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SUMMARY
Vibration Analysis is playing an increasingly important role in the early detection of
helicopter transmissionfaults. Current vibration analysis techniques used in helicopter
transmissionfault detection require selective filtering or manipulationof the signal, based on
assumptions about the nature of the signal. In some cases these techniques can give
misleading results.
It is shown that the application of time-frequency domain
representations,based on the Wigner-Ville distribution,is capable of dereting a variety of
vibrationfeatures which can be used to classifyfaults.
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1. INTRODUCTION.
Failure of helicopter transmission components can have catastrophic results and,
therefore, it is vital to detect incipient failure very early. Early failure detection can
lead to the scheduling of repairs with minimum disruption to the normal operations of
the aircraft, bringing a saving in both cost and utility value, as well as improving the
safety of the aircraft.
Vibration analysis is one method which is playing an increasingly important role in
early failure detection in helicopter transmissions. Recent advances in the application
of time synchronous averaging and associated enhancement techniques enable the
meshing behaviour of individual gears to be examined. This allows the detection of
individual tooth faults. However, it is shown that with these methods there are
difficulties in determining the type and extent of tooth damage present, which can have
a significant bearing on the expected time to failure of the gear.
Traditional vibration analysis methods use representations of the vibration signal in
either the time or frequency domain. Neither of these representations is capable of
detecting all classes of faults which may be encountered [1]. A number of analytical
techniques have been devised which have proved relatively successful in the detection
of certain classes of faults [2,3]. These generally require selective filtering of the time
averaged signal.
A major drawback with the single domain representations is that they can accurately
portray only vibration signals that are of a stationary I nature [4]. Although this will
normally be the case for a helicopter main rotor gearbox running at nominally constant
speed, the presence of most faults will cause variations in the vibration which can be
viewed as short term non-stationary components. These components can be used to
identify the fault.
This report examines the use of the Wigner-Ville distribution of vibration signal
averages to give a representation of the signal jointly in the time and frequency
domains. This allows the modulation of the signal in both time and frequency to be
viewed simultaneously, enabling easy visualization of the behaviour of the signal.
A number of synthesized signals are examined to indicate how various forms of
modulation are portrayed using the Wigner-Ville distribution. Practical examples

A signal is said to be stationary if its statistical pmperties do not vary in time.
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showing the detection of in-service faults in Wessex helicopter main rotor gearboxes
and an epicyclic gearbox test rig are also presented.
2. SIGNAL AVERAGING.
In a helicopter transmission there are a large number of rotating components, all of
which will contribute to the vibration signal. In order to simplify the task of analysing
the vibration signal, synchronous averaging is performed for each gear shaft.
Although the transmission is operating at nominally constant speed, there will be
minor speed variations in practice. For this reason, sampling of the vibration data is
performed at rotational rather than time-based intervals.
The vibration is sampled at a rate which is a selected ratio of a synchronising signal
from the transmission (in the case of the RAN Wessex, the generator output is used).
The ratio is selected such that a fixed number of points will be sampled for each
revolution of the shaft for which the signal averaging is being performed. This can be
achieved either by using hardware (such as a phase-locked frequency multiplier) which
generates sampling pulses at the selected ratio of the synchronising signal, or by
digitally re-sampling. All examples in this paper where generated using a digital resampling technique where both the vibration signal and synchronising signal are
sampled simultaneously using a fixed time-based sampling frequency.
Cubic
interpolation of the vibration signal is used to calculate the values at the required
sample points, based on the phase of the synchronising signal.
The sampled vibration signal is divided into successive ensembles, each equivalent
in length to exactly one revolution of the selected shaft, and the ensembles are
averaged.
When a sufficient number of ensembles are averaged, noise and vibration which is
not related to the selected shaft will asymptote to zero. The resultant signal average is
an estimate of the vibration which is harmonically related to the selected shaft.
Typically, this will be vibration at the shaft rotation frequency and its harmonics plus
the tooth mesh frequencies and harmonics for each gear on the shaft.
3. PRACTICAL EXAMPLES USED.
Signal averages of- the following vibration data sources are used in later sections
reviewing existing vibration analysis techniques and examining the application of the
Wigner-Ville distribution.
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3.1 Wessex Input Pinion.
The input spiral bevel pinion of the Wessex helicopter main rotor gearbox has 22
teeth. The vibration recordings were taken from an accelerometer mounted adjacent to
the input pinion. The input shaft connects the output of the engine reduction gearbox
in the nose of the aircraft to the input pinion of the main rotor gearbox. The physical

