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Abstract. As the power source of the hydraulic system, the performance of the hydraulic pump is
quite crucial for the normal operation of the entire system. The purpose of this study is to propose
a method of fault diagnosis for hydraulic pump based on intrinsic time-scale decomposition (ITD)
and softmax regression. First, proper rotation components are obtained by processing the pump’s
vibration data with ITD, which is an efficient and precise time-frequency-energy analysis method
of signals. Then the feature vector which contains state information of present moment is formed
by the energy values of the components. Finally, the softmax regression model is trained to
classify possible fault modes, and the gradient descent method is applied to determine the
parameters of the model. The effectiveness and feasibility of the proposed method have been
validated by a case study based on the vibration signals of a real hydraulic pump under different
fault modes.

Keywords: hydraulic pump, fault diagnosis, intrinsic time-scale decomposition, softmax
regression model.

1. Introduction

Hydraulic systems have been widely used in aeronautics, astronautics, automobiles and so on.
As the heart of a hydraulic system, hydraulic pump significantly influences the operation of the
entire system. Under abnormal states, hydraulic pumps are generally accompanied with vibration
change [1, 2]. Thus it is particularly important to realize real-time fault diagnosis of hydraulic
pump by using the monitoring signals. This study provides a novel fault diagnosis method for
hydraulic pump based on intrinsic time-scale decomposition (ITD) and softmax regression.

In general, the entire fault diagnosis process mainly includes two key procedures: feature
extraction and mode classification. For feature extraction, reliable feature representative of the
pump condition should be extracted by the analysis of vibration signal measuring on the pump at
first. However, the failure mechanism of hydraulic system is so complex that the accurate failure
feature is difficult to obtain. So common signal processing methods are not sufficiently applicable
for characteristic extraction of a hydraulic pump. The empirical mode decomposition (EMD) has
been widely used to process nonlinear and non-stationary signal effectively [3]. But in its
application, smoothing out the uneven amplitudes via sifting can prevent faithful extraction of
waves. Moreover, repetitive sifting causes smearing of information across different decomposition
levels, which is unlikely to reflect the intrinsic characteristics of the signal under analysis. To
overcome the limitation of EMD, the ITD method is proposed along with the underlying
monotonic signal trend, without the need for laborious and ineffective sifting or splines [4-6]. It
can decompose a signal into a sum of proper rotation components and a monotonic trend, which
makes it efficient and precise for time-frequency-energy analysis of signals. Instantaneous
frequency and amplitude are well defined in the proper rotation components.

As an expansion of logistic regression, softmax regression generalizes logistic regression to
the multi-class classification setting, where the classes are mutually exclusive. As a multi-class
model, softmax regression is more applicable to multi-class classification problems such as fault
diagnosis of hydraulic pump, which need to classify three conditions: the normal state, the slipper
loosing fault and the valve plate wear fault. Since all the classes are modeled simultaneously in a
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unified process, the outputs are directly comparable to arrive at the prediction and the class
distribution is relatively more balanced, which makes softmax regression a proper classification
algorithm to solve the fault diagnosis problem.

In order to process the nonlinear vibration signals and achieve accurate fault classification of
hydraulic pump, an approach based on ITD and softmax regression is proposed. This paper is
structured as follows. In Section 2, the fundamental mathematical principles of the ITD and
softmax regression are illustrated. Section 3 explains the case study of hydraulic pump fault
classification, which is performed to validate the proposed method. Section 4 draws the conclusion.

2. Methodology
2.1. Procedures of the method

The methodology has two main steps as below:

The first step involves the time-frequency-energy analysis of the vibration signals based on
ITD. Proper rotation components are decomposed from original signals and the form of feature
vector is based on energy extraction;

In the second step, softmax regression model is employed to realize the fault mode
classification. The training dataset of former feature vector is used to train the fault classification
model, which is tested by the testing dataset then. The procedure of the methodology can be
summarized as Fig. 1.
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Proper rotation components
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¥ ¥
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Fig. 1. The procedure of the proposed methodology
2.2. Feature extraction by using intrinsic time-scale decomposition

