Application Note

Gearbox Analysis using Cepstrum Analysis and Comb Liftering
by N.Johan Wismer, Briiel & Kjaer, Denmark

Cepstrum analysis has many appli-
cations: for example echo detection and
removal, or speech analysis, but the
most important one in industry is re-
lated to machine diagnostics, where its
ability to detect periodicities in the
spectrum is taken advantage of. The
Dual Channel Analyzer Type 3555 has
a number of editing features that make
it uniquely well suited for identifica-

tion and separation of harmonic fami-

@s using cepstrum analysis. /

Introduction

The spectrum of a gearbox signal will
usually consist of a number of har-
monic families. These harmonic fam-
ilies originate from the different
shafts and ball-bearings in the gear-
box, and from the tooth meshing fre-
quencies of the gears. The gears
usually have numbers of teeth equal
to prime numbers. This is an advan-
tage as it causes wear to be spread
out more evenly on the teeth of the
gears, but it is also an advantage
from a measurement point of view, as
it means that the different harmonic
families will usually not overlap. On
the other hand, there can often be
several harmonic families, and it can
be difficult to separate them in the
spectrum. Cepstrum is a practical
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Fig.1 Block diagram showing the data flow when performing cepstrum analysis

tool that makes it easy to find these
different harmonic families, and the
individual families can be monitored
for changes that might indicate that
something is wrong.

How does it work?

The power cepstrum is defined as the
“inverse Fourier transform of the log-
arithmic power spectrum”, or using
symbols:

Cyx(T) = F H{log Gy ()}

where Gy (f) is the autospectrum
(power spectrum).

The cepstrum can be edited, or lif-
tered as it is called (paraphrasing of
“filtered”). The equivalent spectrum,

called the Liftered Spectrum, can be
found by applying an FFT to the lif-
tered cepstrum.

The data flow is shown in Fig. 1.

The cepstrum and the auto-corre-
lation are closely related. The main
difference is that the inverse FFT is
performed on the logarithm of the
power spectrum, as opposed to the
power spectrum itself. The auto-cor-
relation is mainly dominated by the
highest values of the spectrum. The
logarithm used when computing the
cepstrum causes it to take lower level
harmonics more into account than
does the auto-correlation. It also
means that the auto-correlation is
strongly influenced by the shape of
the time signal, whereas the cep-
strum mainly reacts to the harmonics
present in the autospectrum and-
much less to their relative size.
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The Measurement

A spectrum averaging measurement
was performed on a single stage gear-
box (input shaft, one gear, output
shaft). The vibration signal was
measured by, and analysed on, a Dual
Channel Signal Analyzer Type 3555.

When we look at the autospectrum
of the signal, we see a “forest” of har-
monics (see Fig. 2).

The harmonic families can be
found manually by using the harmon-
ic cursor, but this can be a tedious
process. On the graph a harmonic
family with Af = 123.75Hz has been
found. The process of finding the har-
monic families is much easier in the
cepstrum domain (see Fig. 3).

On the graph the rahmonic (para-
phrasing of harmonic) family with At
= 8.083ms has been found with the
harmonic cursor (marked with A).
Another family with a spacing of just
under 20 ms can also be seen to exist
(marked with B).

The 8.083 ms family corresponds to
the harmonic family previously found
in the autospectrum. The harmonic
and rahmonic spacings are recipro-
cals of each other. An Auxiliary In-
formation (AFREQ) performs this
calculation. It reads out the equiva-
lent frequency spacing, in this case
123.71Hz, which is very close to the
123.75 Hz found previously.

An important feature of the 3550
analyzer, is that one or two rahmonic
families can be removed from the ce-
pstrum. To do this, we use a feature
called comb liftering. In Fig.4 the
rahmonic family found previously (At
= 8.083ms) has been removed. Note
that comb liftering of cepstra can also
be used when echoes are to be re-
moved from a signal.

