The International Journal of Advanced Manufacturing Technology (2018) 98:699-713
https://doi.org/10.1007/s00170-018-2306-1

ORIGINAL ARTICLE

@ CrossMark

Chatter detection and stability region acquisition in thin-walled
workpiece milling based on CMWT

Jian Gao' - Qinghua Song ' - Zhangiang Liu '

Received: 6 February 2018 /Accepted: 5 June 2018 /Published online: 14 June 2018
© Springer-Verlag London Ltd., part of Springer Nature 2018

Abstract

Milling chatter is one of the biggest obstacles to achieve high performance machining operations of thin-walled workpiece in
industry field. In the milling process, the time-varying and position-dependent characteristics of thin-walled components are
evident. So, effective identification of modal parameters and chatter monitoring are crucial. Although the advantage of chatter
monitoring by sound signals is obvious, the milling sound signals are nonstationary signals which contain more stability
information both in time domain and frequency domain, and the common analytical transformation methods are no longer
applicable. In this paper, short time Fourier transform (STFT) is taken as an example to compare the processing results with
cmor continuous wavelet transform (CMWT). This article concerns the chatter detection and stability region acquisition in thin-
walled workpiece milling based on CMWT. CMWT combines the advantages of the cmor wavelet and continuous wavelet
transform which has good locality and the optimal time-frequency resolution. Therefore, CMWT can be adaptively adjusted
signal by the window, which is very suitable for processing nonstationary milling signals. Firstly, the model and characteristics of
thin-walled workpiece during the cutting process are presented. Secondly, the CMWT method for chatter detection based on
acoustic signals in thin-walled component milling process is presented. And the chatter detection results and stability region
acquisitions are analyzed and discussed through a specific thin-walled part milling process. Finally, the accuracy of the method
presented is verified through the traditional stability lobe diagram predicted using the exiting numerical method and the machined
surface morphologies at different cutting positions obtained through the confocal laser microscope.
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1 Introduction efficient milling of thin-walled components is of great signif-
icance. However, due to the poor rigidity of thin-walled work-
piece, forced vibration and regenerative chatter are easy to
occur in the process, which seriously affect the machining
efficiency and machining accuracy of thin-walled parts [1]
and even the tool life [2]. Therefore, it is important to avoid

the occurrence of chatter through effective chatter monitoring

Thin-walled workpiece applications in the aerospace industry
and the military are becoming increasingly widespread, so
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measures.

Chatter detection has become the focus of many scholars,
and a large number of researches have been carried out. In
order to detect the cutting stability, various sensors have been
applied, such as displacement sensors [3, 4], accelerometers
[5-8], dynamometers [9—13], microphones [14—19], ammeter
for motor current [20, 21], and multisensors [22]. Both the
appropriate sensors and the matching signal processing
methods are essential for the monitoring of chatter [23].
However, during the milling process, the thin-walled compo-
nent has obvious deformation and the modal characteristics
change with the material removal process (the time-varying
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characteristic). Meanwhile, the modal parameters also vary
with the milling position (position-dependent characteristic).
Therefore, both time-varying characteristic and position-
dependent characteristic of thin-walled workpiece milling
should be considered during the chatter monitoring [1, 24].
For nonstationary systems, the acoustic signal can contain
more information both in time domain and frequency domain,
and acoustic signals are also easily collected by the micro-
phone, so the milling acoustic signal is the best choice for
chatter detection.

Common methods of chatter monitoring include fast
Fourier transform (FFT), short time Fourier transform
(STFT), Gabor transform (GT), wavelet transform (WT) [12,
23], wavelet packet decomposition (WPD) [25], wavelet mod-
ulus maxima (WMM) [26], Wigner distribution (WD), and so
on. FFT can convert the signal from time domain to frequency
domain. However, FFT only has the characteristics of frequen-
cy analysis, cannot show how the transient frequency of the
signal changes over time [27]. The Gabor transform is affected
by the size of the window, so its analysis is less precise and
easier to be affected by various noise. Due to the limitation of
window function, FFT, STFT, and GT cannot perform multi-
scale analysis on the milling acoustic signal. Therefore, the
influence of the time-varying and position-dependent charac-
teristics of the thin-walled components milling on the chatter
monitoring is neglected, which leads to the chatter detection
results that are not accurate. However, the wavelet methods
mentioned above are able to decompose the signal by variable
scale time-frequency factor, so that multi-scale and variable
frequency analysis of different frequency bands of signals can
be implemented [28].

