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ABSTRACT

Many kinds of conditioning monitoring techni—
que have been studied, so this study has in—
vestigated the possibility of checking the trend
in the fault diagnosis of ball bearing, ore of
the elements of rotating machire, by applying
the cepstral analysis method using the adaptive
noise cancelling (ANC) method. And computer
similation is condixcted in oder to identify
owviously the physical meaning of ANC.

The optimal adaptation gain in adeptive filt—
er is estimated, the performance of ANC accord-
ing to the change of the signhal to noise ratio
and convertgence of IMS algorithm is considered
by simglation. It is verified that cepstral
analysis using ANC method is more effective than
the cowentional cepstral analysis method in
bearing fault diagnosis.

1. Introduction

In monitoring the faults within a rotating
machine, using vibration signal, various kinds
of analysis method have been used. Generally,
these analysis mehtods can be divided roughly
into two main classes, namely the handiness
diagnosis and the precision diagnosis. The
handiness diagmosis is the method that measire
the change of RMS level, peak level, crest fac—
tor, and kurtosis value in vibration signal.
And another method, the precision diagnhosis, 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 discriminate 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 diaghostic signal is embedded in a
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high background noise, the signal to noise ratio
(SNR) will be aggravated and then it will show
that these analysis methods are not available to
detect and diagnose faults. In order to these
situations, a substantial improvement in SMR
must be achieved.

In the work reported here the conventional
analysis methods which fail to detect and diag—
nose faults because of a poor SNR can be made to
be effective by using the adaptive noise
cancelling (ANC) method. Essentially, the ANC
is method of estimating signal corrupted by
additive noise or interference. This method
makes use of 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 reference
input  is suitably filtered and subtracted from
the primary input to obtain the signal estimate.
The filtering process is based on the least
mean scuare algorithm.

2_THEORETICAL ANAL YSIS

2.1 THE GENERAL OONCEPTS OF ANC

The basic adaptive noise cancelling situation
is illustrated in Fig.l1. A signal is transmitt-
ed over a channel to a sensor that receives the
signal plus an uncorrelated noise,n,. The com-
bimed signal and noise,s +n, form the primary
input to the canceller. A roise n, which is
uncorrelated with the signal but correlated in
some unknown way with the noise ny forms the
reference input to the canceller.

Assume that s,no,7,, and y are statistically
stationary and s is uncorrelated with n7e and #,,
and suppose that #, is correlated with 7.

The output is

e=s5+ny—y iy

Squaring, one obtains



=5+ (n—y)+2s(ny—y) (2)
Taking expectations of both sides of (2), and
realizing that s is urcorrelated with n, and
with ¥, vields

E(e?)=E(s*)+E (Cno— N (3
Accordingly, the minimum output power is

min E (e* ] =E (s*)+mink ( (ny—y)) (4)

when the filter is adjusted so that E(s?) is
minimized, £((ny — y)?) therefore also minimized.
The filter output y is then a best least—squares
Moreover ,
when E(ne-¥)*) is minimized,E((e~5)?) is also mini—
mized, since, from (1)

estimate of the primary noise #np.

(e—s) = (ng—y) (5>

Adjusting or adapting the filter to minimize the
total output power is thus tantamount to causing
the output ¢ to be a best least-sguares estimate
of the signal s.

The output ¢ will generally contain the signal
From (1), the output noise
Since minimizing E( ¢? Ymini—

s plus some noise.
is given by (ne-y).
mizes E(( ne~y )?), minimizes the output noise power
and, since the signal in the output remains
constant, minimizing the total output power
maximizes the output signal to noise ratio.

2.2 {MS ALGORITHM ANALYSIS

LMS algorithm is important algorithm which can
be implemented in a practical system of the
noise canceller in the noise cancelling problem,
because it is elegant in its simplicity and
efficiency. In this study, the single—input
adaptive transversal filter, using IMS algo-
rithm, is used. The principal component of most
adaptive system is the adaptive linear combiner
shown in Fig.2. The combiner weights and sums a
set of input signals to form an output signal.
The inmput signal vector is defined as

=[x x4 Xk—z.]T (6)
The weight vector is
Wo = [wy wy ka]T m
The kth output signal is
L
W= 3 Wik Xp-1 (8)
I=p
This can be written in vector notation
=W X,=Xi W (9
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Denoting the desired response for the kth set of
input signals as dy, the error at the kth itera—
tion time is

si=di—ys =ds—Wi X, 10
The square of this error is
t=dr— 24y X Wa + W XuX0W, an

The mean—square error, the expected value of &4,

is

Ete) =E(dd) 261 X)W +W £ [XuX0) Wi
(12)

where the wvector of cross—correlation between

the input signals and the desired response is

defined as

E(a,X2 18P (13)

The input correlation matrix is defined as

E(X.X)) AR (14

It is clear from (12) that the mean—square error
the
so the error

is precisely a aguadratic function of
component  of the weidht vector w,
can be pictured as a concave hyperparaboloidal
aurface. Adjusting the weights to minimize the
error is to seek the minimum of this surface.

Gradient methods are commonly used for this

purpose. The gradient at anwy point on  this
surface may be obtained by differentiating (12}
with respect to the weight vector.

V[ 3) =~ 2P + 2RW, (15)

To find the optimal weight vector W*that vields
the least mean square error, set the gradient to

zero. Accordingly

P =RW*, W'=R'p (16)

is the Wiener-+Hopf equation in
matyrix The IMS adeptive algorithm is a
practical method for finding close approximate
solutions to (16) in real time. According to
this method, the ’‘rext’ weicht vector W,,, is
equal to the “present’ weight vector W, plus a
change proportional to the negative gradient.

This equation
form.

