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a b s t r a c t

As incipient fault of rotating machinery is weak and interfered by noise, it is difficult for
characteristic information determination and incipient classification. In this research, a
new method is put forward on rolling element bearing (REB) incipient impact information
using synchronous averaging reassigned wavelet scalogram (SARWS) according to
time–frequency analysis. Firstly, multi-cycle signal is processed by continuous wavelet
transform. Then, time frequency distribution for every working cycle of vibration signal
is obtained by wavelet scalogram (WS) based on time domain information. Thirdly,
reassigned wavelet scalogram (RWS) for every working cycle of REB can be calculated. In
the end, synchronous averaging is applied on RWS, which can effectively reduce noise
interference and identify the weak fault information. Both simulated signals and real
vibration signals collected from REB of rotating machinery are used to verify this proposed
method. Analyzed results show that the proposed method is effective for REB incipient
weak fault classification.

� 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Condition monitoring and pattern recognition are
becoming more and more important for machine safely
operation and maintenance [1]. Rolling element bearing
(REB) has been widely used on machines such as lathe,
grinder machine, wind turbine gearbox, and gas turbine.
Vibration signal analysis technique has been broadly used
on rotating machines condition monitoring and classifica-
tion [2]. But acquisition of vibration signals are usually
exposed to the interference of noise in practical engineer-
ing, especially incipient characteristics of fault signal are
more susceptible to noise interference. It is the reason that
the incipient fault is not easy to classify. How to identify

weak characteristic information from noise interference
for fault diagnosis has been investigated by many
researchers, such as spectral analysis [3,4], improved spec-
tral analysis [5,6], cyclostationary analysis [7,8], optimal
filtering technology [9], and synchronous averaging tech-
nology [10].

Wavelet analysis is conductive for the analysis of non-
stationary signals. It could carry on multi-scale analysis
for the signals by scaling translation and describe the local
characteristics of signals in different scales to detect weak
fault characteristic effectively [11]. It is verified more con-
ductive to be applied in the mechanical fault diagnosis
based on vibration signals analysis [12]. But REB fault
diagnosis methods based on practical vibration are often
unsatisfactory as noise interference and weak impact
information. Time–frequency distribution (TFD) has bee
investigated on gearbox pattern recognition [13]. Qingbe
He provides a method based on manifold correlation
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matching technology for TFD analysis. It is also investi-
gated on bearing fault diagnosis [14]. Due to the periodic
rotation of the machine, its vibration signals always have
broad periodicity, and the time-domain synchronous
averaging technique could be used to extract periodic
waveforms from the signals which are suffering from noise
interference. Time domain averaging across all scales can
reduce the noise and any other non-synchronous distur-
bances from the cyclostationary data and detect the exist-
ing frequencies [15]. But REB is different from gearbox
fault diagnosis. Further investigation should be carried on.

As well, TFD based on wavelet scalogram (WS) is less of
concentration, which could lead to error classification
result. Reassigned wavelet scalogram (RWS) has better
performance for condition classification [16]. It is better
to consider the characteristic frequency (CF) information
for REB as it is convenient for condition classification. For
this reason, a synchronous averaging reassigned wavelet
scalogram (SARWS) method is proposed for REB incipient
fault condition classification based on impact information
determination. The results show that the SARWS method
could effectively reduce noise interference and enhance
the weak fault characteristics demonstration based on sim-
ulated signals and REB monitored vibration signals analy-
sis. It is beneficial for the diagnosis of rotating machinery
fault in the incipient stage. This paper is structured as
follows: Section 2 introduces the theory of the proposed
method in this research. Section 3 presents simulated
signal analysis to verify the effectiveness of this method.
Section 4 presents incipient REB fault diagnosis from web-
site database based on this investigation. Section 5 gives an
experimental vibration signal analysis in the test rig for
REB. Concluding remarks are given in Section 6.

