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Abstract

The problem of chatter vibration is associated with adverse consequences that often lead to tool impairment and
poor surface finished in a workpiece, and thus, controlling or suppressing chatter vibrations is of great significance

to improve machining quality. In this paper, a workpiece and an actuator dynamics are considered in modeling and
controller design. A proportional-integral controller (Pl) is presented to control and actively damp the chatter vibra-
tion of a workpiece in the milling process. The controller is chosen on the basis of its highly stable output and a
smaller amount of steady-state error. The controller is realized using analog operational amplifier circuit. The work has
contributed to planning a novel approach that addresses the problem of chatter vibration in spite of technical hitches
in modeling and controller design. The method can also lead to considerable reduction in vibrations and can be ben-
eficial in industries in term of cost reduction and energy saving. The application of this method is verified using active

damping device actuator (ADD) in the milling of steel.

amplifier, Proportional integral controller
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1 Introduction
The modification of metal part into desired shape and
size, for a different purpose in industries, are produced
by milling. Such process can certainly be disturbed by
chatter vibration, which leads to negative effects ranging
from the poor surface finish, reduced work quality and
high production cost to machine impairment [1, 2]. Chat-
ter vibration severely disturbs the milling practice and it
is caused by undesirable relative movement between a
tool and a workpiece. Thus, to improve the quality of the
workpiece, it is of great importance to study the chatter
generation mechanism together with its control process.
Therefore, this research will focus more attention on mill-
ing chatter vibration detection and its control process.
Primarily, identification of chatter using stability lobe
diagram (SLD) is very critical in machining. In machine
tools, chatter and non-chatter vibrations separate from
each other using SLD, which is a series of interconnected
lobes in term of axial depth of cut and spindle speed that
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demarcates the regions of chatter vibrations. Regions
below the lobes mean stable chatter vibrations [3]. SLD
can be developed in either time or frequency domains. It
is much faster to develop SLD in the frequency domain
than in time domain. Frequency response function (FRF)
[4-6], linear time-periodic function [7], and zero order
approximation of the characteristics equation [8] are
commonly employed to predict chatter vibrations in lit-
erature. In FRF, Fast Fourier transform (FFT) can deter-
mine the actual machining boundary where unstable cut
show high amplitude with high vibration and stable cut
show lower vibration with low amplitude [9]. Owing to
the above deliberations, two important points, which
increased chatter vibration in machining [4-6, 10-17]
were identified as follows: an increase in depth of cut
which move up vibration frequency and the effects of
high spindle speed on shifting machine dynamic toward
unstable cutting vibrations. Dos Santos and Coelho [4]
improved the accuracy of chatter prediction in machine
tools using the stability lobe diagram. Gagnol et al. [5]
develop a spindle dynamic model for rotor equation
using Timoshenko beam theory. Eynian [6] used Nyquist
contour to predict the stability through dominant poles
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of the closed loop delay-differential equation for machin-
ing systems. Li et al. [10] established a comprehensive
dynamic model of milling for stability analysis by con-
sidering regeneration, helix angle, and process damping.
Solis et al. [11] used nondestructive trials to determine
a new transfer function of the milling process for stabil-
ity analysis. Altintas and Budak [12] and Altintas et al.
[13] developed analytical methods for the predictions of
chatter in milling. Soliman and Ismail [14] used PD fuzzy
controller to limit the chatter indication. Quintana and
Ciurana [15] experimentally determined stability lobe by
increasing the depth of cut in feed direction. Tsai et al.
[16] proposed acoustic signal feedback and spindle speed
compensation for intelligent control application to avoid
chatter vibration in milling process. Abele and Fiedler
[17] created stability lobe of the milling process by con-
sidering the dynamic behavior of the system. In the past,
efforts have been made by a quite number of researchers
to study the problems of machining chatter vibrations [3].
Experimental and finite element (FE) model of machine
tool were combined to investigate the vibrations [18,
19]. Kersting et al. [19] highlighted the effects of vibra-
tion on the workpiece, which focused on the feedback of
workpiece displacement using FE. Dankena et al. [20, 21]
related workpiece vibration to the workpiece material and
workpiece structure. They pointed out that compound
workpiece was a major cause of unfavorable workpiece
performance, such as material height deviations, transi-
tion deviation at material joint, and surface roughness
deviation, as compared to a single workpiece. Ma et al.
[22-25] attributed vibration of the flexible workpiece to
the workpiece fixture, and they improved the stiffness of
the workpiece by using magnetorheological (MR) fluid.
Ma et al. [22] designed a flexible fixture to investigate the
regenerative chatter based on the MR fluids. Ma et al.
[23] also proposed a dynamic analytical model by con-
sidering fixture constraints and the damping factor. Zeng
et al. [24] constructed the dynamic model of the work-
piece-fixture-cutter system by using the cutting force and
the fixture element as the disturbance input and control
input, respectively [24]. Similarly, retrofittable intelli-
gent active fixtures, capable of observing the process in
real-time and exert adequate counter-excitations was
reported in Ref. [25]. In spindle speed variation, work-
piece vibrations are curtailed by selecting suitable spindle
speed so that the excitation frequency corresponds to the
workpiece resonance [26]. Active control is a process that
utilized the actuator force to provide adequate damping
force that suppresses chatter vibration [27]. It consumes
considerable energy to derive the actuator.