separation between the engine reduction gearbox and the main rotor gearbox is fairly
large and, in practice, it is rare to pick up vibration from the engine or its reduction
gearbox at the input pinion accelerometer. The signal average of the input shaft can
therefore be assumed to contain only vibration due to the input pinion. It would be
expected that this would give a vibration signal with major components at the tooth
mesh
frequency
(22
orders)
and
its
harmonics
(n x 22).
The vibration data used here was provided from routine in-flight vibration
recordings taken at the RAN Naval Air Station Nowra. Signal averages of the input
pinion vibration were done at ARL during the development and testing of a
computerised system for the early failure detection of Wessex input pinions.
In this report, four examples of Wessex Input Pinion signal averages have been
used,
(a)

an undamaged input pinion,

(b)

a cracked input pinion 103 hours before failure,

(c)

a cracked input pinion 42 hours before failure, and

(d)

an input pinion with micro-pitting.

The signal averages for the cracked Wessex input pinion (b) and (c), were calculated
from vibration recordings taken prior to an in-service failure in December 1983, which
resulted in the loss of the aircraft and two lives. This crash prompted increased effort
at ARL in the area of vibration analysis, including development of the techniques
described in this report, in order to prevent similar failures in future.
The signal average (d) of the Wessex input pinion with severe micro-pitting
(frosting) of the-tooth surfaces, was calculated from vibration recordings taken 200
hours prior to removal of the pinion, also as part of the development of analysis
techniques. This pinion was rejected after visual inspection prompted by high oil
debris levels.

3

3.2 Epicyclic Test Rig Planet Gear.
An epicyclic gearbox test rig was constructed at ARL in order to develop signal
averaging techniques for the extraction of vibration from individual components within

epicyclic gearboxes. The gearbox has three planet gears each with 32 teeth. The
examples used here are for individual planet gears, which would be expected to
produce vibration signals with major components at the tooth mesh frequency (32
orders) and its harmonics (n x 32).
Two examples are used,
(a)

an undamaged planet and

(b)

a 'damaged' planet.

The damaged planet (b) had a simulated fault which was introduced by grinding
0.05 mm off the face of one of the teeth.
4. REVIEW OF EXISTING TECHNIQUES.
The signal average is a useful starting point for the detection of gear and/or shaft
related faults. Because only a small fraction of bearing vibration is coherent with shaft
rotation, the signal average has limited application to the detection of bearing faults.
It should be stressed that the signal average gives the estimated vibration not of a
single gear, but of all vibration synchronous with the rotation of a shaft, which will
include shaft vibration and meshing harmonics for all gears on the shaft. Vibration
from any other source which happens to be synchronous with shaft rotation will also be
included. Vor example, in the Westland Sea King helicopter the input shaft speed is
exactly 3.4 times that of the main shaft, therefore vibration at 5 times input shaft speed
would appear as 17 times main shaft speed (and vice versa).
In most cases, the signal average itself is not sufficient to detect faults and therefore
further enhancement is required.
4.1 Figures of Merit.
Stewart [3] proposed a number of non-dimensional 'Figures of Merit', which he
numbered FMO to FM5. The 'zero-order' figure of merit FMO was proposed as a
'fault detection filter' which detects significant change in the signal average. The
higher order figures of merit were used in an attempt to identify the cause of a change
detected by FMO. These cover misalignment/eccentricity (FM1), tooth breakage
(FM2), wear (FM3) and 'unassignable change' (FM4 and/or FM5).

