repeats with each shaft
rotation. The impulses are hidden by the two dominant spectral frequency bands at 1000 and
2000 Hz seen in Figure 3(a). In the proposed method, the whitening function, shown in Figure
3(b), is used to whiten the IPS before the SGA is calculated. It is clear from this result in Figure
3(c) that the GAW attenuates the dominant frequency bands and the SGA in Figure 3(d) is able
to effectively extract the periodic impulses. This results in an intuitive integrated IPS with the
damaged component clearly seen in Figure 3(e). This result is compared to the case where only
SGA is performed on the raw IPS (i.e. steps 3(a), 3(f) and 3(g)). Even though the SGA is used,
it is not possible to detect the damage in Figure 3(g) without the whitening procedure.

In the next section, the proposed method is investigated on experimental data that were
acquired under time-varying operating conditions and compared to various other IPS processing

methods as outlined in Table 1.

3. Experimental investigation

In this section, the proposed method is investigated on experimental data that were acquired
under time-varying operating conditions. Firstly, an overview of the experimental test-rig is
presented in Section 3.1, whereafter a localised gear damage dataset is considered in Section 3.2
and a distributed gear damage dataset is considered in Section 3.3. The localised gear damage

dataset highlights the suitability of the proposed method to attenuate impulsive components
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Figure 3: The illustrated process diagram of the proposed method. (a) Angle-Frequency Instantaneous Power
Spectrum (AF-IPS); (b) Geometric Average Whitening (GAW) function; (c) Geometric Average Whitened IPS
(GAW-IPS); (d) Synchronous Geometric Average of the GAW-IPS (SGA-GAW-IPS); (e) Integrated SGA-GAW-
IPS; (f) Synchronous Geometric Average IPS (SGA-IPS); (g) Integrated SGA-IPS.



Table 1: The different methods which are compared in this work. The whitening column indicates the whitening
procedure (e.g. Average Whitening (AW), Geometric Average Whitening (GAW)) that is performed on the IPS
and the synchronous processing column indicates the synchronous processing (e.g. Synchronous Average (SA) or

Synchronous Geometric Average (SGA)) that is performed.

Abbreviation =~ Whitening Synchronous Additional

Processing  remarks

SA-TIPS None SA Used in Ref. [36]
SGA-IPS None SGA

SGA-AW-IPS AW SGA

SGA-GAW-IPS GAW SGA Proposed method

unrelated to the component-of-interest and the distributed gear damaged dataset highlights the

suitability of the method to attenuate time-varying operating conditions.

3.1. Experimental test-rig
The experimental test-rig presented in Figure 4 is located in the Centre for Asset Integrity

Management (C-AIM) laboratory of the University of Pretoria. The test-rig in Figure 4(a)

(b) Back of monitored gearbox
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Figure 4: The experimental test-rig that was used to generate the data is shown in (a), with the back of the

monitored gearbox presented in (b). The different shafts of the test-rig are denoted by S1, S2, S3, and S4.

consists of an alternator, an electric motor and three industrial helical gearboxes. The electric
motor, which drives the system, and the alternator, which dissipates the rotational energy, are
separately controlled using a personal computer. The first gearbox (i.e. Gearbox 1) reduces the
rotational speed of the motor with a factor of 4.93, with the centre gearbox (i.e. Gearbox 2)
and the last gearbox (i.e. Gearbox 3) increasing the input speed with a factor of 1.85 and 4.93
respectively. Gearbox 2 is a parallel shaft helical gearbox that consists of a gear and pinion,
with its rotational speed being estimated with an optical probe and a zebra tape shaft encoder
located at its input shaft. The zebra tape shaft encoder and the optical encoder are presented in

Figure 4(b) and sampled at 51.2 kHz. Since the gear of Gearbox 1 is connected to the reference
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Figure 5: The operating conditions that were present at the input shaft (i.e. S2 in Figure 4) of the monitored

gearbox.

shaft, it rotates at 1.0 orders of the input shaft, while the pinion rotates at 1.85 orders of the
input shaft. This means that the cyclic period of the gear is ®¢ = 1.0 rotations and the cyclic
period of the pinion is ¢y = 0.54054 rotations.