Moreover, efforts were made to decrease the negative
effects of regenerative chatter in machining [3, 28-30].
Regenerative chatter occurs due to effects of interaction
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between previous and current cut [3]. Hayasaka et al. [28]
employed the regenerative effects cancellation diagram in
varied-helix end milling. Zhou et al. [29] related regenera-
tive chatter to harmonic excitation. Moradi et al. [30] com-
bined extremal algorithm and optimal control to suppress
the regenerative chatter in machining.

Some techniques on active control were reported in
Refs. [31-35]. Control of vibrating actuator was considered
using a PID controller [31]. Active control was proposed
based on delayed state feedback control and discrete opti-
mal control [32]. The effect of a fuzzy logic controller on
active magnetic bearing was verified to regulate the spindle
position in milling [33]. Long et al. [34] designed feedback
control through a robust mixed sensitivity method by using
two degrees of freedom (TDOF) workpiece holder. A pro-
portional integral controller was employed for nonlinear
stiffness function [35]. Astrom and Hagglund described
detail description of proportional integral and derivative
(PID) controllers and its application in control system [36].
Information describing the operational amplifier circuit
and its application in filter, amplification, and control capa-
bilities were explained [37-39].

This is the major approach to resolve chatter vibration
problem in the milling process via the operational ampli-
fier circuit. Encouraged by the above consideration, a pro-
portional-integral controller is proposed to suppress the
chatter vibrations in the milling process. Milling test will be
considered to investigate the effects of the proposed con-
troller. This work contributes to minimizing chatter vibra-
tion and its negative consequences.

2 Modeling

2.1 Motion Equation of the System

This work developed control strategies that consider the
chatter vibration of a flexible workpiece under both bend-
ing moment and cutting forces. The vibration of the work-
piece is proportional to the perpendicular distance between
the cutting force and the support point. Depending on the
workpiece flexibility, the larger the perpendicular distance
y, the more the vibration. Figure 1 illustratively shows the
bending displacement in the x-direction with the applied
force. Eq. (1) relates the bending moment to the vibration.

Mylge % + cedpe 0 + kydpe ¥ = ’B—x,
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Y

where M, and M, are the bending moments in x-
and y-axes. B is the workpiece thickness thru x-axis,
while B, is the workpiece thickness thru y-axis. o is
the exponential decay constant. A, is the bending
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Figure 1 Effect of bending displacement 4, and force displacement
x. Here, y is the perpendicular distance between applied force and a
support point

displacement in x-axis, and 4, is the bending displace-
ment in y-axis. ¢x and ¢, are modal damping in x- and
y-directions.