4

Here, we will look at two of these measures. These are FMO, the general fault
detection measure, and the 'unassignable change' measure FM4.
FMO: The ratio of the peak-to-peak level of the signal average to the sum of the rms
levels of the meshing components in the average. For a pure sine wave this
value will be 2.828 (4/'42). Stewart suggested that a value above five would be
taken as unsatisfactory.
FM4: Involves the removal of what is considered the 'regular' signal for the
from the signal average. The 'regular' signal typically includes the
meshing harmonics and possibly their upper and lower sidebands.
remaining 'residual' signal is assumed to represent the departures in the
meshing vibration from the average for a single gear tooth.

shaft
tooth
The
tooth

The kurtosis (fourth statistical moment) of the 'residual' is used as a measure of
impulsive energy, and is useful for detecting localised tooth damage. The kurtosis
value is 1.5 for a sine wave and 3.0 for a random signal. Typically, we would expect
the values obtained to be between these values for a 'normal' gear. In practice, the
limits set for the kurtosis values would normally be,
less than 3.5

- no localised damage

35 to 4.5

- warning level

greater than 4.5

- danger level.

4.2 Narrow Band Enhancement Technique.
It was argued by McFadden [5] that the broad band nature of the FM4 residual
passes signals due to normal gear tooth pitch and profile variations as well as signals
which may be due to a fault condition. It was proposed that narrow band techniques
could eliminate much of tie background signal, giving an improvement in sensitivity.
The narrow band enhancement technique [2] involves the narrow band filtering of
the signal average about the dominant tooth meshing harmonic and removal of that
meshing harmonic. The envelope of the remaining signal is then calculated. The
enveloped signal can be related to the amplitude and phase modulation of the tooth
meshing harmonic.
Kurtosis can be used on the enveloped narrow band signal in the same way as for the
FM4 residual.

5
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4.3 Practical Examples.
Table I shows the results obtained when the above methods are applied to the six

practical examples described in Section 3.
FMO

1FM4

Narrow Band

measure

(Kurtosis)

(Kurtosis)

Undamaged

2.52

2.71

2.69

Cracked (103 hours before failure)

3.29

4.16

7.92*

Cracked (42 hours before failure)

4.26

5.96*

4.98*

Micro-Pitting

3.01

5.60*

5.01*

Undamaged

2.20

2.55

2.20

Damaged

2.31

3.14

3.68

__

__ __

__

__

Wessex Input Pinion

Epicyclic Planet Gear

Table I - Results of Existing Techniques
(values indicated with * are above danger level)

None of the examples gives a value for FMO above the suggested unsdtisfactory
level of five. Stewart had noted [3] that "Some problems have been encountered in its
(FMO) ability to detect minor tooth damage...". It was suggested that FM4 be used as
an additional test for tooth damage. Although the examples of damage here are not
necessarily 'minor', they are all restricted to a localised portion of the gear. This
would indicate that FMO is not a particularly good discriminator for localised damage.
For the cracked Wessex input pinion, both the FM4 and Narrow Band techniques
indicate the damage. In the early stages (at 103 hours before failure) the FM4 gives a
warning level and the Narrow Band technique a danger level. At the advanced stages
(42 hours before failure), the FM4 level has increased to a danger level and the Narrow
Band value has decreased (though still at a danger le -el).
For the Wessex input pinion with micro-pitting, both the FM4 and Narrow Band
techniques gic. values in the danger level. This is significant when compared to the
results obtained for the cracked input pinion 42 hours before failure; the pinion with
micro-pitting continued in service for a further 200 hours without incident whereas the
cracked pinion failed within 42 hours, causing the loss of the aircraft. Thus, although
the indicators are valuable in detecting the presence of a fault, they are of little value in
diagnosing the type of fault or its significance

6

For the epicyclic planet gear, FM4 does not give an indication of the damage and
the Narrow Band technique gives a warning.
4.4 Conclusions.
From the limited number of examples given above, we can make the following
conclusions about these techniques:
1.

The FMO measure is of lirrmIed value for the detection of localised gear
tooth faults.

2.

Both the FM4 and Narrow Band measures are useful in detecting
localised gear faults, however they are of little value in determining the
type of fault.

3.