Most wavelet monitoring methods are used in chatter
monitoring. Tangjitsitcharoen et al. [12, 23] proposed to
use wavelet transform to monitor the ball head milling
process. Before the wavelet transform, the dynamic milling
force is decomposed into four levels according to a certain
ratio. Then, a different algorithm is used to detect the chat-
ter. Yao et al. [29] proposed an online identification meth-
od for early chatter. By combining the advantages of wave-
let transform and support vector machine, the accuracy of
chatter monitoring is effectively improved. Cao et al. [30]
proposed a chatter recognition method based on wavelet
transform and Hilbert-Huang transform. Using the
Hilbert-Huang spectrum as chatter indices, the signals are
analyzed using WPD and HHT. However, the efficiency of
obtaining Hilbert-Huang spectrum is quite low, which
limits the effectiveness of online monitoring. Jiang et al.
[31] exploited the WPD method to deal with the signal and
then use the Hidden Markov Model and support vector
machine to predict the chatter on signal that has been
decomposed. Chen et al. [32] proposed a method of online
monitoring chatter based on wavelet packet transform
(WPT) and support vector machine recursive feature
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elimination (SVM-RFE). By applying this method to in-
cipient chatter, it is shown that the impulse factor and one-
step autocorrelation function were the sensitive chatter fea-
tures. Zhang et al. [33] used wavelet packet decomposition
to decompose the cutting force signal into multiple sub-
signals and monitoring chatter based on the energy entropy
which was extracted from sub-signals. Sun et al. [34] pro-
posed a method of online monitoring chatter based on
weighted wavelet entropy to detect the chatter of the turn-
ing process. Wang et al. [35] presented a method for mon-
itoring chatter based on discrete wavelet transform (DWT)
and wavelet modulus maxima (WMM). However, there are
always some shortcomings for the wavelet method men-
tioned above. For example, in the WPD method, the num-
ber of decomposed layers directly affects the chatter mon-
itoring results, so the selection of decomposition level is
particularly important, but at present, the number of
decomposed layers is selected based on experience, which
leads to the tedious monitoring process and inaccurate re-
sults of chatter detection. In addition, the selection of the
wavelet basis function and the threshold size affect the
chatter monitoring effect, and the threshold is not easy to
be determined. When the threshold is too large, it is easy to
ignore some chatter signals. When the threshold is too
small conversely, it is easy to cause misjudgement.
Therefore, the existing wavelet methods have some key
shortcomings for nonstationary milling signals. These
wavelet methods do not apply to the chatter detection of
thin wall workpiece milling.

The cmor continuous wavelet transform (CMWT) used in
this paper not only does not involve the number of decompo-
sition layers and the threshold size, but cmor wavelet can be
selected adaptively. Since cmor wavelet has a unique advan-
tage in the field of nonstationary signal analysis, CMWT can
be applied to a variety of acoustic signals including milling
acoustic signal. After absorbing the advantages of cmor wave-
let, CMWT is a time-frequency analysis method which can be
adaptively adjusted by window. Besides, CMWT has simple
operation, and the efficiency of chatter detection is obvious.
Thus, the focus of the paper is the chatter detection of thin-
walled workpiece milling. The acoustic signals collected in
the milling experiment are processed by CMWT to obtain
2D and 3D time-frequency diagram. Whether the chatter oc-
curs during the milling process can be easily judged from
time-frequency diagram. And stability lobe diagram predicted
and surface topography observation are employed to confirm
the accuracy of the method for chatter monitoring. The re-
mainder of this paper is summarized as follows. Analysis of
milling characteristics of thin-walled component and identifi-
cation of modal parameters are presented in Section 2. The
CMWT method in milling process is proposed in Section 3.
The results of chatter detection and verification are shown in
Section 4. The conclusions are drawn in the last section.
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2 The milling model of thin-walled workpiece
2.1 The milling characteristics

In the milling system of thin-walled workpiece, the thin-
walled components are flexible parts, which can be signifi-
cantly deformed under the cutting force due to their weak
rigidity. Chatter may occur in the deformation process of
thin-walled workpiece, which is accompanied by a large num-
ber of noise, resulting in obvious vibration marks on the ma-
chined surface.

The milling characteristics of thin-walled components in-
clude the time-varying characteristics besides the easy de-
formed characteristics mentioned above [36]. Time-varying
characteristics also include two aspects. On the one hand,
the process of the material removal (Am;) will change the
modal characteristics of the thin-walled parts, as shown in
Fig. 1a, such as the natural frequency and rigidity of the
thin-walled workpiece change with the removal of the mate-
rial. On the other hand, the modal parameters of the thin-
walled parts vary with the milling position. In other words,
the modal parameters of the thin-walled parts are related to its
modal shapes as shown in Fig. 1b.

