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Abstract. Centrifugal pumps, like other rotating equipment, produce vibration signals during
operation. Vibration signals often contain pump state information. Therefore, we can obtain pump
state information by using appropriate signal processing methods. Synchrosqueezing wavelet
transform (SWT) is a new time-frequency analysis technology. It is an algorithm for rebuilding
time-frequency signals, which is similar to the empirical mode decomposition method. It can
improve the time-frequency resolution of the signal compared with wavelet transform. In this
paper, the SWT is used to analyze the vibration signal of centrifugal pump and extract
characteristics. The data shows that the SWT can effectively extract the information of signal in
time domain and frequency domain. Then we use the Support Vector Machine (SVM) to classify
the features and realize the fault diagnosis of centrifugal pump. The result proves that the fault
diagnosis method based on the SWT and SVM.

Keywords: centrifugal pump, fault diagnosis, synchrosqueezing wavelet transform, support
vector machine.

1. Introduction

Rotary machinery plays an important role in modern industrial production. Once the rotary
machinery at key parts lose effectiveness, it will lead to serious consequences. Therefore, in the
use of such machinery, the situation of failure needs to be taken seriously. Rotary machinery fault
diagnosis technology is widely concerned in the current study. In order to realize the
condition-based maintenance, it is the goal of the researcher to find out the fault as early as
possible.

Centrifugal pump is a kind of rotary machinery and is widely used in many industrial fields.
The fault diagnosis of centrifugal pump can effectively avoid the economic loss. There are three
main types of fault diagnosis methods for centrifugal pumps: fault diagnosis based on signal, fault
diagnosis based on analytic model and fault diagnosis based on expert knowledge. Based on the
vibration signals of the equipment, many fault diagnosis methods have already been proposed and
successfully applied in the fault diagnosis of different rotary devices. These methods use statistical
analysis, frequency domain analysis or time-frequency analysis to identify and process the
vibration data. According to the different characteristics of the signal, the characteristics that can
represent the overall state of the vibration signal have been extracted. Finally, the classification
algorithm is used to classify the characteristic so as to realize the fault diagnosis of machinery.
Wang H. and Chen P. successfully monitored multiple faults of rotating machinery in real time by
taking the statistical parameters of the signal, such as mean, standard deviation, kurtosis,
skewness, etc., as fault characteristics and using Fuzzy Neural Network (FNN) as a classifier [1].
Sakthivel N. R. and Sugumaran V. compared the two classification methods of decision tree and
rough set, and verified by experiment on centrifugal pump [2]. Wavelet Decomposition is used to
extract the vibration signal of centrifugal pump, and Support Vector Machine is used as classifier
for on-line fault diagnosis in [3]. The vibration signal of centrifugal pump is decomposed by
continuous wavelet transform and fault diagnosis is realized by support vector machine in [4].
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Given that the ensemble techniques can alleviate the generalization error and reduce the
over-fitting phenomenon of the model compared with the independent algorithm, Wang Z. Y. used
the selective ensemble neural network to realize fault diagnosis of rotary machinery in [5]. Ding Y.
used logistic regression to extract the vibration signal of pump, used SOFTMAX regression
algorithm to classify the features in [6].

A fault diagnosis method based on SWT and SVM is proposed in this paper to detect the fault
of centrifugal pump. Firstly, the vibration signal of centrifugal pump driven by motor is selected.
The fault modes of centrifugal pump include bearing roller fault, bearing inner ring wear, bearing
outer ring wear and centrifugal pump impeller wear. The time frequency analysis of vibration
signal is carried out by using SWT. The time-frequency domain information of vibration signal is
obtained. The frequency domain characteristics are extracted and are classified by SVM to realize
the fault diagnosis of centrifugal pump.

2. Detection method based on SWT-SVM
2.1. Description of SWT

Synchrosqueezing wavelet transform is a new time-frequency signal analysis method proposed
by Daubeche in 2011 [7]. By redistributing the wavelet coefficients, the signal energy in the
spectrum is gathered near the real frequency, which improves the resolution of the signal in

time-frequency.
For x(t), its Fourier transform can be expressed as:

x(w) = J x(t)e "t dt, (1)
where the w represents the angular frequency. The reverse transformation of w is:
x(t) = .f x(w)e/Vt dw. )

Thus, the signal x(t) can be expressed as the sum of a set of harmonics with different
frequencies, as in Eq. (3):

X(©) = ) my(©) + (), 3

where my (t) = Ay cos(¢y(t)) represents the k th harmonic component. A; represents the
instantaneous amplitude of the signal, ¢, (t) represents the instantaneous phase of the kth
harmonic component. And e(t) represents the noise.