The Narro, Band technique has improved sensitivity over FM4 in the
early stages of damage.

4.

FM4 appears to be a better discriminator of the extent of damage than
the Narrow Band technique.

The techniques described above are all based on the time domain representation of
the signal average. One problem noted was that there was limited discrimination in the
type of fault. Another problem with these techniques is that they require selective
filtering of the signal average. In order to do this, wL must assume certain properties
of the signal average (e.g. what constitutes the 'regular' signal). This may not always
be as simple as it would appear and, as will be shown later, some of the assumptions
made in the previous section were in fact incorrect.
Ideally, we would like to be able to represent the signal average in such a way that it
(a)

requires no filtering and

(b)

enables the discrimination of fault type as well as detection of the
presence of a fault.

In the following sections, a representation of the signal average as a distribution of
energy simultaneously in time and frequency is investigated as a means of meeting the
two requirements listed above.

7
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5. TIME-FREQUENCY DISTRIBUTIONS.
The basic goal of a joint time-frequency distribution is to provide a representation of
the energy or intensity of a signal simultaneously in time and frequency. For a time
based signal s(t), the instantaneous energy (intensity per unit time) is the absolute value
of the signal squared,

Is(t) 12 = intensity per unit time at time t.

(1)

The energy density spectrum (intensity per unit frequency) is the absolute value of
tUne Fourier transform squared,
2.
[S(f) 2 = intensity per unit frequency at frequency f

(2)

where S(f) is the Fourier transform of s(t)
+00

S(M

=

J

s(t) j2r dt

(3)

-00

A joint time-frequency distribution P(t,f) should represent the intensity per unit time
per unit frequency at time t and frequency f,
P(t,f) = intensity at time t and frequency f

(4)

Ideally the summation of P(t,f) for all frequencies at a particular time would give the
instantaneous energy (1), and the summing up over all times at a particular frequency
would give the energy density spectrum (2),
+00
f P(t,f)df= Is(t)1 2

(5)

-00O

+00

f

P(t,f) dt

=

IS(f)1 2

(6)
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Equations 5 and 6 are termed the 'marginals' and are conditions which should be
met by a time-frequency distribution.
6. THE WIGNER-VILLE DISTRIBUTION.
One distribution which meets the marginals is the Wigner-Ville distribution.
6.1 History.
The Wigner distribution %-As first introduced in the field of quantum mechanics in
1932 by Wigner [6]. The fonoulation used here, the Wigner-Ville distribution, was
first proposed as a tool for signal analysis in 1948 by Ville [7]. This formulation
combines the analytic signal with the Wigner distribution and has a number of
advantages over the Wigner distribution in signal analysis [4].
Interest in its
application to a number of signal processing requirements has increased over the last
decade, particularly where non-stationary signals are involved.
A number of interesting applications of the Wigner-Ville distribution (WVD) have
be reported, including speech recognition, electrocardiogram interpretation, seismic
studies and oceanography (4,8,9,10].
6.2 Dermition.
For the analytic signal s(t), the Wigner-Ville Distribution W(t,f) is defined as [4]:

W(t,f)

=

J s(t+712)s*(t'T/2)e-j

2

rf 7 d"

(7)

-00

where s*(t) is the complex conjugate of s(t).
The analytic signal s(t) is derived from a real signal x(t) by setting the imaginary
part equal to the Hilbert transform of x(t):
s(t) = x(t) + jHlx(t)],

(8)

The Hilbert transform H[x(t)] is defined as [I1]:

9

I;+

+

Hjx(t)]

J

=

(v) d

(9)

The distribution W(t,f) is real-valued for all t and f, but is not necessarily positive.
6.3 Discrete-Time/Frequency Wigner-Ville Distribution.
Let I(t) be a discrete version of the continuous time signal x(t). Where the sample
interval in time is T and we limit the number of samples to N, the relationship between
i and x can be expressed as,

I(t) =

N-I

x(nT) 50-0T)

(10)

n=0

The signal I(t) is periodic in an interval of length NT which leads to a discrete
spectrum with a sample interval A in frequency of

1(11)
NT

The discrete analytic signal i(t),
A(t) = 1(t) + jH[I(t)]
=

N-I

E s(nT) b(t-nT)

(12)

n=0

can be easily obtained from i(t) using the discrete Fourier transform [11]

=

where 9(f) and

j

0,

f<0

X(f)
(),
2k(f),

f= 0
f>0

(13)

(f) are the discrete Fourier transforms of A(t) and i(t) respectively.

