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INTRODUCTION

The turning process is widely applied in industry for machining the metal components in the final step of manufactures
[1]. In this step, both high accuracy and perfect surface finish of the final product are required. However, the turning
operation of metals is often messed up by a messy vibration which iknegh as chager, which is caused by relative
contacting between tool and workpiece. Chatter vibration can lead to some negative effects, such as; make poor machined
surface, accelerate tool wear and reduce machine to¢2 )8 Therefore, machining process monitoring is absolutely
needed in order to keep away from the chatter vibration.

One of the best ways for chatter vibration identification is based on vibration analysis using a proper signal processing
tool. In the vibration malysis to chatter identification, frequenrdgmain analysis obtained by fast Fourier transform
(FFT) is commonly usef,5]. Ma et al.[6] proposed method an active sliding mode controller for chatter vibration
suppression in turning process. They confirmed the proposed method experimentally in turning tests and employed FFT
to analyse acquired vibration signals in tests. Although-B&3ed method is widely used as a powerful of signal
processing tool for turningondition monitoring, but the drawback of this method is that FFT cannot be applied for non
stationary signals analysis. In fact, the signals detected during machining are sometistasiomary. FFT is unable to
detect the frequency changes asitawrag t he frequency composition over th
resolution of the entire frequency spectrfith

To address this issue, shtihe Fourier (STFT), Weelet (WT), Stockwell (ST) transforms were utilized for
processing the signals in tirfiequency domain analysis (TFA). STFT was used for analysing vibrations acquired in
milling of a thinwalled cantilever and rinrtype casing8] and in parallelurning for chatter detectigj®]. ST was also
employed for analysing vibrians obtained in turning by Tansel et @I0]. On the other hand, the torque and forces
signals were processed by using WT fstiraating drill bit wear irf11].

The researchers who were interested in signal processing mentioned the shortcoming of the above TFA techniques
that they are based on FFT theory. For example, the disadvantage of the STFT wast beidecen frequency
resolution and time randé&2], i.e. higher the time resolution, lower the frequency resolution is, and vice versa. For ST,
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thebasic theory of this method is based on the BT, so that it has same weakness. And in the WT, the suitable wavelet
base function and decomposition level are difficult to be determined which in turn can affect the analysis results
significantly[13]. Besides, the above mentioned TFA is appropriate for analysis stationary and linear signals. However,
vibration signals obtained in machining indeed nonlinear anestaiionary[14]. Therefore, they are actually hampered

for of analysing vibrations signals obtained in machining process.

Hilbert-Huang transform (HHT) is one of the powerful TFA recently which this method is not hampered to analyse
the nonlinear and nestationary of vibratiofl5]. HHT is also an appropriate signal processing tool for feature extraction
to get correct information about chatter vibration. This method has been a few applied for chatter monitoring in milling
[16]7[18]. In this works, they utilized HHT for monitoring several milling conditions; in dry cutting, wet cutting, and
bumping milling. HHT also used for mdoring the enemill condition in milling[19], and drilling[20].

This paper presents the application of HHT to analyse chatter vibration caused by the increasing cutting depth during
operation. Because chatter vibration is typical of-tieear and nosstationary vibration signals, théoee it should be
analysed by appropriate signal processing. In machining process, the increasing cutting depth is aimed to accelerate
machining operation in a short time. However, during this period some frequencies may be excited, and some machine
initial failure modes may show up from the transient signals. Therefore, it is crucial to monitor the machining condition
properly in these periods to ensure the integrity of the machining process.

METHODS AND MATERIALS
Dynamic Model in Turning

Figure lis a d/namic model in thirtubular turning which is composed of dynamic modal parameters; mass
dampingc, and stiffnesk . This model can vibrate caused by cutting foFe@) acting during material removal which

in turn can produce a wavy profile on the workpiece. When the workpiece réiatdse next revolution, the tool
encounters wavy surface left in previous rotation, and then produces fluctunetgdchip thickness at any time. The
uncut chip thickness is dependent on both the wavy profile (vibration mark) left by previous and present vibration. The
vibration subsequently determines whether the turning operation is stable or unstable (chatgrtbere, the subscripts

of x andy indicate the direction of considered vibration modes.