According to the milling characteristics of the thin-
walled parts, the cantilever thin-walled rectangular plate
is used as a simplified model of thin-walled workpiece,
with the length L, width W, and thickness H, as shown in
Fig. 1a. In order to describe the time-varying characteris-
tics, the thin-walled plate model is discreted into a finite
element model, consisting of many discrete points, as
shown in Fig. 2. During the milling process, the response
of the contact area between the tool and the thin-walled
plate directly reflects the time-varying characteristics. It
is assumed that the s-order mode dominates the vibration.
When the tool moves to the point u along the cutting path,
the governing equation of the point u is

m c k
— 5 + % = F (1)

2 2 2
us us us
where m; is modal mass, ¢, is modal damping, k, is modal
stiffness, ¢, is the u-term of the eigenvector of the s-order
modal, and F is the cutting force. Similarly, when the tool
moves to point v, the v- term of the s-order modal eigen-
vector is expressed by ¢,,. Obviously, ¢, # ¢,,. Therefore,
the modal parameters have the characteristic of the posi-
tional dependence. The modal parameters at the point u are
defined as m,, c,,, and k,;, and the modal parameters at the
point v are defined as m,, ¢, and k.
From Eq. (1), the following expression can be obtained
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Therefore, it can be concluded that the modal parameters of
thin-walled workpiece are related to the modal shapes of their
corresponding points, and the ratio of modal parameters is
inverse to the modal square of the corresponding points [26].
Considering the modal and time-varying characteristics of
thin-walled component, it is necessary to find an effective
way to analyze the transient response during milling, which
is very important for chatter detection.

2.2 Modal parameter identification

Both the chatter detection and verification require the modal
parameters and the loss factor of the system. The damping
ratio of the workpiece-fixture system is usually less than
0.05, so the damping ratio £ of the system can be obtained
by using the half-power bandwidth method, and then the loss
factor 7 of the system also can be expressed as

n=2¢ 3)

Assuming that the thin-walled system resonates at the s-
order modal, i.e., w = wjy. Since the modal density of the reso-
nance region is relatively small, the influence of other modes
can be ignored. Therefore, when the point u is excited, the
FRF expression at point-/ is as follows [37]

Hy(w) = (4)
W™ W  —OWg—wW
where,
- PusPls
=V 1 y Apg = ——— 5
“ +J ! 20105y ®)

For the convenience of calculation, it is assumed that the
modal shape at the machining location is 1; hence, the modal
mass, modal stiffness, modal damping at the machining posi-
tion are as follows

1

ma ks = mus“»’?v Cus = 2mus§5ws (6)

mys =

3 Cmor continuous wavelet transform
in milling process

3.1 Typical nonstationary signal in milling process

The acoustic signal in the milling process is a typical nonsta-
tionary signal, and its autocorrelation function and power
spectral density are generally time-varying [38]. For such a
signal, it is not enough to know the single global characteristic
of the signal in the time domain or frequency domain only by
traditional method, such as Fourier transform, and it is also
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Fig. 1 The milling dynamic
model of thin-walled workpiece.
a Material removal process. b
First two mode shape

necessary to understand the change of the spectrum of the
signal with time.

In order to make up for the deficiency of Fourier transform
and realize the local analysis of nonstationary signals, contin-
uous wavelet transform (CWT) can be used to establish a joint
function about time and frequency that maps 1D time signal to
a 2D time scale (time-frequency) and describes the energy
density and intensity of the signal at different times and fre-
quencies. CWT uses variable scale time-frequency factors to
decompose signals, so as to realize multi-scale analysis and
frequency analysis for different frequency bands of signals.
CWT not only can accurately locate the corresponding fre-
quency components at a certain moment but also can accu-
rately locate the corresponding time of a certain frequency
component.
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Fig. 2 The discrete plate model
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3.2 CWT for milling process

In view of time-varying characteristics of autocorrelation
function and power spectral density of nonstationary signal,
CWT uses variable scale time-frequency factors to analysis
signals, so as to realize multi-scale analysis and frequency
analysis for different frequency bands of signals.

The basic calculation method of CWT is numerical integra-
tion approximation, which includes rectangular numerical in-
tegration method and trapezoidal numerical integration meth-
od. In order to make the calculation result more accurate, the
latter method is used to do approximate integral as follows

W a.0) =200 (2 )at = (100, 0000)

400 (o0 1 . (7)
(Io f_w WT s (a, b)zﬂa’b;dadb)w (t)dt

e L
-1

where b is the translation factor, b= kT, t = nT,; T, is sampling
interval, a is a scale, usually a = 1/2, and j is the resolution; /(%)
stand for signals with limited energy; and 1"(¢) represents the
complex conjugate of wavelet /(7).

When the base wavelet satisfies the admissible condition,
its inverse transformation is

1) = [IWr(a, by, ,(1)dbda (8)

The scale a is not directly related to the frequency f, but the
smaller the a, the smaller the wavelet period, the higher the
corresponding frequency; the larger the g, the larger the wave-
let period, the lower the corresponding frequency.

When the wavelet function and sampling period have been
determined, the scale and frequency need to be corresponded.
Next, it is necessary to find a virtual frequency corresponding
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to the certain scale, so the scale a corresponding virtual fre-
quency f, can be calculated as follows

_ S
faiaXA (9)

where 2 is the sampling period and f. is wavelet center
frequency.

