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RESUMEN

En este trabajo se presenta una metodología para detectar fallas incipientes en máquinas rotatorias. La metodología está 
basada en el análisis de cicloestacionariedad, la cual está presente en las señales de vibración generadas por máquinas 
rotatorias. De particular interés son las componentes cicloestacionarias de segundo orden y de órdenes superiores, puesto 
que contienen información relevante, que puede ser usada para detección temprana de fallas en rodamientos y transmisiones 
de engranajes. La primera etapa de la metodología consiste en la separación de las componentes de primer orden de la señal 
de vibración, para posteriormente centrar el análisis en la señal residual, la cual contiene las componentes cicloestacionarias 
de órdenes superiores. Luego, la señal residual es digitalmente filtrada y demodulada, considerando el rango de frecuencia 
de mayor importancia. Finalmente, la señal residual demodulada es autocorrelacionada, obteniendo una señal donde las 
componentes espectrales generadas por la presencia de una posible falla localizada pueden ser efectivamente detectadas. 
La metodología es validada analizando mediciones experimentales de vibraciones para dos casos particulares. El primero 
es la detección de una grieta en uno de los dientes de un sistema de transmisión y, el segundo, la detección de una picadura 
en la pista interna de un sistema de rodamientos. Los resultados muestran que el método propuesto para el monitoreo de 
condición de máquinas rotatorias es una herramienta útil en las tareas de diagnóstico de fallas, el cual complementa los 
análisis con técnicas de diagnóstico tradicionales.

Palabras clave: Análisis de cicloestacionariedad, diagnóstico de fallas, análisis de vibraciones, monitoreo de condición.

ABSTRACT 

In this work, an effective methodology to detect early stage faults in rotating machinery is proposed. The methodology is 
based on the analysis of cyclostationarity, which is inherent to the vibration signals generated by rotating machines. Of a 
particularly interest are the second and higher orders cyclostationary components since they contain valuable information, 
which can be used for the early detection of faults in rolling bearings and gear systems. The first step of the methodology 
consists in the separation of the first-order periodicity components from the raw signal, in order to focus the analysis 
in the residual part of the signal, which contains the second and higher order periodicities. Then, the residual signal is 
filtered and demodulated, using the frequency range of highest importance. Finally, the demodulated residual signal is 
auto-correlated, obtaining an enhanced signal that may contain clear spectral components related to the presence of a 
prospective localized fault. The methodology is validated analyzing experimental vibration data for two different cases. 
The first case is related to the detection of a crack in one of the teeth of a gearbox system and the second case is related to 
the detection of a pitfall in the inner race of a rolling bearing. The results show that the proposed method for the condition 
monitoring of rotating machines is a useful tool for the tasks of fault diagnosis, which can complement the analysis made 
using traditional diagnostic techniques.

Keywords: Cyclostationary analysis, fault diagnosis, vibration analysis, condition monitoring.
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INTRODUCTION

Vibration signals generated by rotating machines may be 
considered as non-stationary processes that present periodic 
(i.e. cyclic) variations in the time domain in some of its 
statistics [1], which is a main characteristic of those type of 
signals named cyclostationary signals. A vibratory signal 
x(t) is said to be nth order cyclostationary with period T
if its nth order moment exist and is periodic in the time 
domain with the period T. Typical examples of first order 
periodicity (FOP) vibration signals are generated by rotating 
machines with misaligned couplings and/or unbalanced 
rotors, whereas, modulated vibratory signals generated 
by wear mechanisms, friction and impact forces are some 
examples of second order periodicity (SOP) processes. In 
order to analyze FOP signals and to extract the required 
information for the fault detection tasks, the classical 
spectral analysis is an adequate a practical tool that may 
be used for most of these cases. However, when SOP 
signals have to be analyzed (e.g. signals with amplitude 
and/or frequency modulations), the analysis should be 
carried out using more sophisticated tools, in order to be 
able to identify variations in the statistics of the signals, 
containing meaningful information of the system under 
analysis [2]. In some cases, demodulation techniques may 
be satisfactorily used to analyze SOP signals, as long as, 
either the resonant zones or the main frequency ranges of 
the expected faults can be known in advance. However, 
the efficacy of the demodulation techniques diminishes 
when the signal contains higher orders of cyclostationarity, 
as well as, random noise components. The basic idea 
behind the theory of cyclostationary analysis is to apply 
an appropriate quadratic transformation to a SOP signal 
in order to obtain a modified signal of FOP [3]. Then, the 
modified signal can be analyzed with traditional diagnostic 
techniques applied to the mechanical components under 
study.

