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et Naturelles, Moulin de la Housse, BP 1039, 51687 Reims Cedex 2, France
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Abstract – This work is interested to the analysis of the vibratory signals coming from a milling operation.
The objective is the detection of cutting tool breakage using the cyclostationary tools. Initially, we will
show that the vibration signals captured from the milling operation are cyclostationary. The proposed
cyclostationary methods are the first and second order synchronous statistics and the spectral correlation.
A test rig, composed of a milling machine (cutter with 5 teeth) and a workpiece, is used to extract the
vibration signals that are angular sampled in the free fault case and one broken tooth case. This test rig is
instrumented with three accelerometers, installed in the three directions, and an optical encoder that allows
the angular sampling. Then we will see that the angular sampling of the signals captured from a milling
operation is essential to preserve the cyclostationary properties destroyed, in the case of the temporal
sampling, by speed fluctuations. The proposed method capacity to detect the broken tooth is shown. The
synchronous statistics of order 1 and order 2 detect the broken tooth presence and its emplacement. The
spectral correlation analysis distinguishes the broken tooth presence, but is not practical for the diagnosis.
For that, an indicator based on the spectral correlation is proposed.

Key words: Vibration analysis / cyclostationarity / cutting tools / spectral correlation / synchronous
statistics

1 Introduction

The production systems optimization is an ongoing
concern in the industry, mainly in sector of machining
where the economic stakes are high. Today, machining
centers have become relatively autonomous and accord-
ingly execute the production in an automatic way. How-
ever, progress is still to be performing in control of the
final workpiece quality and the detection of broken tools.

The tool breakage is the major cause of unexpected
stoppage in machining, which means not only in terms of
time lost, but also in terms of the degradations generated,
sometimes important [1]. In an average machine tool, the
amount of downtime caused by tool breakage is estimated
at 6.8% [2] while others estimate up to 20% [3]. Also add
that even if there is no tool breakage, use of damaged or
worn tools can cause a loss in the final workpiece quality.
Hence there is a need to establish a system for monitoring
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and diagnosis of the cutting tools. The use of an accurate
and reliable tool condition monitoring system has several
virtues [4]: an increase in cutting speed from 10 to 50%, a
reduction of unscheduled downtime and a decrease in the
overall cost 10 to 40%. The service life of the tool can also
be increased by 10 to 65% [5]. A potential improvement
can be obtained by detecting poor machining conditions.

In general, a tool condition monitoring system
(TCMS) integrates three essential parts (Fig. 1):

– The first includes the choice of physical quantities to
observe (one or more sensors) and data acquisition.

– The second concerns the extraction of the information
from the acquired signals. By using the cyclostation-
arity tools to provide relevant indicators, this part will
be the purpose of the work.

– Based on the extracted information, the final part con-
cerns the decision strategy on the machine status.

The success of a TCMS is performed through the de-
velopment of signal processing techniques that can get
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Fig. 1. Schematic representation of tool condition monitoring
system.

maximum information, of the cutting tools condition,
from the acquired signals.

Several parameters have been proposed for the cutting
tool condition monitoring. We find the cutting force [6,7],
the vibratory signature [8–10], temperature [11] and
acoustic emission [12]. Among these approaches, the vi-
bration analysis has taken, recently, considerable impor-
tance because of the rich information that it contains, and
development of techniques more sophisticated of instru-
mentation and signal processing. In this work, we focus
our study on the vibration analysis of a milling machine.
This type of machine operates cyclically with one or sev-
eral basic cycles, which repeat indefinitely and relating
to periodic characteristics at different generated signals.
This type of signal is a class called cyclostationary process
which is characterized by the periodicity of their statis-
tical parameters (the statistical moments are periodic at
different order). This characteristic is particularly obvi-
ous in vibrations generated by the milling process since
the attack on the workpiece metal by each of the L cut-
ter teeth, is repeated L times per revolution. Thus these
generated vibratory signals possess the cyclostationarity
character that we take care to synchronize with the spin-
dle rotation (angular analysis).

