
1

t
t
o
i
t
h
s
p
e

q
c

m
c
m
p
t
T
i

J
A
2

J

Downloa
N. J. M. van Dijk1

Department of Mechanical Engineering,
Eindhoven University of Technology,

P.O. Box 513,
5600 MB Eindhoven, The Netherlands

e-mail: n.j.m.v.dijk@tue.nl

E. J. J. Doppenberg
TNO Science and Industry,

P.O. Box 6235,
5600 HE Eindhoven, The Netherlands

R. P. H. Faassen
TMC Mechatronics.

P.O. Box 700,
5600 AS Eindhoven, The Netherlands

N. van de Wouw
Department of Mechanical Engineering,

Eindhoven University of Technology,
P.O. Box 513,

5600 MB Eindhoven, The Netherlands

J. A. J. Oosterling
TNO Science and Industry,

P.O. Box 6235,
5600 HE Eindhoven, The Netherlands

H. Nijmeijer
Department of Mechanical Engineering,

Eindhoven University of Technology,
P.O. Box 513,

5600 MB Eindhoven, The Netherlands

Automatic In-Process Chatter
Avoidance in the High-Speed
Milling Process
High-speed milling is often used in industry to maximize productivity of the manufactur-
ing of high-technology components, such as aeronautical components, mold, and dies.
The occurrence of chatter highly limits the efficiency and accuracy of high-speed milling
operations. In this paper, two control strategies are presented that guarantee a chatter-
free high-speed milling operation by automatic adaptation of spindle speed and feed.
Moreover, the proposed strategies are robust for changing process conditions (e.g., due to
heating of the spindle or tool wear). An important part of the control strategy is the
detection of chatter. A novel chatter detection algorithm is presented that automatically
detects chatter in an online fashion and in a premature phase such that no visible marks
on the workpiece are present. Experiments on a state-of-the-art high-speed milling ma-
chine underline the effectiveness of the proposed detection and control strategies.
�DOI: 10.1115/1.4000821�
Introduction

One of the main goals in high-speed machining is to maximize
he material removal rate while maintaining a high quality level of
he workpiece. The material removal rate is often limited by the
ccurrence of chatter. This instability phenomenon results in an
nferior workpiece surface quality due to heavy vibrations of the
ool. Furthermore, the tool and machine wear out rapidly and a
igh level of noise is produced. Different types of chatter exist,
ee, e.g., Ref. �1�. However, the focus in this work lies on the
revention of full grown chatter of the prevalent type, i.e., regen-
rative chatter.

The combination of the demands for high productivity at a high
uality level and the increasing demands for an automated process
alls for an automatic chatter detection and control system �2�.

This paper presents two chatter control strategies that, by auto-
atic �and online� adaptation of spindle speed and feed, guarantee

hatter-free high-speed machining operations while productivity is
aintained. The first control strategy follows the methodology as

resented in Ref. �3�; i.e., stable machining is guaranteed when a
ooth-passing frequency equals the dominant chatter frequency.
he novelty of the first control strategy, with respect to the work

n Ref. �3�, is that the spindle speed is changed in an online fash-
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ion when chatter is about to occur. As will be shown by experi-
ments, stable machining is ensured, even for spindle speed over
30,000 rpm.

Setting a spindle speed harmonic equal to the dominant chatter
frequency, in general, implies that chatter vibrations will be
bounded but not likely to be minimized. Therefore, a second con-
trol strategy is presented that automatically lowers the cutter vi-
brations associated with chatter via real-time adaptation of spindle
speed and feed.

Both control strategies require an accurate estimate of the
dominant chatter frequency before chatter marks are visible on the
workpiece. Current chatter detection methods �4–9� might work
well for low spindle speeds but they either utilize too much com-
putational time to be able to detect chatter before it has already
developed toward the fully grown stage or are not able to estimate
the dominant chatter frequency. A notable exception is the work
presented in Ref. �10�, where an online chatter detection method-
ology in the case of turning, is presented. Based on a discrete
autoregressive moving average model, chatter modes are esti-
mated from the vibration signal. Since in the case of milling the
vibration signal also consists of spindle-speed related frequencies
�11�, the method presented in Ref. �10� cannot directly be used for
the milling process. Hence, the third contribution of the paper is to
present a novel chatter detection algorithm, based on a parametric
model of the milling process, that detects chatter when it is in a
premature stage; i.e., no chatter marks are visible on the work-
piece yet, and, moreover, give an accurate estimate of the domi-
nant chatter frequency.

In literature, basically three methods exist to avoid or overcome

chatter. The first method is to disturb the regeneration process by
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onstantly changing the spindle speed �12,13�. This method can-
ot be used in high-speed milling due to the high spindle speeds.
n order to disturb the regenerative effect, the spindle-speed varia-
ion should be extremely fast, while the speed of variation is lim-
ted by the inertia and actuation power of the spindle. A second

ethod is to passively or actively alter the machine dynamics in
rder to increase the critical depth of cut. Passive chatter suppres-
ion techniques exist in the form of dampers �14� or vibration
bsorbers �15�. Active dampers for milling are suggested in Ref.
16� for low-speed milling, and also in Ref. �17� an active control
trategy is developed for low-speed milling. The third method to
void chatter is to adjust the process parameters �i.e., spindle
peed, chip load, or depth of cut� such that a stable working point
s chosen �5�. In the Chatter Recognition and Control �CRAC� sys-
em, chatter is detected by examining the audio spectrum of a cut
18�. When chatter is detected, the feed is interrupted and a new
pindle speed is set. Then, the feed is resumed. This process is
epeated until no chatter occurs. Since chatter is detected using a
icrophone, it can only be detected when it is already in a highly

eveloped stage and the workpiece is already damaged. Further-
ore, stopping and restarting the feed leave marks on the work-

iece and increase production time. In Ref. �19�, a method is
resented where feed is not interrupted. However, the method is
nly applicable for low spindle speeds due to computational effort
f the detection signal, which requires a buffer of sensor data.
oreover, the spindle speed can only be ramped up, which may

esult in chatter during the spindle-speed transition. In Ref. �20�,
ew spindle speed and feedrate setpoints are based on a heuristic
earch for stable machining conditions.

Resuming, the main contributions of this paper are, first, a chat-
er detection strategy for high-speed milling, which is fast enough
o detect chatter before it has fully grown, and, second, presenting
he design of constructive control strategies, guaranteeing the
voidance of chatter by adapting the spindle speed and feed in an
nline fashion before chatter marks are visible on the workpiece.

This paper is organized as follows. In Sec. 2, a brief back-
round of the milling process and chatter is presented. In Sec. 3,
he detection algorithm is described, including the selection of the
ensor system. In Sec. 4, the two chatter control strategies are
escribed. Experimental results using the detection and control
trategies are discussed in Sec. 5. Finally, conclusions are drawn
n Sec. 6.

