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Abstract

Chatter is a kind of self-excited vibration, which will result in very poor quality and dimensional accuracy on the machined
surface, even a harmful effect on machining operation. A simple, reliable, and accurate chatter identification algorithm is crucial
for taking control strategy before it is fully developed. This paper proposes a novel frequency-domain search (FDS) algorithm to
identify the chatter during milling. An identification feature based on vibration base frequency is extracted according to the FDS
algorithm, where the complicated signal processing algorithms are not needed before feature extraction. Compared with most of
the existing identification features, the introduced feature does not need to set thresholds according to different machining
conditions. Meanwhile, the feature extraction only needs a small amount of data to guarantee the timeliness of identification.
Hammer test and milling experiments with various cutting parameters are carried out, and both force signal and vibration signal in
the experiments are utilized to validate the effectiveness of the proposed algorithm. The results show that the proposed algorithm
can identify the milling chatter accurately, whether using force signal or vibration signal, even slight chatter in the initial
machining stage can be identified. Furthermore, the research reveals that dominant chatter frequencies appear around the natural
frequency of the spindle-tool system but do not exactly equal to its natural frequency. The chatter frequencies are found to be
determined by the combination of natural characteristics of the system and cutting conditions.

Keywords Chatter identification - Vibration base frequency - Frequency-domain search - Chatter frequencies - Natural frequency

Nomenclature 1z Feed per tooth (Hz)

de Radial depth of cut (mm) F,, F), Cutting force signal in x and y

a, Axial depth of cut (mm) directions, respectively (N)

fc Vibration base frequency (Hz) ky, Multiple of initial search frequency

Sfor Searching range of the proposed algorithm Ly Measured length of surface profile (mm)

So Left interval of the searching range (Hz) n Spindle speed (rpm)

) ffr Right interval of the searching range (Hz) Ty Number of the corrugations in the scope of Ly,
fa Difference between fjr and frpr (Hz) N Number of teeth

SiME Identified maximum frequency (Hz) Sy S, Spectrum of cutting force signal

fvce  Multiple chatter frequencies (Hz) of x and y directions, respectively

fsrE Spindle rotation frequency (Hz)
JstE Surface topography frequency (Hz)

Tooth fr H ]
JreE ooth pass frequency (Hz) 1 Introduction

Milling is a commonly used machining method to achieve the
complex surface and precision parts, as well as the productiv-
ity improvement and cost-effectiveness in aviation and elec-
tronic industry. However, the inappropriate cutting parameters
and experimental conditions will result in chatter vibration,
and correspondingly leads to very poor surface quality and
dimensional accuracy on the machined workpiece [1, 2].
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Meanwhile, to prevent a harmful effect on machining opera-
tion, the unavoidable and unscheduled downtime will be per-
formed, which not only in terms of time lost but also in terms
of tool damage [3, 4].

Chatter belongs to a kind of self-excited vibration during
the machining, which occurs at specific combinations of cut-
ting parameters, such as axial depth of cut and spindle speed.
As well known, the analytical modeling methods are usually
utilized to build a stability lobe diagram (SLD) [5, 6]. Further,
the appropriate axial depth of cut and spindle speed will be
selected based on the SLD to avoid the occurrence of milling
chatter. However, the predicted models with inevitable sim-
plifications cannot describe the complex milling system accu-
rately and prevent the occurrence of chatter completely [7, 8].
The online and timely identification for milling chatter has
been an essential strategy to improve the machined quality
and machining productivity. It has been estimated that timely
identification of tool condition and machining process could
effectively reduce the unnecessary downtime with a saving of
10-40% [9, 10].

The current researches have developed efficient monitoring
systems to identify the chatter by using sensor information,
such as dynamic force [11, 12], acceleration [13, 14], acoustic
signal [15], etc., and correspondingly maintain the machining
process in stable conditions. Once the machining signals are
collected, the crucial task for chatter identification is to extract
appropriate indicators to distinguish the chatter and stable
conditions. Note that the extracted indicators should contain
the chatter-related information so that the chatter can be iden-
tified accurately. However, as well known that the machining
signals containing the relevant and irrelevant chatter informa-
tion are nonlinear and nonstationary, signal processing
methods are thus commonly carried out before feature

Table 1 Summary of the milling chatter identification

extraction to improve the accuracy of chatter identification.
Table 1 summarizes some recent researches on the identifica-
tion of milling chatter.