The cyclostationarity notion has been developed, since
40 years, in the telecommunication domain by researchers,
especially by Gardner [13, 14]. Their results have been
exploited recently in vibration analysis in order to di-
agnosis the rotating machines (gear, bearings, diesel

motor) [15–17]. For these machines, the cyclostationarity
exploitation still remains rich and attractive. However, for
the machining cutting tools, such a milling, this intrinsic
property has not been used before in research’s work. Ei-
ther the research’s works use classical tools as spectral
analysis which assumes the stationarity of the vibration
signals, or by exploiting the non-stationary tools such as
the wavelet analysis which considers the signals as non-
stationary. For these reasons, we will exploit the cyclo-
stationarity property and consider it for the diagnosis of
cutting tools.

The paper is organized as follows. In Section 2, the cy-
clostationary tools are introduced and their essentials are
explained. In Section 3, a model of milling signals is pre-
sented. In Section 4 the experimental setup, is exposed. In
Section 5 the signals analysis is shown and the conclusion
is given at the end.

2 Cyclostationarity and cyclostationary tools

2.1 Cyclostationarity

The term “cyclostationnary” refers to a subclass of
nonstationary process whose statistics periodically vary
with a generic variable (time, angle). These processes
are random in nature but exhibit periodicity in their
statistics.

A signal x(t) is a first order cyclostationary (CS1)
with respect to the period T , if its moment at first order
(mean) is periodic

mx (t) = E {x (t)} = mx(t + T ) (1)

with E{·} denotes the statistical expectation operator.
A signal x(t) is a second order cyclostationary (CS2)

with respect to the period T , if its moment at second
order is periodic

R2x (t1, t2) = E {x∗ (t1)x(t2)} = R2x (t1 + T, t2 + T )
(2)

The signals that are both CS1 and CS2 are called wide
sense cyclostationary.

A signal x(t) is a k order cyclostationary (CSk) with
respect to the period T , if its moment at k order is peri-
odic.

We have defined the stochastic approach of the cy-
clostationarity. However, to be applied to the real sig-
nals it is necessary to assume that the signals are cy-
cloergodic [17]. If the signal is assumed cycloergodic, the
statistical expectation operator (Eq. (1)) can be replaced
by the time average operator which can be defined for a
discrete process as:

〈x(n)〉 = limM→∞
1

(2M) + 1

M∑
i=−M

x(i) (3)
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2.2 Synchronous average

Let x(t) be a cyclostationary signal with a cyclic pe-
riod T , which has a number of cycles N . The synchronous
average is given by the following equation:

mN
T (t) =

1
N

N−1∑
k=0

x[mod(t + kT, NT )] (4)

where mod(a, b) is the remainder of division of a by b.
The function mod is used to define the synchronous av-
erage for all t. For its estimation, the signal is divided in
sections equal to basis cycle machine. Then these sections
are averaged. Although the synchronous average is a sim-
ple tool, a number of points must be considered. The first
point relates to the period that be accurately known, else
the synchronous average tend to 0. The number of points
per period must be an integer and the last point is that
the signals have to be truncated in order to have a finite
number of periods. In this paper, these conditions are
satisfied by the fact that the signals are angular sampled
and have a constant number of points per spindle revo-
lution. Thus the signals are synchronized with respect to
the cycle period.

2.3 Synchronous variance

Synchronous variance is a second order cyclostation-
ary tool. It is defined by the following equation:

vN
T (t) =

1
N

N−1∑
k=0

(x(mod (t + kT, NT )− mN
T (t))2 (5)

– mN
T (t) is the synchronous averaging;

– N cycle number.

Synchronous variance allows highlighting the periodic ir-
regularities caused, for example, by changes in speed or
load. To estimate the synchronous variance, for each cycle
the synchronous average is subtracted then squared, and
then averaged over all cycles.

2.4 Spectral correlation

In this work, the spectral correlation will be used for
the characterization of cutting process. The spectral cor-
relation is the double Fourier Transform, from (t, τ) to
(α, f) of the autocorrelation function R2x(t, τ) [18]:

Sx (α, f) = limW→∞
∫∫ W

2

−W
2

R2x(t, τ)e−j2παte−j2πfτdtdτ

(6)
The autocorrelation function of the signal depends on two
parameters: the time t and delay τ . The frequency ob-
tained by FT (Fourier Transform) versus the variable τ is
the spectral frequency f . That obtained by FT according
the variable t is called cyclic frequency and denoted α.