The vibration between cutting forces can be expressed
as follows.

Myx + cxx + kyx = Fy,

myy + ¢,y + kyy = Fy, )

where F, and Fy are the cutting forces in x- and y-direc-

tions. 1, and m, are modal masses in x- and y-directions.

kx and ky, are modal stiffness in x- and y-directions.
Combining Eq. (1) with Eq. (2) gives
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2.2 Controller Design

Actuator action is regulated by the controller. The
designed controller depends on the property of the sys-
tem model and a vibration signal from the sensor. Dur-
ing the dynamic milling process, the controller receives
a dynamic vibration signal from the sensor, which allows
the controller to initiate a direct control action. This
means an increase in positive error result to increase
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positive control output, and likewise, increase negative
error result to increase negative control output. The sta-
bility of the controller is obtained by determining the
close loop stability of characteristics equation, which
has a negative real part. The range of controller value is
determined from the controller gains that give stabilizing
controller for the smooth running of the control system.
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The system transfer function is represented in the sim-
plified form in Eq. (4). Proportional gain K, and integral
gain k; are obtained from the system Eq. (5) as follows:
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These gains provide regulatory force to compensate the
vibration of the workpiece.

2.3 Proportional Integral Controller Circuit Realization
Using Operational Amplifier

An operational amplifier is an integrated circuit made of

transistors and resistors to amplify or attenuate the input

signal [38]. Firstly, two basic amplifiers will be described

as follows.

2.3.1 Proportional Inverting Amplifier

The proportional inverting amplifier is an amplifier that
amplifies the input signal based on the resistance gain.
The signal is applied through inverting input amplified by
the gain. The non-inverting input is grounded.

2.3.2 Integral Amplifier
In the integral amplifier, the capacitor is used instead of
a resistor in the feedback path. This results in an opera-
tional amplifier that is time integral of the input signal.

A proportional integral controller is organized using
the above amplifiers configuration: This is the combi-
nation of proportional and integral control action. The
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Figure 2 Proportional integral controller circuit configuration

circuit representation of the proportional integral con-
troller based on the operational amplifier is presented in
Figure 2.

In Figure 2, Ry and R; are resistors, ¢ is a capacitor, U is
the output voltage, and U; is the input voltage.

Ry 1

U=-—U - ——
Rl SCOR1

Ui (8)

Proportional integral amplifier gain is given by:

u Ry +1/scy
Ueg,- Ratl/s ©)
UL' Rl

The proportional gain and integral gain are represented
as Eq. (10):
_ Ry 1
=2

K, (10)

i =
SCoRl

2.3.3 Anti-Windup

Properties of Zener diode was described [40]. Zener
diode acts as low resistance in a forward path and built-
up in reverse path till it goes into breakdown voltage
U,. Here, U, is Zener breakdown voltage. In this work,
a Zener diode will be employed to regulate the out-
put voltage of the proportional integral controller from
exceeding the actuator limits (saturation). When a posi-
tive voltage from the sensor output is applied across the
controller input U;, ZD1 will be open up to 10 V (with
ZD2 low resistance) and the voltage across the amplifier
output will not exceed 10V (U < 10V). Likewise when
the negative voltage is applied across the terminall/;,
ZD2 will be open up to —10 V (with ZD1 low resistance)
and the voltage across the output Uwill not exceed —10
V (U < —10V). ZD1 and ZD2 are Zener diodes with U,
=10V (shown in Figure 3).

