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Abstract This paper describes the use of the grinding
force signal to show the mechanical noise reduction and
to detect the dressing time based on the discrete wavelet
decomposition. As a result of de-noising, the wavelet de-
noising method was more effective than the FFT filtering
technique. From the approximation coefficients of the
higher order wavelet transform, the grinding force signal
obtained by a tool dynamometer was clear so it was
possible to successfully detect the dressing time. A
measured result by the surface roughness and the
ground surface photograph coincided with the detection
result.

Keywords Grinding force - Discrete wavelet
decomposition - De-noising method - Dressing time

1 Introduction

Numerous promotions of manufacturing systems have
been observed over the last few decades. The core of
these promotions, especially the machining process, is a
manufacturing system which is based upon the auto-
matic operation where there is no man power necessary.
Accordingly, in an automatic manufacturing system, it is
more important to monitor lastingly the machining
state, which always continues as a stable state without
an unexpected fault such as breakage of tools, mal-
functioning of the machine, product quality and grind-
ing wheel loading.

The grinding force usually reflects the working con-
dition of the machine. The accuracy of the grinding
process is affected by various factors for example wheel
speed, feed, depth of the cut, the dressing condition and
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the dull cutting edge. In the grinding process, like other
machining processes, the topography of the grinding
wheel has a direct relationship with the ground surface
[1,2]. Various techniques are used to examine the
integrity of a ground surface, to monitor the grinding
process itself, or to evaluate the grinding wheel life.

A lifting wavelet model for enhancement of accuracy
of surface roughness characterisation was proposed by
Jiang et al. [3]. In this work, the theory and fast algo-
rithm of the lifting wavelet were briefly introduced and
the lifting wavelet model for extraction of roughness of
surfaces had been developed. The rough surface recov-
ered had good refinement accuracy in contrast to the
least squares polynomial fitting. Lin [4] used a de-noising
method based on the Morlet wavelet in acoustic signals.
When this method was applied to the sound extraction,
it could be seen to be very effective. Lee and Tarng [5]
described the use of induction motor current to detect
the occurrence of drill fracture based on the discrete
wavelet transform. The scaling and shifting coefficients
in the discrete wavelet transform were chosen as powers
of tow so that a multi-level signal decomposition of the
induction motor current could be performed.

Nowadays, a precision machining of aluminium al-
loy, copper alloy, stainless steel and titanium has been
required very much in the scope of many industries.
Conventionally, the grinding of these materials is diffi-
cult because of the mechanical properties such as low
hardness and high toughness which result in the wheel
loading and poor surface integrity. Because the final
precision machining of these kinds of materials mainly
depends on cutting method, it is difficult to obtain higher
machining accuracy and better surface roughness [6]. A
new grinding wheel had been developed by Yamaguchi
et al. [7], wherein very fine SiC whiskers were aligned
normally to the grinding surface. However, the grinding
wheel exhibited a tendency toward loading. The loading
of the grinding wheel could be remarkably reduced by
the addition of a small amount of very fine abrasive
grains to the grinding fluid. Nevertheless, the loading of
the grinding wheel is a big matter avoided in the
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grinding. In a case of the wheel loading, it is possible to
prescribe the loaded wheel for redressing [8,9]. However,
because prevention is better than cure, the correct
detection of the wheel loading is more important.

In this study, a wavelet transform technique was
applied to a feature extraction and a de-noising of the
grinding force signal obtained from a tool-dynamome-
ter. As a result of the wavelet application, the redressing
needed time due to the wheel loading in a grinding wheel
and the onset points of a chatter vibration could be
detected.

2 Wavelet decomposition
2.1 Review of wavelet transform

The wavelet transform is a popular tool for studying
intermittent and localised phenomena in various signals.
Due to the multi-resolution ability of a wavelet trans-
form, the noised signals can be separated into several
approximation signals and detail signals [5]. The wavelet
transform of a signal f{¢) is defined as the sum of all of
the time of the signal f{(r) multiplied by a scaled and
shifted version of the wavelet function W(¢). The coeffi-
cients C(a,b) of the wavelet transform of the signal f{7)
can be expressed as follows.

Cla,b) = / (a5 (%)dt (1)

Where a and b are the scaling and shifting parameters
in the wavelet transform. Basically, a small scaling
parameter corresponds to a compressed wavelet func-
tion. Therefore, the high frequency features in the signal
f(?) can be obtained from the wavelet transform by using
a small scaling parameter. On the other hand, the low
frequency feature can be extracted by using a large
scaling parameter with a stretched wavelet function.