Vibration mark left in
| previous rotation

m Vibration mark left in
Workpeiece present rotation

HE Y
X

Figure 1. Dynamic model in turning of thitubular workpiece

z

The equation of motion for vibration model showrFigurel can be expressexs$ follow:
ex q x 0 X &
[MIT, ©+[c] Joutk] | @ FO ®
iyy iy Y i vy

Where[|v| ] [C] , and[ K] are mass, damping and stiffness matrices andy areacceleratiorthat can be represented
asvelocity (x, y) and displacementxX, y ). Besides, the uncut chip thickness is expressed as fdiis
ex()- Xt 1) 1

h(t) = h, (9 Ly- vt ) : ©)

in the Laplace domain, the unatltip thickness is expressed as:
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Q§ﬂ$|

h9=h(9 e i J | 3

where h, is controlled uncut chip thickness andis a spindle revolution perioesidesthe cutting force acting on the
operation is expressed as;

F(s)= AK (9 (4

where A is width of cut andK is cutting force coefficient. Equation (4) can be represented as the frequency response
function [G(s)] which is relationship between the displacement and force as follow;

ex( s) a

[G(s)] AK H( 3 (5)

Substituting (5) into (3yields
h9=h(9 & Y @Y AKO): 6)

From Eq. (6), the ratio between controlled chip thickness to uncut chip thickness can be achieved

hy(9) _ 1 ,
h(9 1-(e* A[G(3] AK @)

The stability limit at the chatter vibration frequenmy can be determined by

1- (e¥ A[G(w)] AmK © ®)

where A, .. is limiting depth of cut for chatter free machining agdju,)i s t he chattero6s frequer
This frequency response function damexpressed to other expression with considering the frequency ratior/ 1y
and damping ratiaz as follows:

( lé(lr)+22r 9
JC_|<""{1r)-(2zr ©)

Equation (9) shows a complex equation that can be expressadahtmd imaginary functions as fols:

RegG(jw) Eka%]__ ;— rzzzr (10
Im & . 151 -2zr
mgG(jn) ﬂ;g{l_ Y {zzr) (11)

The frequency response functioag ju,) in Eq. (8) determine the stability limit of depth of cé,,, and phase
angle € as follows:

Aim = 2K ReG (1)) (12
18Re[G (ju, )]
= p-2
R W) (13
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Stability lobes chart (SLDatthe chatter vibration frequeney can be generated using Egs. (12) and (h8)calculates

the spindle speeg - 60w , with ||D is integer number of the lobes.
Ib+e

HilbertHuang Transform

Hilbert-Huang transform (HHT) contains two consecutive procedure&earrical mode decomposition (EMy
the first procedure. By usinEMD), theraw data can be separated into a series of components, and they are called
intrinsic mode functions (IMFs)TheEMD procedure is summarized in the following algoritfr,22]:

Step 1: The simulation signa)l((t) —gin2P®) gm #&) is considered as the raw data

Step 2: The x(t) should be checked before continuing to next step to ensure whethet)tti® monotonic data or not.

Monotonic data means nMF can be resulted, otherwise if the data-neonotonic, the process will continue
to next step. Let us suppose again that the raw dataisanatonic.

Step 3: All local maxima and minima of the signal are itlBed, and then create upper and lower curves using cubic
spline lines.

Step 4: Determine the meam(t) of upper and lower envelopes. Step4 are illustrated ifrigure2(a).