2.4 Active Damping Actuator

The active damping actuator (ADD) consists of an accel-
erometer and actuator. The accelerometer detects the
vibration signal of the structure and sends it to a control
unit, which generates the control force according to the
designed control law. The actuator is equipped with actu-
ating mass, spring and damper. The actuating control force
from the controller enhances the stiffness and damping to
resist the vibration of the workpiece. During dynamic con-
trol process, an accelerometer detects the displacement of
the workpiece and sends the signals to the external con-
trol unit, which generates the control force that derived
the actuator. Figure 4 shows the schematic diagram of the
active damping actuator. Where G, is the controller; y is
the displacement vector; F, is the control force vector; m,,
k; and ¢, are the mass, stiffness and damping coefficient.
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Active damping device
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Figure 4 Schematic diagram of the active damping actuator
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Figure 5 Experimental setup

3 Experimental Verification

This experiment is equipped with a data acquisition
system (DAQ), a microphone, a proportional inte-
gral control circuit, and a personal computer. Actua-
tor damping force is obtained from the active damping
device (ADD-45N) based on the designed control low.
An accelerometer present in the ADD allows the detec-
tion of displacement signals from the workpiece. The
experimental setup is shown in Figure 5. The experi-
ment consists of three separate processes, which are
milling, control, and data acquisition process. The
milling process is conducted at three different spindle
speeds and using different depths of cut. The spindle
speeds are at 1500 r/min, 2500 r/min, and 3000 r/min.
The depths of cut are 1 mm, 1.3 mm, and 2.5 mm. The
milling parameters are as follows: N (number of teeth)
= 4, a, (radial depth of cut) = 1 mm, feed rate=0.0750
mm/tooth. The data acquisition system records the
signals showing the difference between controlled and
uncontrolled vibrations of the system. The proportional
integral control circuit is realized using an operational
amplifier. The main aim of this control is damping the
workpiece vibration signal. In Data acquisition pro-
cess, CutPro™ software, which was used in Ref. [41],
is also used to acquire the sound signal (i.e., work-
piece vibration signal) using data acquisition system
(DAQ) at a sampling rate of 5120 Hz. Figure 5 shows
the input and output of the control circuit. The input is
from the sensor that detects workpiece vibration while
the output is control signal that goes to the damping
actuator. Table 1 shows the dynamic parameters of the
system. In Table 1, the modal stiffness of the workpiece

Table 1 Dynamic parameters of the experimental system

Serial Frequency Damping Stiffness Mass (kg)
number (Hz) ratio (N/m)

1 339 0.006865 2.03%107 44725

2 - 0.15 6130 22

Note: ‘1’ represents modal parameter of the workpiece, while 2’ represents
actuator parameter from datasheet
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is 2.03x10” N/m, and the stiffness of the actuator,
k;=6130 N/m. Modal mass of the workpiece is 4.4725
kg, while mass of the actuator, i.e., m;=2.2 kg.
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Figure 6 FFT of displacement signals at a spindle speed of 1500 r/min,
radial depth of cut of 1 mm and axial depth of cut of 1 mm
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Figure 7 FFT of displacement signals at a spindle speed of
2500 r/min: (a) at an axial depth of cut of T mm, (b) at an axial depth

of cut of 1.3 mm, and (c) at an axial depth of cut of 2.5 mm
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Figure 8 FFT of displacement signals at a spindle speed of
3000 r/min: (a) at an axial depth of cut of T mm, (b) at an axial depth
of cut of 1.3 mm, and (c) at an axial depth of cut of 2.5 mm
Fig.8a Fig.8b Fig.8c
4 Results Figure 9 Bar chart showing percentages of vibration reduction at
Figures 6, 7, 8, 9 show the comparisons before and after different cutting conditions: (@) at an axial depth of 1 mm, (b) at an
usage of the proposed method. Figure 6 displays the axial depth of cut of 1.3 mm, (c) at a spindle speed of 3000 r/min

effect of the planned scheme at spindle speed of 1500
r/min. Figure 7 described the outcome of the recom-
mended system at spindle speed of 2500 r/min. In this
figure, axial depths of cut of 1 mm, 1.3 mm and 2.5 mm
are considered in Figures 7(a), (b) and (c). Figure 8 pre-
sents the result of the suggested technique at spindle
speed of 3000 r/min and different axial depth of cut. Fig-
ure 9 illustrates the overall effect of the projected process
under different cutting conditions. The magnitude of the
FFT of the measured signals could reflect the vibration
intensity. Consequently, the magnitude of the FFT sig-
nals can be selected as the criteria to characterize the
dynamic vibration. To obviously show the effect of the
proposed method, the percentages of vibration reduction
under different cutting parameters was calculated and
pictured in Figure 9.