In this framework, the methodology proposed in this study, 
incorporates time-frequency analysis of SOP signals in 
combination with traditional techniques typically used 
in fault detection (e.g. spectral analysis, enveloping 
analysis, etc). First, the components of FOP are reduced 
using an adaptive filtering method. In this way, a residual 
signal containing the SOP components is also obtained. 
Then, the residual signal is filtered in order to highlight 
the SOP components of the signal. In this stage, the 
cutting frequencies of the filter are estimated by using a 
time-frequency transformation based on the cyclic auto-
correlation function. Finally, the filtered residual signal 
is demodulated and auto-correlated, obtaining a resultant 
signal with useful information for fault diagnostic purposes. 
In summary, from the time-frequency analysis, appropriate 
filters are configured, and then, using an enveloping detector 

the residual signal is demodulated, and finally, in order to 
improve the signal to noise ratio (SNR), a matched filter 
based in the autocorrelation function is used.

(a) (b)

Figure 1. a) Picture of an induced fault (of 10mm length) 
on the tooth surface of the pinion of a single-
stage spur gear transmission. b) Picture of an 
induced localized fault in the inner race of a 
radial ball bearing.

This procedure has been tested with two cases using 
experimental vibration data from two test rigs used to 
simulate faults in gears and rolling bearings respectively 
(Figure 1). The results show that the proposed methodology 
is an effective tool for the early detection and diagnostic 
of faults in rotating machinery. 

This work is organized as follows: firstly, the principles of 
cyclostationarity and the basics of the proposed method is 
presented and validated using experimental vibration data 
of a faulty gearbox and a faulty rolling bearing; finally, 
the main conclusions are drawn.

BASICS OF CYCLOSTATIONARITY 
AND PROPOSED METHOD

A well detailed tutorial on the principles of cyclostationarity, 
focused on mechanical applications is given in [4]. However 
for the completeness of this work, and to address the use of 
cyclostationarity towards the proposed method, the basics 
of cyclostationarity are included here. A non-stationary 
signal can be considered as cyclostationary with FOP and 
SOP components, only if its moments of first and second 
order are periodic, in other words, if the moments satisfy 
the equations (1) and (2) [5]:

E x t E x t T1 1 , (1)

E x t x t E x t T x t T1 2 1 2 , (2)

where, E is the expected operator and T is the period 
or cycle of the signal x(t). An auto-correlation function 
with variation in time can be associated to the signal x(t), 
which is given by:
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r t E x t x tx , , (3)

where,  is the time lag and satisfies: 1.  The 
function of equation (3) is also known as the instantaneous 
auto-correlation function (ACF). 

In general, it is possible to assume that a vibration signal 
x(t) is composed of FOP, SOP and random noise, as shown 
in equation (4).

x t x t x t n tFOP SOP ( ). (4)

Considering that the focus of the analysis is on the 
SOP components of the signal x(t), the first stage of 
the procedure consists of using an LMS (least mean 
square) adaptive filter [6], in order to reduce the FOP 
components from the signal to be analyzed. In this way, 
the FOP components are separated from the raw signal 
and a residual signal (i.e. error signal) containing the SOP 
components and random noise is obtained. If a typical 
vibration signal containing amplitude modulations (i.e. 
SOP components), is assumed, the residual signal can be 
expressed as in equation (5).

