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ABSTRACT

Many kinds of conditioning monitoring technique have been studied, so this study has investigated
the possibility of checking the trend in the fault diagnosis of ball bearing, one of the elements of rotating
machine, by applying the cepstral analysis msthod using the adaptive noise cancelling { ANC) method.
And computer simulation is conducted in order to verify the usefulness of ANC.

The optimal adaptation gain in adaptive filter is estimated, the performance of ANC according to
the change of the signal to noise ratio and convergence of least mean square algorithm is considered by
simuiation. It is verified that cepstral analysis using ANC method is more effective than the conventional
cepstral analysis method in bearing fault diagnosis.
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I. INTRODUCTION
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Agtglal Qg dedi Tela deofiEbm iy it machine, using vibration signal, various kinds of

In monitoring the faults within a rotating
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analysis method have been used. Generally,
these analysis methods can be divided roughly
into two main classes, namely the handiness
diagnosis and the precision diagnosis. The handy
diagnosis is the method that measure the
change of RMS level, peak level, crest factor,
and kurtosis value in vibration signal. And
another method, the preciston diagnosis, is to
use the power spectrum and the power ceps-
trum,

The main objective of vibrational signature
analysis is to extract suitable features from a
diagnostic signal which can distinguish between
the good and defective states of components
within a machine. However, if, when the above
analysis method is applied to detection of
faults, one is confronted with a situation in
which the diagnostic signal is embedded in a
high background noise, the signal to noise
ratio (SNR) will be aggravated and then it will
show that these analysis methods are not avail-
able to detect and dianose faults, In order to
improve these situations, a substantial improve-
ment in SNR must be achieved.

In the work reported here the conventional
analysis methods which fail to detect and dia-
gnose faults because of a poor SNR can be made
to be effective by using the adaptive noise
cancelling (ANC) method. Essentially, ANC is
the method of estimating signal corrupted by
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additive noise or interference. This method
makes use nf two inputs: a primary input which
contains the corrupted signal and a reference
input containing noise correlated in some un-
known way with the primary noise. The re-
ference input is suitably filtered and subtracted
from the primary input to obtain the signal
estimate. The filtering process is based on the
least mean square algorithm,

1. THEORETICAL ANALYSIS

2.1 Noise Cancelling Adaptive Filter

The general problem to be considered
here is that of the noise cancelling adaptive
filter shown in Fig.l. With time index k the
primary input d«- consists of an information
signal s« contaminated by additive noise P« ; the
reference input *¢ is a measureable noise signal
derived from the same source as, and there-
fore correlated with s« . All primary and tre-
ference inputs are assumed to be stationary and
of zero mean, and it is further assumed that
Iy is not correlated with s« .

The adaptive filter attempts to cancel the
primary noise by forming an estimate nw which
is then substracted from the primary input
dx to yield an error output e« . It has been
shown that best noise cancelling is equivalent
{0 minimizing the mean square error (MSE)
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Adaptive noise canceller

Fig. 1. Adaptive linear cancelling applied to a simpli-
fied model of a machine,
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output.s)
Denoting the vector of reference noise
samples by

Xi={xe. Turs "y Inonar ) (1)

and the weight vector of filter coefficients at
time k by

“I"'"[Wok- Wik, *°%, w"""“‘] 2

We can express the MSE output as a function
of Wy thus

e M) =Efleil =E{dd] 2wWIpP+ wWIRW, (3

where E is the expectation operator,

R=E[XxX7] P44

is the reference noise covariance matrix, and

P:E[deu] 5

is the reference-primary covariance vector.

Minimizinge{ Wi by setting the gradientP: e (Wi I}

equals to zero yields the optimum weight vector.

We=R-'P 161

If ¢* represents the optimum MSE, then equa-
tion (3) may be rewritten in terms of the weight

error vector

Vi Wy W -
as

I YA (G S 18

where the residual or excess MSE is given by

JIV Y VIRV 19

If e* is the error output for W«- W% it may
readily be shown that

ek=e:_VIXk (Led

2.2 The LMS Algorithm

The adaptive system previously described
must be provided with an algorithm such that,
given an arbitrary starting weight vector Vx is
forced to approach O in a least squares sense,
If the statistical parameters R and P were known
the gradient Vv [e (V)] could be evaluated and
the method of the speedest descent would

give the following iterative procedure for com-

puting the weight error vector :
\'nu - vh #VN[_E (\"ij (R4l

where the constant .# is greater than zero.
The LMS algorithm replaces ¢ { V«)by its instane-
ous estimate ek to give the following approxi-
mation for the gradient :

PulelVid] = 2XuXTVe 2ef Xo A3

from equation (10). Substituting this into
equation (12) we get the LMS aigorithm in the
following form :

Vi =(I- 2uXuX01V, i 2pet X, i1

where I is the unit matrix.

Using previous results, equation (14} may
be formulated in the more computationally
efficient form

“‘rku - W ! ‘Z,uékxh a8

This equation is the Widro-Hoff equation. This
algorithm is simple and generally easy to im-
plement, because it does not even require squar-
ing, averaging, or differentiation in order to make
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use of grdienis of mean-square-error functions.
Starting with an arbitrary initial weight vector,
the algorithm will converge in the mean and
will remain stable as long as the parameter u is
greater than 0 but less than reciprocal of the
largest eigenvajue Awax of the matrix R.

U<p< i /Amax 15l

An appropriate value of  the scalar constant
which controls the stability and rate of con-
vergence, has to be chosen when implementing
ANC method, Small values of u« in very slow
adaptation and large values introduce instability.