From the above comparisons, it can be seen that the
proposed method can well reduce the vibrations under
different cutting conditions. Chatter due to vibration of
a flexible workpiece resulting from the bending displace-
ment is a major obstacle affecting the quality of a work-
piece in the milling process. However, bending moment
has not been given attention in the literature. This work
has provided a means of reducing the severity of the situ-
ation. The work considered the spindle speed variation
and depth of cut variation. The actuator provides a coun-
terbalance force that minimizes the displacement due to
the bending moment, as shown in the figures.
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5 Conclusions

The work has presented the active control method to sup-
press chatter vibration in the milling process. The effect
of the proposed method in active control of the work-
piece vibration has been verified at different depths of cut
and spindle speeds. The chatter vibration is suppressed
in the milling experiment based on the designed method.
The work has contributed to planning a novel approach
that addresses the problem of chatter vibration in spite of
technical hitches in modeling and controller design. This
method can also lead to considerable reduction in chat-
ter vibration that can be beneficial in industries in term
of cost reduction and energy saving. Milling at a different
depth of cut and spindle speed is accomplished to illus-
trate the effect of the proposed method. The research has
provided a novel method of improving workpiece quality;
this is achieved through reduction of workpiece vibration
by using an analog proportional-integral controller.

Authors’ Contributions

M. Wan was in charge of the whole trial; B.B. Muhammad wrote the manu-
script; Y. Liu and H. Yuan assisted with sampling and laboratory analyses. All
authors read and approved the final manuscript.

Authors’ Information
Bashir Bala Muhammad, is currently a PhD candidate at School of Mechanical
Engineering, Northwestern Polytechnical University, China.

Min Wan, is currently a professor at School of Mechanical Engineering,
Northwestern Polytechnical University, China.

Yang Liu, is currently a PhD candidate at School of Mechanical Engineering,
Northwestern Polytechnical University, China.

Heng Yuan, is currently a PhD candidate at School of Mechanical Engineer-
ing, Northwestern Polytechnical University, China.

Acknowledgements
The authors sincerely thanks to Mr. Y.C. Ma and Dr. Y. Yang for their critical
discussion and reading during manuscript preparation.

Competing Interests
The authors declare no competing financial interests.

Funding

This research has been supported by National Natural Science Foundation of
China (Grant No. 51675440) and Fundamental Research Funds for the Central
Universities of China (Grant no. 3102018gxc025).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 25 June 2018 Accepted: 17 October 2018
Published online: 29 October 2018

References

[1[ Y Altintas. Manufacturing Automation. New York: Cambridge University
Press, 2012.

[2] M Luo, J Mei, D Zhang. Time-domain modeling of a cutter exiting a
workpiece in the slot milling process. Chinese Journal of Aeronautics, 2016,
29(6): 1852-1858.

Page 7 of 8

(3] BB Muhammad, M Wan, J Feng, et al. Dynamic damping of machin-
ing vibration: a review. International Journal of Advanced Manufacturing
Technology, 2017, 89(9-12): 2935-2952.

[4] R Gdos Santos, RT Coelho. A contribution to improve the accuracy of
chatter prediction in machine tools using the stability lobe diagram. Jour-
nal of Manufacturing Science and Engineering, 2004, 136(2): 021005(1-7).

[5] 'V Gagnol, B C Bouzgarrou, P Ray, et al. Stability-based spindle design opti-
mization. Journal of Manufacturing Science and Engineering, 2007, 129(2):
407-415.