2. Theory and method

2.1. Wavelet scalogram

Wavelet transform can effectively filter noise and pre-
serve signal characteristics. Wavelet analysis is a common
tool for analyzing vibration signals to detect local faults in
rotating machines [17]. Its definition is shown in Eq. (1) for
a set of recursive functions of wavelet packet children
bases. Set wðtÞ as a finite energy function, i.e. wðtÞ 2 L2ðRÞ,
if its Fourier transform ŵðxÞ could satisfy the conditions
of permissibility.

Cw ¼
Z

ŵ xð Þ
��� ���2= xj jdx <1 ð1Þ

wðtÞ is referred to as a mother wavelet. Expand and trans-
late the mother wavelet wðtÞ and let a be its scale factor
and b the translation factor. Suppose wa;bðtÞ is the function
after stretched and translated.

wa;b tð Þ ¼ aj j�1 2= w
t � b

a

� �
ð2Þ

wa;bðtÞ is called the wavelet function depending on the
stretching parameters and translation parameters. The
continuous wavelet transform of the continuous time sig-
nal xðtÞ 2 L2ðRÞ is defined as

Wx a; b; wð Þ ¼ a�1 2=
Z

x tð Þw� t � b
a

� �
dt ð3Þ

where in w�ðtÞ is the conjugation of wðtÞ. The above defini-
tion indicates that the wavelet transform, similar to Fou-
rier transform, is also a kind of integral transform and
the difference lies in that the wavelet has two parameters,
scale a and translation b. The time function is projected
onto the two-dimensional time-scale plane after the wave-
let transform. The wavelet transform coefficients actually
reflect the similarity between the local signal and wavelet
function selection, which means that the larger the coeffi-
cient is the more similarity is. The continuous wavelet
inverse transform is shown as follows.

x tð Þ ¼ 1
Cw

Z Z
a�2Wxða; b; wÞwa;b tð Þdadb ð4Þ

The modulus of the signal’s continuous wavelet trans-
form coefficient is defined as SGða; b; wÞ, shown as follows.

SG a; b; wð Þ ¼ Wx a; b; wð Þj j2 ð5Þ

Similar to other time–frequency analysis, such as short
time Fourier transform, Wigner–Ville distribution, WS suf-
fers from the limitations defined by the Heisenberg-Gabor
inequality [16]. Therefore, interference for the classifica-
tion based on WS may occur. It could lead to fault
classification.

2.2. Reassigned wavelet scalogram

To improve the readability of WS, reassigned method is
proposed to better time–frequency representation for the
monitored signal [16]. Set the frequency of the center
angular as x0, and the SGðai; bj; wÞ signifies the mean value
of the energy density of a local area above the time–
frequency plane with ðx0=x0aiai; ait þ bjÞ as the geometric
center. As the energy distribution within this local area
does not process the geometric symmetry, it is necessary
to assign this mean value to the local energy center
ðx0=âi; âit þ b̂jÞ rather than the geometric center. This
objective is achieved by the RWS, and it has better time–
frequency aggregation and less interference items. It can
be expressed as follows.

RSGðâ; b̂; wÞ ¼
ZZ
ðâ=aÞ2SGða; b; wÞ

� dðb̂� b0ða; bÞÞdðâ� a0ða; bÞÞdadb ð6Þ

b0 a; bð Þ ¼ b� Re a
Wx a; b; w0ð ÞW�

x a; b; wð Þ
Wx a; b; wð Þj j2

( )
ð7Þ

x0

a0 a; bð Þ ¼
x0

a
þ Im

Wx a; b; ŵ
� �

W�
x a; b; wð Þ

2pa Wx a; b; wð Þj j2

8<
:

9=
; ð8Þ

w0 tð Þ ¼ tw tð Þ; ŵ tð Þ ¼ dw
dt

tð Þ ð9Þ

Based on Eq. (6), the RWS can be determined. RWS can be
regarded as a spectrum with constant relative bandwidth,
which could reflect the time–frequency information of
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