The Milling Process
In Fig. 1, a schematic representation of the milling process is

hown, and a block diagram of the milling model is shown in Fig.
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Fig. 1 Schematic representation of the milling process
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The total chip thickness of tooth j, hj�t�, is the sum of the static
and dynamic chip thickness, hj�t�=hj,stat�t�+hj,dyn�t�. The static
chip thickness hj,stat�t� is a result of the predefined motion of the
tool with respect to the workpiece and is described by hj,stat�t�
= fz sin � j�t�, with � j�t� the rotation angle of tooth j and fz the
chip load. This chip thickness results, via the cutting process
�block Cutting in Fig. 2�, in a cutting force F� �t� that acts on the
tool. The forces in tangential and radial directions are described
by the following exponential cutting force model:

Ftj
�t� = �Ktaphj�t�xF + Kteap�gj�� j�t��

Frj
�t� = �Kraphj�t�xF + Kreap�gj�� j�t�� �1�

where 0�xF�1, Kt,Kr�0, and Kte,Kre�0 are the cutting param-
eters that depend on the material that is cut, and ap is the axial
depth of cut. The function gj�� j�t�� describes whether a tooth is in
or out of cut: gj�� j�t��=1 when �s�� j�t���e∧hj�t��0 and
gj�� j�t��=0 elsewhere. Via trigonometric functions, the cutting
force can easily be converted to x �feed� and y �normal� directions.
This force interacts with the spindle and tool dynamics �block
Machine in Fig. 2�, modeled via a linear state-space model,

z�̇�t� = Az��t� + BF� �t�, v� �t� = Cz��t� �2�

where z� is the state �the order of this model primarily depends on
the order of the spindle-tool dynamics model� and F� �t�
= �Fx�t� Fy�t��T, where Fx�t� and Fy�t� are the cutting forces in x
and y directions, respectively. This results in a dynamic displace-
ment of the tool v� �t�, which is superimposed on the predefined
tool motion. The dynamic chip thickness is the result of this dis-
placement v� �t�= �vx�t� vy�t��T and the displacement of the cutter
at the previous tooth pass at time v� �t−��, where � is the delay.
This is called the regenerative effect and results in the block Delay
in Fig. 2 �see, e.g., Ref. �21��. Via trigonometric relations, the tool
motion results in a dynamic chip thickness hj,dyn�t�, which is
added to the static chip thickness. Hence, when summing for all Z
teeth, the cutting forces in the x- and y-directions can be described
by

F� �t� = ap�
j=0

Z−1

gj�� j�t����hj,stat�t� + �sin � j�t� cos � j�t� �

��v� �t� − v� �t − ����xFS�t��Kt

Kr
� + S�t��Kte

Kre
�	 �3�

where

S�t� = �− cos � j�t� − sin � j�t�
sin � j�t� − cos � j�t�

�
Substitution of Eq. �3� in Eq. �2� yields the delay differential

equations describing the milling process:

z�̇�t� = Az��t� + Bap�
j=0

Z−1

gj�� j�t����hj,stat�t� + �sin � j�t� cos � j�t� �

�C�z��t� − z��t − ����xFS�t�
Kt

+ S�t�
Kte

+
+

+

−F (t) v(t)hj,stat(t)

hj,dyn(t)
Trigonometric functions

Cutting Machine

Delay

Fig. 2 Block diagram of the milling process
�
Kr
� �

Kre
�	
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v� �t� = Cz��t� �4�

In the milling process, the static chip thickness is periodic. The
otion v� �t� of the cutter can therefore be described by a periodic
otion v� p�t�, which is, in the case of a concentric tool, periodic
ith period time �=1 / f t=60 /Z�. Here, f t denotes the tooth-
assing frequency, Z is the number of teeth on the cutter, and � is
he spindle speed in rpm. A perturbation on that periodic move-

ent is denoted by v� u�t�, i.e., v� �t�=v� p�t�+v� u�t�. If no chatter oc-
urs, the periodic movement v� p�t� is an asymptotically stable so-
ution of the set of delay differential equations describing the

illing process and the perturbation v� u�t� tends to zero asymptoti-
ally. When the periodic solution loses its stability �e.g., with an
ncreasing axial depth of cut�, in most cases a secondary Hopf
ifurcation occurs and in other cases a period doubling bifurcation
ccurs �11�. This means that the original periodic solution v� p�t�
ecomes unstable and a new periodic motion with a different fre-
uency fc is superimposed on the original periodic solution. In the
emainder of this paper, we will call fc the basic chatter frequency.
n general, the following frequencies appear in the vibration sig-
als �11�: �multiples of� the tooth-passing excitation frequency,

fTPE=kft, with k�Z+, and the damped natural frequency of the
pindle-toolholder-tool �STT� combination, fd= fn


1−	2, with fn
he undamped natural frequency of the STT and 	 the dimension-
ess damping. In an unstable cut, the following frequencies can
ccur additionally �11�: chatter frequencies due to a secondary
opf bifurcation:

fH = 
 fh + kft with k = 0, 
 1, 
 2, . . . �5�
r chatter frequencies due to a period doubling bifurcation:

fPD = fpd + kft = �k +
1

2
	 f t with k = 0, 
 1, 
 2, . . . �6�

hen chatter occurs, the energy of the vibration at the frequencies
elated to fc significantly increases. Since the chatter frequencies
epresent a large set of discrete frequencies, one of these frequen-
ies will generally lie close to a natural frequency of the STT

ystem and will consequently be dominant in the vibration signals.
his frequency will be called the dominant chatter frequency fchat

n the remainder of this paper. In practice, basically three stages in
he development of chatter can be identified. In the first phase, no
hatter is occurring. This implies that the frequency spectrum of
he vibration signals only consists of spindle-speed related fre-
uencies and no chatter marks are visible on the workpiece. In the
econd phase, the frequency spectrum of the vibration signals con-
ists of spindle-speed related frequencies and the dominant chatter
requency. However, no chatter marks are visible on the work-
iece yet. This phase is called onset of chatter. The third phase is

(a) Photo.

Fig. 3 The setup: „1… microphone, „2… ac
dynamometer, „5… tool, „6… workpiece, „7…
and „10… bed
alled full grown chatter. The frequency spectrum consists of

ournal of Dynamic Systems, Measurement, and Control
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spindle-speed related frequencies and chatter frequencies fH or
fPD. Moreover, chatter marks are visible on the workpiece. The
goal of the detection method is to detect onset of chatter and
identify the dominant chatter frequency, needed for control, in real
time before chatter marks are left on the workpiece.

3 Chatter Detection
In this section, the real-time chatter detection strategy will be

presented. The main objective of the chatter detection is, first, to
detect onset of chatter in an early stage of its growth and, second,
to identify the dominant chatter frequency. Based on the outcome
of the detection method, a control action �in this case adjusting
spindle speed and feed� will be effected to ensure that the process
remains stable and full grown chatter is avoided. As already men-
tioned in the Introduction, the detection and control action must
be performed in real time due to the rapid growth of chatter for
high spindle speeds. Clearly, the choice of an appropriate sensor is
essential in a control system. Therefore, we present in Sec. 3.1 an
experimental comparative study performed on a Mikron HSM 700
milling machine, using a wide range of sensors to select an ap-
propriate sensor for chatter detection. In Sec. 3.2, the real-time
detection strategy will be presented.

3.1 Sensor Choice. A picture of the milling machine is shown
in Fig. 3�a� and the setup is schematically depicted in Fig. 3�b�.
The following sensors have been used: a microphone, accelerom-
eters at the spindle housing in feed �x� and normal �y� direction,
eddy current sensors measuring the displacement of the tool in the
x- and y-directions, and a dynamometer for force measurements.
The tool used is a 10 mm diameter JH420 cutter with two teeth
and the workpiece material is aluminum. Due to lack of space, the
results are presented for only one working point. However, com-
parative results are obtained for different working points. Mea-
surements are performed for a cut where the mill is rotating at
42,000 rpm. The axial depth of cut is 2 mm and the chip load is
0.15 mm/tooth. The radial depth of cut is increased from 4 mm to
6 mm, which results in the occurrence of chatter during the cut. In
Fig. 4, a power spectral density plot of the acceleration at the
spindle bearing in the y-direction is shown. Due to runout not only
the tooth-passing frequencies, denoted by fTPE, can be seen from
the measured signals but also the spindle speed itself and its
higher harmonics. We will denote the latter frequencies by fSP.
This frequency is exactly half the tooth-passing frequency since
the tool has two teeth.