WAH =W, — u 7y (17)

The paramenter p is the factor that controls
stability and rate of convergence. The true
gradient at the kth iteration is represented by
Ve. The estimated gradient is related to the
partial derivative of the instantaneous error
with respect to the weight component. And the
relationship between the true gradient and the
estimated gradient is defined as follows



Gy o=Vl er) = 2e Vies) (18)

According to the above definition, the estimated
gradient is

V"7,=_2.,x, (19)

Using the estimate in place of the true gradient
in (17) vields the next equation.

Wiy =Wi + 206, X, 20)

This
is simple and generally easy to
because it does not even require

This equation is the WidroHoff equation.
algorithm
implement,
squaring, averaging, or differentiation in order
to make use of gradients of mean—square— error
functions. Starting with an arbitrary initial
weight wvector, the algorithm will converge in
the mean and will remain stable as long as  the
paramenter x is greater than O but less than
reciprocal of the largest eigenvalue 2,.. of the
matrix R.

0 K1/ A @n

An appropriate value of x4, the scalar constant
which controls the stability and rate of conver—
gence, has to be chosen when implementing ARNC
method. Small walues of g result in very slow
adaptation and large values introduce instabili—
ty.

3.CONSTDERATION OF COMPUTER SIMULATION

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

2(t) = ™" sin(2mfr){d(e) +ad(t—1)} (22)

where f is the fundamental freguency, é(:) is the
unit pulse function, X(=1)is constant, and r is
the time delay (an arrival time of reflect
wave) .

3.1 ESTIMATION OF OPTIMAL ADAPTATION GAIN

ANC method, wusing LMS algorithm, is consider—
ably effected on the stability and rate of con—
vergence by the value of adsptation gain . In
order to estimate the cptimal value of adapta—
tion gain ¢, the primary input has been used as
a wave which consists of a fundamental wave in
(22) plus a vibration signal of an actual rota—
ting machine, and the reference input has been
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used as a vibration signal of an actual rotating
machine. A fundamental wave is characterized by
following parameters: fundamental freguency,
S500Hz; time delay of reflect wave, 25msec.

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 fundamental
wave and the estimated fundamental wave at the
autput of noise canceller is illustrated in
Table 1 and Fig.3.
with the smallest error percentage can be esti-
mated as the optimal value of . Fig.4 shows
the estimated fundamental wave at the output of
The result of Table 1 and
Fig.4 represent the ootimal value of #=0.1 in

In this case, the value of

noise canceller.

this simulation.

3.2 COMPARISON OF ANC PERFORMANCE CAUSED BY THE
CHANGE OF ShNR

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

when SNR are —-10B, -5, OB and SB, the
in the power cepstrum before and after
implementing ANMC is shown in Fig.5 and Fig.&.
As one can see in Fig.5 and Fig.6, the result of
the power cepstrum, after implementing ANC,
shows that it is possible to obtain the definite
signal analysis even in the case of a poor SNR.

wave as in

results

3.3 CONVERGENCE PERFORMANCE ACCORDING TO THE

NUMBER OF DATA

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

CONSIDERATION OF RESULT IN APPLYING ANC  TO
BALL BEARING

a.

The ANC method has been utilized in the fault
diagnosis of ball bearing, one of the elements



of rotating machine, by using the result ob—
tained by computer simulation. The ball bearing
used in this experiment was type 62077z,
marmfactured by KBC.

The vibration signal in good state was mea—
sured by fixing outer race and rotating at 4,000
rpm. aAnd also the vibration signal was measured
same as above, with outer race in defective
state caused artificially.

Fig.g8 illustrates the vibration characteris—
tics of the ball bearing in good state and Fig.9
illustratesthe defective state. Fig.10 shows
the vibration characteristics of the ball bea-
ring after implementing ANC with good state as
the reference input and defective state as the
primary input. In time signal ard the power
spectrum, it is difficult to estimate the compo—
rent of faults, however, in the power cepstrum,
it is possible to interpret the faults with
distinct peak value when the faults occur
bearing.

In observing the result of the power cepstrum
after implementing ANC, the gamnitude of al at
aquefrency 1&.5msec and of a2 at quefrency 33msec
are rahmonics which are cause by side band coin—
ciding with the 4th harmonics of the rotating
frequency 240Hz of outer race due to the fault
of outer race. The gamitude of bl at quefrency
268.5msec and of b2 at quefrercy S3msec are rah—
monics which are caused by side band coinciding
with the 2th harmonics of rotating freguency
320Hz of ball due to the fault of ball. And the
gamitude of cl equals to the 3rd harmonic of
shaft speed 4,000 rpm (66.€Hz) .

From these results, we can
fault of outer race and fault arising out of
ball contacting with outer race after implement—
ing ANC.

in

see artificial
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In this study, we obtained the following con—
clusions by computer simulation and application
of ANC method to the ball bearing fault diagno—
sis.

(1) It can be finded that it is important to
estimate the adaptation gain appropriately when
applying ANC method.

(2) By applying ANC method, it is possible to
practically improve the signal to noise ratio of
imput signal.

3 In applying ANC
method in cepstrum analysis is more effective

the fault diagnosis,

compared to the conventional cepstrum anslysis.
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Table 1 RMS error percentage

according to the (%)

change of | value.
u Error{%) H Error{%)
0.01 21.52 1.5 -47.18
0.05 7.09 2.0 ~50.06
0.1 - 0.68 2.5 -52.85
0.5 -26.60 3.0 -53.26
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u
Fig.3 RMS error percentage according to the change of u value.
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Fig .9 vitration characteristics of bnll hearing in
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Fip .10 vibration charecteristics of ball bearing

after implementation of ANC.



