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Abstract

In this paper, a new method to enhance vibration signals measured by Laser Doppler
Vibrometry (LDV) is proposed. The method consists of two stages of processing. The first
stage is intended to reduce the speckle noise, an inherent problem of LDV when rough
surfaces are measured. The speckle noise causes amplitude dropouts, resulting in undesired
"spikes" on the waveform of the velocity signal. It is shown that the presence of the speckle
noise depends on the optical level signal (a DC voltage proportional to the amount of
backscattered light from the object under investigation). Whenever the optical level is
critically low, a new spike is generated and persists until a sufficient value of the optical level
is reached. Therefore, speckle noise reduction is achieved by removing all periods of the
velocity signal that correspond to the optical level below a specified threshold. The remaining
periods are then "connected" using zero crossings in order to form a denoised velocity signal.
The second stage is based on an order tracking method recently developed by Bonnardot et al.
This method requires no tachometer signal since the instantaneous shaft speed is extracted
from the instantaneous phase of a demodulated vibration signal. After the resample times are
determined, the denoised signal is resampled in the angular domain by using linear
interpolation. As a result, fluctuations of the shaft speed are removed, which reduces smearing
of discrete frequency components and thus contributes to sharper peaks in the order spectrum.
Finally, spectrum enhancement is also illustrated using the power spectral density and the
envelope spectrum. The results indicate that the method can reveal spectral peaks buried in
the noise, and thus improve detectability of mechanical faults. The method has been applied
to LDV signals measured on washing machines for the purpose of quality control in
production lines.
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1. INTRODUCTION

Laser Doppler viorometry (LDV) is a non-contact measureinechnique used to acquire the
velocity (or displacement) of vibrating objects. Due to tten-invasive character of LDV, the
measurement process does not affect the object of intgaasicularly its natural stiffness and
damping [L]. LDV measurements can be also automated, which significesduces the testing
time and makes LDV particularly attractive for quality canitin production lines. For example,
LDV has been recently employed in detection of manufactudiefects in washing machine [
and electric motors3, 4].

Despite the advantages of LDV, vibration measurements oghreurfaces can be dis-
torted by speckle noise which is the most important limitatof LDV [5]. Hence this paper
presents a new method for reducing the speckle noise (Sewll@yved by an applied order-
tracking technique (Sec. 3). The improvement obtained b sgep is demonstrated in Sec. 4.

2. SPECKLE NOISE REDUCTION

Vibration data are acquired using a testing station for iuabntrol of washing machines.
Specifically, vibration velocity is measured on the surfatthe drum by an industrial single-
point vibrometer §], which also provides an additional output signal refemeedsoptical level
(level of the optical signal). The optical level is a measofrthe amount of light scattered back
from the object under investigation. The signal is provided DC voltage proportional to the
logarithm of the optical signal leveb]. It is often used for optimising the focus of the laser
beam, which can be manually adjusted by a focusing ring.

Reduction of speckle noise is based on thresholding thealpével signal and removing
all periods of the velocity signal which are critically disted. The remaining periods are then
"joined" together to form a new denoised signal. This mettadbe used only during the steady
state, where the removed periods carry similar informad®the periods to be preserved. On the
other hand, the frequency content is changing during theupuand run-down of the washing
machine, hence the removal would cause a loss of informakisemethod operates as follows.

2.1. Zerocrossings of the sinusoidal signal

The steady-state velocity signak(m) is band-pass filtered in order to extract a sinusoidal sig-
nal ssg(m) for detection of zero crossings. This procedure consisfivefteps and is shown in
Fig. 1. First, the amplitude spectrum ofs(m) is computed using the discrete Fourier transform
(DFT). Second, the shaft frequengyis detected as the maximum peak in the range 0—-30 Hz.
Third, the lower and upper edge of the filtered band are coedbas 0.8, and 1.2f,, respec-
tively. Fourth, band-pass filtering afy(m) is performed in the frequency domain. Fifth, zero
crossings oksg(m) are detected in a standard way.

The filtered band is from 11.6 to 17.4 Hz, which is necessarpfeserving fluctuations
of the shaft speed. Fid(b) depicts the waveform of the original signal(m) and the filtered
sinusoidal signadsqm) with its zero crossings. These crossings represent the!"tnoise-free)
zero crossings ofsg(m) and are thus used to separate this signal into individuager
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Figure 1. Extraction of the sinusoidal signal: (a) selediadd for band-pass filtering, (b) detail of the
waveform with detected zero crossings.
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Figure 2. Removal of periods distorted by critical amounséckle noise.
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2.2. Removal of periodswith speckle noise

Fig. 2 shows an example of speckle noise which indicates that thsergenerates "spikes" on
the waveform of the velocity signal. The direction of thegikas is always towards zero, which
implies that the speckle noise causes dropouts of the sigmgalitude. The waveform afsg(m)

is practically the same as the speckle noise model propgs€@dbparetti and Rever].