Although CWT is very suitable for processing the acoustic
signals in milling, it is still necessary to choose the wavelet
function carefully in order to get the optimal time-frequency
resolution. The selection of wavelet function can directly in-
fluence the local analysis characteristics of CWT in the time
and frequency domain of the milling signal. Besides, thin-
walled component milling system has time-varying character-
istic and position-dependent characteristic, and these charac-
teristics are also hidden in the milling acoustic signal, so it is
necessary to choose a wavelet function that can handle the
time-varying and position-dependent characteristics of the
acoustic signal in time and frequency domain flexibly.
Therefore, the cmor wavelet is adopted in this paper.

3.3 Cmor CWT for milling process

The cmor wavelet is adopted in CWT here, which named
CMWT. The cmor wavelet is the complex form of Morlet
wavelet. The Morlet wavelet consists of a sinusoidal wave
modified by a Gaussian envelope, so it is given as [28]

(1) = C-e 27 i (10)

where 7 is the center frequency, o the shape parameter, and C
is a constant which should be chosen on different occasions.

From Eq. (10), the two obvious advantages of Morlet
wavelet can be found. On one hand, the Morlet wavelet
has the optimal time-frequency resolution for nonsta-
tionary milling signal. Reference [39] pointed out: the
parameter o balances the time resolution and the fre-
quency resolution of the Morlet wavelet. An increase
in o will increase the frequency domain resolution. A
reduction in ¢ will increase the resolution in the time
domain. When o — o, the Morlet wavelet becomes a
cosine function which has the finest frequency resolu-
tion, and when o — 0, the Morlet wavelet becomes a
Dirac function which has the finest time resolution.
Besides, the literature [40] verifies the above conclu-
sions by means of quantitative calculation based on
Heisenberg triangle. Because of the time-varying nature
of the thin-walled workpiece milling process, time-
frequency analysis of milling signals is crucial.
Therefore, if the appropriate o is determined, CMWT
will have the optimal resolution both in time domain
and frequency domain in the processing of milling
signals.

On the other hand, the Morlet wavelet has good locality in
both time domain and frequency domain. The expression of
Morlet wavelet in time domain and frequency domain is as
follows

p(1) = e, G(w) = Vame )2 (11)

It can be viewed on Eq. (11) that w only affects the imag-
inary part, and the envelope region of ¢(f) does not change
with the change of w; wy is the center frequency of p(w), and
the bandwidth of ((w) remains the same with w, changes [26].
Therefore, the Morlet wavelet has good locality in both time
domain and frequency domain. Based on the above feature,
CMWT can handled milling signal that both the autocorrela-
tion function and the power spectral density change with time
by adaptively adjusted window.

In addition to the above two advantages, the cmor wavelet
also has a larger bandwidth and center frequency, and the
time-frequency diagram after wavelet transform shows better
time-frequency aggregation.

CMWT combines the advantages of the cmor wavelet and
CWT, which are very suitable for processing nonstationary
signals. CMWT is a time-frequency analysis method which
can be adaptively adjusted by the window. When detecting
high frequency information, the time window is automatically
narrowed, and when detecting low frequency signals, the time
window is automatically widened. CMWT has high time res-
olution and low frequency resolution at high frequency and
has higher frequency resolution and lower time resolution at
low frequency. Therefore, CMWT has obvious benefits in the
analysis and processing of nonstationary signals in milling
process.

4 Results and discussions
4.1 Experiment setup

The workpiece is a rectangular thin-walled aluminum alloy
plate (7075T); in addition, the geometric parameters are
shown in Table 1. The four-tooth end mill is used in milling
experiment. Its diameter d is 12 mm, the overhang length / is
43 mm, the helix angle is 45°, and the material is cemented
carbide, so the tool can be assumed to be rigid. In order to
guarantee the universality of the experiment, those experi-
ments are in the conventional boundary conditions: the bottom
of the workpiece (y = 0) completely (0 <y <0.07 m) fixed and
the other three edges free.

In order to obtain modal parameters, hammer mode exper-
iment (I) is required. After that, milling experiment (II) was
conducted and acoustic signals were collected to monitor the
chatter. Both hammer mode experiment and milling
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Table 1 Geometrical parameters

of workpiece Cantilever size (mm) Density Young’s modulus Poisson’s
(kg/m3) (GPa) ratio
Material Length Width Height
A17075 70 40 5 2.81x10° 717 0.33

experiment were performed on a VMC0540d CNC machine
with a maximum spindle speed of 30,000 rpm.

The main purpose of hammer mode experiment is to obtain
the natural frequency w, and the loss factor n of the
workpiece-machine tool system, which is a necessary element
to detect chatter and draw the stability lobe diagram (SLD). It
is worth mentioning that, due to the limitation of the modal
parameter extraction method, the hammer and accelerometer
must be in the form of “point-to-point” percussion, as shown
in Fig. 3b. The rest equipment of hammer mode experiments
include a B&K data acquisition box, an accelerometer with a
sensitivity of 98.45 mv/g, a hammer, and a matching comput-
er, as shown in Fig. 3b. The schematic diagram of hammer
mode experiment is shown in Fig. 3a. The equipment for
milling experiment are shown in Fig. 3c.