For a second order cyclostationary signal, the spectral
correlation is continue by f , (since the autocorrelation
function is random by τ) and discrete according to the
cyclic frequency α since the autocorrelation function is
periodic by t (not null for α = k

T with k ∈ Z). For a
stationary signal the spectral correlation according to the
cyclic frequency is zero for α �= 0. So the spectral correla-
tion can reveal the presence of the first and second order
cyclostationarity. For the estimation of spectral correla-
tion the averaged cyclic periodogram is used [18].

3 The machining operation modeling

3.1 The mechanism milling operations

During the milling operation, the tooth of the cutter
is subjected to two force components: tangential and ra-
dial (Fig. 2). To maintain a constant machining rate, the
instantaneous tangential force applied on a single tooth
of the cutter is given by Equation (7):

Ft = KsaSt sin θ + aCwV B, θentry ≥ θ ≥ θexit (7)

And the radial force is given by Equation (8):

Fr = r1KsaSt sin θ + r2aCwV B, θentry ≥ θ ≥ θexit (8)

where Ks is the specific pressure constant, a is the depth
of cut, St is the feed per tooth, θ is the instantaneous
angle, Cw is the force constant of the edge, r1 et r2 are
constant related to the force rates and VB is the average
width of flank wear.

For a sharp tool (without wear), the two equations are
simplified to:

Ft = KsaSt sin θ (9)

Fr = r1KsaSt sin θ (10)

The model given by Equations (9) and (10) can be mod-
eled by a signal of the form: a(t) sin(t), which is a cyclo-
stationary signal [19], where sin(t) presents the periodic
component (spindle rotation) and a(t) presents a random
white noise with non-null mean which corresponds to the
mean depth. This random signal characterizes the vari-
ation due to section thickness (the variable aSt). Thus
the signals (Fr (θ) and Ft (θ)) are cyclostationary if the
speed fluctuations of the rotation spindle are small or if
the signal is angular sampled [16].

3.2 Signal vibration model

For a vibration signal measured by an accelerome-
ter sensor in a given direction, we can give the following
model:

x (n) =
k=∞∑

k=−∞
F (k)hi (n − k) (11)

with F (n) the excitation which is the applied cutting
force, hi(n) is the impulse response. This impulse response
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Fig. 2. Schematic representation of the cutting forces in an end milling operation.

Fig. 3. Schematic presentation of the experimental setup.

depends on the sensor position i. From Equation (11) it
can be seen that the vibration signal captured from a
milling operation is cyclostationary if the signal is angu-
lar sampled or if the speed fluctuations are small.

4 Test rig

To use the method presented in this paper in the
monitoring, a test rig to generate cutting data from a
milling operation was prepared. The test rig composed of
a milling machine type Cincinnati equipped with a mo-
tor (Fig. 4a). Accelerometers (PCB model A601A01, gain
100 mv/g and weight 80 gm) were placed, with a magnetic
mounting, in three mutually perpendicular directions

(x direction, y work piece, z direction as shown in Fig. 3).
An optical encoder to enable the angular sampling was
installed at the spindle, (Fig. 3). This delivers a position
information (squared signal at frequency of 2500 squares
per rotation period), which is used as a clock for the
data acquisition card. Therefore, signals were sampled
at constant angle intervals. For an optical encoder of a
resolution equal to 2500 points per revolution, and an
average speed of revolution fr = 8.33 Hz, the average
sampling frequency will be fs = fr 2500. The Nyquist fre-
quency must be adjusted according to the instantaneous
speed (the instantaneous sampling frequency depends to
the instantaneous speed). Experiments with the milling
cutting tool were performed for 40 s of milling. The face
milling cutter had 5 unequally spaced teeth. The cutting
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Table 1. Cutting conditions and angular sampling
parameters.