x t b f t n t f tSOP c
i

N

i
cos cos2 2

1
0 ,, (5)

where, i = 1, 2, …, N is the number of modulation 
signals, fci and f0 are the modulating and modulated signal 
respectively, b is a constant and n(t) is white noise with 
unknown variance. Since the main interest here, is to 
extract the information of the modulating signals from the 
signal that includes the SOP components (xSOP), a simple 
demodulator (i.e. a low pass filter with cut frequency f0)
can be used. In order to obtain a good estimation of the 
cut frequency f0, it is used a time-frequency distribution 
of the Cohen type [7], which is given by equation (6):

C t f u t f r u e d dudx
j, , , , (2 66)

where,  is an arbitrary function (kernel) and rx corresponds 
to the instantaneous ACF given by equation (3). The 
type of time-frequency distribution is determined by the 
selected function . For instance, if  is equal to 1, the 
Wigner-Ville distribution is obtained, which is given by (7), 
whereas, if  is a cubic function type, that helps to reduce 
the frequency cross terms, the Zhao-Atlas-Marks (ZAM) 
distribution is obtained [8], which is given by (8):

WVD t f r t e dx
j f, , ,2 (7)

Z t f r t e dx
j f, , .2

(8)

Finally, in order to enhance the SOP signal, the auto 
correlation function of the filtered signal is computed. 

Table 1.   Main characteristic frequencies of the gearbox.

Component Frequency [Hz]

Motor (rotational speed) 17

Main mesh frequency 289

ith harmonic of mesh frequency i × 289

Pinion (rotational speed) 17

Gear (rotational speed) 10.32

The auto correlation function of a signal xc(t) is given 
by:

E x t n t x t n t E x t x tc c c c (9)

In summary, the main steps of the proposed method are 
listed below:

– LMS adaptive filtering: to separate the FOP components 
from the measurement vibration signal, obtaining a 
residual signal with the SOP components.

– Time frequency transformation: the estimation of f0
(required for the further digital filtering), is done by 
using the ZAM distribution.

– Digital filtering: the residual signal is filtered using 
the cutting frequencies identified in the previous stage. 

– Noise reduction: the filtered residual signal and 
specially the SOP components are enhanced by using 
the autocorrelation function (matched filter).

– Detection and diagnosis of faults: the spectrum of 
the enhanced residual signal is analyzed, looking 
for spectral components that might be related to the 
presence of a fault.

EXPERIMENTAL VALIDATION 

In this section, the proposed method is validated by 
analyzing experimental vibration data from two different 
cases (see Figures 2 and 3). The first case corresponds to 
the detection of a fault in a one-stage gearbox, and the 
second case corresponds to the detection of a localized 
pitfall in a rolling bearing.

Case 1: A faulty one-stage gearbox
In this case, the experimental data is taken from a test 
rig, which consists of an asynchronous electrical motor 
controlled by a frequency converter and coupled to a single-
stage spur gear transmission through a flexible coupling. 
The pinion has 17 teeth and the wheel has 28 teeth. The 
system is under a constant load, which is supplied by a 
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DC generator, as it is illustrated in the sketch of Figure 4. 
The rotational frequencies and mesh frequencies of the 
gearbox are listed in the Table 1.

When a local fault of the cracked tooth type occurs in 
one of the gears of the system, it is expected to have a 
vibration signature containing amplitude modulations of 
the fundamental gear mesh frequency and its harmonics 
with a modulating frequency equal to the rotational 
frequency of the faulty gear [9]. Therefore, in this 
particular case, if spectral components at a frequency 
of 17 Hz and its multiples are identified in the spectrum 
of the vibration signal, it can be associated to a fault in 
the pinion. In contrast, if the spectral components are 
at the frequency of 10.32 Hz and its multiples, the fault 
can be associated to the gear. The following analysis is 
done for vibration data taken from the test rig with a 
faulty pinion.

