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Abstract
A joint research program has been established between Florida International University (FIU) and Gebze Institute of Technology (GIT) on metal cutting. GIT has collected data during the milling operation of a plate and captured its chatter development. FIU has analyzed the data by using the wavelet transformation method. The time and time-frequency domain analysis results of various approaches of the wavelet transformation method were compared in the paper.  The excellent time domain resolution of the wavelet transformation was very convenient to pinpoint the areas of the workpiece surface which may have chatter damage. However, limited frequency domain resolution of the wavelet transformation made detection of chatter and identification of the problems more difficult.  
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1.
Introduction
Chatter vibrations and tool wear are two important problems in the metal cutting operations. If chatter is not detected in the early stages, excessive vibrations ruin the surface of the workpiece and may even create dangerous accidents. In terms of tool deterioration, worn tools create large forces which perpetuate rough surfaces and in this manner machined parts are wasted. For such reasons many manufacturers select their operating conditions very conservatively and change the cutting tools often to avoid problems. However, this approach increases manufacturing cost and reduces productivity. Additionally for Computer Numerically Controlled (CNC) machines, operators must still be present in order to observe and ensure that the machining processes take place smoothly thus adding to the inefficiency of the entire system. Hence, the objective of this research is to evaluate the feasibility of the use of the wavelet transformation for detection of chatter from the cutting forces.  
In the past various monitoring procedures, signal analyses and diagnosis techniques have been researched and presented as possible solutions for tool chatter. (Gradisek et al., 2003) used entropy and coarse grained information rate (CIR) to detect chatter by analyzing the grinding force and acoustic emission. (Karpuschewski et al., 2000) used a combination of the acoustic emission signal and back-propagation (bp) type neural networks to detect chatter. (Tansel et al., 2005) developed a Genetic Tool Monitor (GTM) by using an analytical model for micro-end-milling operations combined with genetic algorithms, while a blend of bp type neural networks and genetic algorithms by (Tansel et al., 2006) are utilized for the selection of optimal cutting conditions for CNC milling. Fuzzy logic pattern recognition and fuzzy logic control have also been successfully used for the suppression of chatter in milling by (Kubica and Ismail, 1996). Wavelets and ART2 type neural networks were utilized for the classification of metal cutting in (Wang et al., 2006). A new method for tool chatter monitoring was proposed by (Lange and Abu-Zahra, 2002) which involved using wavelet analysis of ultrasound waves. (Chin and Yoon, 2003) investigated the detection of chatter in endmilling operations by applying the wavelet transform to the cutting force and comparing it to the FFT. Also (Choi and Shin, 2003) used a wavelet-based maximum likelihood (ML) estimation algorithm to detect chatter in turning and milling. 
2.  theoretical background
Wavelets are generated by using a family of functions derived from the following single function (Daubechies, 1988):
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In the above equation, h(a,b) is the family of wavelets.  The a and b are the dilation and translation parameters respectively.  The original signal can be obtained by using the following expression:
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where f is the original function.  The <h(a,b), f> is called  the inner product of the wavelet.


The basic function (scaling function), Φ(x), is calculated with the following equation:
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where c(n) is the wavelet coefficient and n is the index.  The following expression is used to calculate the primary wavelet, Ψ(x):
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where c(n+1) is the coefficient.  The following expression can be used to obtain the original function:
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where c(n) and d(i,j) are the coefficients of the wavelet transform and f(t) is the original signal. (Daubechies, 1988) developed a wavelet system based on an orthonormal base.  

3.
experimental setup
Experiments were performed at Gebze Institute of Technology (GIT). An aluminum plate 5 mm thick and 138.2 mm long was cut with a five axis Deckel Maho DMU 60 P high speed CNC milling machine. The spindle speed was 1,592 rpm while the feed rate of the table was 647m/min. The horizontal depth of cut into the material (in the x direction) is 1mm while the vertical depth of cut into the workpiece started at 0.5 mm and increased to 7 mm. The cutting forces in 3-dimensions and the torque were measured through the use of a Kistler 9123C1111 type rotational dynamometer and a 5223 multi-channel signal conditioner. All of the data was collected via a National Instrument PCMCI 6036E DAQ Board with a BNC 2110 connector. The sampling rate was 5K/sec.
The experimental setup and the geometry of the workpiece are presented in Figure 1. The feed direction is in line with the Y axis while Z direction is chosen to be in the Z-axis. It was observed that when the tool reached the middle of the workpiece length, it began to vibrate severely and generated loud noises in the process. When the vertical depth of cut reached 5-6 mm, the unsteady cutting conditions diminished.
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Figure 1: Experimental Setup

4.
results and discussion
In order to analyze the cutting force signal in one of the horizontal directions the D2-type Daubechies orthogonal wavelets were used. The wavelet transformation was obtained at five levels by using MATLAB 7.1.  The approximation and the detail coefficients are presented in Figure 2 below. The introduction of chatter is clearly visible when the d1, d2 and d3 detail coefficients are inspected. When the tool made its way through roughly half the length of the workpiece the amplitude of the approximation values suddenly increased. Performance of the wavelet packet analysis in Figure 3 further reinforces this clear presence of chatter. Similarly, the development of chatter was easily detectable from the increase of vertical white stripes at certain scales when the continuous wavelet transformation was applied in Figure 4. 
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Figure 2: Wavelet Transformation of the X component of the Cutting Force
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Figure 3:   Wavelet Packet Analysis
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Figure 4: Continuous Wavelet Transformation
5.  conclusion
The feasibility of the wavelet transformations were evaluated for detection of chatter in end milling operations.  Increase of the amplitude of three detail values indicated development of chatter when the Daubechies 2 orthogonal wavelet was used.  Development of activities at certain bands indicated chatter when the packet analysis and continuous wavelet transformations were used.  In all the studied cases, the time resolution of the wavelet transformation was excellent.  Unfortunately, it also demonstrated the difficulty of the identification of the dominant vibration frequencies of the cutting forces for determination of the sources of the problems in the machining operations. 
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