The axial component of the tri-axial accelerometer, located on the back of the monitored
gearbox and shown in Figure 4(b), is used for monitoring the condition of the components of
Gearbox 2. The acceleration signal is sampled at 25.6 kHz. We found that the vibration data
acquired from the monitored gearbox contain much impulsive information irrespective of the
condition of the gears. This is attributed to the contact made between a floating bearing and
the casing of the gearbox when axial loads are applied on the shaft. The impulsive noise and
the fact that helical gears are used, impede the application of many conventional signal analysis
techniques.

The vibration data were acquired under different time-varying operating condition profiles,
with the four operating conditions considered in this work presented in Figure 5. These operating
conditions ensure that we can evaluate the suitability of the proposed method for applications
where the load and speed of the machine vary over time.

Two different gear conditions are investigated in the monitored gearbox (i.e. Gearbox 2 in
Figure 4). In the first experiment, localised gear damage was induced in the gear and in the
second experiment, distributed gear damage was induced. In both of the aforementioned cases
the pinion was in a healthy condition. In the next section, the localised gear damage results are

presented.
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(a) Before

Figure 6: The gear that was used in the localised gear damage experiment. The gear before the fatigue experiment

was started is shown in Figure 6(a) and after the test was completed is shown in Figure 6(b).

3.2. Localised gear damage results

Localised gear damage such as root cracks significantly reduce the life of the gears and
therefore need to be detected as early as possible [30, 31]. A slot was seeded in the root of a
single gear tooth of Gearbox 2, with the result shown in Figure 6(a). This gear was used in the
monitored gearbox with a healthy pinion, whereafter the gearbox was operated with operating
condition two (i.e., OC 2 in Figure 5) for approximately 20 days. After the completion of the
experiment, the gearbox was missing a tooth, with this gear presented in Figure 6(b). Two-
hundred measurements, approximately evenly spaced over the life of the gear (i.e. from the
condition shown in Figure 6(a) to the condition shown in Figure 6(b)), are considered in this
section. The gear damage in Figure 6(a) is difficult to detect due to the presence of impulsive

noise and the fact that helical gears are used in the monitored gearbox.

3.2.1. IPS and the integrated IPS

The proposed procedure (SGA-GAW-IPS) and the additional methods (SA-IPS, SA-AW-IPS,
SGA-IPS), described in Table 1, were calculated for each measurement in the localised damaged
dataset. Firstly, the SA-IPS, the SA-AW-IPS and the SGA-GAW-IPS are presented in Figure
7 for one of the measurements. The localised gear damage can faintly be seen on the gear in
Figure 7(a) in the lower frequency band between 90 and 180 degrees. However, the SA-IPS of the
pinion looks very similar to the SA-TPS of the gear and the SA-IPS of the gear contains dominant
components in the high-frequency bands, which are spread around the circumference of the gear.
These dominant frequency components are attributed to the impulsive signal components, which
makes it difficult to correctly infer the condition of the gear and the pinion.

The SA-AW-IPS method was implemented for the same signal investigated in Figure 7(a)

12
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Figure 7: A synchronous representation of the Instantaneous Power Spectrum (IPS) obtained with three different
processing methods discussed in Table 1. Abbreviations: Synchronous Average of the IPS (SA-IPS); Synchronous
Average of the Averaged Weighted IPS (SA-AW-IPS); Synchronous Geometric Average of the Geometric Average
Whitening function of the IPS (SGA-GAW-IPS).
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with the results of the gear and the pinion presented in Figure 7(b). It is not possible to see the
gear damage in Figure 7(b), because the average whitening procedure attenuates the dominant
frequency bands as well as the fault information in the signal.

Lastly, the results for the proposed method (SGA-GAW-IPS) are presented in Figure 7(c).
In the proposed method, the geometric averages of the different frequency bands are used to
whiten the IPS, whereafter the synchronous geometric average is calculated of the whitened
IPS. The synchronous geometric average ensures that non-synchronous impulses are removed
from the representation and therefore provides a more reliable representation in the presence of
impulsive noise. In Figure 7(c), the gear contains a very dominant component that is localised
at approximately 135 degrees, with the rest of the IPS being uniform. The reference point of the
shaft position was measured from the butt joint error of the zebra tape shaft encoder, with the
135 degrees being measured from this point. The SGA-GAW-IPS of the pinion is uniform and
does not contain any evidence of damage. Hence, the proposed method is capable of providing
the correct condition of the gear and the pinion.