For the sampled signal f(k), a discrete wavelet
transform can be used. The most commonly used dis-
crete wavelet transform is the scaling and shifting of
parameters with powers of two.
a=72

(2)
(3)

Where j is the number of levels in the discrete wavelet
transform. The coefficients C(a,b)of the discrete wavelet
transform can be divided into two parts. One is the
approximation coefficients and the other is the detailed
coefficients. The approximation coefficients are the high
scale and the low frequency components of the signal
(1), while the detail coefficients are the low scale and the
high frequency components of the signal f{(r). The
approximation coefficients (4;) of the discrete wavelet
transform for the sampled signal f{7) at level j can be
expressed as Eq. 4.

b =ka =k

4= nic;f(”)%,k(”) = if(n)%w(l%’@]) @

n=0

Where ‘¥, «(n) is the scaling function associated with
the wavelet function ¥, (n). Similarly, the detail coeffi-
cients (D;) of the discrete wavelet transform for the
sampled signal f{¢) at level j can be expressed as follows.

b, - if(n)‘lf,,k(n) _ if(n)%‘l’(" ;"2/) (5)
=0

n=0

From Egs. 4 and 5, the decomposition of the signal

f(k) can be iterated as the number of levels increases. As

a result, a hierarchical set of approximation coefficients
and detail coefficients can be obtained through the
multi-level signal decomposition. Useful information for
the signal f(r) can then be yielded from the multi-level
wavelet signal decomposition. As shown in Fig. 1, a
wavelet decomposition tree with three levels can be
made through this transformation process. The original
signal f(¢) can be split into an approximation 4; and a
detail D;. Then, the approximation A; is also split to
obtain a second level approximation 4, and detail D.
This process continues to arrive at the j level. In this
study, the forth level were used for detecting the grinding
wheel loading.

2.2 De-noising technique

The wavelet expansions tend to concentrate the data
energy into a relatively small number of large coeffi-
cients. This energy concentration property of the wavelet
transform makes the wavelet domain appropriate for
signal estimation. Nonlinear wavelet shrinkage methods
can be divided into the hard threshold filter and the soft
threshold filter.

(a) Hard threshold filter

fhard(t) :f(t)v lff(t) >0 (6)
=0, if f(¢) <9
(b) Soft threshold filter
falt) = sign(f )@ - ), it/0 >0
=0, if f(¢) <9
| lstLevel | 2ndLevel | 3rdLevel |

Fig. 1 Wavelet decomposition tree with three levels



Where ¢ is a threshold and presented as

0 = \/2log (n)2en=02V=)/2 (8)

Where 7 is the number of samples, ¢ is a noise stan-
dard deviation and J are scale coefficients.

This type of a signal de-noising method was found to
be very effective for suppressing noises. The method is
very different from traditional linear methods of
smoothing, which achieve noise suppression only by
significantly broadening and erasing certain features. An
example of de-noising with a wavelet and the FFT filter
was illustrated in Fig. 2.
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Fig. 2 An example of signal de-noising. a Original signal b Noised
signal ¢ De-noising signals
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A given signal has a sinusoid curve shown in Fig. 2a.
The amplitude and the period of this signal are 2 V and
314 sample data respectively. Figure 2b presents the
signal including a random data set as a signal noise. This
is a small different signal profile as compared with the
original signal shown in Fig. 2a. Figure 2¢ plotted the
results of de-noising signals using the FFT filtering and
the wavelet de-noising.

It was evident that the fine noised components of
the original signal remained clear after the de-noising.
The result of the wavelet de-noising was more similar
to the original signal than that of the FFT filtering.
Therefore, it seen that the wavelet method could be
efficiently used in the de-noising of the grinding force
signal.

3 Experimentation

Figure 3 presents the schematic experimental set-up to
obtain the grinding force signal in surface plunge
grinding. A grinding wheel of the WA type was used and
the specimen was STD11. A tool dynamometer (Kistler,
9257B) was fastened on the magnetic chuck.

During the grinding operation, obtained grinding
force signals were transferred into a charge amplifier
(Kistler, 5019) and then analogue signals passing the
amplifier were converted to digital data by an A/D
converter. The data were saved in a personal computer
and used to the wavelet decomposition. The grinding
wheel revolution was 1,800 rpm. The table speed was
4 m/min and the depth of a cut was 10 pm. Table 1
listed the grinding conditions.

4 De-noising grinding force signals

Figure 4a shows a typically measured grinding force
signal during one cycle. It is the sum of a grinding force
and a noised signal so it is difficult to understand the
magnitude and the tendency of the grinding force
change. It is necessary to remove the noise.

The FFT method, which has been used sometimes as
a de-noising technique, simply smoothes the noised data.
The smoothing is accomplished by removing Fourier

Y

Amplifier Tool dynamometer ‘
[ |

Fig. 3 Experimental set-up to obtain the grinding force signal
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Table 1 Experimental conditions

Items Conditions

Spindle speed 1,800 rpm

Grinding method Plunge, wet and down grinding
Grinding wheel WAI100L mV

Specimen STDI11

Table speed 4 m/min

Depth of cut 10 pm

Cutting fluid Shell lubricant (20:1)

components with frequencies higher than 1/(nxAf) where
n is the number of data points considered at a time, and
At is the time (or more generally the abscissa) spacing
between two adjacent data points. Therefore, the result
of the FFT process goes wrong as compared with the
original data. For the sake of the reformation of a defect
in the FFT method, the wavelet de-noising method can
be used.