The vibration data were acquired from two piezoelectric 
accelerometers mounted on the supports A and B, shown 
in Figure 4, and using a data acquisition system configured 
with a sampling frequency of 30 kHz. The waveform time 
and the frequency spectrum of the acquired vibration 
signal are shown in Figures 2a and 2b respectively. The 
main mesh frequency and some of its harmonics can be 
identified from the spectrum of Figure 2b.

Signal Measured

(a)

(b)

Signal Measured Spectra
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Figure 2. Waveform time and spectrum of the raw 
vibration signal-case I.

Signal Measured

Signal Measured Spectra

2

1

0

–1

–2

0.02

0.015

0.01

0.005

0

A
m

pl
itu

de
 [

m
/s

2 ]
A

m
pl

itu
de

 [
m

/s
2 ]

Time [s]

Frequency [Hz]
0 1000

1.5 1.55 1.65 1.75 1.85 1.951.5 1.5 1.5 1.5 2

2000 3000 4000 5000 6000 7000

Figure 3. Waveform time and spectrum of the raw 
vibration signal-case II.
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coupling Pinion
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Figure 4. Sketch of the test rig of case I-a-1-stage gearbox 
with fault in the pinion.

In order to separate the FOP components, a LMS adaptive 
filter with 500 coefficients and a learning rate of 0.01ms 
was used. The waveform time and the spectrum of 
filtered signal, which contains the FOP cyclostationary 
components, are shown in Figure 5. In the same manner, 
the waveform time and the spectrum of the residual signal, 
which contains the SOP cyclostationary components and 
signal noise, are shown in Figure 6. From the spectra of 
Figures 5 and 6, it can be observed that the FOP components 
are predominated, when they are compared to the other 
components, which is generally expected [1].

Analyzing the spectrum of Figure 6, two possible resonant 
zones of the system can be identified, with the range 
frequencies between 1.200 to 2.600 Hz and between 
2.800 to 5.800 Hz approximately. To complement the 
analysis, and before of filtering the signal containing the 
SOP components, the ZAM transform was applied to the 
residual signal, obtaining the time-frequency distribution 

(b)

(a)
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shown in Figure 7. Despite the frequency resolution is 
a bit course (Δf ≈ 208 Hz), it is enough to visualize the 
variation in time of the two main resonant zones. It can be 
observed, that the resonant zones are excited approximately 
every 0.003 s, which corresponds to a close value of the 
fundamental mesh frequency (289 Hz). In Figure 7, can 
be seen that the impulsive variations are clearer defined in 
the second frequency range (2800 - 5800 Hz), therefore, 
these frequencies are selected as the cutting frequencies 
of the further filtering stage of the residual signal. 

In order to filter the residual signal, a finite impulse 
response (FIR) filter was used. The implemented 
bandwidth filter has 400 coefficients with the low cut 
frequency of 2500 Hz and the high cut frequency of 
6500 Hz. The waveform time and the spectrum of the 
filtered signal are shown in Figure 8. This signal has the 
typical pattern of an amplitude-modulated signal found 
in a mechanical system. Therefore, if a demodulation 
process is applied to the filtered signal, the results are 
shown in Figure 9.

Figure 5. Waveform time and spectrum of the filtered 
signal (FOP components) - case I.

The demodulation technique applied is as follows: first, a 
high pass filter with cut frequency of 2800 Hz is applied; 
second, the signal is rectified and the mean value of 
the signal is subtracted and third, a low pass filter with 
cut frequency of 200 Hz is applied. Both of the filters 
used for the demodulation are of the infinitive impulse 
response (IIR), and with 5 coefficients. From Figure 9, a 
fault in the pinion can be confirmed since clear spectral 

components at 17 Hz and its first harmonics are presented 
in the spectrum. Additionally, in order to enhance the 
main components of interest in the residual signal the 
auto-correlation function can be used and the result is 
shown in Figure 10. This last step in the methodology 
could be avoided, as in this case, where the spectral 
components were already identified with the filtered 
and demodulated residual signal (Figure 11), however, 
in other cases where the vibration signals contain higher 
noisy components, the use of the auto-correlation function 
is very useful to clean the signal and therefore, should 
be include it in the analysis.

