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Abstract

Detection of tool breakage is of vital importance in automated manufacturing. Various methods have
been attempted, and it is considered that the use of discrete wavelet transform (DWT), which is much
more efficient and just as accurate wavelet analysis, may provide a realistic solution to the detection of
tool breakage in operation. The DWT uses an analyzing wavelet function which is localized in both time
and frequency to detect a small change in the input signals. In addition, it requires less computation than
Fast Fourier Transformation (FFT). This paper discusses a tool breakage monitoring system based on DWT
of an acoustic emission (AE) and an electric feed current signal using an effective algorithm. The experi-
ment results show overall 98.5% reliability and the good real-time monitoring capability of the proposed
methodology for detecting tool breakage during drilling1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In recent years, one of the most important developments has been the trend towards cost savings
in an automated manufacturing environment, this can be achieved through product quality
improvement and production time reduction. The reliability and applicability of tool breakage
detection to assist in advancing high availability levels of sophisticated manufacturing systems,
in conjunction with high quality levels of manufactured components, are considered in this paper.

From an automation point of view, it is necessary to design a sensing system to detect the
progress of tool breakage during the cutting operation so that the tool failure can be identified
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and tools can be replaced in time. A fair amount of research has been devoted to the detection
of tool failure which includes the use of optical, force, torque, power, electric current, etc. [1].
The most common signals used in the industrial machining environment are force, AE and electric
current [2]. Force-measurement is a good method for detecting tool breakage. However, the main
disadvantage is that each tool needs to be fitted with a sensor system, which makes this method
very expensive. In addition, the installation of a force-measuring sensor system is difficult or
impossible for some tools.

In recent years, AE sensors designed for detecting tool breakage have been successful. The
major advantage of using AE to monitor tool condition is that the frequency range of the AE
signal is much higher than machine vibrations and environmental noises [3-6]. Sensors used to
measure electric feed current represent the simplest method and are also very simple to retrofit.
In order to improve robustness of tool breakage monitoring system, this paper presents real-
time tool breakage detection by the fusion of the outputs on an AE sensor and the electric feed
current sensors.

The spectral analysis method is the most commonly used signal processing technique in tool
breakage detection. But spectral analysis has a good resolution only in the frequency domain but
a very bad resolution in the time domain. Also some signal information in time domain is lost
in the spectral analysis process. DWT method proposed is a significant new tool in signal analysis
and processing [7,8]. It has been used to analyze tool breakage monitoring signals [9,10]. DWT
has a good solution simultaneously in both frequency and time domains so that it can extract
more information in the time domain at different frequency bands [11].

This paper presents a DWT application for real-time tool breakage monitoring in drilling. The
AE signal and electric feed current signal are analyzed using DWT. A simple algorithm used for
signal processing can be used to determine the tool conditions from the DWT coefficient of the
AE signal and electric feed current signal. The paper is structured as follows: the DWT survey
is reviewed in Section 2; the tool breakage monitoring algorithm is presented in Section 3; the
experimental set up, signal processing and results are described in Section 4; and a conclusion is
given in Section 5.

2. Discrete wavelet transform

We define a square integral functigiit) (namelyys(t) e L%(t)) as a family of functions, which
satisfies the following equation:

o

J o @
Assuming:
1 [t—b
lpa,b(t) = m lp(a), a,b e Ra#0 (2)

P o(t) is defined as a continuous wavelet, which is derived from a family funckioy a andb
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are the dilation and translation parameters, respectily represent the family of wavelets
obtained from the single function by dilations and translations. The change of paramweatetd
not only influence the frequency spectrum structure of the continuous wavelet but also the window
size and the form.