Step 5: Finding proto IMF, x(t) - m(t) =h(9. The h(t) is shown inFigure2(b).
To getaniMF c(1) , following sifting process is perforeal;
X(t) - nl,l(t) _h,l( t);
h,l(t) h n'ﬁ,z(t) :hl,Z( t)
ho(t) - ma(t) =hy(9)

h,k-l(t) - rnl,k(t) :hk( t) :
Y ol (1) =a(1),
where the indices indicate the iteration of the same ste @r)ds the firstiMF.
Step 6: Determine the residue bq/(t) =x(t) 'Cl(t)- By repeating the step$2andy,(t) is treated as the data, so that

the secondMF c,(t) can be derived. The steps are repeagetimes andnonotonic function is resulted;
X(1) -a(t) =(y);
rl(t) ) Cz(t) :rz(t);

fa(t) -ci(t) = (1);

Step 7: The decomposition process will stop whe(t) becomes a monotonic function.
The decomposition of the raw signg(t) into a set of IMF componem(:tj (t)) and a monotonic residud { ) can be

achieved as:

x(t) = a C; (1) + 1 (1) (14)
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(a) Raw datalocal maxima and minima, upper and
lower envelopes, mean of envelope

Figure 2. Sifting process

(b) Raw data angroto-IMF

The second step of HHT is applying Hilbert transform to all IMF components for generating antenerfggquency
distribution which is presented in HHT spectrufor given datax(t) , the Hilberttransform carbe expresses[22]:

X(t) = g: aj (t) exdi FYV] (t)dt)) (]_5)

where a (t) and w (t) are the instantaneous amplitude and instantaneous frequency.

Workpiecand Cutting Tool

Machine tool used in turning tests was ANNYANG lathe machine and thewatdrial was AISIL045 steelThis
type of material is widely applied in railway components or other vehicles; such as for axles, connecting rods, bolts, pins,
rolls, spindles, ratchets, crankshafts, torsion bars, sockets, worms, light gears, and guide rods. The chemical composition
of the AISI 1045 steel was 97.2 Fe, 0.46 C, 0.24 Si, 0.45 Mn, 0.015 Cr, 0.008 P, 0.003 S, 0.01 Co, an@3%).0Lhdi
dimension of the workpiece used in the experimental test is shofigune 3. As shown in the figure, the workpiece
contains solid and thitubular structures with 200 mm in total length; 50 mm is solid, and 150smarthintubular
structure. Theuter diameter is 38 mm and the inner diamefeis 35 mm with the waithickness = 3 mm As shown

in Figure3, workpiece isclamped on the solid structure using thjae chuck and thidubular $ructure is free clamped.
The workpieces were machined using a carbide tool in straight turning.

150

3

50
i

~Three jaw chuck

Figure 3. Workpiece dimensionufit is in mm)

Dynamic Cutting System Identification

Stability lobe chart as derived in the previous section is generated first to determine cutting parameters, namely; a pair
of cutting depth and spindle rotatiofo this purpose, the impact test is needed to measure frequency response function
(FRF) and ten the FRF is extracted by experimental modal analysis (B&Ziniqueto get the dynamic parameters;
modal massm, damping ratioz and stiffnessk [24].

Figure 4 shows the impa@sdt setup in turning schematicaljere, dynamic behavior of the workpiece was measured
because it was the most flexible in mechanical structure of this. $tiglye 4(a) shows the apparatus used in the test. As
shown on the figurehe workpiece is extgd using dytran hammer. The impulderce of hammer is measured by force
transducer mounted in the tip of hammer. Besidesponse signal is measuredB§K accelerometer sensor mounted
in the workpiece. Both of impulsirce of hammer andesponse sigal are acquired using PICO oscilloscope. The
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personal computer with Piescope shows the waveform of those vibrations, which were collected as the data. The impact
method is conducted as kigure4(b) and 4(c) to get direct FRE;XX(W) andG,, ( -

PICO oscilloscope

PC

Power i
source DO,
| Hammer

' YLI A

Wokpiece Accelefometers
¢ KNBS 21 ¢ OKdzO|

(a) Apparatus used in experimental impact test

=

LYLJ C v 3

RANBC Impact

< direction
1/2g—>x 1 OO0St SNJ

Accelerometers

(b) Impact method to get direct FRS(,)  (c) Impact method to get direct Fngy)

Figure 4. Hammering test setup

Measured FRFs are shownhkigure5. Figure 5(a) and 5(b) areal and imaginary parts of FRF, respectiva@liack
curves present  and red curves presegt, . As shown in the figure, the peak of imaginary part of FRF contains natural

frequency (f .,
( f, andf ) correspond to highest peaks. According to these values, the dynamic parameterdetambeed using