Before the hammer mode experiment, the modal analysis
results of thin-walled plate are the first three natural frequen-
cies are 2873.1, 4461.5, and 8768.0 Hz, respectively. Through
the hammer mode experiment, the first-order natural frequen-
Cy w, is 2713 Hz, which is very close to the first-order natural
frequency (2873.1 Hz) in computer simulation.

In order to monitor chatter effectively, GRAS40pp micro-
microphone was used to collect acoustic signals, with sensi-
tivity of 50 mv/Pa. The surface topography of the machined
surface was observed by 3D confocal laser microscope shown
in Fig. 3d.

4.2 Result analysis
4.2.1 Selected acoustic signal
In the milling experiment, the up milling and vertical milling

are adopted, the feed rate of the tool is 420 mm/min, and the
milling time of each workpiece is exactly 10 s. In addition,
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only the spindle speed and axial milling depth were changed,
and the specific cutting parameters are shown in Table 2.
During the milling process, the acoustic signal is collected to
monitor the chatter.

The selected acoustic signals shown in Fig. 4 are collected
from text no. 14 (Fig. 4a), test no. 5 (Fig. 4b), and test no. 8
(Fig. 4c¢), respectively. Obviously, the above three acoustic
signals of experiments are symmetrically distributed which
fully conform to the modal characteristics of thin-walled
plates.

The shape of the acoustic signal in test no. 14 is similar to
dumbbell, and the acoustic pressure is the maximum in two
periods of 0~1.7 and 8.3~10 s, about 8 Pa. During two periods
of 1.7~2.5 and 7.5~8.3 s, the acoustic pressure decreased and
increased, respectively. The average value of acoustic pressure
decreased from 8 to 3 Pa of 1.7~2.5 s, and the average value of
acoustic pressure in 7.5~8.3 s increased from 3 to 8 Pa. The
acoustic pressure is the minimum in 2.5~7.5 s, about 3 Pa. The
change trend of the acoustic signal in test no. 5 is similar to
this in test no. 14, except that the period of maximum sound
pressure is shortened to 0~1 and 9~10 s, and the average of
acoustic pressure is about 7 Pa in two periods. The period of
minimum sound pressure about 3 Pa is extended to 1.4~8.6 s.
In particular, the acoustic signal in test no. 8 is evenly distrib-
uted, and the acoustic pressure in the entire period is basically
equal and the acoustic pressure is approximately 4 Pa.

4.2.2 Chatter monitoring process using CMWT

In order to judge the steady state of milling through sound
signals, several representative signal segments (S;~S;) are
selected from the three groups of acoustic signals. The
CMWT method is used to process the selected acoustic signal
to obtain the time-frequency diagram which makes the stable

c d

Fig. 3 Experiment setup. a The schematic diagram. b Experiment I setup. ¢ Experiment II setup. d 3D microscope
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Table 2 The specific cutting parameters
Group Test  Spindle speed Radial depth Axial depth Feed speed
(rpm) of cut (mm) of cut (mm) (mm/min)
I No.1 7000 1 5 420
No.2 7000 1 5 420
No.3 7000 1 5 420
I No.4 8500 0.7 5 420
No.5 8500 1.0 5 420
No. 6 8500 1.3 5 420
No.7 8500 1.6 5 420
I No. 8 11,000 0.5 5 420
No.9 11,000 0.9 5 420
No. 10 11,000 1.3 5 420
No. 11 11,000 1.7 5 420
v No. 12 14,000 1.0 5 420
No. 13 14,000 1.5 5 420
No. 14 14,000 2.0 5 420
No. 15 14,000 25 5 420

domain and the chatter frequency bandwidth of the thin-
walled plate easily obtained.

Firstly, because the second-order natural frequency of the
workpiece is much larger than the first-order natural frequen-
cy, the effect of the second-order natural frequency on the
chatter can be neglected. Therefore, when monitoring chatter,
only the influence of first-order natural frequency is consid-
ered. Secondly, the tooth passing frequency appears as a har-
monic form in the milling which will have an effect on chatter
detection. In addition, an integer multiple of the tooth passing
frequency is no exception, which is called frequency multipli-
cation. However, the effect of tooth passing frequency on
chatter is far from the natural frequency. The impact of the
tooth passing frequency and the natural frequency can be eas-
ily distinguished from the time-frequency diagram obtained
by the CMWT, which is also the advantage of using CMWT
to monitor chatter.