Material of the specimen Steel
Optical encoder resolution 2500 point per revolution
Number of recorded cycles 300
Number of samples 750 000
Averaged sampling rate 20 834 kHz
Anti-aliasing filter 8 kHz
Cutting condition Feed speed: 250 mm

Cutting depth: 0.7 mm
Number of data Free fault: 3 acquisitions
acquisitions a broken tooth:

3 acquisitions

 
(a)

 
(b)

Fig. 4. (a) the used milling machine. (b) the used tool tips:
(a) new, (b) has a broken edge.

parameters and the operating conditions were kept con-
stant during the experiment (see Tab. 1). In the exper-
imental analysis, we have considered two tool cutting
states: free fault and with a broken tooth.

5 Signal analysis

5.1 Synchronous statistics

This paragraph concerns the analysis of the signals
that were captured from the test rig. Figure 5a presents
three cycles of the signal from accelerometer 1 (× direc-
tion), Figure 5b shows three cycles of the signal from ac-
celerometer 2 (y direction) and Figure 5c three cycles of

the signal from accelerometer 3 (z direction) for free fault
case (test 1). All the figures show the repetition of the
five peaks which correspond to five teeth on the cutter.
The amplitude of the peaks is not equal due to the teeth
being unequally spaced. The choice of cutter with un-
equally spaced teeth is often made by the manufacturers
in order to limit the vibration level. The repetition no-
ticed in Figure 5 shows the cyclostationary nature of the
milling vibration signal taken under angular sampling.
This observed characteristics will motivate us to check
the cyclostationary at different order.

To study the first order cyclostationarity, it is neces-
sary to estimate the periodic component. This periodic
component is estimated by the synchronous averaging.
The use of synchronous averaging allows us to over-
come the problems caused by speed variations. The syn-
chronous statistics give the information versus the posi-
tion. Figure 6 shows the synchronous averaging estimated
on 100 cycles in the free fault case and a broken tooth
case. The position of the broken tooth is on the second
position after top zero (angular position n = 844), one
can notice the peak disappearance in this angular po-
sition. For the accelerometer 2 and 3 we see the same
manifestation.

Figures 7a–7c present the estimated synchronous vari-
ance of the milling operation in the cases of faulty case
and free fault case for the three accelerometers (1-2-
3). In these figures one can observe the presence of the
5 peaks which interpret the variability between cycles.
These peaks are more obvious in synchronous variance
than in the synchronous averaged. In the faulty case we
have loss of the peak which corresponds to the broken tool
tip and the amplitude of the three peaks, which follow the
broken tooth, become higher. These amplitudes increase
is owing to the fact that the next tool tips must remove
more the metal. We notice that the tooth is completely
broken and the edge of the broken tooth does not touch
the workpiece, that why in the rank of work of the broken
tooth the synchronous variance is zero. We also find that
the shape and amplitude of peaks depend on the sensors
location and that all these sensors flagrantly reveal the
presence of the broken tooth.

In conclusion, the synchronous variance shows that
there is variability from one cycle to the other and this
variability is periodic with respect the rotation period
of the spindle. In other word, the signal is second or-
der cyclostationary. Also the synchronous variance am-
plitude allows the detection of the fault and localizes its
emplacement.

5.2 Angular sampling effect

Figure 8a presents the synchronous variance of a sig-
nal of a milling operation that is temporally sampled (by
the dynamic acquisition system’ OROS’). As shown in
this figure the synchronous variance of the temporal sig-
nal is constant (equal to 22 [m/s−2]2), which corresponds
to the case of a stationary signal. Figure 8b shows the
comparison, between the temporal signal after angular
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Fig. 5. Typical milling signals.
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Fig. 6. Synchronous averaged [100 averages] of signal coming from the test No. 1 accelerometer 3 for free fault and a broken
tooth cases.

resampled by the algorithm presented in [20] and a signal
that is direct angular sampled (as in the test rig part). In
the case of angular resampled signal, we find the peaks
which correspond to each tooth. Also these peaks are of
the same amplitudes and emplacements than the direct
angular sampled signal. Thus, it can be seen from these
two figures that the angular resampling presents a poten-
tial alternative that can be used to save the cyclostation-
ary characteristics of a signal which the supplementary
information, given by the cyclostationary property, is de-
structed by the speed fluctuations.