[6] M Eynian. Frequency domain study of vibrations above and under
stability lobes in machining systems. International Conference on High
Performance Cutting, HPC2014, 2014: 164-1609.

[71 RS Hall, M N Wereley. Generalized nyquist stability criterion for linear time
periodic systems. American Control Conference, 1990: 1518-1525.

[8] I Minis, R Yanushevsky. A new theoretical approach for the prediction
of machine tool chatter in milling. Journal of Engineering for Industry,
1993, 115(1): 1-8.

[91 MWan,Y CMa,J Feng, et al. Study of static and dynamic ploughing
mechanisms by establishing generalized model with static milling
forces. International Journal of Mechanical Sciences, 2016, 114: 120-131.

[10] Z Li,Y Sun, D Guo. Chatter prediction utilizing stability lobes with pro-
cess damping in finish milling of titanium alloy thin-walled workpiece.
International Journal of Advanced Manufacturing Technology, 2017,
89(9-12): 2663-2674.

[11] E Solis, CR Peres, J E Jiménez, et al. A new analytical-experimental
method for the identification of stability lobes in high-speed milling.
International Journal of Machine Tool and Manufacture, 2004, 44(14):
1591-1597.

[12] Y Altintas, E Budak. Analytical prediction of stability lobes in milling.
Manufacturing Technology, 1995, 44(1): 357-362.

[13] Y Altintas, E Shamoto, P Lee, et al. Analytical prediction of stability
lobes in ball end milling. Manufacturing Technology, 1999, 121(4):
586-592.

[14] E Soliman, F Ismail. A new method for the identification of stability
lobes in machining. International Journal of Machine Tools and Manufac-
ture, 1997, 37(6): 763-774.

[15] G Quintana, J Ciurana, D Teixidor. A new experimental methodol-
ogy for identification of stability lobes diagram in milling operations.
International Journal of Machine Tool and Manufacture, 2008, 48(15):
1637-1645.

[16] N CTsai, D C Chen, R M Lee. Chatter prevention for milling process by
acoustic signal feedback. International Journal of Advanced Manufactur-
ing Technology, 2010, 47(9-12): 1013-1021.

[17] E Abele, U Fiedler. Creating stability lobe diagrams during milling.
Manufacturing Technology, 2004, 53(1): 309-312.

[18] S Pedrammehr, H Farrokhi, S A K Rajab, et al. Modal analysis of the mill-
ing machine structure through FEM and experimental test. Advanced
Materials Research, 2012, 383-390: 6717-6721.

[19] P Kersting, D Biermann. Simulation concept for predicting workpiece
vibrations in five-axis milling. Machining Science and Technology, 2009,
13(2): 196-209.

[20] B Denkena, E Hasselberg. Influence of the cutting tool compliance on
the workpiece surface shape in face milling of workpiece compounds.
15th CIRP Conference on Modelling of Machining Operations, 2015: 7-12.

[21] B Denkena, J Kohler, E Hasselberg. Modeling of workpiece shape
deviations in face milling of parallel workpiece compounds. 74th CIRP
Conference on Modeling of Machining Operations (CIRP CMMO), 2013:
176-181.

[22] J Ma, D Zhang, BWau, et al. Vibration suppression of thin-walled work-
piece machining considering external damping properties based on
magnetorheological fluids flexible fixture. Chinese Journal of Aeronaut-
ics, 2016, 29(4): 1074-1083.

[23] J Ma, D Zhang, B Wu, et al. Stability improvement and vibration sup-
pression of the thin-walled workpiece in milling process via magne-
torheological fluid flexible fixture. Chinese Journal of Aeronautics, 2017,
88(5-8): 1231-1242.

[24] S Zeng, X Wan, W Li, et al. A novel approach to fixture design on
suppressing machining vibration of flexible workpiece. International
Journal of Machine Tools and Manufacture, 2012, 58: 29-43.

