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The productivity of milling operations in chatter-free conditions can be improved using active structural
methods. This paper presents the use of a mechatronic system integrated into the spindle unit combined
with two different optimal control strategies. The ﬁrst one aims to minimize the inﬂuence of cutting
forces on tool tip deviations. The second one explicitly considers the process interaction and attempts to
stabilize the overall closed-loop system for speciﬁc machining conditions. The ﬁrst part of this two-part
paper describes the modeling and formulation used for both strategies. In this second part, the experimental
validation of the proposed concept is presented.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Different methods may be used to mitigate the occurrence of
chatter in milling operations. The use of active structural methods
is considered here where the objective is to adapt the dynamics of
the machine tool structure between the tool and the workpiece so
that the chatter stability limit can be improved for the selected
machining conditions. More speciﬁcally, in the present study, a
mechatronic system is integrated into the spindle unit of the
machine. The performance of the active system depends on the
control strategy combined with this mechatronic system. Two
different strategies are investigated here. The ﬁrst one, called
disturbance rejection, does not explicitly consider the machining
conditions and attempts to minimize the inﬂuence of the exogenous disturbance forces coming from the process on the deviations
of tool tip from its nominal path. The second strategy, named
stabilization, tries to guarantee the stability of the overall closedloop system formed by the machine tool interacting with the
milling process and the active system for some speciﬁed machining parameters.
Similar concepts of active spindle have been proposed by Ries,
Pankoke, and Gebert (2006), Ries and Pankoke (2008), Dohner
et al. (1997, 2004) and Kwan et al. (1997) where the applied
control strategies correspond to disturbance rejection scheme
attempting to damp the tool tip vibrations. Other stabilizing
n
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strategies integrating the machining process into the control
design have been developed by Mei, Cherng, and Wang (2006),
Shiraishi, Yamanaka, and Fujita (1991), Chen and Knospe (2007)
and van Dijk, van de Wouw, Doppenberg, Oosterling, and Nijmeijer
(2010, 2012). However, their application to the milling process in
typical machining conditions is still missing. The aim of the
current paper is to present the experimental validation of the
proposed concept in representative milling conditions.
This paper corresponds to the second part of a two-part paper.
In the ﬁrst part (Monnin, Kuster & Wegener, 2013), the proposed
active structural control concept is presented. The modeling of the
system formed by the mechatronic machine structure coupled
with the milling process is detailed. This model is used for the
formulation of a generalized plant required for the design of the
two different control strategies. Finally, both strategies are applied
to a simulation example pointing out their fundamentally different
working principle and their inherent beneﬁts and disadvantages.
In this second part, the conditions selected to realize the
machining operations are ﬁrst given. The criterion used to detect
the chatter occurrence during milling operation is deﬁned. To perform the control design, some parameters involved in the modeling
of the system formed by the mechatronic machine structure interacting with the milling process need to be experimentally determined. The procedures employed to identify these parameters are
then described. The control design based on the two aforementioned
approaches is also presented. Finally, the stability charts obtained in
machining conditions are compared with the predictions and the
effective inﬂuence of the control schemes over the milling process
stability is evaluated.
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2. Experimental conditions
2.1. Selected machining conditions
The validation of the concept is performed with the prototype
spindle presented by Monnin et al. (2013). This spindle integrates

Fig. 1. Selected tool assembly for concept validation.

Table 1
Speciﬁcations of the selected tool assembly.

an actuating system composed of two pairs of piezoactuators
working in push–pull conﬁguration and orthogonally located in
the radial plane over the front bearing (see Fig. 6). Every actuator
is driven by an analog hybrid voltage–charge ampliﬁer commanded by a PXI digital real-time system. Two uniaxial piezoelectric accelerometers nearly collocated with the actuators
provide the required information to the controller via a signal
conditioning system. The active spindle is mounted on a Mikron
Agie Charmilles high performance milling center with an axes
conﬁguration AC–workpiece–tool–ZXY. The insert end mill shown
in Fig. 1 is clamped on the spindle interface HSK-A63. This tool
assembly has the speciﬁcations listed in Table 1.
The process stability is investigated over a range of spindle
speeds and axial depths of cut for a selected workpiece material
and some machining parameters. These parameters are given in
Table 2.

