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ABSTRACT

In the turning operation chatter or vibration is a frequent prob-
lem, which affects the result of the machining, and, in particu-
lar, the surface finish. Tool life is also influenced by vibration.
Severe acoustic noise in the working environment frequently
occurs as a result of dynamic motion between the cutting tool
and the workpiece. By proper machine design, e.g. improved
stiffness of the machine structure, the problem of relative dy-
namic motion between cutting tool and workpiece may be par-
tially solved. However, by active control of machine-tool vibra-
tion, a further reduction of the dynamic motion between cutting
tool and workpiece can be achieved. It was found that adap-
tive feedback control based on the filtered-x LMS-algorithm,
enables a reduction of the vibration byupto40dB at 1.5 kHz
and by approximately 40 dB at 3 kHz. The active control per-
formed a broadband attenuation of the sound pressure level
by up to 35 dB. A significant improvement of the workpiece
surface was also observed.

NOMENCLATURE

y(n) Output signal from adaptive FIR filter
w(n) Coefficient vector of adaptive FIR filter
x(n) Vector of input signal samples to
the adaptive FIR filter
e(n) Estimation error signal
d(n) Desired signal
yc(n) Output signal from forward path
n Step length of the adaptive algorithm

xc+(n)  Vector of filtered input signal samples to
the adaptive algorithm

M Length of adaptive FIR filter

I Length of the FIR filter estimate of
the forward path

i Integer

o Coefficient of the FIR filter estimate of
the forward path

5 Leakage factor

1 INTRODUCTION

in the turning operation the tool and tool holder shank are sub-
jected to a dynamic excitation due to the deformation of work
material during the cutting operation. The stochastic chip for-
mation process usually induces vibrations in the machine-tool
system. Energy from the chip formation process excites the
mechanical modes of the machine-tool system. Modes of the
workpiece may also influence the tool vibration. The relative
dynamic motion between cutting tool and workpiece will affect
the result of the machining, in particular the surface finish.
Furthermore, the tool life is correlated with the amount of vi-
brations and the acoustic noise introduced. The noise level is
sometimes almost unbearable.

t is well known that vibration problem is closely related to the
dynamic stiffness of the structure of the machinery and work-
piece material. The vibration problem may be solved in part by
proper machine design which stiffens the machine structure.
In order to achieve further improvements the dynamic stiffness
of the tool holder shank can be increased more selectively.

A solution to these problems is active control of the tool vi-
brations. Generally, machine-tool systems are classified as
narrow-band systems 1! and as a consequence tool shank
vibrations can usually be described as a superposition of
narrow-band random processes at each modal frequency.
These when added to together form a more wide-band ran-
dom process [*. The tool vibrations in a turning operation
mainly comprise vibrations in two directions: the cutting speed
direction and the feed direction %, Usually, the vibrations
in the cutting speed direction and the feed direction are lin-
early independent, except at some of the eigenfrequencies [,
Consequently, the control problem involves the introduction of
two secondary sources, driven in such a way that the anti-
vibrations generated by means of these sources interfere de-
structively with the tool vibration 1. However, in external lon-
gitudinal turning, most of the vibration energy is usually in-
duced in the cutting speed direction 2. it is thus likely that
the control of tool vibration in the cutting speed direction is an
adequate solution the vibration problem (2.4.5] A complication
in the turning operation is that the original excitation of the
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tool vibration the chip formation process cannot be observed
directly and thus cannot be used as a feedforward control sig-
nal.

The statistical properties of the tool vibration imply a controller
which utilizes the statistical correlation of the vibrations [,
A classical statistical criterion is the mean square error cri-
terion [, However, a controller based on this criterion cannot
generally solve the control problem, since a such controller is
only “optimum” in a stationary environment ¥, The statistical
properties of the tool vibrations may vary during the machining
process. Changes in cutting data and material properties in-
fluence the statistical properties of tool vibrations 2, Varia-
tion within the allowed cutting data interval may also influénce
the structural response of the tool holder 1?1, Variations within
the excitation and the structural response of the tool holder in-
fluence the stability of the adaptive feedback control system.
By using the wellknown leaky filtered-x LMS-algorithm to con-
trol the response of a FIR filter controller in the active feedback
control of tool vibration, both robust stability and good perfor-
mance are achieved

This paper discusses the single-channel feedback control of
tool vibration in the cutting speed direction. The controller was
based on the well known filtered-x LMS-algorithm and the sin-
gle channel control system is illustrated in Fig. 1 below.

Signal from sensor detecting
the tool holder response

Feedback
Wi controller

Primary
1 excitation

Tool holder shank ‘-1

AN

Secondary excitation
via active actuator

Figure 1: A machine-tool feedback control systemm.