Define a continuous wavelet transform as follows:

1 I -b
W@ = <t > = i f f(w(ta)dt ©)

— o©

Define discrete wavelet transform as follows:

Ciuc = f f(O) g (Ddt, jk e Z 4)
where
1 (t—2k
P t) = N ¢<2,> (5)

The wavelet coefficient;, is taken as the time-frequency map of the original sid¢tal
In terms of the relationship between the wavelet functigt) and the scaling functiomp(t),
namely:

WP = > W w) (6)

j=—o

the discrete scaling function with corresponds to the discrete wavelet function is as follows:

— 2k
60 = i3 0 50 )

It is used to discrete the signal, the sampled values are called scaling coeffijents

dy = J f(t) o, (Dt (8)

o

Whenj > 1, the scaling coefficients and the wavelet coefficients are written as follows:

dj +1k — i h(i - 2k)dj,k (9)

G ik = 2 a(i — 2k)dj,k (10)
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where the termg and h are high-pass and low-pass filters derived from dlf§ and ¢(t), the
coefficientsd,,, , andc;.,, represent a decomposition of thje< 1)st scaling coefficient into high
and low frequency terms. This paper employs the simple orthogonal Harr wavelet basic:

h[] = [0.125, 0.375, 0.375, 0.125];g ] = [ — 2.0, 2.0]

3. Tool breakage detection algorithm

Acoustic emission (AE) is generated during metal cutting processes. However, there is a distinct
difference between the amplitudes of AE signals at tool breakage and during normal machining.
Therefore AE signals can be used to detect tool breakage by experimentally setting the AE signal
threshold. At the same time the electric feed current changes are generated at tool breakage. AE
and electric feed current signals are used to detect tool breakage using the wavelet transform.
Fig. 1 shows the structure of tool breakage detection algorithm.

3.1. DWT of the signal

W,[i], W,[i] and W;[i] are AHi] signal wavelet coefficients fgr= 2, = 3 andj = 4, respect-
ively. Those can be considered as the components of the frequency bands §5), [250 ~
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Fig. 1. Tool breakage detection algorithm.
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125] and [125~ 62.5] KHz, respectivelyW,[i] and Wg[i] are I[i] signal wavelet coefficients for
j = 1 andj = 2, respectively. Those can also be considered as the components of the frequency
bands [1000~ 500], and [500~ 250] Hz, respectively.

3.2. Envelop detection and second difference

The envelope detection method was used to deal with\jg, W,[i] and Wy[i] series.W,__
madi], Wo__mali] @and W5, [i] envelope detection values were found to determin&Hfi] was
from tool breakage or other unexpected noise. The algorithm calculates the second difference of
W,[i] and W4g[i], W,_a{i] is calculated as follows:

dpfi] = (Wali]W,[i — 1])?
W, madi] = (dpfildp[i — 1])*

The same method is used for calculatg_,,,.[i].

(11)

3.3. Tool breakage detection

In order to sense the sudden changeVef ., [i], the tolerance band olV._,,[i] must be
established. UppeH[i] and lowerL;[i] limits of the tolerance are calculated as follows:
hli] = W afid(d + 1/27)
Lilil =W malid(1 + 1/27)

wheren is defined as 3- 8 determined through experiments. If the valuevéf ,.{i] remained
outside the limits, the tool is detected as breakage condition.

(12)

4. Experiment and results
4.1. Experimental set-up

The schematic diagram of the experimental set-up is shown in Fig. 2. Cutting tests were perfor-
med on a Machining Center Makino-FNC74-A20. In the experiments, a commercial piezoelectric
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Fig. 2. Schematic diagram of the experimental set-up.
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AE transducer was mounted on the spindle. AE signals were transferred by magnetic fluid between
the spindle and the tool. During the experiments, the AE signal and the three electric feed current
signals corresponding to the y andz axis feed electric currentx, ly, 1z) were monitored, the
monitored AE signals were amplified. The electric feed current signals were first passed though
low-pass filters (cut off frequency: 100 Hz), and were then sent via an A/D converter to a per-
sonal computer.