As can be seen, due to an eccentricity in the STT combination,
the basic chatter frequency fc=96 Hz is also added to or sub-
tracted from all fSP instead of fTPE. For these experiments the
demodulation method, see Ref. �8�, is used as chatter detection

8
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3
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4

1

10

(b) Schematic representation.

erometers, „3… eddy current sensors, „4…
unting device, „8… spindle, „9… toolholder,
cel
mo
method. The demodulation method will only be used for sensor
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election. Although the demodulation method can be used for
hatter detection, it cannot be used for chatter control since the
ominant chatter frequency cannot be determined. For this
ethod, a choice for the demodulation frequency must be made.
ince the dominant chatter frequency lies around the third har-
onic of the spindle speed, the chosen frequency at which the

emodulation is performed is three times the spindle speed: f1
3�� /60� Hz. In Fig. 5, the detection signal is presented for

everal sensors. At t=0, the tool enters the cut. During the first
art of the cut, no chatter occurs, which results in a low value of
he detection signal. When chatter begins �around t=0.6 s�, the
mplitude of the chatter frequency rises and, consequently, the
alue of the detection signal increases rapidly. Just after t=1 s,
he tool leaves the cut. In all signals presented here, the increase in
he detection signal at t=0.6 s can be observed. However, the
ncrease is relatively large in the displacement and acceleration
ignals. Moreover, during the stable part of the cut, these signals
how the lowest noise level. When a threshold would be set just
bove the maximum value of the signals of the first part, chatter is
etected 50 ms earlier when acceleration or displacement sensors
re used compared with force or sound measurements. This time
s significant when realizing that at high spindle speeds chatter
ypically arises in approximately 100 ms. The increase in the
ound signal happens in two parts. This is due to the acoustic
nvironment in the milling cage.

A major drawback of using eddy current sensors is the fact that
special mounting device is necessary and that these sensors are

uite expensive. Using force signals for online chatter detection
equires the workpiece to be mounted on the dynamometer. This is
ot desirable for use in an industrial environment. Moreover, the
easured force vibration signal in the case of milling consists of

pindle-speed related signals and possible chatter frequencies,
hich may lie close to the eigenfrequency of a dynamometer.
herefore, from a combined detection performance and cost ef-

ectiveness point of view, an accelerometer mounted near the
ower spindle bearing is preferable.

3.2 Chatter Detection Via Parametric Modeling. Besides
he detection of the onset of chatter, also knowledge on the chatter
requency fchat is essential in the desired control strategy �see Sec.
�. This asks for a parametric modeling approach of the milling
rocess, which will be presented Sec. 3.2.1. In Sec. 3.2.2, the
stimation of the parameters of the model will be presented. The
eal-time implementation of the estimation of the parameters is
resented in Sec. 3.2.3. Finally, the procedure for detection of the
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Fig. 4 Power spectral density of the measured a
nset of chatter is discussed in Sec. 3.2.4.
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3.2.1 Parametric Modeling of the Milling Process. From Sec.
3.1, it is concluded that chatter is detected earlier when using
acceleration sensors instead of force or sound sensors. Here, one
accelerometer is used for chatter detection. This section presents a
model of the milling process, using the measured acceleration
a�t�, without the necessity constructing a complete cutting process
model, as presented in Sec. 2.

As described in Sec. 2, the movement of the cutter v�t� is com-
posed of a periodic part vp�t� and perturbation part vu�t�. The
same decomposition can be used for the acceleration a�t�: a�t�
=ap�t�+au�t�. The digital representation of the milling process can
then be written as an output error model �22�, which is of the
following form:

a�kTs� = G�q�u�kTs� + H�q�e�kTs� �7�

Herein the sequence a�kTs�, k=0,1 , . . ., is the digital representa-
tion of the continuous signal a�t� with Ts the sampling interval,
u�kTs�input signal, e�kTs� Gaussian white noise with zero-mean
and variance �2, and G�q� and H�q� rational minimum phase
transfer functions, which are a function of the shift operator q. In
the remainder, the sampling interval Ts is omitted for notational
convenience, i.e., a�k�ªa�kTs�. The signal model of the periodic
component ap�k� can now be denoted as ap�k�=G�q�u�k�, and the
signal model of the perturbation part au�k� can be denoted as
au�k�=H�q�e�k�. A common model structure for Eq. �7� is the
Box–Jenkins �BJ� model, see, e.g., Ref. �22�. Its general formula-
tion is as follows:

a�k� =
B�q�
F�q�

uref�k� +
C�q�
D�q�

e�k� . �8�

Here, e�k� is again Gaussian white noise of zero-mean and vari-
ance �2 and uref�k� is the input, due to the spindle-speed related
perturbation, which can be composed by a discrete cosine/sine
series, with the spindle speed as the fundamental frequency, given
by

uref�k� = �
l=1

L

ul�k� = �
l=1

L �cos�l��k�kTs�
sin�l��k�kTs�

� �9�

Herein, ��k�=2
��k� /60, with ��k� the measured spindle speed
in rpm and L the number of harmonics under consideration.

In the case of milling, the periodic movement of the cutter can
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eleration in the y-direction in the case of chatter
be modeled as an input-output relation between the spindle-speed
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elated perturbation uref�k� and ap�k� without any dynamics, i.e.,
�q�=1 in Eq. �8�. The model of the periodic part can therefore be
onsidered as a moving average �MA� process. As described in
ec. 2, when chatter occurs, the frequency spectrum consists of
pindle speed and chatter frequencies. The chatter frequencies
lose to the machine spindle resonance will have a significantly
arger amplitude than the other chatter frequencies �see Fig. 4�b�,
here the dominant chatter frequency lies around 2200 Hz�.
herefore, the signal model of the perturbation part au�k� can be
onsidered as a so-called narrow-band signal of which the fre-
uency and amplitude may vary in time. Commonly, a narrow-
and signal can be modeled as an autoregressive moving average
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Fig. 5 Detection u
ARMA� process. Since we are interested in the resonance �fre-
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quency and amplitude� of the model, which is modeled as a time-
varying autoregressive �AR� signal model, we take C�q�=1 in Eq.
�8�. Taking the considerations stated above into account, the total
signal model can be given as

a�k� = �
l=1

L

Bl�q�ul�k� +
1

D�q�
e�k� �10�

where the polynomial Bl�q� is defined as

Bl�q� = �Bcos
l �q�,Bsin

l �q�� �11�

Since the chatter vibrations are modeled by D�q�, it is expected
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3.2.2 Identification of the Parametric Milling Model. The ra-
ional transfer functions Bl�q� and D�q� in Eq. �8� are unknown
nd are to be determined with an estimation procedure. The un-
nown coefficients of Bl�q� and D�q� are gathered in the param-
ter vector �, i.e., Bl�q ,�� and D�q ,��. The one-step ahead pre-
ictor for the parametric milling model in Eq. �10� is given as

â�k��� = D�q,���
l=1

L

Bl�q,��ul�k� + �1 − D�q,���a�k� �12�

he prediction error is defined as the difference between the mea-
ured and the predicted acceleration:

fm�k,�� ª a�k� − â�k��� = D�q,����k,�� �13�

ith

��k,�� ª a�k� − âp�k� = a�k� − �
l=1

L

Bl�q,��ul�k� �14�

he two transfer functions Bl�q ,�� and D�q ,�� can be estimated
ndependently as will be shown below. This is desirable, first, to
educe the complexities of the one-step-ahead prediction and, sec-
nd, from a computational point of view. Hereto, the parameter
ector � is decomposed into two separate vectors, �p for the pe-
iodic transfer functions Bl�q ,�p� and �u for the perturbation
ransfer function D�q ,�u�, i.e., �= ��p

T ,�u
T�T.