The tool holder in this application is a construction with inte-
grated actuators, i.e. secondary sources °1. The construction
of the tool holder is shown in Fig. 2.

2 MATERIALS AND METHODS
2.1 EXPERIMENTAL SETUP

The cutting experiments have been carried out on a Kdping
lathe with 6 kW spindle power using a tool holder construction
with integrated actuators ) and an accelerometer mounted
On the cutting tool make it possible to measure the vibrations
in the cutting speed direction. The tool holder construction
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Bipolar actuator for the introduction of
secondary vibration in the feed direction

Bipolar actuator for the introduction of secondary
vibration in the cutting speed direction

Figure 2: Tool holder with integrated actuators for the

control of tool vibrations in the metal cutting process o

is based on two bipolar actuators. The bipolar design is mo-
tivated by a desire to achieve linear behaviour, and is com-
posed of two actuators that work with 180° phase difference.
The actuators are based on high magnetostrictive material.
In order to operate the bipolar actuator, a large current am-
plifier(5kW) was used. A digital signal processor controller
was used and the measurements were carried out on a two-
channel signal analyzer. Furthermore, a two channel low-pass
filter was used to adjust the input level to the A/D converter
and the output level from the D/A converter.

2.1.1 WORK MATERIAL - CUTTING DATA - TOOL GE-
OMETRY

The workpiece material SS 2541-03, chromium molybdenum
nickel steel [!, was used in the experiments. This work mate-
rial excites the machine-tool-system with a narrow bandwidth
in the cutting operation. After a preliminary set of trials a suit-
able combination of cutting data and tool geometry was se-
lected, see table 1. The combination was selected to cause

Geometry Cutting speed, | Depth of cut Feed
v (m/min} a (mm) s {mm/varv)
| DNMG 150604-PF 4015 | 80 I 0.9 ] 025 ]

TABLE 1: Cutting data and tool geometry.

significant tool vibrations which resulted in an observable de-
terioration of the workpiece surface and severe acoustic noise. :
The diameter of the workpiece was chosen large, over 100 %
mm. The workpiece vibrations can therefore be neglected. CE




2.2 ADAPTIVE CONTROL OF TOOL VIBRATION

The original excitation of the tool vibrations, originating from
the material deformation process, cannot be directly ob-
served. Consequently, the controlier for the control of
machine-tool vibration is based on a feedback approach. The
response of the tool holder can be measured with a sen-
sor mounted on the machine-tool. By introduction of sec-
ondary anti-vibrations with a secondary source, actuator, the
response of the tool holder can be modified 1. The actuator
is steered by a controller which is fed with the accelerometer
signal sensing the vibrations of the tool holder, see Fig. 1 A
block diagram of the feedback control system

Adaptive digital FIR filters based on the method of steepest
descent are popular in various application areas, e.g. active
control of sound 6:8], active control of vibration 229 and in
other applications, such as electrical noise canceling, system
identification, adaptive beamforming, etc. %2, This is due
to the simplicity of the implementation and their unimoda! er-
ror surface in the feedforward application. A feedforward ac-
tive controller can easily be controlled to converge towards
a feasible solution Y. Usually adaptive FIR filters are used
in feedforward control ©©*8 but can also be used in feedback
control 3131 even though there is no guarantee that the error
surface will be unimodal under these conditions *4l. Similar
problems can also be observed in feedforward control sys-
tems, when the contro! problem is ill conditioned. A method to
improve such systems is to add a leakage factor to the adap-
tation algorithm 15!, This will also have the effect of limiting
the energy in the impulse response of the adaptive filter and
it has been observed to improve the robusness in the case of
feedback control ™. Furthermore, the leakage factor will also
prevent accumulative build-up of bias in the coefficients of the
adaptive filter 16,

The filtered-x LMS-algorithm is an adaptive filter algorithm
suitable for active control applications ! and is developed
from the LMS algorithm, where a model of the the dynamic
system between the filter output and the estimate, i.e. the for-
ward path is introduced between the input signal and the al-
gorithm for the adaptation of the coefficient vector (11, The
filtered-x LMS-algorithm is given by the following four equa-
tions & 111

y(n) = w" (n)x(n) (1
e(n) = d(n) - yc(n) (2
w(n + 1) = w(n) + puxc+(n)e(n) (3)

and xc~ (n) is given by:
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where ¢}, i € {0,...,I — 1} is an estimate of the impulse
response of the forward (secondary) path. The leaky version
of the filtered-x LMS-algorithm is obtained through a modifica-
tion of the algorithm for the coefficient vector adaption of the
filtered-x LMS-algorithm with a leakage factor v. Hence, the
the algorithm for the coefficient vector adaption of the leaky
version of the filtered-x LMS-algorithm is given by 11¥):

w(n +1) =yw(n) + pxc-(n)e(n) (5)