Figure 4b presents the results of the FFT filtering and
the wavelet de-noising. It is seen that the grinding force
profile is very clear and easy to analyse the characteris-
tics. In this case, the grinding force level changes widely
from 5 N to 15 N. In comparison with the results, the
wavelet de-noising is very similar to the FFT filtering.
Now the grinding system is in an unstable condition and
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Fig. 4 Comparison between wavelet de-noising and FFT in one-

cycle grinding force signal. a Measured grinding force signal b De-
noised grinding force signal

the related parameter should be changed. Therefore, it is
seen that the wavelet de-noising method is very useful
when the de-noising of the grinding force signal is ap-
plied.

5 Detection of wheel loading

In order to detect the dressing time of a grinding wheel
through the analysis of the grinding force signal, the
experiment was continued. Figure 5 shows the obtained
grinding force signal according to the number of ma-
chined pieces. As shown in Fig. 5, the grinding force
increased linearly with an increasing number of ma-
chined pieces from initiation to the 45th piece. After the
45th piece, the grinding force level decreased but it
fluctuated severely. This was because cutting edges in the
grinding wheel were dulling gradually and the voids
between the abrasive grains were filled with adhesive
materials during the cutting operation so the grinding
operation was not peaceful. Therefore, the grinding
force was increased before 45th piece.

The critical limit of the useful operation in this wheel
was at about the 45th piece, which was the dressing time
in a practical case. After the dressing time (wheel life),
the grinding wheel had a self-redressing process so the
grinding force level decreased. However, this is not
homogeneous in all of the abrasive edges. It induces the
oscillation of the grinding wheel during the machining.
Although the grinding force level is lower, these times
are unstable for grinding.

To detect the dressing time clearly, the discrete
wavelet transform used Daubechies wavelets because the
Daubechies wavelets were suitable for the detection of a
sudden signal change at the time or frequency domain.
Figure 6 shows the result of the first level wavelet
decomposition in 85 grinding cycles. In the approxima-
tion coeflicients 4, it had a peak level at about the 45th
piece which is the same as in Fig. 5. The detail coeffi-
cients D were shown in Fig. 6b. It was difficult to detect
the dressing time with the first level wavelet decompo-
sition. Therefore a higher order of the Daubechies
wavelet was conducted.

Grinding force, Fn (N)

50 1 1 1 1 1 1 1 1

0 10 20 30 40 50 60 70 80
Number of machined piece

Fig. 5 Obtained grinding force signals without dressing
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Fig. 6 First level wavelet transform in grinding force signals.
a Approximation coefficients A1 b Detail coefficients D1

Figure 7 presents the result of the forth level wavelet
decomposition. The approximation coefficients A4
clearly give the decision of the dressing time that is
needed. Also, after the dressing time, the chatter vibra-
tion was confirmed at the unstable region marked A in
Fig. 7a. These results demonstrate the effectiveness of
the wavelet application in the grinding operation.

Figure 8 presents the result of a measured surface
roughness according to the number of machined pieces.
The surface roughness was plotted as an average value
and a deviation. As shown in Fig. 8, the surface
roughness increased greatly after the 40th piece and the
deviation was wide. Because the specimen STD11 was
comparatively a ductile material, it was seen that the
grinding wheel was loaded with adhesive materials.

From these results, after the 40th piece the redressing
of the grinding wheel was required. This was the wheel
life and it coincided with the result of the wavelet
decomposition shown in Fig. 7.

Figure 9 shows a photograph of the ground surface
at the time occurring the chatter vibration presented by
a character A in Fig. 7a. The grinding direction is hor-
izontal. The chatter marks, which are normal to the
grinding direction, are shown. Therefore, it is important
to detect the wheel loading and to conduct the redressing
grinding operation in order to ensure a good ground
surface quality.
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Fig. 7 Forth level wavelet transform in grinding force signals.
a Approximation coefficients A4 b Detail coefficients D4
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Fig. 8 Surface roughness variation according to the number of
machined pieces

6 Conclusion

In this study, the discrete wavelet decomposition was
introduced and applied to the grinding process. The
possibility of de-noising through the discrete wavelet
decomposition was examined with a random noised
sinusoid signal. In the de-nosing method of the wavelet
technique, the results were compared to that of the FFT
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Fig. 9 Photograph of the ground surface occurring chatter vibra-
tion

filtering. These results were very similar to each other but
the wavelet de-noising was nearer to the original signal.

In the grinding process, the time at which a grinding
wheel was necessary to redress because the corrective
grinding operation was impossible was determined with
the wavelet technique. The grinding force according to
the number of machined pieces increased when the
redressing was needed. Also, the surface roughness
deteriorated at the wheel loading. The chatter marks
were observed on the ground surface.

When a higher level of the wavelet deposition was
applied, the easiest detection of the redressing time was

made in a processed signal. From the result of this study,
it was seen that the wavelet transform technique was
very powerful and that it had unlimited application
potential.
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