It has been observed that the presence of the speckle nalepéndent on the steady-
state optical level signaksm). Whenever the value af(m) is critically low, a new spike is
generated and persists until the optical level returns tdfecent value. Based on this observa-
tion, the denoising procedure operates as follows. Theatsggy(m) andgssm) are processed
period by period using the detected zero crossings. If thieapevel for a current period drops
below a thresholdhryy, this period is regarded as distorted and is removed fronsitieal
(notice the labels remove’ and 'preserve’ in F&). The goal of this procedure is to remove the
most severe speckle noise, since a small amount of the romwesent in the whole signal.

The periods to be preserved are then "connected" to form aigealx,(n), as illustrated
in Fig. 3. A new time indexn is used to emphasise thai(n) has a different time basis than
zsg(m). The signalz,(n) has been termed the denoised signal, although this methexdrau
reduce noise in the classical sense. Indeed, this appreaeasible only due to the simple
waveform ofzss(m), which allows the periods without speckle noise to be cotatkasing the
zero crossings. As a result, the speckle noise is efficigetlyoved without introducing any
non-stationarities, while the length of the remaining aigea maximised. On the other hand, the
corresponding optical leve};(n) is discontinuous, hence it is not further used. It is depiidte
Fig. 3(d) only for illustration that,(n) is always greater thathrgp.

The initial value of the thresholthry, is 0.8. However, if the denoised signal(n) is
too shortthrep can be progressively reduced in steps of 0.05 and denoising(0:) repeated.
This can be performed iteratively until a sufficient lengthwg(n) is reached. This length is
specified as aequired number of signal periods npe.. For example, ifi,e = 20 (recommended
value), the length of the denoised signal is approximate®@ 5 (= 20 / 14.5 Hz). The final
value ofthrqy in Fig. 2 and3is 0.6 and 0.55, respectively.
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Figure 3. Connecting the periods without speckle noiserm fine denoised velocity signal.
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3. APPLIED ANGULAR RESAMPLING

Order tracking is a vibration analysis technique in whicHtmples of machine speedi(ders)
are used instead of absolute frequendinputed order tracking (COT) is a resampling-based
technique introduced in 1989 by Potter and Grib&rgnd further studied by several authors,
e.g. in P]. In this method, both vibration and tachometer signalssagired using the normal
sampling mode (with a fixed sampling frequency), resultmgamples spaced at uniform time
increments. Digital interpolation techniques are therdusepost-process the data in order to
obtain a new vibration signal sampled at constant incresngfithe shaft angle.

In 2005, Bonnardot et al1] proposed an alternative approach to resampling-basexu ord
tracking, referred to in their paper asgular resampling. This method requires no tacho signal,
since the speed information is extracted from the instawas phase of a demodulated vibra-
tion signal. Specifically, the instantaneous shaft speextiacted from the gearbox acceleration
signal by using a band-pass filter centered on the meshiggdrey (or one of its harmonics).
It has been recommended to compare speed estimates oldtameskveral harmonics and then
select the best ones. This method cannot be used duringrihgorar run-down of a machine,
as only small speed fluctuations can be compensated (suchiag the steady state).

In this paper, angular resampling is applied to the velasigyal z,(n), resulting in the
order-tracked signatq(n) (the signal has been converted from the angular domain lmack t
the time domain). Extracting the instantaneous speed ifi@asier than inlj0], since the shaft
speed is readily available as shown in Hi¢a). The sampling frequency of(n) is much higher
than necessary, hence linear interpolation is sufficiamibvéoh angle and signal interpolation.

Fig. 4 presents a comparison of DFT order spectra before and afterda resampling.
The spectra are zoomed to highlight the range from -60 to Oh&ace the peak at the first