The cepstrum has one remaining
rahmonic family with a spacing of
19.6 ms, which means that the spac-
ing of the harmonic family must be
51Hz (= 1/19.6 ms), which is exactly
what AFREQ reads out. The edited
cepstrum can now be transformed
back to the frequency domain. This
power spectrum is called a Liftered
Spectrum.

In Fig. 5 the upper graph shows the
liftered spectrum from which the
123.75Hz harmonic family has been
removed. The bottom graph shows
the liftered spectrum where the 51 Hz
family has been removed. These two
harmonic families seem to be the only
ones present in the measured signal.
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Fig.2 The power spectrum of a gearbox vibration signal
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Fig.3 The cepstrum of the gearbox vibration signal




Finally, the power present in the
harmonic families can be calculated.
To do this, the User-Definable Auxil-
iary Information (UDAI) shown in
Fig. 6 will be needed. This is a small
program that was entered via the an-
alyzer's keyboard. It can also be
stored on disk for later use.

In Fig.7 the HARM_RMS UDAI is
used to calculate the RMS value of
the two harmonic families. Note that
the computations must be performed
on the autospectrum, and not on the
liftered spectrum. The RMS levels of
the liftered spectrum can normally
not be relied on.

The RMS value of the 51Hz family
is 0.03595m/s?, and the RMS value
of the 123.75Hz family is 0.02629 m/
s2. In Fig.2 the total RMS of the
measured signal was found to be
0.0449m/s?. This means that 64.1%
(0.035952%/0.04492) of the signal pow-
er was present in the 51 Hz family,
and 34.3% (0.02629%/0.0449?) of the
power was present in the 123.75Hz
family. The sum of these two, 64.1%
+ 34.3% = 98.4%, is so close to 100%,
that almost all the power present in
the signal has been accounted for by
the two harmonic families.

Advanced Cepstrum
Analysis

The Type 3550 possesses some more

features that allow for other, more

advanced, types of cepstrum analysis:

O You can combine order tracking
with cepstrum analysis.
If the gearbox you are measuring
on is not running at a constant
speed, then an order tracked
measurement can be performed.
Using this feature requires that
you input a tacho signal into one
of the analyzer’s inputs.
To be able to perform order track-
ing measurements, Extended
Analysis Software Type 7639, or
Tracking Analysis Software Type
7670 must be installed.

O You can perform cepstrum analy-
sis on time capture data.
If you are measuring on a multi-
stage gearbox, then there might be
so many harmonic families that
they get all mixed. Using the time
capture feature, which allows for
very large FFTs, will increase the
frequency resolution by up to a fac-
tor of 32, and will therefore make
the separation of the harmonic
families easier.
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Fig.4 Cepstrum with the 8.083ms rahmonic family removed
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Fig.5 Liftered spectrum with 123.75Hz harmonic family removed (top), and with the

51 Hz harmonic family removed (bottom)



To be able to perform time capture
measurements, Extended Analysis
Software Type 7639, or Signal

USER-DEF INABLE, AUXILIARY INFORMATION: HARM_RMS

Analysis Software Type 7671 must Reading:
be installed. Harm_rms
Harmaonics

Finally these two features can be
combined, if you want to perform ce-

Harm_mask (x)
Wnd_Disp_Func
Mask (x)

pstrum analysis on a multistage Wisga 2" 000
gearbox not running at a constant pem (x. y)

speed.

Conclusion

The Type 3555 is the only stand-

ABSOLUTE

sgrt ( 2/3 % sum( Harmonics ))
Harm_Mask ( Wnd_Disp_Func )
select ( mask (x), zeros [x],
window ( Disp_Func, Width,
1y + width - rem( ramp[{, x, x] +width/2-1,
data_source: func

X )

x -y % trunc( x/y )
Width_of _delta_x

Reading Unit:

spectral_lines - width )

Harmonic )

u
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Fig.6 User-definable function used to calculate the RMS value of a harmonic family
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Fig.7 The RMS value of the two harmonic families
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