Structure Monitoring and Evaluation using Vibro-acoustic Method
Supported by the Wigner-Ville Distribution
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Monitoring of vibrations produced by industrial sources aims on one side to have information about
the source’s behavior, and to identify changes in physical properties of the possible damaged
structures, such as loss of stiffness, on the other side. Tools for evaluation of signals are numerous. The
Fourier Transform is often used because it contains information regarding frequency content, but it can
not resolve the exact start of changes for this frequencies. Spectrograms are better able to resolve
temporal evolution of frequency content. An accurate analysis allow time-frequency transformations
like the Wigner-Ville Distribution, which permit instantaneous frequency estimation at each data point,
for temporal resolution of fractions of a second. The authors have developed a program in the SCILAB
environment, able to identify dangerous frequencies for industrial vibration sources and changes in

exposed building structures as well.

1. INTRODUCTION

Monitoring of industrial sources of
vibration is a complex activity, involving
techniques specific of various fields, like: data
acquisition, data transmission, data storage and
processing, data evaluation and valorization.
Information collected in the monitoring process
can be used for:

= Active evaluation of the source;
= Danger detection on the receiver;
= Event history proof;

= Damage prognosis;

= Statistical model development.

There are two ways to organize the
monitoring system: the conventional monitoring
(using cable transferee) and the wireless modem-
to-modem system. An example of the first system
used in monitoring of a building is presented in
figure 1. Figure 2 illustrates the wireless modem-
to-modem system (WiMMS).

Wile the conventional system is limited by
the transmission distance and the possibility to
distribute the cables in the researched areas, the
modem-to-modem system is not limited by this

restrictions. In industrial areas, due to dynamic

production  processes

with

fast  moving

components, this advantage is much more evident.
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Figure 1. Conventional monitoring system
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Figure 2. Wireless modem-to-modem system

In both chases, the information is
transmitted to a storage equipment, able to display
it instantaneous or at any time. The signal, in form
of acceleration, speed or displacement variation for
vibrations, have to be processed for a proper
interpretation of the happenings.

2. ANALYSIS OF SIGNALS USING THE
FOURIER TRANSFORM

The Fourier transform defines a
relationship between a signal in the time domain
and its representation in the frequency domain. It
decomposes the original signal x(z) into harmonic
components, identifying the spectral content of the
signal.

X(f)= f:x(z Je 2 dt (1)

The process allows the identification of the
frequencies, but it does not give the full
information regarding the behavior of the system,
in sense that it dose not allow the interpretation of
frequency evolution.

To demonstrate it we have shown in figure
3 a sample signal x(¢) with evolving frequency, 30
Hz the first half part of the time scale and 50 Hz
the second part, and by constant amplitude, and its
Fourier Transform. The Fourier Transform
correctly identifies the main components of the
signal, but does not allow an easy identification of
the start of each signal component, or even an
identification of which frequency component
arrived first. All such temporal information is

contained in the phase of the transform, but cannot
be easily extracted for system analysis purposes.
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Figure 3. Sample signal and it’s Fourier Transform

It is possible to introduce time-dependency
in the Fourier transform by pre-windowing the
signal x(z) around a particular time 7 calculating
its Fourier Transform, and doing that for each time
instant 7. The resulting transform, called the Short-
Time Fourier Transform is:

STFT .(7,f) = [:x(t W (t—1)e ™ dr (2)

where w(?) is the window function, commonly a
Hanning window or gaussian “hill” centered
around zero, and x(f) is the signal to be
transformed, like it is presented in figure 4.
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Figure 4. Analyzed signal x(#) and the short time
window w(?-7) created in time 7
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STFT.(vf) 1is essentially the Fourier
Transform of x(f)w(t-z), a complex function
representing the phase and magnitude of the signal
over time and frequency. Often phase unwrapping
is employed along either or both the time axis,
and frequency axis, f, to suppress any jump
discontinuity of the phase result of the Short Time
Fourier Transform. The time index 7 is normally




considered to be “slow” time and usually not
expressed in as high resolution as time ¢.