Tool speciﬁcations

Value

2.2. Chatter detection

Diameter (mm)
Free lengtha (mm)
Number of teeth
Helix angle (deg)
Entering angle (deg)
Insert corner radius (mm)

40
175
5
þ 10
þ 90
0.8

During the machining tests, the occurrence of chatter is monitored in order to evaluate the inﬂuence of the active system over a
broad range of machining conditions and to make the comparison
with the predicted stability lobes diagram (SLD). The signals y
delivered by both integrated sensors are used to this end. In
milling process, forced and self-excited vibrations are coexisting
during a chatter occurrence. Their differentiation is made through
their frequency content. A chatter detection criterion based on the
variance of the Poincaré map, as proposed by Bayly et al. (2002), is
used here. More speciﬁcally, by observing the variation of the
signals at every tooth passing period, it is possible to identify if
self-excited vibrations are superimposed to the forced vibrations.
A certain threshold slim must be calibrated so that chatter is said to
occur if the standard deviation

a
The free length is the distance between the
spindle nose and the tool center point.

Table 2
Selected machining parameters. DOC: depth of cut;
WP: workpiece.
Machining parameters

Value

WP material
Machining type
Feed directiona
Feed rate (mm/tooth)
Radial DOC (mm)
Spindle speed (rpm)

Steel Ck45
Up-milling
Yþ
0.08
25
2000–3100

a

sP 4 slim

ð1Þ

with
sP ¼

Feed direction in machine coordinate system.

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 NT
∑ J yðkT z Þ y kT J 22
NT k ¼ 1
Radial vibrations

Sensor feed (m/s2)

Time signal
100

All samples

100

50

fSR samples

50

0

0

−50

−50

−100

−100
0

ð2Þ

0.5

1

−100
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Fig. 2. Chatter condition: spindle speed n¼ 2300 rpm, axial depth of cut ap ¼ 1:7 mm, open-loop. fSR: spindle revolution frequency; kf SR : spindle revolution frequency
harmonics; kf TP : tooth passing frequency harmonics.
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Fig. 3. Stable condition: n¼ 2300 rpm, ap ¼ 1:7 mm, closed-loop.

Fig. 4. Measured waviness of peripheral surface ﬁnish from machining tests where stable cut and chatter occur, corresponding to Figs. 3 and 2, respectively.

and
y kT ¼

NT

1
∑ yðkT z Þ
NT k ¼ 1

ð3Þ

where the tooth passing period is Tz, the number of considered
tooth passing periods is NT and J  J 2 is the Euclidean norm.
In Figs. 2 and 3, two examples of the signals obtained by the
integrated accelerometers during machining tests in chatter and,
respectively, stable conditions are presented. Fig. 2 corresponds to an
unstable machining condition with the prototype spindle in open-loop
conﬁguration, meaning that no action from the control system is
generated. In this case, the resulting sP is equal to 60.6 m/s2. Fig. 3
corresponds to the same machining condition but stabilized through
the counteraction of the active system. In this case, the standard
deviation sP is equal to 5.4 m/s2.

The surface ﬁnish is also a good indicator of the chatter presence. Fig. 4 shows the resulting peripheral surface corresponding
to both previous ﬁgures. In the case of unstable condition, chatter
marks are visible. In the lower plot, the waviness is represented.
One notes that the undulations of the surface left during chatter
are several times larger than in stable condition.

3. Model identiﬁcation
In order to make stability predictions and design the modelbased controllers, the models of the milling process and the
mechatronic structure of the active spindle coupled with the rest
of the machine, also called plant, must be determined.
The overall system can be represented by the ﬂow chart of
Fig. 5. The plant corresponds to the block G composed of four
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transfer functions Gkj between its two inputs, j ¼ u; w, and two
outputs, k ¼ z; y. The milling process is represented by the block P
which is exciting the plant dynamics through the cutting forces w.
These forces are the addition of forces f P generated by the
kinematics of the process and a load wR induced by the tool tip
deviations z via the regenerative effect R. On the other side, the
controller C determines the reference signals u delivered to the
actuating system based on the information y provided by the
sensors.