Since the instantaneous power spectra will be converted to a scalar metric after integrating
over the spectral frequencies, it is important to compare the different integrated IPSs. The inte-
grated SA-IPS, the integrated SA-AW-IPS, and the integrated IPS obtained with the proposed
method (SGA-GAW-IPS) are compared in Figure 8 for the same signal investigated in Figure 7.
The integrated SA-IPS and the integrated SA-AW-IPS, presented respectively in Figures 8(a)
and 8(b), do not indicate the correct condition of the gear and the pinion. This is due to the
fact that the SA-IPS contains dominant frequency bands that were also present in the IPS, while
the SA-AW-IPS attenuated the fault information in the IPS. In contrast, the integrated IPS
obtained with the proposed method, performs much better as seen in Figure 8(c); it is easy to
distinguish between the healthy pinion and the damaged gear and the localised gear damage is
very prominent at approximately 135 degrees.

Lastly, the integrated SA-IPS and the integrated SGA-GAW-IPS are compared in Figure 9
for all the considered measurements in this dataset. It is clear that the integrated SA-IPS method
cannot attenuate the impulsive noise components and therefore makes the damage difficult to
detect. It is only possible to see the damage in the SA-IPS because the different measurements
were aligned to ensure that the damage on the gear remains at the same position. In contrast,
the integrated SGA-GAW-IPS is able to attenuate the impulsive noise components with the
damaged gear components clearly seen. This makes the integrated SGA-GAW-IPS a very reliable

representation of the condition of the gears.
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Figure 8: The integrated IPS obtained with three different processing methods for the measurement investigated
in Figure 7. Abbreviations: Synchronous Average of the IPS (SA-IPS); Synchronous Average of the Averaged
Weighted IPS (SA-AW-IPS); Synchronous Geometric Average of the Geometric Average Whitening function of
the IPS (SGA-GAW-IPS).
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Figure 9: The integrated SA-IPS and the integrated SGA-GAW-IPS are compared for all measurements in the

localised gear damage experiment.

3.2.2. Condition indicators

The condition indicators, calculated for the 200 measurements, are presented in Figure 10, for
the four methods discussed in Table 1. The condition indicator of the proposed method in Figure
10(a) is extremely sensitive to changes in the condition of the gear component. The damaged
gear started with a small slot in the root of the tooth, which ultimately resulted in the tooth
to fail. The initial changes of the condition indicator of the gear in Figure 10(a) is attributed
to the development of a crack and the final increase of the condition indicator is attributed to
the failure of the gear tooth. The slight decrease of this condition indicator at the last few
measurements seems to be attributed to the following: The damaged gear tooth impeded the
natural meshing of the gear and the pinion in the last few measurements, which increased the
vibration levels during meshing. After the gear tooth failed and was removed from meshing, the
meshing would become more smooth, which would result in a slight decrease of the vibration
levels. This behaviour is also observed in the synchronous representation in Figure 9(b). Since
the pinion is in a healthy condition for the duration of the experiment, its condition indicator in
Figure 10(a) remains constant with respect to the measurement number.

The condition indicator obtained with the SA-IPS is presented in Figure 10(b). The results
contain much more noise, with a change in the gear condition only seen at measurement number
125. The SA-TIPS performs much better than expected; it is possible to see a change in the

condition of the gear despite its susceptibility to the non-synchronous impulsive components
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Figure 10: The spectral negentropy of the integrated IPS obtained of the distributed gear damage experiment.
The condition indicators of the proposed method, the Synchronous Geometric Average of the Geometric Average
Whitened angle-frequency Instantaneous Power Spectrum (SGA-GAW-IPS), the Synchronous Average IPS with-
out performing whitening (SA-IPS), the Synchronous Average of the Average Whitened IPS (GA-AW-IPS) and
the Synchronous Geometric Average of the IPS (SGA-IPS) (without performing any whitening procedure) are

compared.
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seen in Figure 9(a). This is attributed to the fact that these impulsive components remained
constant throughout the experiment. However, the condition indicator of the pinion increases
over the measurement number even though it was healthy for the duration of the test. This
erroneously indicates that both the gear and the pinion are deteriorating over time. This incorrect
information is attributed to the fact that the SA-IPS of the pinion is not independent of the
non-synchronous damaged components associated with the gear. Therefore, its metrics are not
reliable for performing fault trending.