The first prediction scheme estimates the periodic part of the
ccelerations:

âp�k,�p� = �
l=1

L

Bl�q,�p�ul�k� �15�

ith cost function Jp��p�=E��2�k ,�p��, where E� . � denotes the
xpectation operator. The second prediction scheme estimates the
erturbation part of the measured accelerations:

ˆ u�k,�u� = â�k��� − âp�k��p� = �1 − D�q,�u����k� ¬ �̂�k,�u� �16�

ith cost function Ju��u�=E����k ,�p�− �̂�k ,�u��2�. Note that

u��u�=E�fm
2 �k ,���. Furthermore, note that by minimizing Jp��p�,

e aim to minimize �2, which reflects the quality of the estimated
p�k� of the spindle-speed related accelerations. Moreover, the
inimization of Ju, i.e., of ���k ,�p�− �̂�k ,�u��2= fm�k�2= �a�k�
â�k ,���2, aims at good prediction of the overall acceleration

ignal.
The two-step prediction scheme approach, outlined above, may

nly be applied when the estimated signals âp�k� and âu�k� fulfill
he property of orthogonality and have zero mean. Hereto, con-
ider the expected value of the estimated signals to be defined as
ollows:

E��âp�k,�p�
1

�âu�k − �,�u�� = ��pu
2 ����

0
� �17�

ith covariance �pu
2 , � the time shift operator, and ����=1 for

=0 and ����=0 for ��0. For the property of orthogonality to
old, in practice, we require that �pu

2 �1. To show that this is
ndeed the case, Eqs. �15� and �16� are substituted into Eq. �17�,
hich gives

E���l=1

L
Bl�q,�p�ul�k�

1
��̂�k − �,�u�� = ��pu

2 ����
0

� �18�

rom the definition of the input vector ul�k� in Eq. �9� and âp�k� in
q. �15�, it is clear that the first prediction scheme estimates the
eriodic movement of the cutter at specific �spindle-speed related�
requencies. From Fourier theory, it is known that sinusoidal sig-
als with different frequencies fulfill the orthogonality property,

t0+2
/�Z��
.e., �t0
sin��t�cos�2�t�dt=0. Generally, the �dominant�
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chatter frequency, which largely determines âu�k�, differs from the
spindle-speed related frequencies. Hence, we can conclude that, in
practice, �pu

2 �1 and ap�k� and au�k� can be estimated indepen-
dently. When no chatter occurs, the estimation error of the first
prediction scheme will, in theory, be equal to white noise. Then
our assumption that the perturbation signal is a narrow-band sig-
nal does not hold. However, as will be shown in the experimental
results in Sec. 5, in practice, the regenerative effect is already
visible during stable cutting and, therefore, the assumption that
the perturbation signal is a narrow-band signal still holds when no
chatter occurs.

The problem now is to find parameter vectors �p ,�u in Eqs.
�15� and �16� such that the prediction error fm�k ,�� is minimized.2

The optimally estimated parameter vectors �p
o and �u

o are defined
as, �p

o =arg min Jp��p� and �u
o=arg min Ju��u�.

To solve the estimation problem, normally a set of measure-
ment data is collected. These data are then processed off-line,
using e.g., a least squares estimator. This off-line approach cannot
be used for the chatter control system proposed for three reasons.
First, knowledge on the state of the system �i.e., stable/unstable� is
required at each time instant in order to detect chatter in an online
and real-time fashion. Second, from the estimation parameters �u,
the chatter frequency will be estimated, which is necessary for the
control design that will be presented in Sec. 4. Third, the proper-
ties of the milling process may vary during the milling operation.
Moreover, during a control action the spindle-speed changes,
which results in a change of the milling process.

Section 3.2.3 describes the identification procedure that is able
to deal with the time-varying properties of the milling process and
that can be implemented in real time.

3.2.3 Recursive Identification of the Parametric Milling
Model. Adaptive and recursive identification methods are de-
signed to deal with the time-varying characteristics of dynamic
processes �such as the milling process� and can be implemented in
real time. To cope with the time-varying regenerative process and
to be able to track variations in the process properties, an adaptive
and recursive identification method is used to obtain parameter
vectors �p

o and �u
o such that the cost functions Jp��p� and Ju��u� are

minimized.
A major drawback of the use of recursive methods are the

asymptotic properties of the estimation parameters. For fast
changing time-variant systems, these drawbacks have disturbing
side effects on the convergence time of an algorithm. The condi-
tion of orthogonality �18� may be violated, resulting in biased
estimation of Bl�q ,�� and D�q ,��. Therefore, it is crucial to select
an algorithm with excellent convergence and tracking properties.

The first prediction scheme is solved by application of the
widely used normalized least mean squares �NLMS� algorithm. The
NLMS algorithm is known because of its simplicity and ease of
computation �23�.

The NLMS algorithm is given by

�p�k + 1� = ��p�k� + 2�
�p�k���k�

�p�k�
2 �19a�

��k� = a�k� − �p�k�T�p�k� �19b�

�p�k� = �u1�k�T,u2�k�T, . . . ,uL�k�T�T �19c�

�p�k� = �B1,B2, . . . ,BL�T �19d�

with �p�0�=0, ul�k�, and Bl as defined by Eqs. �9� and �11�, re-
spectively. Moreover, � is the so-called forgetting factor, which
resembles exponential windowing of the data. Without the forget-
ting factor, the algorithm is only able to track slow-varying prop-

2Note that the minimization of �2 in Jp��p�=E��2�k ,�p�� is only an intermediate

step in the estimation process.
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rties in the process. Typical values for � lie in the range �
�0.95,0.9999�. The step size is denoted with �. The NLMS al-

orithm is convergent in the mean square if and only if 0��
2, see Ref. �23�. To prevent overshoot of the optimal solution, �

s normally chosen as 0���1. Furthermore, the term 
�p�k�
2

ill be constant when the spindle speed is constant, due to the fact
hat �p�k� consists of sine and cosine series. However, in practice,
he spindle speed is measured and will be changed during a con-
rol action. Therefore, 
�p�k�
2 will not be constant over the entire
rocess and is computed recursively. The second prediction
cheme can be written into a form that allows for the application
f the Kalman filter. The state-space description of the Kalman
lter is defined as follows:

x�k + 1� = A�k�x�k� + v�k� �20a�

y�k� = C�k�x�k� + w�k� �20b�

ith x�0�=0, �0=E�x�0�xT�0��, and v�k� and w�k� are assumed to
e zero-mean Gaussian noise processes, which are uncorrelated
ith covariances and cross covariance defined by

E�v�k�
w�k� ��vT�k�,wT�k�� = �Rv�k� 0

0 Rw�k� � �21�

urthermore, it its assumed that the noise processes v�k� ,w�k� are
ncorrelated with the initial state vector x�0�, i.e., E�v�k�xT�0��
0 and E�w�k�xT�0��=0. By taking A�k�= I, C�k�=�u

T�k�, y�k�
âu�k�= �̂�k�, x�k�= �̄u�k� with �̄u�k� the true parameter vector, and
sing the definition of �̂�k� �see Eq. �16��, the state-space model
20� can be written as follows:

�̄u�k + 1� = �̄u�k� + v�k� �22a�

�̂�k� = − �u
T�k��̄u�k� + w�k� �22b�

ith

�u�k� = ���k − 1�,��k − 2�, . . . ,��k − Nd��T �23�

�̄u�k� = �d̄1, d̄2, . . . , d̄Nd
�T �24�

nd Nd denotes the order of D�q ,�u�. Nd is typically set to 4 to be
ble to monitor two chatter frequencies. In this way, chatter fre-
uencies related to either a structural mode or a tool mode can be
etermined. It should be noted that in the state-space description
bove the fact that D�q ,�u� is a monic transfer function is used.