3.1. Plant model
The mathematical formulation of each model is detailed in
Monnin et al. (2013). For a constant spindle speed, the plant model

Fig. 5. Flowchart of overall system. C: controller transfer function; G: plant transfer
function; Gkj : transfer function between the jth input and the kth output with
j ¼ w; u and k ¼ z; y; P: milling process; R: regenerative effect; f P : cutting forces
coming from process kinematics; u: reference signal delivered to actuating system;
w: disturbance generated by milling process; wR : cutting forces coming from
regenerative effect; y: information provided by sensing system; z: tool center point
deviations.

is considered as a linear time-invariant (LTI) system of the
following state-space form:
 
w
x_ ¼ Ax þ B
ð4Þ
u
" #
z
y


¼ Cx þ D

w



u

ð5Þ

where the state vector is x and the constant state-space matrices
are A; B; C; D. These matrices are derived from frequency response
function (FRF) measurements realized on the non-rotating tool. An
impulse hammer is used to excite the tool center point (TCP) to get
the FRFs related to the process excitation w. An accelerometer
located on the TCP allows the determination of the tool deviations
z after a double time integration. A sweep signal is applied at the
input of the actuating system to obtain the other FRFs. Fig. 6
represents the plant with the different signals used for the model
identiﬁcation.
A FRFs matrix is obtained between the multiple inputs and
multiple outputs of the plant. The subspace method N4SID algorithm (Overschee & Moor, 1994) is used to derive a corresponding
black box LTI state-space model. Fig. 7 presents both measured
and ﬁtted data of the FRFs matrix of the plant for a 24th order
model identiﬁed over the frequency range from 200 to 1800 Hz.
This range corresponds to the zone where the most relevant
natural modes of the system are located. For convenience, only
the direct and cross FRFs corresponding to the excitation in
X-direction are plotted. The FRFs generated by the identiﬁed
model show a satisfactory agreement over the selected
frequency range.
The analysis of the plant model indicates that the critical mode
for chatter occurrence corresponds to the ﬁrst bending mode of
the spindle shaft coupled with a deformation of the bearings and
located around 700 Hz (see upper left-hand side chart of Fig. 7).
The modal shape of this mode obtained by ﬁnite element modal
analysis is represented in Fig. 8. Theoretical and experimental
investigations demonstrate a relative insensitivity of the plant
dynamics over the considered range of spindle speeds. This allows
us to consider the FRFs measurement made without rotation,
and thus the identiﬁed model, as representative of the spindle
dynamics during machining.

Fig. 6. Plant identiﬁcation. TCP: tool center point.
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Fig. 7. Comparison of FRFs matrix with excitation in X-direction between experimental data and identiﬁed model (24th order model based on frequency range from 200 to
1800 Hz in both directions). j ¼ X; Y.

Fig. 8. Modal shape of critical bending mode of spindle shaft with tool assembly at 704 Hz obtained using ﬁnite element modal analysis.

3.2. Milling process model

100

df j ¼ ðKc hj db þ Ke dSÞg j

ð6Þ

Feed
Normal
Axial

50
Averaged cutting force (N)

As detailed in the part one of this contribution, the milling
process model is based on the linear average cutting force model
described by Altintas and Lee (1998). This model expresses the
differential cutting forces df j generated on an inﬁnitesimal cutting
edge of length dS on the jth tooth of the cutter as the sum of shear
and edge cutting forces like

0

−50

−100

where j ¼ 1; …; N t , with Nt being the total number of teeth of the
cutter. The instantaneous chip thickness is hj, db is the inﬁnitesimal uncut chip width and gj is a function determining whether the
jth tooth is removing material or not. The shear and edge cutting
force coefﬁcients, Kc and Ke respectively, are determined by linear
regression using the procedure presented in Altintas (2000) based
on cutting forces measured at different feed rates. Three feed rates
are used here and the feed, normal and axial cutting force
components are measured in stable but representative conditions
using a dynamometer table supporting the workpiece.
The shear and edge cutting force coefﬁcients are identiﬁed by
averaging the cutting forces over several integer rotations of the
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Fig. 9. Dependency of the averaged cutting forces with the feed rate using the tool
with only one insert, n¼ 2500 rpm and ap ¼ 3 mm. The dots represent the values
obtained from the measurements and the lines represent the linear regression
leading to the identiﬁcation of the average cutting force coefﬁcients.