The condition indicator of the SA-AW-IPS in Figure 10(c) performs much worse than the
SA-IPS, because it is not even possible to see a change in the condition indicator of the gear.
This is attributed to the fact that the whitening function attenuates the fault information and
therefore makes the associated integrated IPS and all of its metrics unreliable for fault trending.

Lastly, the condition indicator obtained with the SGA-IPS (i.e. the proposed method without
utilising the whitening function) is presented in Figure 10(d). The SGA-IPS performs much
better than the SA-IPS, which indicates that the SGA should be preferred to the SA of the IPS.
The behaviour of the SGA-IPS in Figure 10(d) is very similar to the proposed method; after
the initial increase there is a slight decrease in the condition indicator, whereafter the condition
indicator increases again in the final stages of the experiment. However, the SGA-IPS is not as
sensitive to changes in the condition of the gear as the proposed SGA-GAW-IPS method.

Since the same operating conditions were present for all measurements in this dataset, it
is not possible to evaluate the benefits of using the proposed method for fault trending under
time-varying operating conditions. In the next section, the ability of the proposed whitening

function (i.e. GAW) to attenuate the varying operating condition information is shown.

3.3. Distributed gear damage results

Distributed gear damage is difficult to detect and can result in more severe damage to develop,
which could ultimately result in the gearbox to fail [50]. Distributed gear damage was introduced
on the gear of the monitored gearbox by leaving the gear in a corrosive environment for an
extended period of time. This damaged gear is shown in Figure 11(a). This gear was operated for
eight days whereafter the test was stopped due to excessive vibrations. The excessive vibrations
were caused by a large portion of the gear being severely damaged. In Figure 11(b), the gear
is presented after the experiment was completed, with the damaged gear portion and the three
damaged teeth (i.e. T1, T2, and T3) highlighted. Due to the rotation of the gear, T3 meshes
before T2, and T2 meshes before T1. The gearbox was sequentially operated with the operating
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(a)
(b)

Figure 11: The gear with distributed gear damage before the experiment started and after the experiment was

completed are shown in Figures 11(a) and 11(b) respectively. The three severely damaged gear teeth are labelled
T1, T2, and T3 in (b).

conditions shown in Figure 5, i.e. the operating condition sequence was OC 1,2,3,4,1,2 etc. for
the duration of the test. In total, 320 measurements were taken during the experiment.

The integrated SA-IPS and the integrated SGA-GAW-IPS are presented in Figure 12 over
measurement number.

The damaged portion of the gear is prominent in the region of 0 degrees for both the SA-
IPS and the SGA-GAW-IPS. However, the SGA-GAW-IPS in Figure 12(b) is more sensitive to
changes in the condition of the gear, with different prominent events, labelled A to G, seen.
Since the gearbox was not opened during the tests to preserve the integrity of the experiment,
we do not exactly know the physical mechanisms behind the observed events. However, it is
possible to speculate by using both the damaged gears in Figure 11 and the results in Figure
12: The initial corroded gear had an uneven surface which would have resulted in high-localised
stresses during gear meshing. These localised stresses would increase the surface wear, which
would smooth the uneven surface and then decrease the vibration levels. The running-in process
of the corroded gear is highlighted by A and B in Figure 12. The events highlighted by C (at
measurement 72), D (at measurement 148), E (at measurement 148), F (at measurement 232)
and G (at measurement 260) are attributed to the deterioration and failure of the three gear

teeth T1, T2 and T3 highlighted in Figure 11. In contrast, only the events at measurement
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Figure 12: The integrated SA-IPS and the integrated SGA-GAW-IPS are compared for all measurements in the
distributed gear damage experiment. In Figure 12(b), different events are highlighted by the arrows and labelled
from A to G.

number 148 and 280 are seen in the SA-IPS in Figure 12(a).