The continuous wavelet coefficients of a single harmonic signal m(t) are obtained by wavelet
transform as follows:

1 (1 .
Wi(a,b) = 5- [ @R @e™ . @

If the main frequency of the parent wavelet is wg, then theoretically the transformed W, (a, b)
will approach a = wy/w in the time-scale plane. In fact, the wavelet coefficients are divergent on
the scale, which makes the time-frequency spectrum of the wavelet transform relatively fuzzy. For
arbitrary (a, b) and W,,,(a, b) # 0, the instantaneous frequency is calculated as follows:

W (a,b) = —i(Wy(a, b)) aa—me(a, b). (5)
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The mapping of (a,b) to (wy(a,b),b) transforms the wavelet coefficients into the
time-frequency plane. SWT compresses the wavelet coefficients in the interval:

1 1
w; — EAw, w; + EAw].

Near the central frequency omega in the time-frequency plane. By processing the signal in this
way, the frequency components are compressed in the frequency domain, making it easier for the
frequency components to be recognized in the time-frequency plane. The discrete calculation
formula of the compression wavelet coefficients is as follows:

Ta(wub)= ) Walab)a; (e, ©
|wm(a'b)—(ui|sA(u/2
The continuous calculation formula is as follows:
T, (w;, b) = Wy, (a,b)a™3/? da. )

A(b)
2.2. Description of SVM

Support Vector Machine (SVM) is a supervised learning algorithm, which is widely used in
data classification and discrimination problems. SVM can effectively solve the problem of
two-class classification by finding the best separation hyperplane in the feature space to maximize
the interval between positive and negative samples on the training set. In order to solve the
nonlinear problem, kernel function is introduced into SVM.

SVM for nonlinear classification is generally divided into two steps:

1. A nonlinear map is used to transform the data in the low-dimensional space X into a
high-dimensional feature space F.

2. The linear classifier is used to realize the classification in the high-dimensional feature
space F.

Consider the following data set form:

N
fG) = D wigi() +b. ®)

i=1

¢;(x) is the mapping from space X to space F, but the explicit representation of the nonlinear
mapping is difficult to reckon. Since the dual form is a property of SVM, the classification decision
rules can be represented by the inner product of the test set and the training set:

l

) =) @b - p00) + b. ©

i=1

Select a kernel function K, map the data to a high-dimensional space F, find the optimal
separation hyperplane in space F, and distinguish the non-linear data:

K(x,z) = ($(x) - $(2)). (10)
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3. Case study
3.1. Case study description

The data in the experiment is collected from the centrifugal pump in Fig. 1. Four common
faults of the pump were set: bearing roller wearing, bearing inner race wearing, bearing outer race
wearing and pump impeller wearing. The centrifugal pump is driven by the motor with a stable
working speed of 2900 r/min. Vibration data of the centrifugal pump is obtained by accelerometers
with a sampling frequency of 10.24 kHz.

DAQ
System

Fig. 1. Centrifugal pump
3.2. SWT-SVM based fault diagnosis

The collected centrifugal pump vibration signals are intercepted into a plurality of one-second
long signal segments. SWT is used to analyze these signal segments. The results of frequency
spectrum are in Fig. 2. It can be seen from the frequency spectrum graph that the amplitude of
signal frequency domain is quite different under different fault modes.
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Fig. 2. Frequency spectrum

Given that the frequency domain characteristics of different vibration signals are quite
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different in the fixed frequency band, the energy of each peak part of the spectrum graph is selected
as the feature. Through dimension reduction, 12000 sets of three-dimensional feature sets were
obtained, including bearing roller wearing, bearing inner race wearing, bearing outer race wearing
and centrifugal pump impeller wearing. There are also 2400 feature sets under normal conditions.
The distribution of feature sets in three-dimensional space is shown in Fig. 3. Notably, feature sets
corresponding to different states can be clearly distinguished.

[e)Ne]

normal
rolling-fault
inner-ring-fault
O outter-ring-fault
O impeller-fault

Fig. 3. Distribution of feature sets

SVM is chosen as classifier in this experiment. The feature set is divided into 10000 training
sets and 2000 test sets, in which the training set is used to train the SVM network. After the
training, we input the test sets data into classifier. Comparing the predicted values of the model
output with the true values, we can get a prediction accuracy of 93.8 % for the network. The
forecast result is shown in Fig. 4.
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Fig. 4. The forecast result of SVM
4. Conclusions

A fault diagnosis method of centrifugal pump based on SWT and SVM is presented in this
paper. First, the vibration signal of centrifugal pump is analyzed by SWT. And the time-frequency
spectrum of the signal is obtained. The SVM algorithm is used to classify different types of
features. In the process of classification, some features are randomly selected to train the SVM
model. When the model is trained, the feature of the unmarked fault mode is taken as the test set,
which is used as the model input. And the predicted value of the test set state is used as the model
output. The output of the model is a predictor of the state of the test set. Comparing the predicted
value of centrifugal pump state with the actual value, we can see that the prediction accuracy of
the model reaches 93.8 %. The result shows that the fault diagnosis method based on SWT and
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SVM can identify different fault modes with high success rate, which is helpful to realize the
condition monitoring of centrifugal pump.
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