cutter. Fig. 9 shows the results of the cutting force measurements
and the linear regression used to derive the cutting force
coefﬁcients.
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Two different types of optimal model-based controllers, called
disturbance rejection and stabilization schemes, are investigated.
The ﬁrst one considers the dynamics of the plant and attempts to
minimize the deviations z of the TCP generated by the process
disturbance w independently of the selected machining conditions. This induces a reduction of the most critical resonance
peak of the transfer function Gzw which is reported on the SLD as
an increase of the lowest critical depth of cut (DOC) over the
whole range of spindle speeds, as discussed in Monnin et al.
(2013).
In addition to the plant dynamics, the stabilizing controller
takes the milling process model into account. For a selected
machining condition, a LTI model of the coupled system formed
by the plant and the regenerative effect is built using a Padé
approximation. In that case, the ﬁrst control objective is to
guarantee the stability of the overall closed-loop system. The
working principle of this second type of controller is completely
different from the disturbance rejecting controller. Instead of
trying to decrease the resonance peak, the stabilizing controller
tends to generate some additional resonances but at speciﬁc
frequencies corresponding to the tooth passing harmonics. These
additional resonance peaks shift the stability lobes along the
spindle speed axis so that the selected machining condition is
located in a zone of high stability between two lobes.
The formulation and the details of the design procedure for
both control schemes are given in Monnin et al. (2013). To
summarize, the disturbance rejecting controller is based on a
simpler model and induce a broad positive inﬂuence over the
stability lobes diagram. The stabilizing controller is more efﬁcient
but requires a representative milling process model and needs a
new synthesis for every different machining condition.
Both disturbance rejecting and stabilizing controllers are based
on the deﬁnition of a generalized plant GP integrating four weighting
functions. These functions allow us to adjust the trade-off between
control effort and performance. In a ﬁrst step, frequency-independent
weighting functions are selected. If the control objectives cannot be
reached using these constant weighting functions, then higher order
functions are employed. The dimensioning of the controller consists
in choosing satisfactory values for the coefﬁcients involved in the
weighting functions.
From the state-space realization of GP , the optimal H2 or H1
controllers are synthesized using the Robust Control toolbox of
Matlabs with the functions h2syn or hinfsyn, respectively.
The synthesized controller is implemented as a digital ﬁlter in a
real-time PXI system using a sampling frequency of 20 kS/s. In
order to be implementable, the closed-loop of the synthesized
controller with the mechatronic structure must be stable. This latter
condition is requested to guarantee the stability also when the cutter
is not in interaction with the workpiece. In the case of stabilization
schemes, the process stability must also be guaranteed for depths of
cut smaller than the condition used for the control design. This can
be veriﬁed through robust stability analysis.
The order of the resulting synthesized controller is equal to the
order of the generalized plant GP . In the case of stabilization
scheme, its order is typically greater than 200. Due to numerical
problems coming from roundness errors, such high order transfer
functions cannot be implemented in a digital real-time controller.
They ﬁrst need to be reduced. An order reduction procedure based
on the balanced realization is used here.
In the following section, only the results obtained with the H2
optimal controller are presented. From a general observation made
during the tests, the use of the H1 norm instead of the H2 does
not lead to fundamentally different results. In some particular
cases, depending on the type of encountered critical mode and the

considered machining parameters, one norm could achieve
slightly better performance than the other but no general design
criterion can be established. So every case must be carefully
evaluated. More information on the resolution of optimal control
problem using both norms can be found in Doyle, Glover,
Khargonekar, and Francis (1989).

5. Results of experiments
5.1. Closed-loop frequency responses at tool tip
In order to verify the inﬂuence of the controller on the TCP
dynamics, FRF measurements are made before performing the
machining tests. The dynamic compliance functions at the tool tip
are measured by exciting the non-rotating tool using an impulse
hammer with and without the inﬂuence of the controller. The
measured FRFs are compared with the predicted FRFs based on the
identiﬁed model and also based on the FRFs measured in openloop and used for the plant model identiﬁcation.
The closed-loop FRF at TCP Fzw is predicted by the open-loop
FRFs matrix of the plant G and the FRF of the controller C using the
following equation:
Fzw ðωÞ ¼ Gzw ðωÞ þGzu ðωÞCðωÞSðωÞGyw ðωÞ