The inverse Fourier transform of S(f) gives I(t).
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The Wigner-Ville distribution of 9(t), W§(t,f), can be derived [12] by inserting (12)
into (7),

J

+00

WA(t,f)

-00

Es(kT)(t +/-kT)]

*[

s(nT) a(t-T/2-nT)

-

N

0O

e~j21rft d,

E s(kT)s*(nT)e-j21f~kn)T b(t_(k+n)T/2)
k=O

(14)

(15)

which can be put into the form:
Wgtf L2N-1 N-I s(kT)s*((n-k)T) e-j21rf(2k-n)T (t-nT/2)
E
= 2N(f .
n=O k=O

(16)

Note that the WVD of the sampled signal, Wg(tjf), is sampled at half the interval
(r/12) of the signal and has a period of 2NT - giving a sample interval in frequency for
Wg(t,f) of lI(2NT):

-j 1 rim(2k-n)/N

Wit)=- 2N-I N-I 2N-1
n=O k=0 00=0

The discrete-time/frequency WVD, W(n,m), can be defined as the weight of the
bidimensional Dirac function at the points t = nT/2 and f = m/2NT

W~~a)

N-I

E~ s(kT) s*((n-k)T) e

-jim(2k-n)/N

(8

(8

where 0 :r n 5 2N-1I and 0 : m :5 2N-l1.
W(n,m) can be easily computed using the fast Fourier transform (EFT) algorithm.
For the even time samples, (18) becomes:

I N-1Ijw~kn/

W(2n,m) = -

E

s(kT) s*((2n-k)T) ej2mk)I

(19)

k=0

and for the odd time samples:

/(nj)

=

*In~ra = N-I
eJ2rm(k-n)/N
-'JNm/N E s(kT) s*((2n-k+ 1)T) e
k=O

(20)

6.4 Implementation.
In this paper the Wigner-Ville is applied to the signal average which is exactly
periodic within its window. This allows the discrete Wigner-Ville distribution as
described above to be easily implemented. Where the terms in s(n) fall outside the
window, a simple modulus function is used (i.e. the (n+N)th sample of a N sample
average is equivalent to the (n)th sample).
6.5 Visual Representation.
The Wigner-Ville distribution of a signal can be represented in a number of ways.
For the purpose of this study, colour has been used to represent the amplitude of the
signal. The logarithmic amplitude has been divided into twelve contour levels, each
represented by a colour. A minimum level has been set, below which no contours are
plotted.
In all the examples the maximum value of each distribution has been set to 0dB,
with all other levels scaled accordingly. It is important to note that we are not
concerned with the absolute signal levels here, but rather the pattern produced by
various signal types.
7. NUMERICAL EXAMPLES.
Before looking at practical examples of vibration signals, the WVDs of some
synthesized signals are studied, which give a guide to the interpretation of signal types.
All examples simulate signals from a rotating source which is periodic in the
window. The axes are given as rotation of the source (0 to 360 degrees) and orders2