For test no. 14, the selected signal segments are S,
(0.5~1.3 s), S, (4.5~5.3 s), and S5 (7.5~8.3 s), as show in
Fig. 4a. In test no. 14, the tooth passing frequency w; is
933 Hz and the frequency multiplications are 1866, 2799,

Chatter state
Stable state

Sound pressure (Pa)
Sound pressure (Pa)

2 3 4 5 6 7 9 10 11 23

Time (s)

8

a Acoustic signal for test #14

45 6 7
Time (s)

b Acoustic signal for test #5

3732, and 4665 Hz, respectively. The 2D time-frequency dia-
gram (Fig. 5b) of S; obtained from CMWT shows that there is
a clear and continuous green band near the natural frequency
of the workpiece, while the remaining bands in the Fig. 5b are
discontinuous, which occurs near the frequency multiplication
of the tooth passing frequency. At the same time, the maxi-
mum value of the wavelet coefficients in the 3D time-
frequency graph appears near the natural frequency (A; >
A»). Therefore, it can be confirmed that the chatter occurs in
S, and the chatter frequency band is 2.7~3 kHz.

In contrast, there are only some discontinuous yellow
bands in the 2D time-frequency diagram of S, (Fig. 5e),
which occurs at 2w, and 3w, and 2w, is dominant. Besides,
the amplitude of the wavelet coefficients in the 3D time-
frequency diagram (Fig. 5f) is relatively small, so that it is
easy to judge that the S, is in a stable state and no chatter
occurs. For S;3, from the 2D time-frequency diagram
(Fig. 5h), it can be intuitively found that both continuous
and discontinuous bands are gradually appearing, widen
and brighten from left to right. The continuous band is near
w, while discontinuous band is near 3w,. The amplitude of
the wavelet coefficients in the 3D time-frequency diagram
(Fig. 51) also increases from left to right, and the band near
the natural frequency is brighter and higher (A4 > A3). It
can be judged that S5 is in a transition state and the transi-
tion from stable state to chatter state.

For test no. 5, the selected signal segments are S, (0~0.7 s),
S5 (1~1.4s), and S¢ (5.6~6.4 s), as shows in Fig. 4b. In test no.
5, tooth passing frequency w; is 567 Hz and frequency multi-
plication are 1134, 1701, 2268, 2835, and 3402 Hz, respec-
tively. The analysis of the acoustic signal of test no. 5 is similar
to the analysis of test no. 14 above, so it can be concluded
from Fig. 6 that chatter occurs in S, and the chatter frequency
band is 2.8~3.1 kHz; S5 is in transition state which from chat-
ter to stable; and Sq is in stable state.

Similarly, for test no. 8, the selected signal segment is S,
(0~1.5 s), as shown in Fig. 4c. In test no. 8, tooth passing
frequency w; is 733 Hz and frequency multiplications are
1466, 2199, 2932, and 3665 Hz, respectively. A conclusion
from Fig. 7 can be drawn: S; is only affected by the frequency
multiplication of tooth passing frequency and the whole mill-
ing process is in steady state.

Sound pressure (Pa)

8 9 10 o123 45 6 7 8 910

Time (s)

C Acoustic signal for test #8

Fig. 4 Recorded acoustic signal in the microphone. a Acoustic signal for test no. 14. b Acoustic signal for test no. 5. ¢ Acoustic signal for test no. 8
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Although thin-walled parts have time-dependent and
position-dependent characteristics, the CMWT is still suitable
for chatter monitoring of thin-walled parts and has a remark-
able advantage in the process of chatter monitoring for thin-
walled parts. There is no redundant frequency band interfer-
ence in the CMWT processing results, and the numerical error
of'the frequency band is so small that it can be ignored, and the
process of the CMWT processing sound signal is not dis-
turbed by noise. Through the analysis of the 2D and 3D
time-frequency diagram obtained by CMWT, once the natural
frequency of the thin-walled workpiece and the tooth-through
frequency of the milling system are obtained, it is possible to
monitor whether or not chatter occurs by 2D and 3D time-
frequency diagrams. The stability of thin-walled parts can be
obtained intuitively. Meanwhile, CMWT improves the effi-
ciency of chatter monitoring, effectively shortens the time of
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chatter monitoring, less than 0.2 s, and lays a solid foundation
for the following online chatter detection.

4.2.3 Comparison and analysis of STFT method

There are many traditional chatter monitoring methods, in-
cluding FFT, STFT, WPD, and so on. In the WPD method,
the number of decomposed layers directly affects the chatter
monitoring results, so the selection of decomposition level is
particularly important [41], but at present, the number of
decomposed layers is selected based on experience, which
leads to the result of chatter detection is accidental.
Therefore, in order to avoid the influence of accidental factors,
in this paper, STFT is used as a comparison method for chatter
monitoring.
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In STFT, directly adding a rectangular window to the signal
will cause a frequency leakage [42]. In order to avoid the
frequency leakage, the Hamming window is used in this pa-
per. The amplitude-frequency characteristic of the Hamming
window is that the sidelobe attenuation is larger, and the peak

value of the main lobe and the first sidelobe can be reduced by
40 db [43].