The Kalman filter based on the one-step prediction can be writ-
en as follows �24�: Given observation ��k� that satisfies the state-
pace model in Eq. �22�, the identification process can be recur-
ively solved by repeating for k�0:

T�k� = P�k − 1��u�k� �25a�

K�k� = T�k���u
T�k�T�k� + Rw�k��−1 �25b�

fm�k� = ��k� − �u
T�k��u�k� �25c�

�u�k + 1� = �u�k� + K�k�fm�k� �25d�

�k� = P�k − 1� + Rv�k� − K�k��Rw�k� + �u�k�T�k��KT�k� �25e�

ith initial conditions �u�0�=0 and P�0�=�0. The convergence
ate and tracking properties of the estimation can be tuned with
he appropriate values for Rv and Rw. In this particular application,
hese parameters are kept constant during the identification proce-
ure. The values of the four tunable parameters, �, �, Rv, and Rw,
re determined experimentally.

3.2.4 Detection of Onset of Chatter. As discussed above, the
roperties of âu�k� will predict the onset of chatter since âu�k�

eflects the signal content of the measured acceleration signal not
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related to the spindle speed. Therefore, the detection of onset of
chatter is now transformed into the determination of the state of
the time-varying autoregressive signal model âu�k�= �1
−D�q ,�u����k�, i.e., the model of the perturbation part. Hence, the
detection criterion should indicate the time-varying strength of the
estimated perturbation signal âu�k ,�u�. Two commonly used chat-
ter detection criteria in the case of parametric modeling are either
based on the roots �� of D�q ,�u� or the peak value of the power
spectral density �PSD� function, see Ref. �20�. Since the peak value
of the PSD function is located at the dominant chatter frequency,
the value can be calculated directly,

H�fchat�k�,�u� = � 1

D�q, fchat�k��
�2

= � 1

1 + �n=1
Nd dn�k�e−i2
fchat�k�nTs

�2

�26�

The dominant chatter frequency fchat is estimated from the domi-
nant root �̄ of D�q ,�u� by

fchat�k� = Im� ln��̄�
2


Fs	 �27�

where Fs=1 /Ts denotes the sampling frequency. In the case of
chatter, the identification results of the milling model will be bi-
ased and the estimated transfer function D�q ,�u� will be unstable
�i.e., ��̄��1�. This results in an unreliable reconstruction of âu�k�.
One way to prevent this unstable identification process is to reflect
the unstable roots with the unit circle. The reflected distance to the
unit circle can be defined arbitrarily. Here, a distance of �
=0.001 to the unit circle is chosen.

Here, a third criterion for chatter detection will be considered,
namely, the variance of the perturbation part of the measured ac-
celeration �16�. The variance is calculated from the estimation
error ��k� of the first prediction scheme, i.e., ��

2=E��2�k��. It is
expected that the three detection criteria �dominant root �̄ of
D�q ,�u�, the PSD value at the chatter frequency fchat, and the vari-
ance of the perturbation part ��

2� will perform differently for an
unstable milling process but comparable for a stable milling pro-
cess. The choice of which detection criterion to use will be based
on experimental results with the detection algorithm, which are
presented in Sec. 5.

4 Chatter Control
Basically three methods exist to overcome or avoid chatter,

namely, continuous spindle-speed variation, passively or actively
altering the machine dynamics and adjusting the spindle speed. In
this work, we use the strategy to adjust the spindle speed and feed
to avoid chatter. This method can be implemented on a state-of-
the-art high-speed milling machine, without any major changes to
the machine, by using the feed override and spindle override func-
tions of the machine. In this section, two methods are presented
that automatically adjust the spindle speed in case �the onset of�
chatter occurs. Hereto, the detection method of Sec. 3.2 is used.
This method gives both an indication that �the onset of� chatter
occurs and an estimation of the dominant chatter frequency.

In Fig. 6, a schematic representation of the closed loop includ-
ing the milling process, chatter detection, and chatter control is
depicted. An initial working point �spindle speed and depth of cut�
is chosen by the machinist based on a model-based stability lobe
diagram �SLD�, see, e.g., Ref. �25�, or practical experience. This
working point is used in the NC program. During the milling pro-
cess, this spindle speed is maintained as long as �the onset of�
chatter is not detected using the detection method presented in
Sec. 3.2. When �the onset of� chatter is detected, a new spindle-
speed setpoint is computed and sent to the HSM machine using the
spindle-speed override function. In the same time, the feed is
adapted to ensure a constant feed per tooth.

The detection method gives an indication whether or not �the

onset of� chatter occurs. Furthermore, the dominant chatter fre-
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uency fchat is computed. This chatter frequency is used to com-
ute a new spindle-speed setpoint in a chatter-free zone in the case
the onset of� chatter occurs. Hereto, also the actual spindle speed
hould be known since it is needed in the detection method and, as
ill be shown below, it is needed in the computation of the new

pindle-speed setpoint. The new spindle-speed setpoint can be
hosen based on two requirements, namely, robustness against
hatter and lowering the perturbation vibrations of the cutter. The
hatter controller, as depicted in Fig. 6, is basically a setpoint
enerator in closed loop with the HSM machine and the detection
lgorithm. The internal speed controller of the HSM machine is
sed to control the spindle speed to its setpoint. In Sec. 4.1, a
ontrol strategy is presented that focuses on robustness against
hatter, whereas Sec. 4.2 presents a control strategy that lowers
he perturbation vibrations of the cutter and at the same time guar-
ntees a robust milling performance.

4.1 Control Strategy 1. In the first control strategy, a new
pindle speed is chosen such that the estimated dominant chatter
requency fchat coincides with a �higher harmonic of� the new
ooth pass excitation frequency fTPE.

The chatter frequency is related to the phase difference between
wo subsequent waves by �26�

� + p = fchat�k�
60

Z��k�
�28�

ith p the �integer� lobe number, � the fraction of incomplete
aves between two subsequent cuts, and ��k� the measured cur-

ent spindle speed in rpm. The new spindle speed is computed
uch that �=0, see Ref. �3�. Hereto, first the new lobe number is
omputed by

pnew�k� = �60fchat�k�
Z��k� � �29�

here � . � means rounding toward the nearest integer. The new

sld

Milling
Machine

Detection

Control

n, ap, fz offline

online

Spindle speed override

Feed override
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fchat

n
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ig. 6 Schematic representation of the closed loop including
he milling process, chatter detection, and chatter control
pindle speed is then computed by
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�new�k� =
60fchat�k�
pnew�k�Z

�30�

Using this method, the spindle speed is directed toward the center
of the lobe. However, the exact center of the lobe may not be
characterized by Eq. �30�. As mentioned in Ref. �27�, if the initial
working point is in the lower part of a lobe, the new setpoint lies
near the center of the lobe. However, in the peak of the lobe,
�new�k� as in Eq. �30� is generally not �exactly� at the center of
the lobe and, consequently, it may happen that the new setpoint
may cross the next lobe.

When the spindle speed is changed, this will lead to a new
chatter frequency and, hence, the setpoint is changed accordingly.
Therefore, the setpoint will be updated constantly as long as the
cut is being marked as exhibiting chatter. When the cut is marked
as not exhibiting chatter, the most recent computed setpoint is
maintained. Therefore, the spindle speed can still change although
chatter has already been eliminated. The benefit of this method is
the fact that the spindle speed moves further toward the center of
a stable area of the SLD if the lobes are wide. If the lobes are
narrow �e.g., in the peak of a lobe�, another strategy is to change
the setpoint to the actual spindle speed when chatter is eliminated.
This may prevent overshoot in the case of narrow lobes. In this
work, we use the first strategy and leave alternatives for future
work.

4.2 Control Strategy 2. The first control strategy, presented
in Sec. 4.1, avoids chatter occurrence by setting the tooth-passing
frequency equal to the chatter frequency resulting in a zero phase
difference � between two subsequent teeth motions. While this
approach is robust for changes in the milling process, no guaran-
tees can be given for the performance in terms of the level of
vibrations of the process. Therefore, we propose a second control
strategy with the goal to lower the total perturbation vibrations
au�k� and maintain robustness of performance by adapting the
spindle speed and feed. This strategy is known as extremum seek-
ing control and generally no guarantees can be given on whether a
global minimum is found.