The above indicators are suitable for chatter identification
under the given conditions. It is found that a threshold is com-
monly set artificially or based on an auxiliary algorithm accord-
ing to different machining conditions to identify the chatter and
stable condition. That is to say, the threshold should be re-
determined in a new machining environment. Furthermore,
the auxiliary and more complicated signal processing algo-
rithms are performed to further improve the accuracy and ro-
bustness of the chatter identification. However, these auxiliary
algorithms on threshold setting and signal processing will re-
duce the applicability and the timeliness of the identification
algorithms in semiautomatic and fully automatic manufacturing
environments. In industry, a simple identification algorithm is
highly desirable where the indicators can be performed easily
without time-consuming recalibration processes to achieve the
timely identification of milling chatter [26].

In order to avoid full deterioration of the workpiece surface
quality, some researches were proposed to achieve chatter
identification in the early stage of chatter outbreak so that
the chatter suppression strategy can be timely performed.
Cao et al. [19] calculated the minimum quantization error
(MOE) of a SOM neural network and multiple feature vectors
as an indicator. Correspondingly, 3¢ criterion is proposed to
set the threshold of MOE to identify chatter before the work-
piece surface is fully deteriorated. Wang et al. [27] found that
the first intrinsic mode functions (IMF) of Hilbert-Huang
spectrum of the measured cutting force are sensitive to the
early stage of chatter outbreak. Zhang et al. [28] decomposed
the cutting force signals into sub-signals by using VMD and
wavelet packet decomposition (WPD). Then the energy

Signal processing algorithms Identification indicators

Determination of threshold Ref.

- Coefficient of variation of RMS sequence

EEMD
HHT
SOM neural network

Fractal dimension and power spectral entropy
Normalized energy ratio and coefficient of variation

Euclidean distance between the best matching unit

Milling experiments
Milling experiments
Gaussian mixture algorithm

30 criterion

of SOM neural network and the feature vectors

VMD Multiscale permutation entropy and multiscale Laplacian score based [20]
power spectral entropy feature selection
WPT Time-domain and frequency-domain features Feature weights based on SVM-RFE  [21]
WPT and HHT Mean value and standard deviation of the Hilbert-Huang spectrum  Milling experiments [22]
A wavelet-based maximum Spectral parameter related to the measured power spectra Milling experiments [23]
likelihood estimation algorithm
Time-frequency analysis Energy ratio based on the Wigner time-frequency distribution Milling experiments [24]
Kalman filter and Teager-Kaiser ~ Energy ratio of chatter component to the total vibration Milling experiments [25]

nonlinear energy operator

WPT, wavelet packet transform; HHT, Hilbert-Huang transform; VMD, variational mode decomposition; EEMD, ensemble empirical mode decompo-
sition; SOM, self-organizing map; SVM-RFE, support vector machine recursive feature elimination
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Fig. 1 Hammer test. a
Experimental setup. b Schematic
diagram
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entropy is extracted from the sub-signals to identify chatter at
the early stage. Yang et al. [1] proposed an optimized varia-
tional mode decomposition (OVMD) to decompose cutting
force signal and extracted entropy features by using a simu-
lated annealing (SA) algorithm. The onset of chatter is detect-
ed based on the relative changes of the entropy.

Another issue in chatter identification is to estimate domi-
nant chatter frequencies in order to provide important infor-
mation for chatter suppression. However, most of the time
series analysis methods [29-32] cannot recognize the chatter
frequencies, especially the dominant chatter frequencies [33].
Dijk et al. [34] constructed a transfer function model and
solved the dominant root as the dominant chatter frequencies.
However, the accuracy of identification results is greatly lim-
ited by the accuracy of the constructed model. Wan et al. [35]
utilized a time-frequency method based on EEMD and HHT
to extract the dominant chatter frequencies.

As described above, a simple identification algorithm based
on the indicator without setting threshold is more appropriate to
the industrial conditions. Meanwhile, the methods should solve
two issues, the timely chatter identification and the identifica-
tion of dominant chatter frequencies. It is known that a new
periodic motion accompanied by a vibration base frequency
will superimpose in milling motion during the chatter, even
the slight chatter occurs [36, 37]. Correspondingly, the vibra-
tion base frequency superimposes to the tooth pass frequencies
to form the chatter frequencies. This paper tries to introduce the

Table 2  The cutting tool information
Type of tool Number of flutes ~ Stick out (mm)  Diameter (mm)
Tungsten steel 2 60 6

end mill

Spindle
Charge I
Hammer Tools amplifier \
- |
Sensors \
LMS =
Data processing

| system
IR A
Charge amplifier

(b)

vibration base frequency as an indicator and perform a simple
frequency-domain search algorithm to achieve the identifica-
tion of milling chatter and the chatter frequencies.