M. CONSIDERATION OF COMPUTER
SIMULTION

A computer simulation of ANC has been
carried out by following equation consisted of
direct wave and reflect wave.

z(t)=e " sin( 2 nft) | St} +a S(t—7)t 07

where f is the fundamental frequency, &(t) is
the unit pulse function, a(=1) is constant and
7 is the time delay (an arrival time of reflect
wave).

3.1 Estimation of Optimal Adaptation Gain

ANC method, using LMS algorithm, is
considerably effected on the stability and rate
of convergence by the value of adaptation
gain & In order to estimate the optimal value of
adaptation gain # the primary input has been
used as a wave which consists of a fundamental
wave in (17) plus a vibration signal of an actual
rotating machine, and the reference input has
been used as a vibration signal of a simple 500
Hz simple wave. A fundamental wave is charac-
terized by following parameters: fundamental
frequency, 500 Hz; time delay of reflect wave,
25 msec.

After calculating the upper bound of given
in {21), ANC has been implemented into several

values of # below the upper bound. The error
percentages by RMS ratio between the funda-
mental wave and the estimated fundamenta!
wave zt the output of noise canceller is illustrat-
ed in Table 1 and Fig.3. In this case, the value
of # with the smallest error percentage can be
estimated as the optimal value of . Figd
shows the estimated fundamental wave at the
output of noise canceller, The result of Table 1
and Fig.4 represent the optimal value of #=0.]
in this simulatjon.

Table 1. RMS error percentage according to the
change of (i value,

M Error (%) .“—;'1 ) Esfror {‘BZ)-l
0.01 21.52 15 -47.18
0.05 7.09 B _?0 N -50.06
0.1 - 0.68 25 | ~52.85
|0-3 '___*:26.60 3.0 R -53.26
1.0 -40.20 35 -53.67

Fig. 2. Adaptive linear combiner in the forms of
single-input adaptive transversal filter.

(:)1

2()*1 ‘
10 4 !
Cdemeeme g m s -
04 L
-20.} \

<30 =

o] AN ;
_50‘{ \\\_}

0.8L U.0% L.l 0.5 L6 Lf Te 2.t

Fig. 3. RMS error percentage uccording to the change
of i value,
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3.2 Comparison of ANC Performance Caused by
the Change of SNR

In order to compare ANC performance
caused by the change of SNR, the primary input
has been used as a wave which consists of a
fundamental wave as in section 3.1 plus additive
random noise. The random noise was generated
on using the RND function in micro computer.

When SNR are -10 dB, -5 dB, 0 dB and 5
dB, the results in the power cepstrum before and
after implementing .ANC is shown in Fig.5
and Fig.6. As one ¢an see in Fig.5 and Fig.6,
the result of the pdi;.rer cepstrum, after imple-
menting ANC, shows that it is possible to obtain
the definite signal analysis even in the case of a
poor SNR.
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3.3 Convergence Performance According to the
Number of Data

In LMS algorithm, the value of mean-square-
error becomes smaller when the jteration number
of adaptation increases, As the iteration number
of adaptation is proportional to the number of
data, the mean-square-error becomes smaller
as the number of data increases. Fig.7 illustrates
the convergence performance according to the
number of data.

IV. CONSIDERATION OF RESULT IN
APPLYING AND TO BALL
BEARING

The ANC method has been utilized in the
fault diagnosis of ball bearing, one of the ele-
ments of rotating machine, by using the result
obtained by computer simulation, The ball
bearing used in this experiment was type 6207zz,
manufactured by KMC,

The vibration signal in good state was
measured by fixing outer race and rotating at
4,000 rpm. And also the vibration signal was
measued same as above, with outer race in defec-
tive state caused artificially.

Fig.8 illustrates the vibration characteristics
of the ball bearing in good state and Fig.9
illustrates the defective state. Fig.10 shows the
vibration characteristics of the ball bearing
after implementing ANC with good state as the
reference input and defective state as the primary
input, In time signal and the power spectrum,
it is difficult to estimate the component of
faults, however, in the power cepstrum, it is
possible to interpret the faults with distinct
peak value when the faults occur in bearing.

In observing the result of the power ceps-
trum after implementing ANC, the gamnitude of
al at quefrency 16.5 msec and of a2 at quefrency
33 msec are rahmonics which are caused by side
band coinciding with the 4th harmonic of the
rotation frequency 240 Hz of outer race due to
the fauit of outer race. The gamnitude of bl at
quefrency 28.5 msec and of b2 at quefrency

53 msec are rahmonics which are caused by side
band coinciding with the Sth harmonics of
rotating frequency 320 Hz of ball due to the
fault of ball. And the gamnitude of ¢l equals
to the 3rd harmonic of shaft speed 4,000 rpm
(66.6 Hz),

From these results, we can se¢e artificial
fault of outer race and fault arising out of ball
contacting with outer race after implementing
ANC,
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Fig. 8. Vibration characteristics of ball bearing ir
good condition.
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V. CONCLUSION

In this study, we obtained the following
conclusions by computer simulation and ap-
plication of ANC method to the ball bearing
fauit diagnosis.

(1) It can be found that it is important to
estimate the adaptation gain appropriately
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Fig. 10. Vibration characteristics of hall bearing after

implementation of ANC,

when applying ANC method.

(2) By applying ANC method, it is possible to

(2)

practically improve the signal to noise ratic
of input signal.

In the fault diagnosis. applying ANC method
in cepstrum analysis is more effective
compared to the conventional cepstrum
analysis.
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