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Abstract

Diagnostic of machine using the time-
frequency representation of vibration is
becoming widely used by many companies
and experts. In recent years, the preventive
maintenanceisno moredesirableandinfact it
has evolved into the prediction maintenance.
The current methods of machinediagnosiscan
not provide detail ed diagnostics and condition
prediction.

This paper proposes the application of Short-
Time Fourier Transform (STFT) as a time-
frequency method, which can provide more
information about a signal in time and in
frequency and gives a better representation of
the signa than the conventional methods in
machinery diagnosis.

Inthis paper, we review themachinediagnosis
techniques based on the verification of
classical vibration parameters. Then the
necessity of using time-frequency analysisin
machinery diagnostics is discussed. Findly,
the theory of the Short-Time Fourier
Transformisbriefly studied and itsadvantages
are shown by some practical examples.

1. Introduction

The objective of diagnostic of machine by
vibration analysis has been considerably
changed. Theinitial objectivewasthe security
of machine against the important damages. If
the vibration amplitude (displacement,
velocity or acceleration) reaches to the limit

value the alarm rings and the machine stops.
But to day, our objectiveisno only to protect
the machine but also to detect and identify
defaultsin thefirst step to have the necessary
time to schedule repairs with minimum
disruption to operations and production [1].
Then, the key factor of the prediction
maintenance is diagnostic. A diagnosisis not
an assumption; it isaconclusion reached after
a logica evauation of the observed
symptoms.

In practice, different strategiesof maintenance
can be observed:

a) Conditional preventive maintenance: an
inspection is performed if the surveillance
vibration values go beyond the limit values.
b) Systematic preventive maintenance:
inspection is periodically performed but the
Inspection date depends on the old of machine
and the life length of the elements of
machines.

c) Prediction maintenance: an inspection
would have been performed if a defect has
already been detected.

There are several conventional methods,
which have been applied for a long time to
fault detection and identification. Some of
these methods provide a representation of
signals in time domain and others provide a
representation of signalsin frequency domain.
In all of these methods, it is assumed that
signals are stationary but this assumption is
not aways true. In certain machines when



defects begin, vibration signals become non-
stationary and in this case, the conventional
methods are not applicable. In recent years, a
number of new analysis methods have been
developed in the field of signal processing
called joint time-frequency analysis methods.
But there is a little tendency to use these
methodsin thefield of machinery diagnostics.
Mechanical engineers are not well familiar
with these methods and some works are
necessary to show the true potential of these
new methods. The research into the
development of the theory of joint time-
frequency methods and other non stationary
signal processing methods arefast progressing
but it seems that some works are needed to
motivate the industrial people and show them
the capability of these new methods in
condition monitoring of mechanical systems.
The objective of thiswork ison the one hand,
to express the limitations of the conventional
methods and on the other hand, to demonstrate
the rapidity and the accuracy which can be
obtained by using the joint time-frequency
analysis methods in field of machinery
diagnostics.

2. Conventional Vibration Analysis
Techniques

Overall level measurement [2] is the most
common vibration measurement inuse. Itisa
simple and inexpensive type of measurement
to undertake. Thereare chartsavailablewhich
indicate the levels deemed acceptable, for
example VDI 2056. The greatest limitation is
the lack of sensitivity and information
available in the data.

Great many indicators have been also
developed for machine condition monitoring
and fault detection, such as crest factor [3]
and Kurtosis [4]. Machine monitoring and
diagnosis on the basis of variations in the
frequency modul ation of certain characteristic

indicator values of thesignal spectruminlarge
bands and in narrow bandsis very unreliable.
One reason for thisis that it is necessary to
define a large number of indicators
corresponding to asmall number of defects.
In addition, we need to take into consideration
not only the increase in the power of the
signal, but also the development of its form.
An dternative techniques have been aso
applied to verifying the variation in the form
of asignal such as Cepstrum [5] (the inverse
Fourier transform of thelogarithmic spectrum
of the signal) and the envelop method [3][6]
(Hilbert transform) of the narrow band of the
signal.