The magnitude squared of the Short Time
Fourier Transform yields the spectrogram of the
function, how it is described by the equation (3). It
is the power spectrum of a signal which
corresponds to the squared magnitude of the
Fourier transform of the windowed signal.

spectrogram{ x()} = |STFTX(T,f)|2 3)

Two spectrograms of the signal x(?) are
illustrated in figures 5 and 6.
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Figure 5. Spectrogram of a sample signal x(¢)smoothed
by a short window

It can be recognized that this distribution
has limited resolution due to the trade-off between
temporal resolution and frequency resolution in the
time-frequency plane, because: on one hand, a
good time resolution requires a short window w(?);
on the other hand, a good frequency resolution
requires a narrow-band filter i.e. a long window
w(t). Figure 5 presents a short window, where the
time resolution is maximized, while figure 6
presents a long window, with good frequency
resolution.

For signals characterized by higher
complexity the phenomena is much more evident,
like presented in figure 7. This spectrogram of the
sample signal y(#) is smoothed first by a short
Hanning window; it presents perfect time
resolution but zero frequency resolution. Than the
signal is smoothed by large Hanning window;
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Figure 6. Spectrogram of a sample signal x(¢z)smoothed
by a large window — best resolution obtained by
numerous window dimension
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Figure 7. Signal y(z), the Fourier Transform, and it’s
spectrogram, smoothed first by a short window, second
by large window




it presents high frequency resolution but the time
resolution depends on the window dimension — the
start and finish moment of the signal in the
spectrogram depends on the window dimension, so
the accuracy of the representation depends on the
expertise of the researcher.

We can conclude that, unfortunately, the
desiderate to have in the spectrogram
simultaneously good time and frequency resolution
is unrealistic. However, this representation clearly
captures information about in time progression of
the mean frequency.

3. THE WIGNER-VILLE DISTRIBUTION

Progresses in modern signal processing
have led to a new class of time-frequency
representation tools. The most fundamental of
these representation methods is the Wigner-Ville
Distribution, which is a quadratic time-frequency
representation. It provides increased resolution
relative to the spectrogram, but it has interference
terms. The definition of the Wigner-Ville
Distribution for a signal s(z) is given by the
following equation:

R T Ty ciznga
WVD,(t, f)—J._ws(t+2)s (1=-)e ™z (4)

The Wigner-Ville Distribution may be
affected by a spectral aliasing, in particular if the
signal s(¢) is real-valued and sampled at the
Nyquist rate. Two alternatives to this problem can
be found. The first one consists in oversampling
the signal by a factor of at least 2, and the second
one in using the analytic signal. Indeed, as its
bandwidth is half the one of the real signal, the
aliasing will not take place in the useful spectral
domain [0, 1/2] of this signal. This second solution
presents also the advantage that since the spectral
domain is divided by two, the number of
components in the time-frequency plane is also
divided by two. Consequently, the number of
interference terms decreases significantly. In this
paper we will use the analytical signal to solve the
problem. It can be defined as x(t)=s(t) + iH[s(?)],
where H/s(t)] is the Hilbert Transform of the
signal s(2). When we speak about a signal s(z), we
will automatically consider the analytical signal
x(t) in stand of it. In this case we can write:

WVD,(t,f )= x(t+ % )x’ (1 - % Je 1 dr (4)

The Wigner-Ville Distribution of the

original sienal presented in fioure 1a and its

associate analytical signal are illustrated below. It
is easy to observe that the resolution of the signal
has high quality. We can also observe the
difference between the Wigner-Ville Distribution
applied to the signal s(?), figure 8.a, and the same
procedure applied to its analytical associate x(?),
figure 8.b. In the second case the aliasing
disappears.
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Figure 8. Wigner-Ville Distribution of an original
signal s(2) and to his associated analytical signal x(?)