Essential in the development of this second control strategy is
the existence of a deterministic relation between perturbation vi-
brations and the spindle speed. Moreover, the relation between
perturbation vibration and parameters of the milling process pa-
rameters, such as spindle speed, depth-of-cut, and feed rate, is
necessary to design a suitable controller. In general, no exact dis-
turbance model can be found that analytically describes the rela-
tion between perturbation vibration and parameters of the milling
process. Therefore, this relation is determined empirically. Hereto,
milling experiments at a Mikron 700 HSM are performed for sev-
eral spindle speeds � at a constant depth of cut of ap=3.5 mm
and feed per tooth fz=0.2 mm / tooth. The acceleration is mea-
sured during the cut using an accelerometer, which is mounted
near the lower spindle bearing. The measured accelerations are
processed off-line using a MATLAB/SIMULINK implementation of
the detection method presented in Sec. 3. Figure 7 presents the
resulting relation of the perturbation vibration, measured via the
PSD H�fchat�k� ,�u� of D�q ,�u� at the chatter frequency, which is
presented in Sec. 3.2.4, as function of the spindle speed for one
specific set of depth of cut and feed per tooth. In the same figure,
the difference between the estimated dominant chatter frequency
fchat�k� and the coinciding higher harmonic of the tooth-passing
frequency, defined as pnew�k�fTPE, with pnew�k� as in Eq. �29�. The
difference is denoted as �f�k�= fchat�k�− pnew�k�fTPE. From the
figure, it can be seen that in the first control strategy, presented in
Sec. 4.1, the point where �f crosses the zero axis is calculated �in
this case, �new=33,000 rpm�. For the second control strategy, the
minimum value of the empirically obtained function should be
found resulting in a new spindle-speed setpoint of �new
=33,600 rpm. Both spindle setpoints are positioned relatively

close to each other, which implies that lowering the perturbation
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ibrations will also result in robust chatter prevention. The mini-
um value of the objective function, as given in Fig. 7, will be

etermined via an extremum seeking control-like algorithm,
hich will be described Sec. 4.2.1.

4.2.1 Control Design. As outlined above, no analytical rela-
ion can be found between the spindle speed and the perturbation
ibrations. Therefore, the controller will continuously try to lower
he estimated perturbation vibrations of the mill by adapting the
pindle speed. The controller will therefore utilize a feedback con-
rol scheme to determine the optimal spindle speed that coincides
ith the minimum value of H�fchat�k� ,�u� defined in Eq. �26�. The

eedback signal is therefore H�fchat�k� ,�u�. The inputs of the con-
roller are the initial spindle-speed setpoint �0, the PSD

�fchat�k� ,�u� of D�q ,�u� and the dominant chatter frequency
fchat�k�. The controller output is the new spindle-speed setpoint

new�k�. The spindle-speed trajectory is calculated according to

�new�k� = �0�1 + �c�k�� �31�

here �new� ��min,�max�, �c�R, and �0 is the initial spindle
peed, �c�k� is the controller parameter and where �min and �max
epresent the minimum and maximum spindle speeds of a milling
achine. The control objective is to minimize the predefined cost

unction Jc��c�, defined by Jc��c�=E�H�fchat�k� ,�u��, as function
f �c. From Fig. 7, the selected cost function Jc��c�, as function of
he spindle speed, has a �dominant� parabolic shape with a global

inimum within one lobe. It is therefore plausible to consider the
etermination of the minimum value of the cost function with
espect to �c�k� as an identification problem and evidently the
ptimal value for the parameter �c �and thus also for �� is defined
s �c

o=arg min Jc��c�. To automatically obtain the optimal �c
o at

hich the cost function has a minimum value, the well-known
LMS algorithm �23� is used. The properties of the NLMS algorithm
re already outlined in Sec. 3.2.3. The control algorithm is given
y Eq. �31� with

�c�k + 1� = �c�k� − 2�c


H̄

���k��
sign��f�k�� �32�

here H̄ªH�fchat�k� ,�u�, �f�k�= fchat�k�− pnew�k�fTPE�k�, with
nitial condition �c�0�=0, and ��k� the exponential moving aver-
ge of 
H�fchat�k� ,�u� given by

��k� = �1 − �c���k − 1� + �cH�fchat�k�,�u� �33�

ith initial condition ��0�=0, �c the smoothing factor, �c a tun-
ble parameter that determines the step size, H�fchat�k� ,�u� the
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�see Eq. �26�� and pnew�k� as defined in Eq. �29�. A schematic
overview of the proposed controller is given in Fig. 8.

4.3 Properties of the Control Strategies. The control strat-
egy outlined in Sec. 4.1 calculates a new spindle setpoint and
overrides the internal controller of the milling without any feed-
back mechanism to measure the performance of the milling pro-
cess. The new setpoint will introduce a stepwise change in the
setpoint for the HSM’s spindle-speed controller and the perfor-
mance will therefore strongly depend on the internal spindle-
speed controllers of the HSM and the dynamic behavior of the
closed-loop spindle system. We note that the HSM milling machine
has suitable internal controllers and an optimized trajectory
generator.

The main objective of the control strategy outlined in Sec. 4.2
is to lower the perturbation vibrations by finding the optimal
spindle speed. The adaptive proportional controller calculates it-
eratively the optimal spindle-speed trajectory using a feedback
scheme. In fact, the algorithm represents a trajectory generator for
the HSM’s spindle-speed controller. The control parameters �c and
�c should be tuned such that the controller is insensitive for time
delay in the HSM’s control system. The parameter values have to
be tuned during the experiments. For varying time delays in the
machine control system, the value of �c should chosen quite con-
servatively �i.e., �c�1�, which can lead to deterioration in the
settling time of the control action.

5 Experiments
Experiments have been performed to test the detection and con-

trol method in practice. All experiments are performed on a Mik-
ron HSM 700 milling machine. The acceleration is measured at
the nonrotating part of the spindle near the lower spindle bearing
using an accelerometer, type Brüel & Kjær 4382. The detection
and control algorithms are implemented on a dSpace system with
a sample time of Ts=1�10−4 s. The parameters of the recursive
identification algorithms, described in Sec. 3, determined for the
experiments are listed in Table 1. All cuts have been made in
aluminum 6082 using a Jabro Tools JH421 cutter �two flute cutter
with a diameter of 10 mm and length of 57 mm� mounted in a
Kelch HSK40 shrink-fit holder. First, experiments are performed
to validate the detection method experimentally. Second, experi-
mental results for the two control strategies are presented.