The remainder of the paper is organized as follows.
Section 2 describes the hammer test and the selection of cut-
ting parameters for chatter identification. An identification
algorithm based on frequency-domain search (FDS) is given
in Section. 3. To improve the efficiency and robustness of the
FDS algorithm, the machining signal in the appropriate direc-
tion and the main frequency range of chatter are determined.
Section 4 validates the accuracy of the proposed algorithm and
analyzes the effectiveness of the proposed algorithm when
using cutting force signal, vibration signal, and a small
amount of signal data. Section 5 discusses the spectral char-
acteristics of the chatter signal and the relationship among the
natural frequency of the spindle-tool system, cutting parame-
ters, and chatter frequencies. Some conclusions are given in
Section. 6.
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Fig. 2 Measured FRF of the spindle-tool system
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Fig. 3 Experiment result analysis for chatter stability prediction

2 Experiments

2.1 Hammer test and determination of the SLD

The SLD is commonly constructed to define the stable and
chatter condition. The cutting parameters (spindle speed and
axial depth of cut) in stable and chatter machining can be
correspondingly selected. To determine the SLD and corre-
spondingly analyze the characteristic of chatter frequency,
hammer tests were carried out to obtain the natural character-
istics of the spindle-tool system. Figure 1a, b shows the ex-
perimental setup and schematic diagram of the hammer tests,
respectively. The hammer (type: MSC-1) knocked on the cut-
ting tool to produce impulse response. Correspondingly, two
acceleration sensors were absorbed on the cutting tool to ob-
tain the vibration response in x and y directions, respectively.
Note that the x and y directions are just orthogonal, which do
not have a specific definition of direction. A charge amplifier
(type: DLF-3) was connected with a 16-channel data process-
ing system (type: AD8304) to achieve the data acquisition,
amplification, and A/D transformation. The detailed informa-
tion of the used cutting tool is given in Table 2, where a two-
flute tungsten steel end mill with a stick out of 60 mm and a
diameter of 6 mm is used. The type of tool holder used in the
experiment is SK40-ER20-100. Figure 2 shows the measured
frequency response function (FRF) of the spindle-tool system
in x and y directions.

identification algorithm for cutting force coefficients can be
found in ref. [38]. The transfer function of the spindle-tool
system is measured based on the hammer tests (Fig. 1), and
the prediction algorithm of the SLD can be found in ref. [39].
The width of cut is 0.5 mm, and the material used is A17075-
T6 aviation aluminum. Figure 3 shows the predicted SLD and
the selected cutting condition in this paper. The blue inverted
triangle and the red rhombus represent the normal and chatter
conditions, respectively.

2.2 Milling experiments

Table 3 gives the cutting parameters for milling chatter iden-
tification where down milling experiments were performed.
The feed per tooth f, and radial depth of cut a. are fixed as
0.15 mm/tooth and 0.5 mm, respectively. The axial depth of
cut a, and spindle speed n are determined according to Fig. 3.
The first test belongs to stable machining, and the other five
tests belong to chatter machining. As shown in Fig. 4, milling
experiments were carried out on DMUSOT multi-axis vertical
machining center based on the selected cutting parameters. A
dynamometer (type: Kister 9257A) was connected to a charge
amplifier (type: Kistler 5070) and mounted on the workbench
to measure the dynamic cutting force signal. The sampling
frequency was 10 kHz. The workpiece is A17075-T6 aviation
aluminum, and the cutting tool is a tungsten steel end mill with
two teeth. The x and z directions are parallel to the feed direc-
tion and tool axis direction. The y direction is perpendicular to
the feed direction.