Another fact is, that strong interference
terms — in the middle of the time scale — are visible
and make this method not proper for some signal’s
analysis. The interferences are caused by the fact
that the Wigner-Ville Distribution is quadratic in x,
so if x is a sum (@ + b), the Wigner-Ville
distribution of x contains an interference term 2ab
in addition to the desired value (a° + &7).
Normally, if we have two points on the diagram,
we will receive interferences in the middle of the
distance between them. To avoid this inconvenient,
a lot of other modern time-frequency
representation methods derived from the Wigner-
Ville Distribution can be used, with a suitable
choice of smoothing factors, which can
dramatically reduce the interference terms by
smoothing in time and frequency.

First we have studied the influence of
frequency smoothing. If we replace x(t+7/2)x (t-
7/2) by a windowed version of it, h(z)x(t+7/2)x (t-
7/2). It results the so-called Pseudo-Wigner-Ville
Distribution:




PWVD.(t,f )=

~[“he ){x(t I —%)}e””"”dt ®)

where A(7) is a regular window. The resolution
remains quite good and the interferences in the
transition region are reduced. This fact can be
observed in figure 9.

100

a.

PW, Lh=128, Nf=1024, log. scale, imagesc, Threshold=5%

o
w
0

(=1
w

NORMALIZED FREQUENCY
o
Sy
[N

[=]
2o
- o

200 300 400 500 BOO0
MNORMALIZED TIME

700 800 900 1000

b.

Figure 9. Pseudo-Wigner-Ville Distribution of an
analytical signal x(z) associated to the original signal s(?)

By smoothing in time too, the result is a
Smoothed  Pseudo-Wigner-Ville  Distribution,
described by the equation:

SPWVD.(t,f)=

o) [ j_*:h(r)[x(r NG g)}ew-f-fdfj (©)

where *is defined as a convolution with respect to
time ¢. The function g(?) is the smoothing function
in time and A('7) restricts the range of the integral in
7. Restricting the range in 7 is equivalent to
smoothing in frequency.

A Smoothed Pseudo-Wigner-Ville
Distribution of an analytical associate x(¢) of a
signal s(?) is presented in figure 10. It is easy to
observe that interferences has disappeared, we
obtained a good resolution, both in time and
frequency. Now, if we consider the signal as a
parameter of a vibration process, who’s study is
the aim of this paper, we can locate it in time and
frequency. So, this distribution is a proper tool for

characterization of industrial sources of vibrations
or for analyzing their signals.

It have to be mentioned that by smoothing,
the consequence is an improved readability, but
many properties of the Wigner-Ville Distribution
are lost: the marginal properties, the unitarity, and
also the frequency-support conservation; the
frequency-widths of the auto-terms are increased
by this operation. This fact will not affect the
utility of the Smoothed Pseudo-Wigner-Ville
Distribution.
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Figure 10. Smoothed Pseudo-Wigner-Ville Distribution
of an analytical signal x(?)

4. ANALYSIS OF “REAL WORLD”
SIGNALS USING THE WIGNER-VILLE
DISTRIBUTION FAMILY

To test the procedure and its applicability for
signals resulting from real measurements, we have
registered and processed a signal represented by
two-seconds beat of a clock, shown in figure 11.a.

Two problems have appeared: the first
problem was that the signal had a continuous
component given by the measurement equipment,
the second was that we have registered an
harmonic component with a frequency of 50 Hz
given by the electrical network. We solved this
problems by filtering the signal. The signal was
processed to compensate the acquisition system’s
deficiencies, by replacing the continuous
component as well as the 50 Hz broom by a
overpass filtering at 100 Hz. This fact can be seen
in the Fourier Transform in figure 11.b. Figure
11.c presents the time-frequency representation




realized trough the Smoothed Pseudo-Wigner-Ville
Distribution,  which illustrates the energy
concentration around the domain of 0,25 of the
normalized frequency equivalent of 1500 Hz.
Location in time is also very precise determinated.
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Figure 11. Signal, its Fourier Transform and its
Smoothed Pseudo-Wigner-Ville Distribution