Case II: A faulty rolling bearing
In this case, the method is applied to experimental vibration 
data taken from a test rig with an incipient localized fault 
in the inner race of one of the bearings that support the 
shaft. The test rig consists of an asynchronous electrical 
motor controlled by a frequency converter, which drives 
a rotor shaft supported by two radial ball bearings. A 
schematic drawing of the test rig is shown in Figure 11. 
A static load can be indirectly applied to the bearings 
by using a tensor pulley system mounted in the centre 
of the shaft. The vibration data were acquired using 
piezoelectric accelerometers mounted on the supports A 
and B, and using a data acquisition system with a sampling 
frequency of 30 kHz. The vibration data analyzed for 
this case is for a faulty bearing located at the motor side 
(bearing A). The main fault bearing frequencies for the 
bearing under study are listed in the Table 2.

Figure 6. Waveform time and spectrum of the residual 
signal (SOP components and noise)-case I.

(a)

(b)
(a)

(b)
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Figure 7. ZAM time-frequency distribution of the residual 
signal-case I.

It has been shown by several studies that similarly to the 
case of faulty gears, localized faults in bearings generate 
spectral sidebands around the resonant frequencies, which 
are related to the source frequency of the fault [10]. However, 
when a fault is located in the inner race, it is a complete 
challenge to detect it in an early stage, due to the low 
amplitude of the spectral vibration components related to 
this fault (BPFI), which may be hidden by the background 
noise of the signal and by the cyclostationary components of 
FOP. The waveform time and the frequency spectrum of the 
vibration signal taken from the accelerometer mounted on 
the bearing A, are shown in Figures 3a and 3b, respectively. 
From the waveform time, some impulsive events can be 
identified, which seem to be modulated and periodic, 
however, it is not possible either from the waveform or 
the spectrum, to identify precisely their periodicity and/
or frequency of repetition, which should be equal to the 
BPFI frequency listed in Table 2.

Table 2. Main fault frequencies of the radial ball bearing.

Component Frequency [Hz]

Shaft rotational speed 10

Ball pass frequency, inner race 
(BPFI) 44.26

Ball pass frequency, outer race 
(BPFO) 25.74

Figure 8 (a)

(b)

Figure 8. Residual signal: band-pass filtered (2800-6500 
Hz)-case I.

(a)

(b)

Figure 9. Residual signal: filtered and demodulated-
case I.

(a)

(b)
Figure 10. Residual signal: filtered, demodulated and

auto-correlated-case I.
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Electrical
motor

Flexible
coupling Radial ball bearings

Tensor-Pulley
(load)

A B

Figure 11. Sketch of the test rig of case II-bearing with a 
fault in the inner race.

(a)

(b)
Figure 12. Waveform time and spectrum of the filtered 

signal (FOP components)-case II.

(a)

(b)
Figure 13. Waveform time and spectrum of the residual 

signal (SOP components and noise)-case II.

Following with the application of the proposed method, 
the FOP components were separated from the raw 
signal using an adaptive filtering scheme and using 
the same parameters for the filter used in case I. The 
waveform time and the spectrum of the filtered signal, 
which contains the FOP cyclostationary components, 
are shown in Figure 12 and the waveform time and 
the spectrum of the residual signal, which contains the 
SOP cyclostationary components and signal noise, are 
shown in Figure 13.