2 orders

cycles per revolution.
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which are proportional to time and frequency respectively for machinery rotating at
constant speed.
The graphs include the original signal and its logarithmic spectrum for comparison
with the calculated WVD.
7.1 Stationary Signals.
Figure 1 shows the WVD of a single continuous sine wave of 22 orders. As would
be expected, this produces a single line of constant amplitude.
In Figure 2, a second continuous sine wave of 44 orders has been added to the 22
order signal. This produces a second line at 44 orders. However, another (broken)
line has appeared at 33 orders. This is a property of the WVD, which produces zero
energy cross-terms at frequencies (f 1+f2)/2 of signals composed of the sum of two sine
waves at frequencies fl and f2. This property can be useful in the interpretation of
signals, as it gives an indication that two parallel signals exist. It can also be
misleading if one is not aware of this phenomenon.
7.2 Modulated Signals.
Figure 3 shows the WVD of a signal in which the frequency varies between 21 and
23 orders in a cyclic fashion. Such a variation might result, for example, from an
eccentricity in the rotating assembly.
Figure 4 shows a 22 order signal with amplitude varying between I and 0 units in a
cyclic fashion.
A signal of 22 orders combining the frequency and amplitude modulations seen in
Figures 3 and 4 produces the WVD shown in Figure 5. Both modulations are clearly
detectable in the WVD but are difficult to interpret in either the original signal or its
spectrum.
7.3 Short term changes.
A number of faults encountered in gearboxes will produce only momentary changes
in the vibration signal. Such faults include tooth damage on gears, such as cracks,
pitting, and spalling.
Figure 6 shows the WVD of a 22 order signal containing a momentary phase lag in
the eleventh cycle. As can be seen from the original signal and its spectrum, this type
of signal variation is difficult to interpret with single domain representations but
presents a striking pattern in the WVD.

13
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In Figure 7, an amplitude drop has been added to the phase lag on the eleventh
cycle. The WVD again shows a striking pattern, but clearly distinguishable from that
in Figure 6. The time signal shows the amplitude drop clearly, but the phase lag is
barely detectable. The frequency spectrum is difficult to interpret.
Figure 8 shows a 22 order signal in which the eleventh cycle has an amplitude 1.5
times higher than the other cycles.
7.4 Impacts.
In practice, it would be expected that an impact would excite resonances within the
mechanical structure. Figure 9 shows the signal portrayed in Figure 7 with a simulated
resonance at 12 orders added. This has been done by including a signal burst of 12
orders commencing at the tenth cycle (of the 22 order signal) and having an exponential
decay.
8. PRACTICAL EXAMPLES.
In this section, the Wigner-Ville Distribution is applied to the six examples
described in Section 3.
Note that in all examples the datum angle of rotation does not necessarily start at the
same point and should only be used to indicate the relative position of features within a
single plot.
8.1 Wessex Input Pinion.
8.1.1 Undamaged Pinion.
Figure 10 shows the WVD for the signal average of the undamaged Wessex input
pinion. The major meshing components can be seen at 22 and 66 orders, with a
smaller component at 44 orders which also includes a contribution due to the crossproducts of the 22 and 66 order components. Cross-products can also be seen at 33
and 55 orders. Other patterns can be seen which indicate minor variations in the
meshing action of the gear.
These variations are normal and can be clearly
distinguished from gear faults as will be seen later.

8.1.2 Wessex Input Pinion Fatigue Crack.
By applying the WVD to the signal average of the cracked pinion, we can clearly
detect the aberration in the vibration at 263.4 and 324.3 hours since overhaul (103 and
42 hours before failure respectively) in Figures 11 and 12. The features seen in these
plots, are similar to those seen in Figure 9 for a signal with a phase lag, corresponding