3 Algorithm
3.1 Feature analysis and extraction
Generally, the spectrum of milling signals comprises different

kinds of frequency components, such as spindle rotation fre-
quency (fsgr) and its frequency multiplication, tooth pass

Table 3 The selected cutting

parameters for chatter Test  Milling type Feed per tooth £, Radial depth Axial depth of ~ Spindle Milling
identification (mm/tooth) of cut @, (mm)  cut a, (mm) speed n (rpm)  condition

1 Down milling  0.15 0.5 4 3000 Stable

2 Down milling  0.15 0.5 4 8000 Chatter

3 Down milling  0.15 0.5 5 7000 Chatter

4 Down milling  0.15 0.5 5 8000 Chatter

5 Down milling  0.15 0.5 6 6000 Chatter

6 Down milling  0.15 0.5 6 7000 Chatter

7 Down milling  0.15 0.5 6 8000 Chatter
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Fig. 4 Milling experiment setup

frequency (frpr) and its frequency multiplication, chatter fre-
quencies, and natural frequencies of the system. In the follow-
ing section, the frequency multiplication of fsrr and frequency
multiplication of frpr are all named as fsgr and frpg, respec-
tively. Note that the chatter spectrum is not a single frequency,
but has multi-order properties. That is to say, multi chatter
frequencies exist among the spectrum of milling signals. The

Fig. 5 Schematic diagram of the (a)

FDS algorithm. a The chatter 600

cutting force signals. b Spectral

analysis of the chatter cutting = 400

force signals. ¢ Schematic Z 0

diagram of the proposed FDS Y

algorithm (A down-milling ::_5: 200

experiment is performed, where f, on

is 0.15 mm/tooth, a. is 0.5 mm, a,, E

is 8 mm, and # is 6000 rpm) 8 0
-200

calculations of fsrr and frpp are given as shown in Egs. (1) and
(2), respectively.
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Fig. 6 Flowchart of the chatter Start End
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and correspondingly superimpose in milling motion. Here, the
base frequency is named as vibration base frequency (fc). The
appearance of the base frequency means the instability of

where N, is the number of the tool tooth.
An important characteristic of the chatter is that a new
periodic motion accompanied by a base frequency will appear

Fig. 7 Cutting force signal and its 300 : : : : 100
spectrum of test 7: a x direction F i F;,
and b y direction (the spindle x
speed is 8000 rpm, the axial depth
of cut is 6 mm, the radial depth of 2‘ ~0
cut is 0.5 mm, and feed per tooth =2 %
is 0.15 mm) s 9
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milling system. Correspondingly, the vibration base frequen-
cy will be superimposed to frpr to form chatter frequencies. It
can be seen that due to the multi-order properties of frpg, the
chatter frequencies also present multi-order properties. The
chatter frequencies can be expressed as shown in Eq. (3).

Suer = |fe £ frerl(Hz) 3)

Note that the frequency components ftpg, fucr, and fc are
all positive values. Eq. (3) can be transformed as fc = |fyicr —
frerl(Hz). It can be observed that the difference between tooth
pass frequency and chatter frequency is a constant value fc.
The vibration base frequency is a direct and inherent feature
for chatter. Thus, the difference is introduced as a feature in
chatter identification.

Figure 5a, b shows the cutting force signal and its
spectrums of one of the preliminary chatter experiments,
respectively. The detailed cutting parameters are as fol-
low: f, is 0.15 mm/tooth, a. is 0.5 mm, a, is 8 mm, and
n is 6000 rpm. Thus, fsrr and frpr of the experiment are
100m Hz and 200m Hz (m =1, 2, ...), respectively, and
correspondingly marks as blue triangles and red rectan-
gles, respectively. The yellow circles are marked as the
identified maximum frequency components fivr except
the fsrr in the interval of two adjacent frpp. It can be
seen that the differences between the fi\p and the frpg
are a fairly stable frequency 62 Hz. For example, 2200—
2138=62 Hz (2200=200 x 11) and 3400-3338 =62 Hz
(3400=200x%17). That is to say, fimr = frpr-62 Hz
which accord with Eq. (3). The milling condition can
be identified as chatter. In such case, fiyr can be
regarded as the chatter frequencies fyicr. The fairly stable
frequency component 62 Hz is the vibration base fre-
quency fc. Thus, the core of chatter identification is to
search the maximum frequency component and calculate
if a steady vibration base frequency exists. The following
will give a detailed description of the proposed
algorithm.

N
W

Time (s) 3
(a)

0 0.5 1.0 1.5 2.0
Time (s)

0 0.5 1.0 1.5 2.0 2.5
Time (s)
©

Fig. 9 Cutting force signal of a test 1, b test 3, and ¢ test 5

3.2 Frequency-domain search algorithm
Step 1. Determine the multiple of the initial search fre-
quency k.

Figure 5c shows the schematic diagram of the FDS algo-
rithm. Here, the spindle speed is #, the number of teeth is N,. k
is a temporary variable whose initial value equals to 1. The
searching range for the FDS algorithm is defined as

[f%. f2&]. which will be determined in Sect. 3.3. Gradually

70 60 25
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40 15
40

- 30 |-
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Fig. 8 Analysis of frequency range for chatter. a Original spectrum of cutting force (test 7). b Spectrum where fsrr and frpr are filtered (test 7). ¢ The

superposition of the spectrums of all the test where fsgr and frpp are filtered
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increase k and judge whether knN,/60> f¢... If meet the con-
dition, k, = k.