) that corresponds to compliance valug (), and for real part of FRF contains two specific frequencies

EMA technique and the resultssown in Table 1.
Following, SLD was generated and the result is showRigure 6. The SLD was generated using thenayic
parameters in Table dnd cutting force coefficienk_= 2600 N/m [24]. In our analytical SLDY lobes (, =0 »6)

are obtainedor rotationa speed of spindle from 100 to Q@ min. In SLD, any pair of spindle rotation and cutting depth
that appears above of the lobe indicates unstable cutting, while any pair below of the lobe indicates stable cutting.
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Figure 5. Measured FRFs by hammering tdsi: real part of FRF, and (b) imaginary part of FRF. Black and red curves
indicateg, and G, respectively

Table 1.Dynamic modal parameters of thinbularworkpice.

Natural frequency  Damping ratio Stiffness Mass
Type of
FRF f (Hz) z (%) k (N/m) m (kg)
G, (W) 55 1.25 2.5x 16 0.046
G,,(w) 54 1.64 2.6 x 106 0.339
€
£
o
Q
©
(@)
£
5
(&)
c
=
<
Stable
n0 WA 400 can 800 M.

Spindle rotationn (mint)

Figure 6. Stability lobe diagram for determining cutting parameter

Experimental Turning Tests

In experimental turning tests, the cutting parameters were determined by SLDs shBigor@6. The cutting
parameters are shown in Table 2 in detail. Besiigsire 7 shows the experimental turning test setup, which the cutting
vibrations were measured by accelerometer sensor, and then acquired by a data storagelGgi@snilloscope
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Table 2.Cutting conditiorfor observing chatter in turningsts

Feed rate Spindle rotation  Axial cutting depth

No. V, (mm/ re\) n(min—l) Ad(mm) Cutting states
1 0.5 Stable
2 0.06 550 0.8 Slight chatter
3 1.2 Severe chatter

Three jaw chuck

] Zi Workpiece

Accelerometer

ooo
o oa
le o000 o

PC PICO oscilloscope

Figure 7. Setup for experimentalirning tests.

RESULTS AND DISCUSSION
Chatter Identification

Figures 8 shows vibrations acquired in turning tests under cutting conditions given in Table 2. As can be seen from
the figures, the vibration amplitudes are varying over the cutting periodreF&(a) is vibration acquired in stable
operation, which its amplitude is smaller than others and smooth during the cutting period. As expected, the test result in
this figure agrees with the analytical prediction using the stability lobe diagram shokiguire 6. At the cutting
combination of spindle spead= 550 min'with cutting depthA, = 0.8 mm, the cutting process is close to unstable. See
Figure8(b); the amplitude of vibration is growing up significantly with time and the becoming larger thaim&igure
8(a). Less favourable of cutting combination are spindle speef50 min' with cutting depthA, = 1.2 mm, the severe
chatter vibration is observed figure8(c). As can be seen, not only the vibration signal amplitude is chaotic and growin
with time, but nonlinearity of vibration is also observed; approximately 11 s, 16 s, and 20 s.

This chatter was imprinted on the surface of the workpiece are showruie (). Besidesthe machined surfaces
obtained in the stable process in iFig9(a). It has been observed during the turning operatiah the cutting was
generally stable in th&; = 0.5 mmn = 550 rpm combinatiornwhen the cutting depth is increased to accelerate machining
operation in a short time, severe chatter vibration occurred leaving chatter marks on the machined surface. This
experimental observation is in good agreement thigtSLD Furthermore, FFT, STFandHHT were applied to analyse
the vibrations irFigure8 for chatter identificatioim the next section.

1

o
Juny
&)

(a) Stable (b) Slight chatter

,_
=
iRy
(=]

n

Acceleration (m/s?)
Acceleration (mA
o

[¢)]

5 &

—
n
'
[aEN
(4]

0 5 10 13 20 0 5 10 15
Time (s) Time (s)
Aa=0.5 mmn =550 rpm Aa=0.8 mm,n =550 rpm
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Figure 8. Effect of different cutting depths on vibrations tonning of thintubular workpieces

(a) Stable (b) Severe chatter

Smm.