A successful tool breakage detecting method must be sensitive to tool change in tool condition,
and insensitive to variations of cutting conditions. Hence, the cutting tests were conducted at

Table 1
Experimental conditions

Tool HSS-drill
Diameter 1, 2, 3, 4.6, 5.6, 9 (mm)
Tool material high-speed steel
Cutting conditions Spindle speed 300, 450 (r/mim)
Feed rate 25, 30, 45 (mm/min)
Without coolant

Workpiece 45# quench steel
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Fig. 3. Tool breakage AE and feed electric current signals in drilling. (a) AE signal; (b) feed electric current signal.
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different conditions to evaluate the performance of the proposed method. Table 1 shows the tool
parameters and the cutting conditions in the experiments.

4.2. Signal processing

Fig. 3(a) and (b) shows the AE signal and electric feed current signal, respectively. Clearly,
the tool breakage presented by the electric feed current signal lags 23 ms than that presented by
AE signals. But it does not influence using property of the system. Fig. 4(a)—(c) shows the results
of the AE signal DWT at resolutiong = 2, ] = 3 andj = 4, respectively. The vertical axis

2)

Wavelet coefficient(j
Shbhbdbloanvwarn

-0 100 200 300 400 500 600 700 800 SO0 1000
Time(us)

(a)

)
1]
2
3
Q
3
5 -
E L
3 -2
3 e-
0 100 200 300 400 500 600 700 800 SO0 1000
Time(us)
(b)
1
5 I
é
€ 05F
3 |
-] 0
8
2 osf
3
3 ; ‘ ‘ ‘
"0 100 200 300 400 500 600 700 800 900 1000
Time(us)
()

Fig. 4. DWT of AE signal. (a) resolutiop = 2; (b) resolutionj = 3; (c) resolutionj = 4.
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represents coefficient magnitude and the horizontal axis represents time over an interval corre-
sponding to a signal insert. Fig. 5(a) and (b) showed the DWT results of the electric feed current
signals at resolutions= 1 andj = 2, respectively. Fig. 6(a) and (b) showed the resultsVpf

mad1] €nvelope detection and/,_ ... [i], respectively. Clearly, the small differences between the
tool normal and breakage can be observed.

4.3. Experimental results

Firstly, the discrete wavelet transformation coefficient of the AE and feed electric current signal
were calculated and the distinctive patterns were observed. Secondly, the envelope detection of
the discrete wavelet transformation coefficient of the AE and the second difference of the discrete
wavelet transformation coefficient of the electric feed current signal were calculated. Finally, the
accuracy of the classification between the normal tool condition and the tool breakage condition
was evaluated. The test results are shown in Table 2.

5. Conclusions

In the manufacturing system, the machining efficiency is influenced by the tool conditions in
cutting process. One of the most complex problems for tool condition monitoring is to extract
the signal features for a given cutting condition as accurately as possible.

W
2
=4
8
£
8
Q
3
[]
>
o
=
0 05 1 15 2 25 3 35 4 45 5
Time(ms)
(a)
2
‘ﬁ‘ 151
°
3
o
[
3
; 2- A e A "
“0 05 1 15 2 25 3 35 4 45 5
Time(ms)
(b)

Fig. 5. DWT of feed electric current signal. (a) resolutios 1; (b) resolutionj = 2.
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Fig. 6. Signal processing results. (&)_..{i] envelop detection; (bW, _...[i] second difference.

Table 2

Cutting condition and experimental results

Drill diameter Rotational speed Feed speed Factual tool breakage Tool monitoring
(mm) (rpm) (mm/min) times system report times
1.0 300 30 50 48

2.0 300 30 50 49

3.0 300 45 100 98

4.6 450 30 50 50

5.6 450 25 50 50

9.0 450 25 20 20

In this paper, a real-time tool breakage detection system using the sensor fusion concept of an
AE sensor and electric feed current sensor was employed to monitor tool breakage in drilling. A
new signal analysis tool, the discrete wavelet transform, was used to analyze AE and feed electric
current signals. It has been confirmed the DWT can clearly diagnose tool breakage, and detection
algorithm can meet the requirement of the real-time monitoring system.
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