In contrast to the results obtained in case I for the filtered 
and residual signals (see Figures 5 and 6), in this case, 
the cyclostationary components of SOP are predominated 
when they are compared to the FOP components in the 
signal. This behavior can be due to several factors: the 
modulation of the zone load over the localized fault 
in the inner race (i.e. the inner race is rotating at the 
rotational shaft speed), slip motion between the rolling 
elements and the races, and random vibration components 
generated by friction mechanisms (e.g. the friction in 
the -tensor-pulley system).

In order to identify an appropriated frequency range 
for the further filtering stage, the ZAM transform was 
applied to the residual signal, obtaining the time-frequency 
distribution shown in Figure 14 and computed with a Δf ≈ 
110 Hz. In this figure, it can be identified the presence of 
short duration events in the range of frequency between 
800 to 2000 Hz, which may involve resonant frequencies 
of the bearing races. Therefore, this frequency range is 
selected for the configuration of band-pass filter used 
to filter the residual signal.

Figure 14. ZAM time-frequency distribution of the residual 
signal-case II.
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Figure 15. Residual signal: band-pass filtered (800-2.000 
Hz)-case II.

The waveform time and the spectrum of the filtered 
signal, using a FIR filter with 400 coefficients, are 
shown in Figure 5. Even though, the impulsive events are 
notorious in the waveform time of the filtered signal, it 
is still not possible to determine clearly their periodicity. 
However, when the filtered signal is demodulated the fault 
frequencies at BPFI (44 Hz) can be precisely identified 
from the spectrum, as shown in Figure 16.

Figure 16. Residual signal: filtered and demodulated-
case II.

Finally, and in order to reconfirm the results obtained, the 
auto-correlation function is applied to the demodulated 
signal in order to enhance even more the main components 
of interest, as it can be seen in the results shown in Figure 17. 
In this way, the diagnostic of the fault is confirmed and it 
is very precise since the frequency of the main spectral 
component found is very close to the theoretical value of 
the BPFI frequency. With the results obtained from the 
analysis of these two cases, it is shown the effectiveness 
of the proposed methodology when it is applied to the 
detection and diagnostic of localized faults, particularly 
in gear systems and rolling bearings.

CONCLUSIONS AND FUTURE ASPECTS

In this work, it has been proposed a practical procedure 
based on the cyclostationary analysis of vibration signals, 
which can be used for the early detection of localized faults 
in mechanical components, such as gears and bearings. 
Vibration signals can be assumed as a combination of 
FOP and SOP components. 

Figure 17. Residual signal: filtered, demodulated and 
auto-correlated-case II.

FOP signals are generated by rotating machines with 
misaligned couplings and/or unbalanced rotors, whereas, 
SOP components correspond to the modulated vibratory 
signals generated by wear mechanisms, friction and 
impact forces. 

To analyze FOP signals and to extract the required 
information for the fault detection tasks, the classical 
spectral analysis is an appropriate tool. For SOP signals 
the analysis should be carried out using more sophisticated 

(a)

(a)

(a)

(b)

(b)

(b)
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tools. In this work, a procedure to analyze SOP signal 
is presented and tested in two practical cases. From the 
time-frequency analysis, appropriate filters are configured 
in order to obtain the SOP signal and then, using an 
enveloping detector the useful signal is obtained. To 
improve the signal to noise ratio (SNR), a matched filter 
based in the autocorrelation function is used.

The results of applied the proposed method has been 
validated with the analysis of vibration data taken from 
two different laboratory test rigs. In order to extent this 
results to industrial applications, some of the further 
aspects of the present work include the analysis of vibration 
data taken from industrial rotating machinery, such as, 
multi-stage gearboxes and rotors supported on rolling 
bearings. Additionally, the procedure can be adapted and 
modified to be applied in cases where the early detection 
of localized faults is even more challenged, as for instance, 
detection of faults in the rolling elements of bearings 
and in general in mechanical systems with variable load 
and speed conditions. Finally, when more than one fault 
occur is possible to obtain the detection of several faults 
in time-frequency analysis, but in this case, several SOP 
components are obtained. Nevertheless, this aspect is part 
of the future research work.
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