The same procedure was performed as for the localised gear damage section to calculate
the condition indicators of the SA-IPS, SGA-IPS, SGA-AW-IPS and SGA-GAW-IPS, with the
results presented in Figure 13. The condition indicator for the proposed method, presented in
Figure 13(a), performs exceptionally well, as it is clearly possible to distinguish between a healthy
pinion and a damaged gear and it is sensitive to different events in the signal (e.g. events seen
at measurements 72, 148, 232, 260, 280).

The SA of the IPS is also capable of detecting a change in the condition of the gear as
shown in Figure 13(b). However, only two events are clearly seen, i.e. at measurement numbers
148 and 280. This indicates that it is less sensitive than the proposed method to changes in
the condition of the machine. Additionally, the condition indicator of the pinion also changes
over measurement number, which means that it does not accurately convey the condition of the
machine components.

The metric associated with the integrated SA-AW-IPS is presented in Figure 13(c) with
similar events seen as the SA-IPS metric in Figure 13(b). The condition indicator associated
with the SA-AW-IPS contains much more noise, which means that it would be difficult to detect
subtle changes in the condition indicator. This noise is attributed to the sensitivity of the average

whitening function to the condition of the gear.
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Figure 13: The spectral negentropy of the integrated IPS obtained of the distributed gear damage experiment.
The condition indicators of the proposed method, the Synchronous Geometric Average of the Geometric Average
Whitened angle-frequency Instantaneous Power Spectrum (SGA-GAW-IPS); the Synchronous Average IPS with-
out performing whitening (SA-IPS); the Synchronous Average of the Average Whitened IPS (GA-AW-IPS); and

the Synchronous Geometric Average of the IPS (SGA-IPS) (without performing any whitening procedure) are

compared.
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Lastly, the condition indicator associated with the SGA-IPS (i.e. the proposed method
without applying the whitening step) is presented in Figure 13(d). The condition indicator of
the pinion does not change over measurement number and therefore it performs much better
than the SA-TIPS. Even though it is possible to see the two events in the condition indicator
of the gear at measurement numbers 148 and 280, the condition indicator of the gear contains
much more noise than the SA-IPS and SGA-GAW-IPS condition indicators shown in Figures
13(a) and 13(b). This specific noise is attributed to its sensitivity of the SGA-IPS to changes
in operating conditions. Hence, by comparing the results in Figures 13(a) and 13(d), it is clear
that the whitening procedure makes the condition indicator more sensitive to changes in machine
condition and more robust to changes in operating condition.

Hence, the proposed method performs much better than the synchronous average of the in-
stantaneous power spectrum, the synchronous average of the average whitened instantaneous
power spectrum and the synchronous geometric averaged instantaneous power spectrum. This
indicates that the combination of the proposed whitening procedure and the synchronous geo-
metric average makes the method well-suited for applications under time-varying operating and

impulsive noise conditions.

4. Conclusions

In this work, a new method is proposed to enhance the fault information in vibration sig-
nals. This method combines a synchronous geometric average whitening procedure with the
synchronous geometric average of the whitened instantaneous power spectrum for fault diagnosis
under time-varying operating conditions. It is shown on two experimental datasets that the pro-
posed method is capable of attenuating the impulsive noise, while enhancing the damage under

time-varying operating conditions.
Appendix A. Motivation behind method
It is assumed that the measured vibration signal

x(t) = ze(t) + x5(t), (A.1)

can be decomposed in stationary xs(t) and cyclostationary parts x.(t). Furthermore, it is as-
sumed that both parts can be decomposed in terms of a time-invariant impulse response function

hi(t) and raw signal component ¢;(t) as follows:
zi(t) = hi(t) ® g;(t). (A.2)
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The Instantaneous Power Spectrum (IPS) of the signal can therefore be written as follows:

Iaca:(ta f) = |Hc(f)|2 ' Ic(ta f) + ‘Hs(f)P ’ Is(f)7 (A3)

where I.(t, f) is the IPS of the cyclostationary part and I4(f) is the spectrum of the stationary

part. If the whitening function is defined as the PSD of the stationary part:

W(f) = ’Hc(f)|2 Is(f)7 (A4)

then the whitened IPS would have the following form:

La(t, f) _ |H(S)P Le(t, [)
W(f)  |Hy(p))? Is(f)

This whitened IPS would therefore enhance signals in frequency bands with low energy levels. If

+1 (A.5)

the whitening function is estimated with the time-average of the IPS
W(f) = (Lealt, ), (A-6)
it is easy to show that Equation (A.3) can be written as
W () = (He( ) Le(t, ), + W(S)- (A7)

Hence, the average whitening function is dependent on the instantaneous power of the cyclosta-
tionary components I.(¢, f). The instantaneous power spectrum is expected to increase as the
machine degrades and therefore the whitening function would also change as the machine de-
grades. This means that the average whitening function would not be well-suited for applications
where fault trending needs to be performed.
Appendix B. Synthetic signal
The synthetic signal is generated as follows:

o(t) = ws(t) + 2c(t), (B.1)

where x5 denotes the stationary components

s(t) = hs(t) - g5(t) + (1), (B.2)

with hgs(t) being the impulse response function of the stationary components, ¢s(t) is the raw

signal component and () is white noise. The cyclostationary component is given by
2e(t) = helt) - qo(t, MF), (B.3)
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where h.(t) is the corresponding impulse response function, ¢.(¢, MF) is the raw signal component
and MF is the Magnification Factor (MF) which is used to simulate a change in the condition of
the machine.

The impulse response function of the stationary components hs(t) in Equation (B.2) is given

by

hs(t) =e % sin(2 - 7-1000 - ) + 0.2 - e~ 20 . sin(2 - 7 - 2000 - t)

(B.4)
+ e 200 gin(2 - 7 - 3500 - t).
The stationary signal in Equation (B.2) is generated by
gs(t) ~ N(0,1%), (B.5)

which NV (p,0?) denotes a Gaussian distribution with a mean of p and a variance of 0. The

white noise signal €(¢) in Equation (B.2) is given by
e(t) ~ N(0,12). (B.6)

The CycloStationary (CS) part of the synthetic signal given by Equation (B.3), simulates the

presence of damage. The impulse response function of the CS components is given by

he(t) = e 190 . sin(2 - 7 - 2000 - t). (B.7)
The raw CS signal, given by
Nce—1
Ge(t, MF) = >~ A,(MF) -6 (t—k-1), (B.8)
k=0

consists of a train of N, Dirac functions 4(+), spaced with a period of 1 second. The amplitude

of the kth impulse is generated by

ap ~ N(MF,0.22) if MF > 10
Ap(MF) = . F o (B.9)
1 =

Hence, as the Magnification Factor (MF) increase, the magnitude of the CS increases as well.
In Figure B.14(a), the PSD of the stationary part is compared to the PSD of the CS part for

different Magnification Factors (MF). The purpose of the whitening procedure is to attenuate the

stationary components, while being insensitive to changes in the CS components. The Average

Whitening (AW) and the Geometric Average Whitening (GAW) functions, denoted here by
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Figure B.14: The Power Spectral Densities (PSD) of the different components in Equation (B.1) are shown in
Figure B.14(a), with the sensitivity of the whitening function to different Magnification Factors (MF) shown in
Figures B.14(b) and B.14(c).

Waw (f) and Weaw (f), are calculated for the synthetic signal with different magnification

factors. The change from the baseline of the ith whitening function W;(f)

Wi(f) — WP(f)
WP (f)

is used to quantify the robustness of the ith whitening method. The baseline function W2(f)

%change from baseline = , (B.10)

is defined by the whitening function calculated for the signal with MF = 0. The change from
baseline is shown in Figures B.14(b) and B.14(c) for the two whitening functions. Since the
stationary part remains the same, the whitening function should not change as the MF increases.
The results in Figures B.14(b) and B.14(c) indicate that the GAW function is much more robust
to changes in the MF than the AW and would therefore be more appropriate to attenuate the
stationary components without attenuating the fault information. Hence, the GAW function

should be preferred to the AW function.
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