5.3 The spectral correlation

The above results validate the cyclostationarity aspect
of the vibration signals, of a milling cutting operation,
that are angular sampled. This validation is done with

the synchronous statistics. In this section, the spectral
domain is analyzed in the cyclostationary context. The
key tool for this is the spectral correlation (or spectral
correlation density). The spectral correlation estimated
from the cumulants (after extraction of the synchronous
averaged) shows the purely second order cyclostationary.
The extraction of the first order cyclostationary before
the spectral correlation estimation is equivalent to the
mean value extraction, in the case of signal stationary,
for the power spectral density. That eliminates the first
order effect which may mask the information given by the
second order.

The estimation method of the spectral correlation is
the averaged cyclic periodogram [18]. The calculation pa-
rameters are: the signal size is 2500 × 100 samples. This
signal is then decimated by factor 2 and the sampling fre-
quency is 10 417 Hz. The window size is 5000 points, the
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Fig. 7. Synchronous variance (estimated on 300 cyles) of signal coming from the test No. 2 for free fault and a broken tooth
cases, (a) sensor 1, (b) sensor 2 and (c) sensor 3.

overlap is 75% and the window type is Hanning. Figure 9
presents the spectral correlation of accelerometer 1 in the
case of free fault. In this figure we can see the spectral lines
that are repeating by the frequency cyclic. It is noted that
the 5th spectral line and its harmonics are more energetic
than the other spectral lines. This cyclic frequency cor-
responds to the frequency tooth passing (milling cutter
with 5 teeth). Figure 10 presents the spectral correlation

in the case of a broken tooth. We can find that the cyclical
modulation spectrum, along the cyclic frequency axis,
changes in the presence of the defect. We have the spectral
line amplitudes increase significantly above the rotation
frequency and its harmonics. This increase is greater in
the frequency band [2000–4000 Hz]. This result is con-
sistent with the milling machine kinematics as the fault
occurs at the rotation frequency of the spindle. Also,
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(a) (b)

Fig. 8. (a) synchronous variance of the temporally sampled signal. (b) Synchronous variance of the angular resampled signal [20]
(green), synchronous variance of the angular sampled signal (red).

Fig. 9. Spectral correlation density of vibration signal, coming from the accelerometer 1 and test 1, in the case of free fault.

according to the cyclic frequency, we can see that three
most energetic spectral lines follow two spectral lines
that have less energy. This is explained by the fact
that the three teeth after the broken tooth work more.
These results corroborate the results obtained in the
previous paragraph. Nevertheless, they provide us addi-
tional information about the fact that the signal is poly-
cyclostationary. Indeed, we have two cyclic frequencies:
a cyclic frequency associated with the spindle rotation,
and another associated with the tooth passage. The spec-
tral correlation can be used to characterize the signal in a
first approach. For the diagnosis it is not practical and it
is preferable to use the envelope analysis which is easier to

estimate and interpret. The link between the spectral cor-
relation and the envelope analysis was established by An-
toni and RB Randall [21], they showed that the envelope
analysis is the same as to project the spectral correlation
by the cyclic frequency axis.

In order to exploit the second order cyclostationar-
ity for the cutting tool diagnosis, we project the spectral
correlation by the cyclic frequency axis. The projection
is useful to “condense” the information contained in the
spectral correlation. The spectral correlation is taken only
in a frequency band [f1, f2] where the spectral lines in-
crease with the defect. Figures 11a–11c present the projec-
tion of the spectral correlation, for three accelerometers,
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Fig. 10. Spectral correlation density of vibration signal, coming from accelerometer 1 test 1, in the case of one broken tooth.