Step 2. Divide the interval for frequency-domain search.

Define the open interval ((ky+i— 1)frpr, (ky + 0)fTpF)
as the searching interval, where i=1, 2, - is the in-
crement of frequency doubling. It can be seen that any
two adjacent frpr is an interval for the frequency do-
main search.

Step 3. Search the maximum frequency component.

Search the maximum frequency component in the interval
((ky + i — V)frpr, (ky + i)frpr). Mark the searched maximum
frequency components as fiyr(i). Calculate the difference be-
tween five(i) and frpr, namely fo(i) = (ky + i — 1)fer = five(0).
If (ky + i—1)f1pp =", stop the search.

Step 4. Judge the vibration base frequency.

If there is a steady vibration base frequency in the above
calculation, the milling condition is labeled as chatter. In such
case, the identified maximum frequency components are the
chatter frequencies. Otherwise, the milling condition is

Fig. 10 Chatter analysis of a test 60, (al) ey
1 (n=3000 rpm), b test 3 (n= 50 fsre=50.0Hz
7000 rpm), and ¢ test 5 (n = 4or A
6000 rpm) (1, Spectral analysis of 1aoF ~ T 30 : 190
the cutting force signal. 2, Surface | | | 0 3
topography measured by ultra- 130 | / 20r — | n=9 @ )LW=2.743 N
depth of field microscope. 3, :20 L s 1o ! . 300 . é 9 1‘0,197 2.9401
B 3 =
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:10 T : Frequency (Hz) % /
| (LY . g, V
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N
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Fig. 11 Comparison of surface profiles of a test 1 (n =3000 rpm), b test 3
(n=7000 rpm), and ¢ test 5 (n = 6000 rpm)

labeled as stable. Figure 6 shows the flowchart of the chatter
identification based on the proposed FDS algorithm.

3.3 Determination of the searching range of the
proposed algorithm

In order to improve the searching accuracy and the efficiency
of the proposed algorithm, this section will discuss the selec-
tion of the appropriate direction of cutting force signal and the
searching range for the proposed algorithm. As well known,
milling action mainly concentrates on low-frequency range,
while the chatter action mainly focuses on the high-frequency
range. Figure 7a, b shows the cutting force and its spectrum in
x and y directions, respectively. Obviously, the frequency
components in the high-frequency range in the x direction
are more plentiful and remarkable than in the y direction.
Thus, the cutting force signal in the x direction is selected
for the proposed algorithm.

As described above, the spectrum of the cutting force sig-
nal mainly comprises fsrr and frpg. The chatter frequencies
exist in the occurrence of chatter milling. Figure 8a, b shows
the original spectrum and the spectrum where fsrr and frpr
have been filtered. Figure 8c shows the superposition of fre-
quency components of all the proposed chatter experiments
where the fsgrr and frpr are filtered. It can be seen that there are
no prominent frequency components within the range of 0—
1000 Hz. The reason is that the fsrr and frpr representing the

cutting action have been removed accordingly. The remainder
frequency components mainly concentrate in the range of
1000—4500 Hz. That is to say, the chatter frequency compo-
nents are prone to appear in this range. Thus, the cutting force
signal in x direction and the searching range of 10004500 Hz
are determined for the proposed algorithm to accurately and
efficiently identify the milling chatter. Correspondingly, /%

= 1000 Hz and f*; = 4500 Hz.

4 Validation

4.1 Validation and analysis of the effectiveness of the
proposed algorithm using force signal

In this section, tests 1, 3, and 5 are selected to make a detailed
analysis. Figure 9a shows the cutting force signal of these
three experiments where the milling conditions are stable,
chatter, and chatter, respectively. Obviously, the variation of
the amplitude of cutting force under stable milling is basically
stable. Figure 9c shows a typical cutting force signal of milling
chatter where there is an obvious increasing trend on its am-
plitude. However, the increasing trend shown in Fig. 9b is not
obvious, although the milling condition of test 3 belongs to
chatter. In such case, it is difficult to distinguish the milling
condition just according to the variation of cutting force, es-
pecially the occurrence of the slight chatter.