After CMWT processing and analysis, it can be concluded
that S; and S, are in a chatter state, S5 and S5 are in a transition
state, and S; is in a stable state. Therefore, the time-frequency
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analysis was performed on the typical acoustic signals of S,
and S4, S3 and Ss, and S; using STFT, and the results are

shown in Fig. 8.

Through the analysis of Fig. 8, we can draw the following
conclusions. Firstly, from the processing results of STFT,
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there are some deviations between the highlighted red fre-
quency band and its corresponding natural frequency, tooth
pass frequency, and tooth pass frequency multiplication and
the error is within + 50 Hz. This is mainly because thin-walled
parts have multi-modal coupling characteristics, and milling
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of thin-walled parts is a time-varying system, but the sensitiv-
ity of STFT is too low to carry out multi-scale analysis of
signals, and the influence of the time-varying and position-
dependent characteristics of the thin-walled components mill-
ing on the chatter monitoring is neglected, which leads to
numerical deviations in the processing results.

Further, through the STFT transformation of the above five
acoustic signals, the following chatter monitoring results can
be obtained. For S1 and S4, it can be seen from Fig. 8a, b that
the dominant frequency band is distributed around the natural
frequency, so it can be judged that S1 and S4 are in chatter
state. For S3 and S5, it can be seen from Fig. 8c, d that the
frequency band corresponding to the natural frequency is the
brightest and plays a leading role, but the frequency band has
no obvious change in color, and it is not easy to distinguish
between S3 and S5 in chatter or transition state. For S7, it can
be seen from Fig. 8e that the dominant frequency band is tooth
pass frequency multiplication and it can be judged to be in
stable state. However, there are too many redundant frequency
bands in the time-frequency diagram, which directly interferes
with chatter monitoring. Therefore, the chatter monitoring re-
sults obtained by STFT transform are inconsistent with those
obtained by CMWT.

Secondly, at Bl (bandwidth 1) and B2 of the time-
frequency diagram, the frequency band is significantly
aliased, and the frequency band cannot be resolved. Among
them, B3 is the most serious aliasing and it is impossible to
identify typical frequency values. The phenomenon of
aliasing is due to the low frequency resolution of STFT itself.
Besides, the multi-modal and time-varying characteristics in
the thin-walled part milling. Therefore, when the STFT is used
for the time-frequency transformation of the acoustic signals
of the thin-walled parts, aliasing occurs in the frequency do-
main, which becomes an intuitive obstacle to chatter monitor-
ing and directly interferes with chatter monitoring.

Finally, in B4, B5, B6, B7, B8, and B9, there are many
interference frequency bands except the tooth passing fre-
quency multiplication, which is the effect of noise in the
acoustic signal on the STFT.

In summary, although choosing a non-rectangular win-
dow—the Hamming window, which can avoid frequency
leakage—STFT method still cannot evade the shortcoming
that it is easy to be affected by noise. In the process of pro-
cessing the sound signal of the thin-walled parts, due to the
time-varying and position-dependent characteristics of the
milling of thin-walled milling, STFT obviously shows low
frequency resolution and poor sensitivity, which results in
the frequency bands aliasing in the processing results, and
seriously interferes with the chatter monitoring process. In
addition, in the time-frequency diagram obtained by the
STFT method, the numerical error of the frequency band is
between + 50 Hz, directly disturbing the chatter monitoring
process, and it is easy to mislead the chatter monitoring of the

milling of thin-walled parts. Because of the common effect of
the above unfavorable factors, the STFT cannot adapt to the
chatter monitoring of the thin-walled parts milling process.
Meanwhile, the CMWT has shown obvious advantages in
chatter monitoring of the thin-walled parts, which makes
CMWT an effective method for chatter detection in thin-
walled parts.

4.3 Verifications

In order to verify the correctness of CMWT chatter monitoring
results, the SLD is predicted using the existing numerical
method, and the machined surface topography of the work-
piece is observed and checked.

4.3.1 Stability prediction results

Through the hammer mode experiment, the first-order natural
frequency w,, is 2713 Hz, which is very close to the first-order
natural frequency (2873.1 Hz) in computer simulation. It can
be obtained that the loss factor 7 of workpiece-fixture system
is 0.06, from Eq. (8). Furthermore, from Eq. (11), the modal
parameters corresponding to the discrete points, including the
modal mass, modal stiffness, and modal damping of the first
two orders can be obtained, as shown in Table 3.

When the modal parameters of the integer points on the
path of the workpiece are obtained, the SLD can be drawn
by the existing numerical methods, such as the time-space
discretization method [37], which is much more efficient than
the other method, and the SLDs are shown in Fig. 9. In Fig. 9,
SLDs are given along x axis, which is the same direction with
itin Fig. 1.