before angular resampling
0 T T T T T

-10f — — < — < 1

@ 0.084 0.126 0.168
T -20 1
()
3 -30f a
=
& -40[ *
= A | |

_50 - i ' ' ' -

_60 L L L L L L L ' L IL L ' ll L

0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

() Order

after angular resampling
T T T T T

+4.3 dB +7.8 dB +8.0 dB +6.9 dB

1‘ 1 1 1 1 1 X'Mwwwwwll 1

3 4 5 6 7 8 9 10 11 12 13 14
Order

1

Figure 4. Order spectrum of the denoised signal before @gérr (b) angular resampling.
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order is clipped. As can be seen, angular resampling comésbto sharper peaks in the am-
plitude spectrum and thus operates as a "spectrum shatg&@kerThe main improvement is
that pairs of smaller peaks merge into a single peak with areased magnitude, typically by
4-8 dB. The spectrum in Fig{a) exhibits two individual peaks at the 6th, 9th and 12treqrd
separated by the distance of 0.084, 0.126 and 0.168 ordpectvely. Frequency spacings are
obtained after multiplication by, = 14.5 Hz, yielding 1.218 Hz, 1.827 Hz, 2.436 Hz, respec-
tively. These spacings can be divided by the order numbebtair the spacing for the first
order, e.g. 2.436/12 = 0.204 Hz. Since 0.204 Hz is compatalilee frequency resolution, the
corresponding peak gt appears as a single broader peak. As the spacing increagasi$o
higher orders, the two peaks become separated, each aodsg to a slightly different shaft
speed. The difference is 0.2080 = 12.24 RPM and is the result of a lower speed in the begin-
ning of the steady state and a higher speed at the end. Onhiehand, order tracking results
in a constant "speed" within the whole signal, thus only oe&kpat each order can be observed
in Fig. 4(b).

4. ENHANCEMENT OF THE ENVELOPE SPECTRUM

Envelope analysis is an established diagnostic techniquéich a specific frequency band is
demodulated in order to shift modulation effects at higly@iency into the low-frequency range
[11]. Here the envelope signal is obtained using the Hilberiegue [L1] and is squared before
computing its spectrum by the DFT. The demodulated bandaserihfrom 500 to 2000 Hz.

Fig. 5 presents an improvement of the envelope spectrum obtaineddh preprocessing
stage. The corresponding signal was measured on a washeigrmeavith a faulty motor, the
detail of this signal is shown in Fig(b). The labels "original”, "denoised" and "order-tracked
correspond tacsg(m), z4(n) andzq(n), respectively. The enhancement of the envelope spec-
trum is a direct consequence of the changes in the powerrapéensity (PSD) shown in
Fig. 5(a). As can be seen, reduction of the speckle noise decrédasewverall PSD level by
several dB, patrticularly in the range from 1300 to 2000 Hz.aA®sult, the peak at 1839 Hz
has been partially extracted from the speckle noise, whapheisents a special case of random
masking [L1]. Angular resampling yields an additional PSD improvemsgggulting in a further
emphasis of the peak at 1839 Hz. Several other peaks arerdlanaed, particularly at 613 and
1226 Hz. Notice that the peaks are more visible because thergi the surrounding frequen-
cies has been significantly decreased. As a consequengedke protrude above the baseline
although their actual magnitude remains almost the same.

The PSD is estimated using the Welch’s method of averageddmgrams. The window
length is selected ass@r, wherespr = 1500 is the number of samples per rotatiorcf(n).
This means that the window length is matched to the signabgeand the resampled data are
thus "perfectly” periodic within each segment (there ara@lisgontinuities on the borders). As
a result, no leakage can occur in the amplitude spectruncehtbie rectangular window is used
(i.e. no window). This window is the best window for analygufiscrete frequency components
due to the minimum mainlobe width, which explains why thelzeia Fig.5(a) are revealed.
Angular resampling can thus be regarded as a technique wstadj the signal for the desired
window length. Therefore, the method is useful not only moving the speed fluctuations,
but also for effectively solving the general problem of cbiog an appropriate window length.

The spacing between the significant PSD peaks is 613 Hz, hiisdeequency is visible
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Figure 5. Enhancement of the PSD and the envelope spectrine ipyoposed method.
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in the original (b), denoised (c) and order-tracked (d) e spectrum in Figh. Specifically,
the amplitude at 613 Hz in each envelope spectrum is 6.243e58,e-3 and 5.98 e-3, respec-
tively. The peak in Fig5(b) is thus larger than the peaks in Fagc) and (d), but is negligible in
the original envelope spectrum in comparison with the péaksw 100 Hz. On the other hand,
the peak at 613 Hz becomes dominant in the preprocesseapawsgectra, in accordance with
the relative increase of the corresponding PSD peaks in5f@). The frequency of 613 Hz is
very close ta3 f, = 615 Hz, wheref, = 12300 / 60 = 205 Hz is the rotation frequency of the
motor. This feature is used as a fault indicator since it cxguall measurements with a faulty
motor and is absent in the remaining signals.

5. SUMMARY

This paper presents a new approach to reducing the spedkle inoLDV signals, combined
with a recent order tracking method of Bonnardot et &0].[ Experimental results indicate
that a significant spectrum enhancement can be achievedhughillustrated using the order
spectrum, the envelope spectrum and the PSD.
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