3. Isthetime-frequency analysisnecessary?
As mentioned in the last section, each of the
conventional vibration methods used in fault
detection and identification for steady speed
machines has several limitations. The
assumption of constant speed in the above
methods results in stationary and pseudo-
stationary vibration signals. However, evenif
we take this assumption into account, the
limitations of the above methods reduce their
performance. On the other hand, there are
presently several typesof varying and variable
speed rotating machinery for which the
stationary or pseudo-stationary vibration
signals cannot be assumed. The time-
frequency analysis not only enables us to
represent the signal in three dimensions (time-
frequency-amplitude) but also permit us:

a) To detect and follow the development of
the defects which generate weak vibration
power. However, the weak vibration power
can modify the form of the signal to a
considerable extent, as happens when defects
produce the amplitude modulation or

components. Examples of this are the journa



bearing of a shaft with a slow or very slow
rotational velocity, a rotating oven, dryer
cylinders, the press sections of a paper
machine, etc.;

b) To supervise the instalations in which the
normal functiona process produces high
amplitude periodic shocks (piston or screw
Compressor, reciprocating machinery and cam
mechanisms, ...) which may mask the faulty
frequency producing the impulsive forces.
(fault in abearing, coupling, ...).

The time-frequency methods are regarded as
advanced diagnostic techniques, which offer
high sensitivity to faultsand agood diagnostic
capability.

4. Short-Time Fourier Transform

The short-time Fourier transform (STFT) was
the first time-frequency method, which was
applied by Gabor [7] in 1946 to speech
communication.

The STFT may be considered a method that
breaks down the non-stationary signal into
many small segments, which can be assumed
to be locally stationary, and applies the
conventional FFT to these segments.

The STFT of a signa s (r) is achieved by
multiplying the signal by awindow function,
h(r), centered at At@ to produce a modified
signal. Since the modified signal emphasises
the signal around time At@ Fourier
Transforms will reflect the distribution of
frequency around that time.

S (w) = %T_]ie-iwfs(r)h(r ~t)dr o

We may consider S (w) as the sum of the

Fourier base functions but the base functions
are a modulated version of the window
function.

The energy density spectrum at time At@may
be written as follows:

2

P(t,w) =S (@) = %T_ojie-ws(r)h(r—t)dr )

For each different time we get a different
spectrum and the ensemble of these spectra
provide the time-frequency distribution
P(t,w) .

Resolutions in time and frequency will be
determined by the width of window h(z). A

large window width is chosen when we need
greater accuracy in frequency and a small
window width when we want to have greater
accuracy intime. However, the STFT depends
grestly on the width of the window and by
varying the window used, one can exchange
resolution in time for resolution in frequency.

5. Industrial application of STFT in
mechanical systems

In the last few decades, many methods of
time-frequency analysis have been applied to
various areas of physicsand engineering, such
as speech processing and image processing. In
the field of machinery diagnostics, Forrester
[8] has used time-frequency methods in the
detection of damaged gears in helicopter
gearboxes. He has shown that, with the signal
enhancement  techniques  (conventional
methods) offered by Stewart and McFadden, it
isdifficult to distinguish onetype of fault, e.g.
tooth-cracking or pitting, from another; but the
time-frequency methods can more accurately
reveal thetype of defect. Wang and M cFadden
[9] have also studied the application of time-
frequency analysis to the detection of gear
damage. They have proven that application of
the Spectrogram (STFT) for the early
detection of damage in gears has some
advantages over the application of other time-
frequency methods.

In another work, Rohrbaugh [10] has applied
time-frequency analysis to several sets of
marine  machinery. He compared the



Spectrogram (STFT) with cone-kernel time-
frequency representation from Cohen class
distributions. He showed that, while the
Spectrogram can reveal the genera time-
varying characteristics of a vibration signal,
for moreinformation about the signal we must
consider other time-frequency methods. Some
applications of time-frequency analysisto the
monitoring of machining processes, such as
drilling and grinding operations, have been
presented by Loughlin, Atlas, Bernard and
Pitton [11]. They showed that, although the
Spectrogram (STFT) isan efficient method for
the demonstration of the time-varying
characteristics of aprocess, sometimes newer
time-frequency methods can provide more
detail on the signal. They concluded that the
newer methods of time-frequency analysis
might assist in the early detection of problems.
Atlas, Bernard and Narayanan [12]
summarized some applications of time-
frequency analysis in different domains of
machinery diagnostics. They emphasised the
importance of using time-frequency analysis
in manufacturing and monitoring applications.
The papers cited above give some exampl es of
the application of different time-frequency
methods, including the STFT, to condition
monitoring of mechanical systems. Each of
these papers shows the way in which a new
time-frequency method can reveal certain
information about the signal that can not be
obtained by traditional methods.

