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Abstract— To further enhance the early diagnose precision
and efficiency for rotor crack under condition of strongly
noise, AE signals is applied to extract fault feature of early
rotor cracks with the advantages of strong anti-noise ability,
clear fault feature. Based on the Pseudo Wigner-Ville
Distribution (PWVD), the amplitude and frequency as
feature vector are extracted from the AE signal in this
paper, which are used to diagnose and predict the fault
types of different rotor cracks depth by support vector
machine (SVM). The experiment is done to verify the
proposed method applied to fault diagnosis of cracked
rotor.

Index Terms—AE, cracked rotor, fault diagnosis, PWVD,
SVM

I. INTRODUCTION

Fatigue crack is an important rotor fault, which can
lead to catastrophic failure if undetected properly and in
time. Ref. [1] had presented a review on recent studies
and investigations done on cracked rotor. Vibration
method is the most widely adopted to diagnose rotor
crack fault among the diagnosis methods [2]. However,
fault signals collected by vibration sensors are always
very weak and annihilation in the background of strong
noise interference because of itself principles and
accuracy restrictions, there is no or not obvious crack
vibration response especially shallow cracks. Therefore,
due to the technical bottleneck of traditional vibration
method, it is difficult to obtain fault feature of early
crack accurately and efficiently on the strong noise
background.

Acoustic emission signals have its advantages on early
diagnosis of early cracked rotor. Materials and
components, are enforced external force to emerge
deformation and fracture or the internal stress is
exceeded the yield limit and enter the irreversible stage
of plastic deformation, will release strain energy by
forms of transient elastic wave, which is called acoustic
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emission. The accuracy of fault diagnosis can be
improved by AE signals applied in extracting fault
feature of early rotor cracks with the advantages of clear
feature frequency, early to predict the crack fault, simple
detection device, and strong anti-noise ability. Therefore,
the acoustic emission technology has been become one
of effective means in monitoring the whole process of
crack propagation in present for its real-time and
dynamic merit.. Ref. [3] had combined hardware and
software to distinguish crack propagation signal based on
AE signals collected from high frequency fatigue metal,
which taken the relevance of AE signal energy and the
cycle times to obtain the forecast result of crack
propagation rate. Ref. [4] had adopted multi-parameters
method to obtain AE signals of crack initiation in strong
noise background and achieved the prediction of crack
initiation. Ref. [5] had extracted feature parameters of
AE signals from metal fatigue fracture and established
the relationship between feature parameters of AE
signals and crack growth rate to achieve online
inspection of crack. Ref. [6] had identified and diagnosed
the gears in normal state, slight crack fault and severe
crack fault state using SVM and AE technology.

Fault feature extraction and fault identification are the
key technology in the commonly used methods of
mechanical fault diagnosis. In the traditional method of
fault feature extraction, STFT usually is hard to satisfy
the local stationary condition of time window. Wavelet
and wavelet packet are strictly divided and energy
concentration of wavelet basis which is not easy to
construct in the wavelet/wavelet packet method. It is
hard for HHT to avoid ending effect in practice. To
overcome the impact of cross-interference terms, PWVD
can be used for fault feature extraction of cracked rotor.
Ref.[7] the transient vibration of a cracked Jeffcott
rotor with a switching crack is simulated and time
frequency features extracted by Wigner-Ville distribution
and Wavelet Transform. Ref. [8] had taken PWVD and
multi-resolution analysis to recognize fault noise of
engine. Ref. [9] had applied PWVD to diagnose the fault
of motor bearing and improved the diagnosis accuracy
efficiently. Ref. [10] had combined PWVD with wavelet
to realize fault diagnosis of gearbox effectively.
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Fault recognition methods in machinery and
equipment mainly have statistical pattern recognition
method and artificial neural network (ANN). Statistical
pattern recognition is the basic method of mode
recognition on the basis of traditional statistical, and the
algorithm is reasonable under the premise of sufficient
number of samples. It is not appropriate to adopt the
corresponding classification algorithm when the training
sample data is small. ANN does not require pre-given
discriminate function, and it can automatically form
decision-making areas through its own learning
mechanism. Ref. [11] had proposed a novel method by
combining modal analysis of cracked rotor system and
artificial neural network, the result show that the trained
ANN models have good performance to identify the
crack location and depth, single crack and dual cracks,
with higher accuracy and efficiency. However, the neural
network built on empirical nonlinear model is lack of a
unified framework of mathematical theory, therefore, the
model structure and parameters will change with the
initial value and human factors. At the same time, neural
networks and statistical pattern recognition methods have
the same problem: the number of samples must be
enough.