[25] L Sallese, G Innocenti, N Grossi, et al. Mitigation of chatter instabili-
ties in milling using an active fixture with a novel control strategy.



Muhammad et al. Chin. J. Mech. Eng. (2018) 31:90

International Journal of Advanced Manufacturing Technology, 2017,
89(9-12): 2771-2787.

[26] S Bolsunovsky, V Vermel, G Gubanov, et al. Reduction of flexible work-
piece vibrations with dynamic support realized as tuned mass damper.
Committee of the 14th CIRP Conference on Modeling, 2013: 230-234.

[27] Y Yang, D Xu, Q Liu, Vibration suppression of thin-walled workpiece
machining based on electromagnetic induction. Materials and Manu-
facturing Processes, 2015, 30(7): 829-835.

[28] T Hayasaka, A Ito, E Shamoto. Generalized design method of highly-
varied-helix end mills for suppression of regenerative chatter in periph-
eral milling. Precision Engineering, 2017, 48: 45-59.

[29] X Zhou, W Wang, J Lin. Harmonic retrieval of regenerative machining
chatter responses. Mechanical Systems and Signal Processing, 2013,
41(1-2): 679-690.

[30] H Moradi, G Vossoughi, M R Movahhedy, et al. Suppression of nonlinear
regenerative chatter in milling process via robust optimal control.
Journal of Process Control, 2013, 23(5): 631-648.

[31] B B Muhammad, M H Rahman, M R Ahmad, et al. A novel model of PZT
actuator and its application in hysteresis and vibration controls. Jurnal
Teknologi, 2016, 78(6-13): 1-8.

[32] S Long, S Ren, P Zheng. Delayed state feedback control for milling
process. IUTAM Symposium on Nonlinear and Delayed Dynamics of
Mechatronic Systems, 2017:115-122.

Page 8 of 8

[33]1 N CTsai, L W Shih, R M Lee. Spindle vibration suppression for advanced
milling process by using self-tuning feedback control. International
Journal of Advanced Manufacturing Technology, 2010, 48(1-4): 1-10.

[34] X Long, H Jiang, G Meng. Active vibration control for peripheral milling
processes. Journal of Materials Processing Technology, 2013, 213(5):
660-670.

[35] M Kassem, Z Yang, Y Gu, et al. Realization of artificial nonlinear spring
with controllable stiffness. International Journal of Applied Mechanics,
2017,9(5): 1750119(1-22).

[36] K J Astrom, T Hagglund. PID controllers: Theory, design, and tuning. North
Carolina: Instrument Society of America, 1995.

[371 J J Cathey. Theory and problems of electronic devices and electronic
circuits. USA: Schaum’s Outline Series, McGraw Hill, 2002.

[38] B M Wilamowski, J D Irwin. Fundamentals of industrial electronics.
Florida: CRC Press, 2011.

[39] W G Jung. Op Amp applications handbook. Burlington: Newnes/Elsevier
and Analogue Device Inc., 2005.

[40] B L Theraja, A KTheraja. A textbook of electrical technology. New Delhi: S.
Chand and Co Ltd, 2005.

[41] MWan, T Q Gao, J Feng, et al. On improving chatter stability of thin-wall
milling by prestressing. Journal of Materials Processing Technology, 2019,
264: 32-44.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Active Damping of Milling Vibration Using Operational Amplifier Circuit
	Abstract 
	1 Introduction
	2 Modeling
	2.1 Motion Equation of the System
	2.2 Controller Design
	2.3 Proportional Integral Controller Circuit Realization Using Operational Amplifier
	2.3.1 Proportional Inverting Amplifier
	2.3.2 Integral Amplifier
	2.3.3 Anti-Windup

	2.4 Active Damping Actuator

	3 Experimental Verification
	4 Results
	5 Conclusions
	Authors’ Contributions
	References