Today, one of the most important factors
limiting the progress of machine diagnostic
techniques is the lack of familiarity of
mechanical engineers with new signal
processing methods. The complicated theory
of time-frequency analysis and the absence of
operational software for time-frequency
analysis restrict engineers from using these
Among the various time-frequency methods,
the Short-Time Fourier Transform is the

easiest and the fastest method.

This work is an attempt to present the
limitations of conventional methods of
vibration analysisin machine diagnosisand to
emphasi se the application of the STFT to fault
detection and identification.

A user-friendly software has aso been
developed to facilitate the use of time-
frequency methods by engineers whether or
not they are familiar with time-frequency
analysis.

Now, the efficiency of STFT for an industrial
case without any prediction of defects is
demonstrated. This case comes from the
defective gear-train of ahoist drumin alarge
shovel operating at an open-pit iron mine. The
data are measured Dby International
Measurement Solutions company in order to
find the problem in the machine.

Gears generate a mesh frequency equal to the
number of teeth on the gear multiplied by the
rotational speed of the shaft driving it. A high
vibration level at the mesh frequency is often
caused by tooth error, wear of the meshing
surfaces, or any other problem that would
cause the profiles of meshing teeth to deviate
from their ideal geometry. Sidebands at the
mesh frequency, on the other hand, are
typically due to a failure of mating teeth.
Imagine a cracked tooth, which is not yet
broken, and will consequently not be noticed
by the operating personnel. However, it will,
due to its weakened mechanical condition,
deflect more under load than the other
(healthy) teeth when it goes into mesh. This
resultsin asigna with amplitude modulation.
Thus, an increasing level in the sidebands
spaced with rotation speed in the frequency
spectrum results from the cracked tooth.

A minimum length of time is required to
perform an FFT analysis of each process. The
time resolution required will depend on the
period of each tooth mesh and the desired



level of accuracy. Sometimes, it is not
possibleto measurethe signal for long enough
to provide the periodicity of shock inthe FFT
spectrum.
Inthis particular case, the processdid not even
last one revolution of the driven gear. The
case was investigated by time-frequency
distribution precisely becauseit isknown that
time-frequency methods do not need as much
time signal asthe FFT spectrum.
Figure 1 shows respectively the signal and its
spectrum and its short-time Fourier transform.
The spectrum of the signa indicates some
large peaks around 200 Hz and some other
smaller peaks in the vicinity of 400 Hz, 800
Hz and 1200 Hz. However, it isvery difficult
to assume or confirm any defects at this point.
On the other hand, The Short-Time Fourier
transform clearly displays time-frequency
representation of the signal. There are a gear
meshing frequency at approximately 220 Hz
and some pulses at approximately 440 Hz. It
has known that pluses are appeared in the
vibration signal of a gearbox if there is a
broken tooth.
Then, we may conclude that there is abroken
tooth in thisgearbox. It isalso possibleto find
the location of the fault in gearbox. The
frequency of repetition of the pulses
(;:1.5 Hz) determines the rotating
= 2.65 sec
speed of the shaft with faulty gear in gearbox.
Aswsdll as, in frequency domain thefrequency
of pulses (=440 Hz) is equa to the meshing
frequency of faulty gear.

6. Conclusion

It has been shown that, although the majority
of conventiona methods may give good
resultswhen detecting asingle fault in various
simple elements of machines, no single
technique can provide all the answers for all
cases. Itisdifficult to decide which method

gives the best result, in particular when the
precise type of fault is not known.

The Short-time Fourier Transform is an
effective method of time-frequency analysis
and a powerful tool in machine condition
monitoring. The short-time spectrum gives a
clear representation of the time-frequency
plane and asimpleinterpretation of theenergy
variagtion due to damage. There s,
unfortunately, a fundamental problem with
this approach: high resolution cannot be
obtained simultaneoudly in the time domain
and the frequency domain. Although this
method gives the time-frequency information
with limited precision, but it is better than the
conventional methods of machine diagnosis
and may be used to present the general time-
varying characteristic of asignal.

The development of a user-friendly software
package facilitates the use of time-frequency
techniques in machine diagnosis. The time-
frequency methods, including the short-time
spectrum, have been implemented on a
computer and used, along with conventiona
methods, in the analysis of vibration signals.
The advantages of the short-time spectrum
have been demonstrated by using this method
on vibration signals from an industria
gearbox.
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Figure 1: The signal measured on a defective gearbox, its spectrum and its short-time Fourier transform.
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