5. MONITORING AND EVALUATION OF
STRUCTURES

The Wigner-Ville Distribution and its
derived forms can be used in monitoring and
evaluation of structures stressed by variable loads,
for example by vibrations derived from industrial
sources. The advantage comparing with the Fourier
Transform is that, that being a time-frequency
representation, it gives, supplementary to
information on frequency exact time positioning.
So, the start time for events like changes in the
behavior of the sources caused by damage on the
source can be easily located. Indeed, for a lot of
machines and their components the frequency
domain is well known. By monitoring them, we
can determinate the exact moment when a
frequency goes out from it normal limits, and
implicit determinate de damaged component by
associate it with the frequency.

It is also possible, by whole-day
registration, to detect the periods when sources of
pollution with noise or vibrations have been active,
the type of source and the level of pollution. The
source identification is much more facile like by

the use of the simple signal registration, because it

presents both the frequency and the time scale
evaluation. Let us realize a model of a
manufacturing plant where two different hammers
(modeled as two short signals of 50 Hz and 80 Hz -
figure 12.a.) and a lathe (modeled as a continuous
signal of 30 Hz- figure 12.b.) are active In figure
12.c. the measured value of the vibration, obtained
in the modeling process by the superposition of the
three vibrations, is presented. It is difficult to make
considerations, by analyzing just the signal or even
its Fourier Transform (figure 12.d.), which
hammer was active in which period. Using the
Smoothed  Pseudo-Wigner-Ville  Distribution,
figure 12.e, we can observe the evolution the
system, when each machine had his active period.
The modeled manufacturing plant is
characterized by simple signals, which are unusual
in the real life. We presented this fact in chapter 4,
where the signal is a real measured sound with a
large frequency band. To recognize a real machine
is important knowing its pattern, further the
identification of source’s activity is similar.
4

.

AN il
Z:.-. | || | | | ||I || |
b. |”|J|J'I||lalll.lu|l '|||| ” ||' il ||l Il [ |

|"r

§ ||||| “u |"H' Il |“|| || "”M L"'”u" | u'

Figure 12. Source identification

Another field in which this representations
can be used is the structural health monitoring.
The evolution of natural frequencies becomes
important for damage detection in structures. Static
or dynamic loads or even small to moderate
vibrations, of specific frequency applied for long




time, can damage buildings leading to permanent
changes in the dynamic characteristics (change of
eigenfrequency or apparition of non-linear
behavior). This fact can be identified by
monitoring the structure and processing the
measured values by the Smoothed Pseudo-Wigner-
Ville Distribution. How it works is illustrated in
figure 13. By decreasing the eigenfrequency for
instance, due to structural changes, the whole
spectral representation will be shifted to the bottom
of the time-frequency representation.

The procedure ca be used with high
accuracy by measuring the response signal for an
excited structure with known values by quiet
sources. The measurements can be made
periodically, monthly for instance, the measured
values registered and compared with the history of
the structure and with reference values if available.

The last mentioned procedure can be used
also for identification of properties for materials
with non-linear behavior, like rubber for instance.
Exciting them with controlled vibration of different
peak and frequency it is possible to get a lot of
results for the various types of excitation. By
representing the results in a diagram, we can
characterize the materials properties.
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Figure 13. Structural health monitoring

6. CONCLUSIONS

Combining monitoring techniques with
modern signal analysis procedures essential
information about the system’s behavior can be
collected and visualized. This information can de
used, in the field of structure monitoring, for:

» Source damage identification
= Source characterization and identification
= Structure health monitoring
We propose for our future researches to
compare the results and accuracy of different time-
frequency methods together with the analysis of
the resources needed by each method.
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