The leakage factor v is a reel positive parameter which satis-
fies the condition:
O<yxl (6)

The controller used in the experiments described here is of
the feedback type based on the well-known filtered-x LMS-
algorithm 131 A block diagram of the feedback control sys-
tem with the filtered-x LMS algorithm is shown in Fig. 3:

d(n)
Forward path
Ye(n)

FIR filter | Y

w(n)

x(n) = e(n-1) (

c* XC*(HL Adaptive |
algorithm [

e(n)

Unit delay

Model of the forward path

q-lA

Figure 3: Equivalent block diagram of the feedback control
situation with the filtered-x LMS algorithm?l.

In the above figure, C represents the dynamic secondary sys-
tem (forward path) under control, i.e. the electro-mechanic

response. The estimate of this path is denoted C~.

The fixed FIR filter estimate of the forward path was subseé-
quently used to prefilter the input signal to the algorithm for
the adaptation of the coefficient vector in the filtered-x LMS
algorithm. For the control of tool vibration a 20-tap adaptive
FIR filter was used together with a 16-tap FIR filter estimate
of the secondary path 2!, These filter lengths were at the limit
for the processing capacity of the signal processor used.




15 kHz sampling rate was chosen for the digital filter. In
der to minimize delay in the loop, no anti-aliasing or recon-
-uction filters were used. Obviously, this necessitates extra
re being taken in order to avoid aliasing.

RESULTS

e tool shank vibrations considered in this paper originate
m the cutting speed direction of the tool hoider shank in
s tool holder construction. To illustrate the effect of feed-
=k control of tool vibration in the cutting speed direction, the
sctral densities of the tool vibrations with and without feed-
sk control are given. Fig. 4 shows a typical result obtained
h adaptive feedback control of tool-vibration. It performs
road-band attenuation of the tool-vibration and manage to
luce the vibration leve! with up to approximately 40 dB si-
ltaneously at 1.5 kHz and 3 kHz.

2000 2500
Frequency (Hz)

ure 4: The power spectral density of tool vibration with
'0-tap FIR filter feedback contro! (solid) and without
ashed). Step length u = 0.05, cutting speed v = 80
m/min, cut depth g = 0.9 mm, feed rate s = 0.25
mm/rev, tocl DNMG 150604-PF, grade 4015 [,

5 shows the vibration spectrum obtained using four dif-
nt settings of the leakage factor in the adaptive algorithm
trolling the 20-tap FIR filter feedback controller.

sound pressure was measured in the operator area for
lathe and a typical result obtained with adaptive feedback
trol of tool-vibration is shown in Fig.6. It performs a broad-
d attenuation of the sound pressure in the frequency band
kHz to 25 kHz, with up to approximately 35 dBSPL at 3

e experiments, it was observed that the adaptive feed-
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Figure 5: The power spectral densities of tool vibrations
with 20-tap FIR filter feedback control and four different
leakage factors (solid), and spectral density without
feedback control (dashed). Leakage factors
~ =1, 0.9999, 0.999, 0.99, step length u = 0.05, cutting
speed v = 80 m/min, cut depth a = 0.9 mm, feed rate s
= 0.25 mm/rev, tool DNMG 150604-PF, grade 4015 4,
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Figure 6: The Power spectral density of sound pressure
with 20-tap FIR filter feedback control (solid) and without
(dashed). Step length 1 = 0.05, cutting speed v = 80
m/min, cut depth ¢ = 0.9 mm, feed rate s = 0.25
mm/rev, tool DNMG 150604-PF, grade 4015.



back control lead to a significant improvement of the work-
piece surface. In Fig. 7 a photo of the workpiece used in the
experiments is shown.

Figure 7: The workpiece surface with and without adaptive
feedback control.

4 CONCLUSIONS AND FUTURE WORK

It is clear that tool vibrations in a lathe during metal cutting
can be controlled using an active control system. The tool
holder shank vibrations are fed into an actuator via a digital
controller. Further, the well-known filtered-x LMS-algorithm,
traditionally used as a feedforward controller, seems to have
great potential with respect to feedback control of tool vibra-
tions in the turning operation. The adaptive feedback control
performs a broad-band attenuation of the tool-vibration, and
is able to reduce the vibration level by up to approximately 40
dB simultaneously at 1.5 kHz and 3 kHz (see Fig. 4). Further-
more, in the operator area for the lathe, the vibration control
result in a broad-band attenuation of the sound pressure in the
frequency band 1.5 kHz to 25 kHz, with up to approximately
35 dBSPL at 3 kHz (see Fig. 6).