Figure 10 (al) shows the spectral analysis of test 1. It can
be seen that the spectrum of test 1 mainly comprises fgrr and

frer- There are no new frequency components within the en-

tire frequency range. Correspondingly, a stable vibration base
frequency cannot be identified based on the proposed algo-
rithm. Thus, the milling condition is identified as stable, which
accords with the experimental result. Figure 10 (b1) shows the
spectral analysis of test 2. The yellow circle represents the
identified maximum frequency components (fijvyr) between
two adjacent frpg. Obviously, a new frequency component
appears in test 2. Further, the identified vibration base fre-
quency is given in Fig. 10b. It can be seen that the vibration
base frequency is fairly stable which is located in the set of
{88, 89}. Thus, the milling condition is identified as chatter,
which accords with the experimental result. The same analysis
can be found in Fig. 10c. The identified vibration base

Table 4 Comparison of the

identified and experimental Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7

milling conditions when using

force signal Jfsrr (Hz) 50 133.4 116.6 133.4 100 116.6 133.4
fc (Hz) - {68, 69} {88, 89} {65, 66} {64, 65} {75, 76} {61, 62}
fstr (Hz) 50 68.4 88.8 65.7 65.0 75.4 61.6
Identified Stable Chatter Chatter Chatter Chatter Chatter Chatter
Experimental Stable Chatter Chatter Chatter Chatter Chatter Chatter
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frequency of test 3 locates in the set of {64, 65}. The milling
condition of test 3 is thus identified as chatter which also
accords with the experimental result. Based on the above anal-
ysis, it can be seen that the proposed algorithm can accurately
identify stable and chatter condition during the milling pro-
cess. Meanwhile, the extracted feature, the vibration base fre-
quency does not need to set a threshold to distinguish the
chatter and stable machining.

Figure 11 shows the comparison of the surface profiles
giving in Fig. 10 (a3—c3). It can be seen that the peaks and
valleys of the surface profile under chatter machining are sig-
nificantly greater than those under the stable machining. This
accords with the characteristics of chatter machining where
the dramatical relative vibration between the tool and work-
piece will deteriorate the surface quality as well as the varia-
tion of the large amplitude of the surface profiles [15]. Further,
the variation of the peaks and valleys of the surface profiles
under chatter machining also reflects the severity of the chat-
ter. The amplitude of surface profiles of test 5 is obviously
greater than test 3. That is to say, the chatter severity of test 5 is
large than test 3 which can be reflected in the comparison of
Fig. 10 (b2 and c2).

In addition, it can be seen from Fig. 10 (a2, b2, and c2) that
the corrugated appearance exists on the machined workpiece
surface. Here, a surface topography frequency (fstr) is intro-
duced to depict the variation of the existing corrugated
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appearances. fstr is defined as the number of corrugated ap-
pearance per unit feed length. The calculation of fgr is given
in Eq. (4).

nyn-f Ny

st = 60 x Ly,

(4)

where Ly, is the measured length of surface profile, ., repre-
sents the number of the corrugations in the scope of L. As
shown in Fig. 10 (a2, b2, and c2), AB is the selected surface
profile for calculation. The following will give a discussion on
the relationship between fc and fgy.

Based on Eq. (4), fs7r of tests 1, 3, and 5 are calculated as
50, 88.8, and 65.0 Hz, respectively. The identified fc (tests 3
and 5) accords with the experimental result. In addition, it is
found that in the stable milling (test 1), fsr just equals to fsrr.
It proves that the corrugated appearance under stable milling is
mainly due to the cutting action. In the chatter milling (tests 3
and 5), the fstF just equals to the new appeared base frequen-
cy. That is to say, the corrugated appearance is mainly due to
the chatter action. Meanwhile, it can be concluded that the
proposed algorithm can accurately identify the vibration base
frequency of chatter.

Table 4 gives a comparison of the identified and experi-
mental conditions. The stable vibration base frequency is
identified in all the chatter milling experiments. Further, all

(b) a,/D=1.0
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Fig. 12 Chatter analysis of a aJD =0.25 (al, cutting force signal; a2 and a3, spectral analysis; a. = 1.5 mm, n=6000 rpm, a, =1 mm, f=0.15 mm/
tooth); b a/D= 1.0 (b, cutting force signal; b2, spectral analysis; a. =6 mm, n = 6000 rpm, a, = 1 mm, f=0.15 mm/tooth)
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the identified f- are almost exactly equal to its fg1r. Based on
the proposed FDS algorithm, the identified milling conditions
of tests 2—7 belong to chatter, which accords with the exper-
imental results. It proves that the proposed algorithm is effec-
tive in milling chatter identification.