5.1 Detection. Experiments have been performed to validate
the detection method experimentally. First, a detection signal has

HHHH((((ffffchatchatchatchat((((kkkk)))), θ, θ, θ, θuuuu))))

ffffchatchatchatchat(k)(k)(k)(k) nlmsnlmsnlmsnlms

Ω(Ω(Ω(Ω(kkkk))))

ΩΩΩΩ0000

ΩΩΩΩnewnewnewnew((((kkkk))))

∆∆∆∆ffff((((kkkk))))

ppppnewnewnewnew((((kkkk))))

ffffTPETPETPETPE((((kkkk))))

××××

×××× ++++

++++

−−−−
EquationEquationEquationEquation

(45)(45)(45)(45)

DetectionDetectionDetectionDetection
algorithmalgorithmalgorithmalgorithm zzzz−−−−1111

ZZZZ
60606060

θθθθcccc((((kkkk))))θθθθcccc((((kkkk + 1)+ 1)+ 1)+ 1)

Fig. 8 Schematic overview of the adaptive chatter controller

Table 1 Parameters of the identification algorithms given by
Eqs. „19… and „25…

� � Rv Rw

0.5 0.9995 3�10−5 8�10−4
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o be selected. In Sec. 3.2.4, three possible detection criteria were
escribed, namely, �1� variance of the estimation error of the first
rediction scheme ��

2�k�, �2� H�fchat�k� ,�u�, the PSD of D−1�q ,�u�
t the dominant chatter frequency fchat�k�, and �3� the absolute
alue of the dominant root �̄�k� of D�q ,�u�.
The outcome of the detection criteria are compared with the

urface of the workpiece.
A full immersion cut has been made at a spindle speed of

5,000 rpm where the axial depth of cut increases from 2.0 to 3.0
m over a length of 600 mm, which results in the occurrence of

hatter during the cut. In Fig. 9, the acceleration measured at the
ower spindle bearing and the three detection criteria are depicted.
rom Fig. 9�b�, it can be seen that the variance ��

2�k� increases
pon tool entering. The entering of a tool in the material can be
een as an impulse excitation in the force acting on the tip of the
ill. This implies that next to spindle-speed frequencies also other

requencies are present in the acceleration signal. These other fre-
uencies are not predicted by the first prediction scheme and
herefore the estimation error of the first prediction scheme ��k�
ncreases. After tool impact the variance decreases again. At ap-
roximately 288 mm, a significant increase is seen in the variance.
y inspection of the workpiece, see Fig. 11, it can be seen that the
rst chatter marks are visible around 293 mm. Hence, the increase

n the detection signal indicates the occurrence of onset of chatter,
s is expected. The variance of the estimation error of the first
rediction scheme does not decrease and holds approximately the
ame value, which reflects the marks seen on the workpiece sur-
ace, indicating the occurrence of �onset of� chatter.

When considering the second detection criterion, i.e., the PSD

unction H�fchat�k� ,�u� at the dominant chatter frequency, no sig-
ificant increase in the detection signal is seen upon tool entering.
his can be clarified by realizing that the detection signal is cal-
ulated at a single frequency, i.e., the estimated dominant chatter
requency fchat�k�. As with the first detection criterion, a signifi-
ant increase in the detection criterion is seen at approximately
88 mm indicating the onset of chatter as described above. How-
ver, after this increase, a subsequent decrease in the detection
ignal occurs. This can be explained as follows. By further in-
reasing the depth of cut, the milling process becomes unstable
nd shows nonlinear behavior. This implies that the roots of the
stimated perturbation model will move further away from the
nit circle resulting in a decrease in H�fchat�k� ,�u�. So, after the
etection signal crosses a user-defined threshold and chatter is
aid to occur, the signal will become smaller than the threshold
nd chatter is no longer detected. This is not in agreement with the
arks on the workpiece, as can be seen in Fig. 11.
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(a) Acceleration.

Fig. 9 Experimental results of chatter detectio
The third detection criterion, i.e., the absolute value of the
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dominant root �̄�k� of D�q ,�u�, ��̄�k�� varies between 0 and 1.
Before tool entering, the criterion value lies close to 1, indicating
that the system is close to instability. However, this is not the case,
since the tool is not yet in cut. When the rotating tool is not in cut,
only spindle-speed related frequencies are present in the accelera-
tion signal. These are filtered out by the first prediction scheme.
Therefore, the perturbation signal is a broad-band signal and the
assumption that the regenerative effect is a narrow-band signal
does not hold. When the tool enters the material, a drop in the
detection signal, ��̄�k��, is seen. This can be explained by realizing
that in practice the regenerative process already influences the
acceleration spectrum. The fact that this is indeed the case is vi-
sualized in the spectrogram in Fig. 10, where the Fourier trans-
form of a�k� is given as function of the cutting length. It can be
seen that already an extra frequency, i.e., a frequency that does not
coincide with a spindle-speed related frequency, is present in the
acceleration signal just after tool impact, although this frequency
is very small in amplitude. Hence, the perturbation signal au�k� is
a narrow-band signal and the detection algorithm is able to esti-
mate the perturbation motions. As in the other two detection cri-
teria, at approximately 288 mm a �small� increase is seen in the
detection criterion. Although the dominant root ��̄�k�� shows an
increase in amplitude during onset of chatter, the signal is noisy
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ethod. Chatter is first detected after 288 mm.
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Fig. 10 Spectrogram of the measured acceleration at the
lower spindle bearing for a cut without control. The brighter
colors represent a larger magnitude of the frequency

component.
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nd it would not be easy to determine a robust detection threshold.
hen the depth of cut is further increased, the unstable poles of
�q ,�u� are reflected inside the unit circle, as described in Sec.
.2.4, which results in a decrease in the detection criterion.

Resuming, it can be said that all three criteria perform well in
he case of a stable milling operation and, moreover, during onset
f chatter. This justifies the application of the peak value of the
SD at the chatter frequency and the roots of D�q ,�u� in the second
ontrol strategy that is presented in Sec. 4.2.

Based on the discussion above, the variance of the estimation
rror of the first prediction scheme, ��

2�k�, is taken as detection
ignal. Although multiple criteria can be combined into one crite-
ion, the single criterion �estimation error of the first prediction
cheme� performed satisfactorily for all experiments. By setting
he detection threshold to ��,0

2 =6.678�104 m2 s−4, chatter is de-
ected after approximately 288 mm. For automatic control, it is
esirable to select the threshold automatically. One way to do so
ould, for example, be to select the threshold based on amplitude
f the first spindle-speed harmonic. The automatic selection of
lgorithm parameters is an extensive topic for further research and
s therefore not considered here.

In Fig. 10, a spectrogram of the acceleration signal is shown.
he spindle-speed and tooth-passing related frequencies can be
learly distinguished from the spectrogram. Furthermore, when
hatter is detected after 288 mm, only the dominant chatter fre-
uency is present in the frequency spectrum next to the spindle-
peed related frequencies. At approximately 360 mm, chatter is
ully grown. It can be seen that at that moment, all chatter fre-
uencies are present in the frequency spectrum.

In Fig. 11, top views of the resulting workpiece are depicted. It
an be seen that at the moment chatter is detected, no clear chatter
arks are visible on the workpiece. The first �small� chatter marks

ppear at 293 mm. From Fig. 11�b�, it can be seen that chatter is
ully grown at 352 mm. Hence, it can be concluded that the results
f the detection method in Fig. 9 coincide very well with the path
hat is left behind by the cutter. Furthermore, it can be seen that
hatter is detected in a very early stage �even before chatter marks
re visible on the workpiece�.

5.2 Control. In order to apply the control strategies presented
n Sec. 4, the hand terminal of the Mikron HSM 700 is modified
uch that the feed override and spindle-speed override can be
ontrolled using an external electric potential. This means that the
pindle speed can be changed within an interval ranging from
0% to 120% of the initial spindle speed �0 and the feed can be
odified within an interval ranging from 0% to 100% of the ini-

ial feed. Hence, using this particular setup, it is not possible to
ncrease the spindle speed while maintaining a constant chip load.
herefore, when the spindle speed in increased, the chip load
ecreases with maximally 20%. Since the initial chip load is set to
.2 mm/tooth, the minimal chip load is 0.16 mm/tooth, which is
till sufficient for cutting aluminum. One major disadvantage of
sing the override as control input is the possibly large time delay

(a) from 280 to 320 mm (b) from 340 to 375 mm

ig. 11 Detail of the workpiece for a single cut without control
t a spindle speed of 35,000 rpm with an increasing depth of
ut from 2.0 mm to 3.0 mm
etween control input and actuation moment, due to a generally

ournal of Dynamic Systems, Measurement, and Control
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lower priority that is assigned to override control in the HSM’s
control system. For this typical milling machine, it is determined
that the delay varies between 40 ms and 70 ms. The presence of
such delay may adversely affect the control performance.