The introduction of a leakage factor or a “forgetting factor” in
the recursive coefficient adjustment algorithm will induce bias
in the coefficient vector and thereby cause a somewhat re-
duced attenuation of the tool-vibration, see Fig. 5. By con-
trolling the FIR filter controller with the leaky filtered-x LMS-
algorithm good performance and robust control of tool vibra-
tion are achieved . In comparison with the filtered-x LMS-
algorithm, the leaky filtered-x LMS-algorithm introduce a sub-
stantial improvement in the robustness of the feedback control
of tool vibration in the Nyquist sense [,

From a manufacturing engineering point of view, the signif-
icant improvement of the workpiece surface, see Fig. 7,
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achieved with the adaptive feedback control of the tool vibra-
tion, is of great importance. The reduction of the noise in-
troduced by the tool vibrations is also an important feature.
it is also interesting to note that the adaptive technique does
not affect the cutting data, it may even allow an increase of
the material removal rate. Further, it is well known that there
exists a correlation between tool vibrations and toot life. It is
therefore likely that the adaptive feedback control of the tool
vibration extends the tool life.

Future work includes for example the investigation of Internal
Model Control based on the filtered-x LMS algorithm in the
application. A theoretical foundation for the behaviour of the
filtered-x LMS algorithm in this application is also urgent.

ACKNOWLEDGMENT

The project is sponsored by the KK-foundation.

REFERENCES

[1] Sturesson, P-O. H., Hakansson, L. and Claesson,
l., Identification of the Statistical Properties of the Cut-
ting Tool Vibration in a Continuous Turning Operation -
Correlation to Structural Properties, Journal of Mechan-
ical Systems and Signal Processing, Academic Press,
Vol. 11, No. 3, July 1997.

[2] Hakansson, L., Claesson, l. and Sturesson, P.-O.,
Adaptive Feedback Control of Machine-Tool Vibration
based on The Filtered-x LMS Algorithm, International
Journal of Low Frequency Noise, Vibration and Active
Control, Accepted, 1997.

[3] Hakansson, L., Sturesson, P.-0. and Claesson, l., Ac-
tive Control of Machine-Tool Vibration, 6th International
Conference on Manufacturing Engineering, 1995.

[4] Claesson, |. and Hakansson, L., Adaptive Active
Control of Machine-Tool Vibration In a Lathe, IJAV-
International Journal of Acoustics and Vibration, 1998,
invited.

[5] Claesson, I. and Hakansson, L., Active Control of
Machine-Tool Vibration in a Lathe, Fifth International
Congress on Sound and Vibration, 1997.

[6] EHiott, S. and Nelson, P., Active Noise Control, IEEE
signal processing magazine, pp. 12-35, October 1993.

[7]1 Papoulis, A., Probability Random Variables, and
Stochastic Processes, McGraw-Hill, 2nd edn., 1984.

[8] Nelson, P. and Elliott, S., Active Control of Sound, Aca
demic Press, Inc, 1982.

[9] Andersson, P., A tool holder construction with integrated
actuators, Master’s thesis, report 9054, Department of




10]

]

2]

3]

Production and Materials Engineering, Institute of Tech-
nology, Lund University, 1990, in Swedish.

Fuller, C., Elliott, S. and Nelson, P., Active Control of
Vibration, Academic Press, Inc, 1996.

Widrow, B. and Stearns, S., Adaptive Signal Process-
ing, Prentice-Hall, 1985.

Claesson, |, Nordholm, S., Bengtsson, B. and Eriks-
son, P., A Multi-DSP implementation of a Broadband
Adaptive Beamformer for use in a Hands-free Mobile
Radio Telephone, IEEE Trans. on Vehicular Technology,
February 1991.

Stothers, 1., Saunders, T., McDonald, A. and Elliott,
S., Adaptive Feedback Control of Sun Roof Flow Oscil-
lations, Procedings of the Institute of Acoustics, Vol. 15,
pp. 383-393, 1993.

Billoud, G., Galland, M., Huu, C. and Candel, S., Adap-
tive Active Control of Instabilities, Recent Advances in
Active Control of Sound and Vibration, pp. 95107, 1991.

Elliott, S., Boucher, C. and Nelson, P., The Behavior of
a Multiple Channel Active Control System, IEEE Trans-
actions on signal processing, Vol. 40, No. 5, pp. 1041~
1052, May 1992.

Cioffi, J., Limited-Precision Effects in Adaptive Filtering,
|EEE Transactions on circuits and systems, Vol. CAS-34,
No. 7, pp. 821-833, 1987.

1831