4.2 Validation of the effectiveness of the FDS
algorithm on different radial immersion ratios

The above section validates the effectiveness of the proposed
algorithm where the spindle speed and axial depth of cut a,, is
changing, and the radial depth of cut «. is fixed. In such case,
the radial immersion ratio a./D =0.083. That is to say, the
proposed algorithm is effective on a low radial immersion
ratio. To further test the robustness of the proposed algorithm
on different radial immersion ratios, two experiments with a./
D=0.25 and a./D = 1.0 are carried out, and its experimental
conditions both belong to chatter. a./D = 1.0 represents the
full slotting. For the first experiment with a./D =0.25, a. =
1.5 mm, n = 6000 rpm, @, = 1 mm, and /= 0.15 mm/tooth. For
the second experiment with a.,/D=1.0, a, =6 mm, n =
6000 rpm, a, =1 mm, and f'=0.15 mm/tooth. Figure 12a, b
shows the spectral analysis of experiments with a./D =0.25
and a./D = 1.0, respectively. It can be seen that both fairly
stable fc can be identified based on the FDS algorithm.
Thus, the milling conditions of the two experiments are iden-
tified as chatter, which accord with the experimental results. It
proves that the proposed algorithm is also effective on the
various radial depth of cut ranging from very low radial im-
mersion ratio to full slotting.

4.3 Validation of the effectiveness of the FDS
algorithm when using a small amount of signal data

This section will validate the effectiveness of the proposed
algorithm when using a small amount of signal data.
Figure 13a shows the cutting force of test 5. Figure 13 (bl
and b2) shows the cutting force signal in the period of 0.3 s
and its spectrum. The machining condition cannot be directly
judged only based on the variation of the small part of cutting
force signals. Meanwhile, it can be seen that its spectrum
mainly focuses on low-frequency range. The amplitude of
spectrum in the high-frequency range is relatively very low,
which means that the vibration action is not significant.
Figure 13 (b3) shows the spectrum of 10002200 Hz. It is
found that only the fsrr and frpr appear. The chatter frequency
is not identified in this range. Figure 13 (b4) shows the spec-
trum of 2200-2900 Hz. It can be seen that a steady base
frequency in set of {63, 64} Hz is identified which proves
the appearance of the chatter. The yellow circles are the cor-
responding identified chatter frequencies. The amplitude of
chatter frequencies is very low, which means that the chatter
action in this period of time is very slight. It can be concluded
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that the proposed algorithm can accurately identify the chatter,
even the slight chatter in the initial stage of machining can be
effectively identified.

Figure 13 (cl and c2) shows the cutting force signal in the
period from 0.3 to 0.6 s and its spectrum. Compared with
Fig. 13 (b2), it is found that the amplitude of the spectrum in
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Fig. 14 Chatter analysis of (al)

3r (a2)

vibration signal. a Test 3 (n=
7000 rpm). b Test 5 (n=

6000 rpm) (al and bl represent
the vibration signal; a2 and b2
represent the spectrum of the
vibration signal)
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the high-frequency range shown in Fig. 13 (c2) significantly
increases. That is to say, the vibration action in this stage is
enhanced. A steady vibration base frequency is identified in
the range of 1000-2200 Hz, as shown in Fig. 13 (c3). This is
mainly due to the enhancement of the chatter action. This
point can also be reflected in Fig. 13 (c4), where the amplitude
of chatter frequency dramatically increases. The above analy-
sis proves that the proposed algorithm is effective in chatter
identification when using a small amount of signal data.