Fig. 11. The integrated spectral correlation density: (a) accelerometer 1 [2000–4000 Hz], (b) accelerometer 2 [2000–3000 Hz],
(c) accelerometer 3 [800–2100 Hz].
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by the cyclic frequencies in the following frequency bands
([2000–4000 Hz] for the sensor 1, [2000–3000 Hz] for the
sensor 2 and [800–2100 Hz] for the sensor 3), in the cases
of free fault and a broken tooth. We find that the modula-
tion peaks has changed in the presence of the defect. Also
the amplitudes of rotational frequencies have increased
in the case of the faulty case. This increase is significant
and revealing the defect presence. We see that it varies
between different sensors.

To better exploit the information contained in the in-
tegrated spectral correlation, we propose an indicator I1

that is given by the following equation:

I1 =
∫ αi=Nfr

αi=0

∫ f2

f1

|Sx(αi, f)|dfdα (12)

with f1 and f2 the frequency band in which the spec-
tral correlation is integrated, N the number of cyclic fre-
quencies taken into account and fr the cyclic frequency.
This indicator consists in integrating the projected spec-
tral correlation on the cyclic frequency. Figure 12 shows
this indicator for N = 20 for the various tests made dur-
ing the experiment.

It can be seen from this figure that the values of I1 for
different tests in the free fault case are very similar; for
example the sensor 1, the value does not exceed I1 = 1e+
006 for all tests, whereas in the case of a broken teeth is
more than I1 = 1.26e+006. Thereof we can set a threshold
which allows the classification of cutting tool state. The
chosen threshold can be for example the middle, between
the average values of I1 for all tests in the free fault case
and with defect case. For sensor 1, this threshold value is
I1 = 1.17e + 006.

6 Conclusion

The work purpose is the diagnosis of the milling ma-
chine in order to control the cutting tools breakage and
therefore the machining process. There are many ap-
proaches to improve the performance and availability of
the production process. The proposed approach is based
on the vibration analysis of the milling machine. In the
literature, most research works on the detection of the
cutting tool failure assume that the vibration signals are
stationary and therefore they use classical tools like power
spectral density or global statistical indicators such as
the kurtosis, RMS, etc. Our approach is based on physi-
cal considerations of the machine operation which allowed
us to check in a first time that signals captured from a
milling machine are cyclostationary. In a second time we
explicitly included this property in the proposed signal
processing tools used to best detect a tool tip failure.

In other word, the approach consists of performing an
angular sampling to enhance the cyclostationary nature
of signals. Subsequently, the estimation of synchronous
statistical moments allowed us to validate the cyclosta-
tionary property of signals. These statistics also allowed
us, through the synchronous variance, the detection of the
tool breakage presence and its location.

1 2 3
0

5

10

15

x 10
5

Test number

In
di

ca
to

r 
I1

Sensor 1

 

 

Free fault

A broken tooth

(a)

0 1 2 3
0

0.5

1

1.5

2

2.5

3

3.5
x 10

6

In
di

ca
to

r 
I1

Sensor 2

Test number

 

 

Free fault 

A broken tooth

(b)

1 2 3
0

5

10

15

x 10
5

In
di

ca
to

r 
I1

Sensor 3

 

 

Test number

Free fault
A broken tooth

(c)

Fig. 12. Indicator I1 (a) accelerometer 1, computed on fre-
quency band [2000–4000 Hz], (b) accelerometer 2, computed
on frequency band [2000–3000 Hz], (b) accelerometer 3, com-
puted on frequency band [800–2100 Hz].

The spectral correlation allows the detection of the
tool tips breakage presence and also highlights the differ-
ent cyclic frequencies which are specific to the machine
kinematics (the rotation frequency and the frequency of
tooth passage). Therefore the signals are polycyclosta-
tionary. In the free fault case, we can see versus the
cyclic frequency that the amplitude of the spectral line
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at frequency tooth passing is greater than the amplitude
of the spectral line at the rotation frequency. This result
is explained by the fact that the milling cutter has un-
equally spaced teeth. This has the effect of generating a
random phase modulation which is superimposed on the
inherent cyclostationarity to the spindle rotation. This
phase modulation is modified in the presence of the tool
breakage. Also from the spectral correlation we proposed
an indicator that can be used to detect the presence or
not of the tool tip breakage.
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