ð7Þ

where S is the output sensitivity deﬁned by
SðωÞ ¼ ðI  Gyu ðωÞCðωÞÞ  1

ð8Þ

and GðωÞ corresponds to the frequency response function GðiωÞ
with i2 ¼  1.
Fig. 10 compares the FRFs at the TCP obtained in open-loop
with the closed-loop FRFs using a disturbance rejecting controller.
The maximum singular values (MSV) of the FRFs normalized to the
peak value in open-loop are represented. Both predictions in the
upper chart announce a reduction of the critical resonance peak
through the control action of approximately 30%. This is conﬁrmed
by the measured FRFs in the lower chart. More generally, the
global behavior measured over the whole represented frequency
range is very similar to the predictions. This allows us to claim that
the predictions of the control inﬂuence at the TCP based on the
identiﬁed model are representative of the reality.
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100
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MSV (%)
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Fig. 10. Predicted and measured FRFs at TCP obtained using disturbance rejecting
H2 controller. MSV: maximum singular value.
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5.2. Stability charts
First, the inﬂuence of the disturbance rejecting controller on
the milling process stability is investigated. To do so, the axial DOC
is increased at several speciﬁc spindle speeds until reaching the
limit of stability where chatter is occurring. This is done in openloop and closed-loop conditions. The obtained limits of stability
are then compared with the predicted SLD based on the zeroth
order approximation (ZOA) method developed by Altintas and
Budak (1995). This method approximates with a constant the
time-varying coefﬁcients of the resulting delay differential equations describing the behavior of the machine dynamics coupled
with the milling process and uses the Nyquist stability criterion to
derive the stability lobes.
Fig. 11 presents the experimental and predicted stability charts
with the inﬂuence of the disturbance rejecting controller. The
predictions are based on the FRFs measured at the TCP and
represented in the lower chart of Fig. 10. In the upper chart, the
critical axial DOC normalized to its minimal value predicted by the
ZOA method is represented in function of the spindle speed. The
continuous blue line corresponds to the predictions in open-loop
condition and the interrupted red line, in closed-loop. The dots
indicate the experimental results. The green circles correspond to
stable machining tests for both open-loop and closed-loop conditions. The blue diamonds represent chatter conditions that are
stabilized using the active system. The red squares correspond to
machining conditions where chatter occurs in both open-loop and
closed-loop conﬁgurations. Additionally, the black triangles indicate
cases where the use of the active system is detrimental so that, from
a stable condition in open-loop conﬁguration, the process becomes
unstable under the inﬂuence of the control action. Finally, the gray
circles give information on the control effort indicating that during
the corresponding machining test in closed-loop conﬁguration, the
limits of the actuating system capabilities are reached. To facilitate
the comparison between experimental and predicted stability lobes,
a continuous black line draws the experimental stability limit in
open-loop. Similarly for the experimental closed-loop results, a
interrupted black line is used. The stability predictions in both
open-loop and closed-loop conﬁgurations are globally in accordance
with the experimental results, especially for the spindle speeds
corresponding to the zones of lowest stability. This is also true for
the chatter frequencies represented in the lower chart where the
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values identiﬁed during the machining tests, represented by the
blue diamonds, are located close to the predictions. The active
system is able to increase the lowest experimental critical DOC by
55% and a maximal stability increase equal to 73% is locally achieved
at 2300 rpm. However, the controller may also detrimentally
inﬂuences the process in the zones of higher stability, where chatter
is generated by less dominant dynamics of the TCP. This is the case
for the spindle speeds of 2100 and 2800 rpm where a decrease of
the stability is locally observed.
It is still to note that for most of the spindle speeds the
controller reference output u reaches the limits of the actuating
system capabilities before attaining the limit of process stability.
To validate the stabilization scheme, the improvement of the
process stability limit at several speciﬁc spindle speeds is investigated. For each selected spindle speed, a stabilizing controller is
designed in order to get the maximal stability improvement in
accordance with the capabilities of the actuating system.
Fig. 12 represents the stability lobes diagrams predicted by the
ZOA method based on the model used for the control design and
the resulting synthesized controllers. The magenta circle indicates
the machining condition selected for the control design. One notes
a general tendency to get, in practice, a slightly lower stabilizing
performance than expected. This is especially true in the regions of
higher stability. For instance, at 2100 and 2900 rpm, the controller
does not succeed to stabilize the process up to the axial DOC
selected for the control design. This is due to the fact that in these
regions, less dominant dynamics of the TCP becomes relevant for
the chatter stability. However, in these frequency ranges, the
identiﬁed model presents some gaps with the measured FRFs
(see Fig. 7). These gaps are susceptible to induce such differences
between the predictions and the effective stability limit. In spite of
that, for all investigated spindle speeds, an effective increase of the
stability limit, representative of the tendency predicted by the
control design, is noticeable.
Fig. 13 shows the stability predictions based on the measured
FRFs at the tool tip for the case of a stabilizing controller designed
at 2300 rpm. A good agreement is visible between the SLDs based
on the measured FRFs and those derived from the model used for
the control design (see middle left-hand side chart in Fig. 12).
Fig. 13 also compares the predictions with the experimental
results obtained from machining tests. The comparison of the
experimental stability limit in open-loop (continuous black line)
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Fig. 11. Predicted and experimental stability charts obtained using disturbance rejecting controller. DOC: depth of cut, ZOA: zeroth order approximation method.
(For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this paper.)
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Fig. 12. Comparison between predicted stability charts based on plant model obtained using stabilizing controllers designed for different machining conditions and
experimental results. (For interpretation of the references to color in this ﬁgure caption, the reader is referred to the web version of this paper.)
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Fig. 13. Predicted and experimental stability charts obtained using stabilizing controller designed for 2300 rpm.