Figure 9. Machined surfaces obtained in turning of thitbular workpieces

Vibration Analysis using FFT

Fast Fourier transform (FFT) was used to observe the frequency contents when the chatter occurs. The frequenc
spectrum obtained by FFT is showrHigure10. According to these figures, several frequencies appear in the frequency
band.Figure10(a) is frequency spectrum corresponding to stable turning. It can be seen that when the cutting is stable,
the spindleotation frequencyf{,= 9.2 Hz) is the dominant mode of vibration. This frequency is corresponding to rotation
of spindle speed (550 rpm = 9.2 Hz). It is the nature of the stable cutting that the vibration would be dominant in the
spindle rotation frequency and its harmonics. Wiie axial cutting depth was increasing with slight chatter operation,
chatter frequencf = 49 Hz appears together witl as shown irFigure10(b). When the operation is severe chatter as
shown inFigure10(c), the chatter amplitude increases withlgrgest amplitude at the same chatter frequencyfand
disappears in this case. Chatter caused by regenerative vibration always occurs at chatter frehaeiscgiose to the
natural frequency of the vibration system because this frequency isakest@oint in the observed systerhe natural
frequendes of the observed systdravebeenmeasured by hammering teatsd provided the natural frequerfe¥4 and
55 Hz. Therefore, the chatter frequency was confirmed. These results also showed tisatlBlETi0 detect chatter
frequency in turning process, however the drawback of FFT is that it cannot show the time whenever the chatter vibration
was occurring.
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Figure 10. Frequency spectra for three kinds of machining states

o

Vibration Aalysis usinddHT and STFT

The first step of HHT is applying EMD process to decompose raw signal to be a set of IMF components and the results
are shown inFigure 11. Figure 11a) and (b) are IMF components for stable and severe chatter vibrations, which
correspond tasignals inFigures8(a) and 8(c), respectively. Eight IMF components and a monetesidue were
obtained for these cases. As can be seen from the figures, each IMF component contains different oscillation and
amplitude. For example, the first IMéz confains the most oscillations. Otherwise, the last Id§f€ontains the least
oscillations. Thereforeg; contains the highest frequency amdaontains the lowest frequency among all IMFs.
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(a) IMF components for stable cutting (b) IMF componentsdr severe chatter

Figure 11.IMF components in timelomain obtained by EMD process
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Next, the frequency content of the IMFgeds to be observeaind it was done bgxamined the first fourth IMF
components in Figure WisingFFT to observe frequenaontent of each IMFand the results are shownHRigure12.
All the symbols in these figures denoted the same Bgure10.

Every characteristic frequency appears in particular IMFigdire12 with different amplitude. The interesting thing
is that eah unique frequency is contained in the IMF component, which means that the sifting process by EMD
decomposed the complex vibration into simple components. Figure 12(a) is IMFs in fredoeman for stable cutting.
Here, the first IMFc; just contains rational spindle frequency. Besides, Figure 12(b) that is associated with severe
chatter, the first IMFe; and the forth IMF include the chatter and a rotational spindle frequendies 49 Hz ands, =
9.2 Hz, respectively.

150 oom 187 <
o~ 1r |f,=92Hz ST ~49Hz
Toal M I /. -
o % 20 40 60 80 100 120 & 0 20 40 60 80 100 120
£ 157 ' ; ' * ' 7 = 18] 7
g o 17 o 1]
— 05T 0.5
= 0 S 0
S 0 20 40 60 80 100 120 B 0 20 40 60 80 100 120
= 157 ' ' ' ‘ ' 7 g o ]
D 1T oS 10
= “o5t jgdo.g- n
;:3 Oo 20 40 60 80 100 120 <§ 0 20 40 60 80 100 120
1.5F " " ’ " " i 1.57 ' ' ' ' ]
-7t o A | f,=9.2Hz
% 20 40 60 80 100 120 0 20 40 60 80 100 120
Frequency (Hz) Frequency (Hz)
(a) IMFs in frequencglomain for stable cutting (b) IMFs in frequency domain for severe chatter

Figure 12.IMFs in frequencydomain corresponding IMFs in Figurell.