4.4 Validation of the effectiveness of the FDS
algorithm when using vibration signal

This section will validate the effectiveness of the proposed
algorithm when using vibration signals. Figure 14 (al and
a2) represents the vibration signal and its spectral analysis of

23 0 500 1000 1500 0 2500 3000 3500 4000 4500
Frequency (Hz)

WYY WYY

63 63 63 63 63 63 63
(b)

test 3. It can be seen that the spectrum of the vibration signal
mainly focuses on the high-frequency range. Further, a stable

fc 86 Hz can be identified based on the FDS algorithm. The

identified vibration base frequency accords with the fqrp of
test 3. That is to say, the identified milling condition is chatter,
which accords with the experimental result. Figure 14 (bl and
b2) represents the vibration signal and its spectral analysis of
test 5. It can be seen that the identified f- is 63 Hz which
accords with the fgry of test 5. The milling condition of test
5 is identified as chatter which accords with the experimental
result. Table 5 gives the comparison of the identified and
experimental conditions when using vibration signal. All the
identified milling conditions accord with the experimental re-
sults. The results demonstrate the effectiveness of the pro-
posed algorithm in milling chatter identification when using
the vibration signal.

Table 5 Comparison of the

identified and experimental Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7

milling conditions when using

vibration signal Jc (Hz) - {66, 67} 86 {64, 65} 63 {73, 74} 60
Jfstr (Hz) 50 68.4 88.8 65.7 65.0 75.4 61.6
Identified Stable Chatter Chatter Chatter Chatter Chatter Chatter
Experimental Stable Chatter Chatter Chatter Chatter Chatter Chatter
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5 Discussions

5.1 The relationship among the natural frequency,
cutting parameters, and chatter frequency

Note that the chatter is closely related to the characteristics of
the spindle-tool system. Meanwhile, the occurrence of the
chatter is also affected by the cutting conditions. Thus, the
analysis of the relationship among the chatter frequency, the
natural frequency of the spindle-tool system, and the cutting
parameters are of significance. Figure 15a shows the variation
of chatter frequency of the six sets of chatter tests. Note that
the chatter frequencies are normalized in which each chatter
frequency is divided by the maximum chatter frequency. Zone
A represents one of the dominant chatter frequencies which
locates within the range of 1900-2200 Hz. Figure 15b shows
the measured natural frequency of the spindle-tool system in x

and y direction, respectively as described in Sect. 2.1.
Dominant chatter frequencies are found around the second-
order natural frequency of the spindle-tool system but do not
exactly equal to the second-order natural frequency.
Meanwhile, it is found that there are no dominant chatter
frequencies around the first-order natural frequency. That is
to say, the dominant chatter frequencies appear around the
certain order of the natural frequency of the system but not
each order of natural frequency.

Figure 16 shows the variation of the vibration base frequen-
cy with spindle speed and axial depth of cut. It can be seen that
the vibration base frequency varies with the change of cutting
parameters, but there is no obvious law. For example, the
cutting parameters of tests 4 and 5 are different, but the vibra-
tion base frequency is the same. For tests 2, 4, and 7, the
spindle speeds are all 8000 rpm and the axial depth of cut
varies from 4 to 6 mm. That is to say, they have the same
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oy -»8000'5;;-"7900 """ H§-6000——— is expected to be a viable tool in chatter identification in the
S industry.
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spindle rotation frequency. However, the vibration base fre-
quency of these three tests varies from 68 to 61 Hz. In such
case, the chatter frequencies of these three tests are certainly
different according to Eq. (3). That is to say, cutting parame-
ters will affect the chatter frequencies. Based on the above
analysis, it can be concluded that the chatter frequencies are
determined by the combination of the natural frequency of the
spindle-tool system and the cutting parameters.

6 Conclusions

The main contribution of the paper is that a novel FDS algo-
rithm is proposed to identify the milling chatter whether using
the cutting force signal or the vibration signal. Compared with
the existing methods on the chatter identification, the pro-
posed algorithm has three main characteristics. The first is that
the FDS algorithm does not need many complicated signal
processing algorithms before feature extraction which ensures
the simplicity of the method. The second is that an inherent
feature of chatter named vibration base frequency is directly
extracted to identify the chatter and stable condition. The ex-
tracted feature does not need to set threshold according to
different machining conditions. The third is that only a small
amount of signal data is needed for identification which guar-
antees the timeliness of the chatter identification.

Hammer test and milling experiments with various cutting
parameters are carried out, and both force signal and vibration
signal in the experiments are utilized to validate the effective-
ness of the proposed algorithm. The results prove that the FDS
algorithm can accurately identify the milling chatter and cor-
respondingly identify the multiple chatter frequencies, and
even the slight chatter in the initial machining stage can be
identified. Further analysis shows that the dominant chatter
frequencies will appear around the certain order of the natural
frequency of the spindle-tool system but do not exactly equal
to the natural frequency. The chatter frequencies are deter-
mined by the combination of the natural characteristics of
the system and the cutting condition. The proposed algorithm
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