SVM is a special machine learning theory in the case
of small samples. It has strong theoretical basement that
can overcome the defects of traditional classification and
solve the practical problems with small sample, nonlinear,
high dimension and local minimum points. Ref. [12]had
combined SVM with wavelet packet to achieve early
fault diagnosis for rolling bearing. Ref. [13] had
established fault diagnosis model on the basis of the
analysis of SVM multi-classification algorithm and
feature vectors for rolling bearing.

PWVD is introduced to extract time-frequency feature
parameters of AE signals, combining with SVM to
construct fault classifier for predicting and diagnosing
faults of different rotor crack depth.

I1. DIAGNOSIS PRINCIPLE

A. Pseudo Wigner-Ville Distribution

For signal X , its
expressed by:

«© T * T —j2nvr
Wx(t,v):j_wx[uﬂx [t—ﬂe 2 (1)

Where, r is the variable of time different.
It is assumed that a signal is the sum of two signals:

X0 =x O+ 2

Wigner-Ville Distribution is

Then:
W(t,v) =W, (t,v) +W,, (t,v) + 2 Re(t, V) 3)
Where, W is the Wigner distribution of x, W,,is the

distribution of X W, is

distribution of X, , W, is the cross terms Wigner

Wigner the Wigner

1

distribution of the signal X, and X, .
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From the Equation (3), the Wigner distribution of two
signals is not the sum of Wigner distribution of each
signal, and it is difficult to explain Wigner distribution
and determine by the fault information because of the

cross terms 2Re{W,, (t,v)}. When the signal has multiple

frequency components, the cross interference is
inevitable due to the inherent bilinear structure of Wigner
distribution.

Considering the unique cross-term interference of
WVD (mostly caused by noises and multi-component),
finiteness of actual integration and the concerned signal
characteristics, it can obtain the effect of localization by
adding window function which is similar with STFT.
This distribution is called Pseudo Wigner-Ville
Distribution (PWVD) and expressed as follow:

Wes (t,@) = [ h(2)s" (t —%)s(t +§)e’j“”dr (4)

Where, h(z)is the window function of the peak value

at moment of 7 =0.As the selectivity characteristic of
window function, PWVD can compress the interference
effect of cross term to some extent. Usually, because the
window function has the effective of low-pass, the
frequency of windowed treatment are smooth equivalent
with WVD [14-16]. PWVD is nonlinear quadratic
transformation and can describe the energy density and
strength of signals in different time and frequency, which
has characteristic of good accumulation of energy, higher
time-frequency resolution and time-frequency edge.
Therefore, it can be used as vigorous tool for AE signal
feature extraction with the advantages of suppress noise
jamming and crosstalk interference.

B. Support Vector Machine

The SVM is a new machine learning method based on
statistical learning theory in fault classification methods
[17-18]. It can solve many practical problems with the
characteristics of the small sample, nonlinear, and high
dimensional pattern recognition, it also can overcome the
shortcomings of the learning method of neural network,
such as difficult to determine the network structure, slow
convergence, local minimum, over learning, less learning
and large data samples need for training.

SVM can find the best compromise between the
model complexity and learning ability based on limited
sample of information, and obtain the best generalization
ability.

The basic idea of SVM can be described in Fig.1.
Solid point and hollow point represent two samples
respectively. H is classification line, H, and H, are

passing each type sample which is nearest to H , both of
them are paralleling with H , the distance between them
is called classification interval. It is supposed that the
training sample set is(X;,y;), where: i=1,2,---,n. x is
the input vector, x € R? .iis the number of samples. y
is the category of input vectors. For classification
problem of the two types, Yy e (+1,—1). The general form
of linear discriminate function in D-dimensional space is
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g(X)=w-X+b, classification plane equation is
expressed as follow:
w-X+b=0 %)
A HI

margin
2wl

\J

Figure.1 Diagram of SVM.

Discriminant function will be normalized, so that all
samples are meeting |g(X)|21, that is the samples

nearest to classification plane, |g(X)|Zl.therefore, the

classification interval is 2/ ||W|| , the maximum interval is

equivalent to make ||W||2 become the minimum. To
correctly classify all samples using classification line that
is also to make it satisfy the follow constraints:

Y [(w-x)+b]-120, i=1---,n (6)

Considering that some training samples are
inseparable linear, Vapnik had introduced non-negative
slack variables into SVM to relax the constraints of
equation(5), it can be expressed as follow:

yi[(W'Xi)+b]21_§i7 5209 izla"'on (7)

Obviously, when the division is wrong, & > 0.Thus,
we hope get the smaller Ziéi as far as possible when
seeking the classification plane. Therefore, the original

objective function is to get the minimum of ||W||2 / 2 will

transfer to find the minimum of ||W||2 /2+C(Zi§i)

(where, C > 0,is an adjustable constant and can be used
for controlling the degree of punishment to wrong
sub-samples). This is a quadratic programming problem.
To solve the dual problem, the optimal classification
decision function can be expressed by:

f(X)=sgn[anozi Y, K(X; ~X)+b} ®)

Where K is the kernel function. sgn is the sign
function. n is the number of training samples.