In SLDs, the green fill area indicates that chatter can occur
at those cutting condition, the blue circle, the red pentagram,
and the black triangle represent the cutting parameters in test

Table 3  The first two modal parameters corresponding to the discrete
points
First-order Second-order
Point  Modal Modal Modal Modal Modal Modal
position mass  stiffness damp  mass  stiffness  damp
(kg) (x106 N/ (N s/m) (kg) (106 N/ (N s/m)
m) m)
0 0.0086 2.9355 8.1732  0.0038 3.2507 5.1170
1 0.0098 3.3323 7.8803  0.0069 5.8918 8.4753
2 0.0095 3.2400 7.5688 0.0156 13.2824  20.5343
3 0.0091 3.0895 7.3476  0.0626 50.7982  207.5289
4 0.0090 3.0782 7.2968 0.0633 51.0127  210.3251
5 0.0095 3.2736 74816 0.0152 13.0317  19.8927
6 0.0097 3.2964 7.8948 0.0064 5.5943 8.4011
7 0.0086 2.9602 8.2029 0.0039 3.2417 5.0988
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Fig. 9 Dynamic SLDs of different position points on workpiece. (Blue circle: n= 11,000 rpm, ap =5 mm; red pentagram: » = 8800 rpm, ap =5 mm;

black triangle: n = 14,000 rpm, ap =7 mm)

no. 5, test no. 8§, and test no. 14, respectively. When the ge-
ometry is within the green fill area, the workpiece will chatter
at this time. In contrast, when the geometry is outside the
green fill area, the workpiece is in a stable state at this time.
In test no. 5, chatter occurs at the positions of x =0, 7 mm, as
shown in Fig. 9a, h. In addition, the workpiece is in a stable
state at the remaining integer points, as shown in Fig. 9b—g. In
test no. 8, there is no chatter at all the integer points on the tool
path, as shown in Fig. 9a—h. In test no. 14, the workpiece
chatter at the position of x=0, 1, 6, and 7 mm, as shown in
Fig. 9a, b, g, h, and in a steady state at the rest of the integer
points.

4.3.2 Morphology observation

In order to further verify the accuracy of the above judgment
based on the CMWT results, the machined surface morphol-
ogies at different cutting positons are also observed by 3D
confocal laser microscope and the surface roughness can be
obtained at the same time, as shown in Fig. 10.
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Figure 9 shows the surface morphology and cross-section
curve of the machined surface. Through the diagram of cross-
section curve, the surface roughness can be easily calculated.
From Fig. 10, it can be observed that the machined surfaces
corresponding to S; and S5 have obviously vibration veins, and
the cross-sectional curves and roughness values fluctuate greatly.
Therefore, it can be confirmed that both S; and S5 are in the
chattering state which consistent with the judgment by CMWT.
Correspondingly, the machined surface corresponding to S,, S,
and S are smoother, and there is no significant fluctuation in the
cross-section curves. Meanwhile, the value of the roughness is
quite small. It can also be judged that S,, S¢, and S5 are in stable
state. S; and S5 can be intuitively found to be transition state by
the trend of surface topography and cross-sectional curve. Ss is
the transition from chatter state to steady state, and Ss is the
transition from steady state to chatter state.

Through these observations, it is possible to verify the cor-
rectness of the chatter detection method (CMWT) for the thin-
walled workpiece milling process. This means that the chatter
signal can be monitored accurately and efficiently by using
CMWT to process the acoustic signals in the milling process.
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Fig. 10 The surface morphology and roughness of machined surface

5 Conclusions

In this paper, considering the time-varying and position-
dependent characteristics of the thin-walled plate milling,
and through the comparison with STFT method, CMWT is
quite suitable for detecting milling chatter and obtaining the
stability regions. In addition, the correctness of this method is
verified by SLD and machined surface topography.

The advantage of this method is quite obvious. The Morlet
wavelet (or cmor wavelet) has the optimal time-frequency
resolution for milling process and has good locality in both
time domain and frequency domain for milling acoustic sig-
nal. There is no redundant frequency band interference in the

800.000

1200.000

CMWT processing results, and the numerical error of the fre-
quency band is so small that it can be ignored, and the process
of the CMWT processing sound signal is not disturbed by
noise. Through the analysis of the time-frequency diagram
obtained by CMWT, the stability of thin-walled parts can be
obtained intuitively. Meanwhile, CMWT improves the effi-
ciency of chatter monitoring, effectively shortens the time of
chatter monitoring, less than 0.2 s, and lays a solid foundation
for the following online chatter detection. Especially, CMWT
uses variable scale time-frequency factors to analysis of non-
stationary acoustic signal, so as to realize multi-scale analysis
and frequency analysis for different frequency bands of
signals.
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When using CMWT, once the natural frequency of the
thin-walled workpiece and the tooth-through frequency of
the milling system are obtained, it is possible to monitor
whether or not chatter occurs by 2D and 3D time-frequency
diagrams. When the parameters of the stability regions are
obtained, the chatter in milling can be avoided, and the ma-
chining efficiency and machining accuracy can be remarkably
improved.
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