14
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amplitude drop and a resonance excited by an impact. It was shown in [13] that these
are the characteristic features of a cracked bevel gear.
It should be noted that these WVDs are not for the same gear as that shown in
Figure 10 and, therefore, the relative magnitudes of the mesh components at 22, 44, 66
and 88 orders should not be directly compared. This particular gear has major mesh
components at 44 and 88 orders rather than at 22 and 66 orders for the gear in Figure
10; it is thought that the different location of the major mesh harmonics is not an
indication of damage.
One additional feature of interest seen in these figures is the vertical line at 25
orders. This is not the meshing frequency, which appears at 22 orders. This 25 order
frequency had previously been noted in [2] and [14] and been attributed as '...either a
ghost component arising from transmission errors introduced during the machining of
the gear, or else the third upper sideband of the fundamental meshing frequency.' Its
appearance in the Wigner-Ville as constant in time eliminates the possibility of it being
a sideband, although not confirming that it is a ghost frequency.
8.1.3 Wessex Input Pinion Micro-Pitting.
Figure 13 shows the WVD of the signal average of the Wessex input pinion which
had severe micro-pitting (frosting) of the tooth surfaces.
In this WVD, we can clearly see evidence of a fault centred about 140 degrees of
rotation on the diagram. The pattern is clearly distinguishable from those for the
cracked pinion seen in Figures 11 and 12. It is important to note that although the
major meshing component (vertical red line) appears at 22 orders in this case and at 44
orders in the case of the cracked pinion, this is not thought to be of great significance
in the analysis of the fault.
8.2 Epicyclic Test Rig Planet Gear.
8.2.1 Undamaged Planet.
Figure 14 shows the WVD of the signal average of an undamaged planet gear. As
with the undamaged Wessex input pinion, we see components at the meshing harmonics
(32, 64 and 96 orders in this case), cross-products and patterns due to minor variations
in meshing action.
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8.2.2 Damaged Planet.
The WVD of the signal average of the damaged planet is shown in Figure 15. The
pattern produced by the damaged tooth is clearly seen at around 250 degrees of
rotation. Note that there is some similarity between this figure and Figure 11 of the
cracked Wessex input pinion 103 hours before failure. This would be caused by teeth
not taking up their share of the load in both cases, due to the reduction in stiffness in
the tooth adjacent to the crack in the case of the Wessex input pinion, and improper
meshing of the ground tooth in the case of the planet gear.
Note that the evidence of damage here is seen about the 32 order line, which in this
case is not the dominant meshing harmonic. Although not obvious in Figure 15 due to
the use of a logarithmic scale, the 64 order line is the dominant meshing harmonic.
9. RAMIFICATIONS FOR APPLICATION OF EXISTING TECHNIQUES.
In Section 4, a number of assumptions were made about the nature of the signal
averages which, as stated in 4.3, were incorrect in some cases.
9.1 Cracked Wessex Input Pinion.
In 8.1.2, we noted that there appeared to be a 25 order 'ghost' frequency in the
signal average of the cracked input pinion. In this case, this would constitute part of
the 'regular' signal as it is part of the normal vibration for the shaft (due to profile
errors - which do not constitute a gear 'fault').
The FM4 analyses for the cracked input pinion were repeated including 25 orders as
part of the 'regular' signal. This gave a result of 4.77 at 103 hours before failure and
6.05 at 42 hours before failure compared to 4.16 and 5.96 respectively using our
original assumptions. This would have changed our damage level indicator at 103
hours before failure from a 'warning' to 'danger' level.
9.2 Damaged Planet Gear.
In 8.2.2 it was noted that the evidence of damage was centred around the 32 order
line and not the dominant mesh harmonic at 64 orders. In the Narrow Band technique,
the dominant meshing harmonic is used as a centre frequency.
The Narrow Band technique for the damaged planet gear was repeated using 32
orders as our centre frequency. This gave a level of 8.81, a startling contrast to our
original level of 3.68.
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10. CONCLUSIONS.
The preliminary studies outlined have indicated that the WVD shows great promise
as a tool for the detection and discrimination of gear faults. Traditional vibration
analysis methods require selective use and do not necessarily distinguish the type or
extent of a fault. A number of these methods require the removal of a large portion of
the signal in order to highlight small variations in the meshing action of the gear.
Incorrect selection of the signal components to be removed can result in misleading

diagnosis.
In addition to its use as a diagnostic tool, the examples given have shown that the
additional information about the nature of the signal provided by the Wigner-Ville
distribution can be used to refine the application of existing techniques; in some cases
with dramatic improvement in performance.
The computational requirements of the WVD and the need for knowledgeable
interpretation of the results are likely to confine its use to the laboratory for the time
being. However, the ability to portray the full content of the vibration signal in a
single function may provide a suitable platform for an automated fault detection system
using pattern recognition techniques.
The ability of the WVD to provide relatively high resolution representations of short
term non-stationary signals in both time and frequency indicate that it may be of
considerable use in other areas of machinery health monitoring, such as the study of
engine vibration data, particularly over rapid engine run-up and run-downs where the
resolution provided by techniques such as short-term FFTs may be insufficient.
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