For the linear problem, K is the dot product of two
vectors. For nonlinear problem, the core idea of SVM
is the introduction of nonlinear mapping ¢ that is to

construct the optimal separating plane by mapping the
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input vectors into a high dimensional space. Currently,
the widely used kernel functions are polynomial kernel
function, radial basis function kernel function and
Sigmoid function.

The standard SVM is used for solving the binary
classification problems [18-21]. The multi-classification
problem should be solved in field of fault diagnosis. Now,
some more fruitful multi-classification SVM are
proposed, including one-to-one, one-to-rest and directed
acyclic graph.

In this paper, Matlab7.1 is used to analysis the data
and RBF is chosen as the kernel function. The
parameters (C,y)of RBF are chosen by net search and

cross validation. Multi-class classifications of one-to-rest
are used to construct multi-fault classifiers for
recognizing different crack depth of fault rotor.

III. ROTOR CRACK EXPERIMENT

A. Test Conditions

The basic principle of AE detecting for rotor crack is
that AE signals sent from crack propagation will transmit
around in the form of elastic wave, which will be picked
up by AE sensors placed on the bearing surface and be
changed into electrical signal after passing the coupling
agent. Through the pre-amplifier, the electrical signals
will be put into the AE equipment, and then, after the
process of zoom, A/D conversion and data acquisition,
data export, signal analysis, and finally data will be
displayed. the process of AE testing is shown in Fig.2

Acoustic emission Transmissionin
sourCe materials

Coupled interface

He  Sensors
of sensors

Data display #— Signal processing 4— De"i? of J

Figure.2 Schematic of acoustic emission testing.

The Spectra Quest's comprehensive fault simulate test
rig of the United States is taken as the experiment
platform. The test bed can simulate common mechanical
equipment fault for analysis. The SWAES full waveform
acoustic emission monitoring instrument of Danish and
Beijing ShengHua’s data acquisition system are used for
software and hardware system of AE detection. The AE
testing physical configuration is as shown in Fig.3.

To simulate crack propagation, four experimental
shafts with the same material model have been
prefabricated. The size is 16mm X 53mm, the materials
used for 1Cr18Ni9Ti. One is normal and other are
cracked rotors, the crack are formed by wire-cut method
and fatigue test equipment. The crack depth is 3mm.
Smm., 8mm respectively, the width is 0.12mm, the
location of shaft crack is in the central shaft near the
turntable.
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In the experiment, under the same condition (constant
speed is 1800 r/min and load is 2.5kg), vibration signal
and AE signals of four rotors are collected, respectively.
The time domain waveforms diagram were described
after being pretreated. As shown in Fig. 4 and Fig. 5:

The Figure 4 is the vibration signal time-domain graph
at the speed of 1800r/min, it can be seen that the
vibration signal of the normal rotor and crack rotor are
no obvious differences. The Fig.5 is the AE signal
time-domain graph, it can be seen that the signal
amplitude is low, especially 3mm cracked rotor. With the
deepness of the crack, the signal amplitude has increased

3 4 r
time tis tine tls

a) Normal rotor b) 3mm crack depth

amplitndes A

3 4
time tfs
¢) 5Smm crack depth d) 8mm crack depth

Figure.4 Time domain map of vibration signal at 1800r/min
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Figure.5 Time domain diagrams of acoustic emission signal at 1800r/min

© 2011 ACADEMY PUBLISHER



JOURNAL OF SOFTWARE, VOL. 6, NO. 10, OCTOBER 2011

trend. Time-domain signals of normal rotor are flat
relatively and lower about 0.3V. While clear pulses of
AE signal can be seen in crack rotor signal graph.
Therefore, AE testing method is easier to identify early
crack fault than vibration detection.

B. fault feature extraction

WVD of AE signals of 3mm crack rotor at 1800r/min
are calculated after being pretreated. From Fig.6, fault
feature of crack AE signals can not identify effectively
because of the existence of serious cross term
interference and noise.