In Fig. 12, the results are depicted for a full immersion cut
where the depth of cut is increased from 2.0 mm to 3.0 mm with
an initial spindle speed of 35,000 rpm. The total path length is 600
mm, which is cut in about 2.6 s. In this way, the process is forced
into an unstable region. This can be seen as a worst-case scenario,
since the goal of the control strategy is to ensure chatter-free
milling for relatively low-frequent, time-varying changes of the
stability lobes diagram. The same cut is repeated two times. The
first cut is performed using controller strategy 1 �Sec. 4.1�,
whereas the second cut is made using control strategy 2 �Sec. 4.2�.
The parameters for the second control strategy are chosen as �c
=0.7 and �c=0.3.

In the Figs. 12�a� and 12�b�, the measured acceleration is de-
picted together with the �scaled� detection signal that shows
whether or not chatter is detected. The sign of �f�k�= fchat�k�
− pnew�k�fTPE�k�, indicates the direction in which the spindle speed
should be changed. As can be seen, chatter is detected just before
a major increase in the acceleration is observed. This implies that
chatter is detected during onset and before the workpiece is dam-
aged as is already shown in Sec. 5.1. The variance of ��k� is
depicted in Figs. 12�c� and 12�d�. The spindle speed and the
spindle-speed setpoint provided by the controllers are shown in
Figs. 12�e� and 12�f�. When the variance exceeds the threshold,
the cut is marked as exhibiting chatter. As described in Sec. 5.1,
an increase in the detection signal ��

2�k� is seen when the tool
enters the material. However, the response due to tool entering is
damped out relatively fast and therefore no control action is in-
duced. When chatter is detected, a new setpoint for the spindle
speed is computed and sent to the spindle-speed override function
of the hand terminal. In this particular case, a decrease in spindle
speed is desired. It can be seen that the setpoint of the first control
strategy overshoots the eventual setpoint. This is due to, first,
delay in the control system and, second, the fact that the chatter
frequency differs at different spindle speed. In order to prevent
high-frequent oscillation of the setpoint, due to changes in
sign��f�k��, a low-pass filter is added to the estimated chatter
frequency.

After the setpoint is reached, for both control strategies, the cut
remains stable even when the depth of cut is increased further. It
can be observed that it takes some time for the spindle speed to
reach the setpoint. The settling time of the closed-loop spindle
system is due to �1� delay in the controller of the Mikron HSM700
�typically between 40 ms and 70 ms� and �2� the large inertia of
the spindle in combination with the standard spindle-speed con-
troller of the Mikron HSM700, which is not specifically tuned for
tracking relatively fast changes in spindle speed. The setpoint that
is computed by control strategy 1 varies rapidly, as is depicted in
Fig. 12�e�. In order to decrease the variation in the setpoint, the
cutoff frequency of the low-pass filter can be lowered. However,
the actual spindle speed does not have these large variations due
to the relatively low bandwidth of the closed-loop spindle system.
The spindle speed is adjusted smoothly toward the chatter-free
area. However, a mismatch between the setpoint and actual
spindle speed for the second control strategy is seen. This is prob-
ably due to lack of integral control of the internal spindle-speed
controller of the milling machine.

As can be seen in Fig. 12�a�, the amplitude of the acceleration
at the end of the cut is about 200 m /s2 in case control strategy 1
is chosen. For the case where the control strategy 2 is switched on,
the amplitude of the acceleration is about 145 m /s2 �see Fig.
12�b��. When the controller is switched off, the acceleration signal
is very noisy with spikes up to 260 m /s2 �see Fig. 9�. Therefore,
using the controller, the acceleration at the spindle bearing is de-
creased and is even further decreased when control strategy 2 is

used �compare Figs. 12�a� and 12�b��. Although the amplitude of
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he accelerations with and without control do not differ that much,
he frequency spectrum is totally different. This can be seen from
ig. 13, where the measured acceleration signal, for each control
trategy, is shown in a spectrogram. In case the controller is
witched off, the frequency spectrum consists of spindle-speed
elated frequencies and chatter frequencies, see Fig. 10. However,
t can be clearly seen that no chatter frequencies are visible in the
requency spectrum of the acceleration in case the controllers are
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Fig. 12 Experimental results of the control strat
2.0 mm to 3.0 mm in 2.6 s. „Left figures… Control
witched on. Moreover, by using control strategy 1, the second
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harmonic of the new tooth-passing frequency fTPE is set to the
dominant chatter frequency �which is clearly visible in Fig.
13�a��. From the spectrogram of the measured acceleration for the
second control strategy �Fig. 13�b��, it can be seen that �a higher
harmonic of� tooth-passing frequency does not coincide with the
dominant chatter frequency.

In Fig. 14, the results, for the case where the controllers are
switched on, are shown in the spindle-speed/depth-of-cut param-
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ter space. Here, the cut moves from a low to a higher value for
he depth of cut. Moreover, chatter is indicated when the detection
ignal exceeds the defined threshold level. It can be seen that for
oth control strategies, the controller ensures that the working
oint moves away from instability and ensures a stable cut.

Pictures of a detail of the workpiece are shown in Fig. 15. For
ake of clarity, also a picture of a cut with the controller switched
ff is shown. Clearly, when the controller is switched off, the wall
f the workpiece is not smooth, whereas the wall of the workpiece
emains smooth when the controller has been switched on. When
he controller is switched on, no chatter marks can be seen on the
orkpiece after the setpoint has been reached. Furthermore, the
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spindle speed is changed, while the milling continues �i.e., the
feed remains nonzero�. If the feed would have been stopped, this
would have led to a significant decrease in production time.

Hence, it can be concluded that the proposed control strategies
work in practice. The control strategies ensure stable working
points while the feed remains nonzero. Moreover, the detection
and control algorithms are fast enough to be used at high spindle
speeds.

6 Conclusions
In this paper, two control strategies are presented that guarantee

chatter-free high-speed milling operations by automatic adaptation
of spindle speed and feed �i.e., the feed is not stopped during the
spindle-speed transition�. In this way, the high-speed milling pro-
cess will remain stable despite changes in the process, e.g., due to
heating of the spindle and tool wear. The first control strategy
eliminates chatter by setting the tooth-passing frequency equal to
the dominant chatter frequency. The goal of the second chatter
control strategy is to minimize the total chatter vibrations by
spindle-speed adaptation. For both control strategies, an accurate
and robust chatter detection algorithm is required. Therefore, this
paper presents a novel chatter detection algorithm that automati-
cally detects chatter in an online fashion and in a premature stage,
such that no chatter marks are visible on the workpiece yet. Ex-
perimental results show that by using the control strategies
chatter-free machining is ensured. It is shown that the detection
algorithm is indeed able to detect chatter before it is fully devel-
oped. Furthermore, both control strategies ensure that chatter is
avoided, thereby ensuring robust and high surface quality. Fur-
thermore, where the first control strategy only ensures the avoid-
ance of chatter, the second control strategy also lowers the chatter
vibrations.
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To improve the results even further, first, the control action
hould be introduced directly to the internal spindle-speed control-
er of the HSM, instead of via the hand terminal, such that the delay
n the controller is minimized. Second, the internal spindle-speed
ontroller of the HSM should be tuned properly, to be able to
mprove the tracking of the desired spindle-speed setpoints.

Moreover, the tuning of the presented detection and control
trategy is machine specific. To even further enhance practical
pplicability �for entire machine parks�, we foresee that automatic
uning, exploiting recent work on identification methods based on
ecursive lattice predictors as presented in Ref. �28�, will be ben-
ficial.

Finally, while in this paper the chatter detection procedure is
sed for chatter control purposes, the strategy can also be used for
he efficient, in-process experimental determination of stability
obe diagrams. In this way, the effect of modeling inaccuracies in
he milling model on model-based stability lobe diagrams can be
vercome.
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