with the corresponding prediction, given by the blue line, indicates a quite good agreement. This is also veriﬁed by looking at the
chatter frequency chart (lower plot of Fig. 13).
Due to the limitations imposed by the actuating system, the
predictions in closed-loop conﬁguration cannot be fully veriﬁed.
However, the machining condition at the spindle speed of 2300
rpm selected for the control design is successfully stabilized by the

active system and shows accordance between predictions and
experiments. At this spindle speed, an increase equal to 91% of the
maximal stable material removal rate, which is directly proportional to the axial DOC, is achieved between the open-loop and
closed-loop conﬁgurations.
At the other spindle speeds, where a stabilizing effect of the
active system is predicted, an effective increase of the stability
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limit is observed. Also, for the spindle speeds predicting a detrimental effect from the active system, effective destabilizing inﬂuences are detected. This allows us to state that the correspondence
between the SLD predictions and experiments is satisfactory.
The aforementioned experimental results obtained with both
control strategies conﬁrm the observations made from the simulation example in Monnin et al. (2013). More speciﬁcally, one notes
that the disturbance rejecting controller achieves an increase of
the minimal critical axial depth of cut over the whole spindle
speed range but is susceptible to negatively inﬂuence the process
stability in the regions of higher stability between two lobes. The
stabilizing controller is able to achieve greater performances than
the disturbance rejecting controller but requires reliable milling
process model.
This proves that the proposed concept can be applied for the
improvement of the productivity in chatter-free conditions and is
working in accordance with the predictions.
However, as every model-based concept, the quality of the
underlying models is determining for the achievable performances. From the obtained results, one notes that both types of
controllers are working according to the expectations in the lower
bounds of the SLD where the dominant dynamics of the TCP is
determinant. In the zones of higher stability located between two
lobes and inﬂuenced by the less dominant frequency range of the
tool tip transfer function, the reliability of the stability predictions
and thus the performance of the controllers are reduced.
6. Conclusion
This paper investigates model-based optimal control strategies for
the mitigation of chatter in milling process using an active structural
control system integrated into a high performance prototype spindle.
Disturbance rejection and stabilization approaches are presented.
The proposed concept is validated in representative machining
conditions. The disturbance rejecting controller improves the minimal critical axial depth of cut of 55%. Locally, the stabilization scheme
is able to increase the productivity in stable condition up to 91%.
However, even if the validity of the proposed concept is
demonstrated, several aspects remain to be deeper studied. The
main one probably concerns its performance robustness regarding
to modeling errors. Indeed, it is usually challenging to get
sufﬁciently reliable and accurate stability predictions for the broad
range of machining conditions encountered in practice.
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