In this regard, PWVD of above signal is calculated
after being windowed, which is shown in Fig.7.

The time-frequency distribution diagrams of WVD
and PWVD are compared, it can be seen from figure 6
that cross-term interference and noise are eliminated
obviously, fault feature of AE signals are highlighted.
The AE event occurred at 32ms, 107ms and 182ms, time
interval is 75ms, and the frequency range is low of 60-65
kHz, indicating that a slow expansion of the crack has
occurred

Figure.8 and Figure.9 are the contour maps and
three-dimensional maps of 3mm crack rotor at the speed
of 3600r/min and 4500r/min respectively.

TABLEI.
FEATURES OF AE SIGNAL OF DIFFERENT CRACK DEPTH

Crack depth Speed Amplitude Frequency Cycle
/mm /(r-min™) A% /kHz /ms
3mm 1800 0.85~0.95 50~75 75
Smm 1800 1.0~1.3 65~85 72
8mm 1800 1.3~1.5 50~70. 80~100 64

The results show that PWVD has higher

time-frequency resolution, its contour map and three
dimensional maps precisely described the number,

T T

g B

g

Frequency BkHz

2 40 60 80 100 120 140 180 180 200
e tns

a) contour map.

amplitude &

(L}

frequency fikHz

b) Three-dimensional map.
Figure.6 Wigner-Vill distribution of AE signal
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Figure.7 Pseudo Wigner-Vill distribution of AE signal

intensity, and time of pulses, AE events and other
information of AE signal of crack rotor, which achieved
a precise diagnosis of early crack fault. Although there
are some cross interference terms in high speed, but it
does not affect the recognition of fault feature because
the fault feature is still obvious.

PWVD of AE signals of the four rotors are calculated
successively. According to the experimental data, AE
signal features of crack rotor of different depth are
obtained as shown in Table 1. Those feature parameters
can be used as the object of feature extraction.

C. Fault diagnosis analysis of rotor crack.

Fault diagnoses of SVM are based on feature vector of
fault signals for fault diagnosis and pattern recognition.
Means of two parameters (amplitude, frequency) are
extracted from the result of PWVD method of AE signal
as sample of feature vector.

Sample data are set as table 2. There are 200 sample
data in total, which can be divided into four kinds
equally by no crack. 3mm crack rotor. Smm crack rotor
and 8mm crack rotor, of which have 50 groups with 30
groups used for training and the remaining for testing.

According to classification, four fault classifiers are
constructed; the logic diagram is shown in Fig.10.

TABLE2.
DESCRIBES THE SAMPLE DATA

Crack depth  Training samples  Testing samples  Total samples
normal 30 20 50

3mm 30 20 50

Smm 30 20 50

8mm 30 20 50

total 120 80 200

The optimal classification function fl(x)-f4(x) are
established by importing the indicator of training sample
x into VSM1~VSM4 for judging the testing samples.
Firstly, the feature vector is inputted into SVMI, if y =
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Figure.9 PWVD of shaft of crack 3mm depth at 4500r/min
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Figure.10 Multi-fault classifier of support vector machine

+1, it can be judged as normal rotor, else is fault rotor.
The crack depth is discerned by analyzing the output
results of SVM2-SVMA4. The specific classified effects of
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testing samples shown in Fig.11 to Fig.14, which are
normal and fault classification, 3mm crack and other
classification, 5Smm crack and other classification, 8mm
crack and other classification. In the figures, the red plus
sign means “ +17, the blue diamonds is “-1”.

From the Fig.11 to Fig.14, the numbers of SVM are 3.
4. 4 and 3, the rates of total samples are 15%- 20%- 20%
and 15%, the training correct rates are 100%- 90%-. 95%
and 100% , classification results are ideal. The
experiment result shows that the rationality of selected
parameters and the effectiveness of constructed
classifiers, which proves the superiority of SVM in fault
classification.
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Figure.11 SVMI-normal and fault classification
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IV. CONCLUSIONS

Aiming at inaccurately and inefficiently fault feature
of early crack by the vibration method in the
environment of strong noise, this paper has adopted
method of combining PWVD with SVM to do
time-domain feature extraction and fault recognition for
AE signal for cracked rotor. Acoustic emission technique
was used to monitor the condition of rotor crack and
diagnose fault for crack rotor, which has advantages of
obvious feature frequency and early prediction time of
fault. SVM is used for constructing multi-fault classifier,
which can recognize different crack depth on fault rotor
effectually. The method of combining PWVD with SVM
has deepened the studies on characteristics of AE signal,
and possesses extremely important significance in
promoting the development of fault diagnosis
technology.
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