Above results showed that the EMD process separated complex vibrations into simple components, and each one of
them contained a unique vibration mode caused in machining. EMD also separated the chatter from the others. In our
study, chatter vibration wasalated in the first IMFE; of Figure12(b), while other IMFs are signal without chatter. Thus,

IMFs obtained by EMD process made it easy for chatter identification when it was combined with FFT.

The second step of HHT is applying the Hilbert transformaltolMFs for generating energyme-frequency
distribution which is represented in HHT spectrum and the result showigunes13(a)(c). The HHT spectra were
compared to STFT spectrum obtained by short time Fourier transform as showargsE&{d)(f). According to both
HHT and STFT spectrapachining statesan be monitoretioth in time and frequency domains for all cases.

Figuresl13(a)(c) are HHT spectra for stable, slight chatter and severe chatter. On the othé&idnaned1 3(d)-(f) are
STFT spectraAs shown in the figures, both HHT and STFT spectra show good correlation with raw signals. This leads
the conclusion that they have the capability to capture the turning states among stable, slight chatter and severe chatter
on acceleratiosignal obtained with different cutting deptiom visual investigation dfigures13(a) and 13(d) for
explaining stable cutting, the energy just appears in rotational spindle fredyen®:2 Hz with lowest energy level.

And the energy level was irgasing when operation is in unstable operation and the chatter fredyemoyars as shown
in Figures13(b), 13(c), 13(e) and 13(f). Howev&TFT spectra provides blurry and blocked tifrequency spectra. It

is because, the frequency resolution ana tigsolution ofx(n k= & i w n- m P [7] provide constant for both time

and frequency. Besides, the idea of STFT isdkats of the convemtin a | Fourier transforms of
are evaluated by applying a windowing function to the original time signal. Therefore the blocked spectrum is displayed
in STFT.Lamraoui et al[25] and Uekita and Takaya6] took the STFT of the vibration signal and found that the spectra
cannot capture the localized aspect of the chatter and tool failure because the STFT provide blocked spectra and spread
the information across the transformed signal.

Otherwise, HHT spectra shows a significant improvement of the frequency resolution making the frequency
components easier to be identified. The HHT spectra obtained by HHT are clearer than STFT spectra. iygcompa

STFT spectra formula giveqin k= 4 % w n- m'é%pkm [7] and HHT spectra formula giver) = E{aj (t)exp(iﬁ/vj(t)dt))
m=- o j=1
[22], it can be observed that STFT is based on the sliding window. Besides, the HHadapélfe and does not consider
to much manuahtervention and HHToes not involve the concept of frequency resolution or time resolution using the

instantaneous frequency concept. Consequently, it can be obtained a uniform high resolution in the HHT spectrum with
full time and frequency range and kes it suitable to be applied for machining process monitoring.
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Figure 13.Turning process monitoring using HHT (a,b,c) and STFT spectra (d,e,f)

Therefore, HHT can improve energiyne-frequency spectrum and helps to correctly iderttiky characteristics of
the cutting process. From these results, it might be said that HHT clearly shows an advantage over STFT by producing a

better spectrum resolution.

CONCLUSIONS

This paper studied vibration analysis for chatter identificatidarimng procesdilbert-Huangtransform(HHT) was
employed for analyzing vibrations and the result was compared to short time Fourier transform F&F&Bre some
important conclusions:

1. The empirical mode decomposition (EMD) process separated coripfetions into simple components and each
IMF contains physical meaning; containing one unique frequency.

2. The chatter was isolated in the first IMF from other signals, therefore EMD made it easy for chatter identification.

3. Inspectrum analysis, HHT speztshowed its superiority over STFT spectra for chatter identification. When chatter
occurs, the energy centralizes around the chatter vibration mode and HHT spectra provided high both time and

frequency resolution.
4. STFT spectra was difficult to be used &bratter identification because it provided blurry and blocked spectra.
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