The ITD method decomposes a vibration signal into several proper rotation components and a
trend component. For the signal X;, ¢ is defined as the baseline extraction operator. After
extracting a baseline from the signal X, the rest of the signal becomes an inherent rotation. The
first decomposition of X; is as follows:

Xt=€Xt+(1_E)Xt=Lt+Htr (D

where L, = &X, is the baseline signal and H, = (1 — &)X, is the proper rotation component.
Decomposition can extract a baseline signal and a proper rotation component, the latter
denoting the local relative high frequency of the decomposed signal. Taking the baseline signal as
the input signal, the decomposition is continued until a monotone signal is obtained. Using this
method, the original signal is decomposed into several proper rotation components of frequency
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ranges from high to low and a monotone trend component. The whole process can be
expressed as:

p—1
Xo =X, + X =YX+ P+ DX, = A+ + 820X, = () 487 )X, e
k=0

where Y& X, is the (k + 1)th layer of the proper rotation and £PX, is a monotone trend or an
extracted lowest frequency baseline when the decomposition is stopped before the monotone trend
is obtained.

The decomposed components from the ITD method have certain physical meanings. They can
effectively reflect the characteristics of the original signal and are suitable for analyzing the
amplitude and frequency modulation of the signal [5].

At last, proper rotation components ITD;,..., ITD,, and the trend component are obtained, as
follows:

n

Xe= ) al®)+ ), &)

i=1

where c;(t) is the ith ITD component and 7, (t) is the trend component.

The ITD method is applied to decompose the original signal into several proper rotation
components with intrinsic time scales. Then, the energy values are calculated as features of the
components. Each proper rotation component c;(t) is processed as following:

E = | la®I*dt, “
|

where E; is the energy of Each proper rotation component, and then normalized as below:

-1 -1

T, = El<ZN:Ei>_1,EZ<ZN:Ei> EN<§:E> , (5)

i=1 i=1 i=1

where T; is the normalized energy feature vector which contains key information of original
signal. The feature value can change when the hydraulic pump works under different conditions,
which can reflect the different fault mode of the pump. Thus, the ITD method can be applied to
obtain the feature vector effectively.

2.3. Softmax regression method

Softmax regression is an expansion of logistic regression. Different from traditional logistic
regression, softmax regression focuses on multi-class classification. It generalizes logistic
regression to the multi-class classification setting, where the classes are mutually exclusive. Given
an input x, softmax regression estimates the probability of the class label y taking on each of the
k different possible values with a k-dimensional vector generated from the hypothesis function.

For a test input x, the probability that P(y = j|x) for each value of j = 1, ..., k is estimated by
softmax regression. Assume the training set {(x®,y®), .. (x®,y®)} and labels
y® € {1,2, ..., k}, the hypothesis outputs a k-dimensional vector (whose elements sum to 1) and
also provides k estimated probabilities. The hypothesis hg(x) takes the form:
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[p(y(i) =1|x®; 9)] eg{x(i)]

, ® = 21x®; g 1 oT (D
ho(x®) = |p(y : o )| Tk OTx0 le 2
e

(6)
p(y® = k|x(i);9)J j=1

T
egkx(l)J

T ,.
Here 64, 0,, ..., 6, € R™*1 are the parameters of the model. Normalized by 1/ Z;‘-":l e *® the

hypothesis for x® are then equaled to one.
The cost function will be as follows:

gT ®

/)= _% ii e _]}log ol %ii 5 "

i=1j=1 = i=1 j=0

where 1{-} is the indicator function so that 1 {a true statement} = 1, and 1 {a false statement} = 0
Then it is plugged into a gradient descent algorithm and get a minimum J(8) which helps to get
the final classification results:

m
1 . o o
Vo J©) = —— [+ (1fy® = j} = p(y® = j|x®;6))] ®)
i=1
Besides, the cost function is modified by adding a weight decay term Z 12 =0 0% 7, which

penalizes large values of the parameters since softmax regression has superﬂuous parameters and
is easy to be over parameterized [7-8].

3. Case study

In this experiment, several datasets generated from a plunger pump test-rig were used to
validate the effectiveness of the proposed method. And two commonly occurring faults were
injected into the test pump: slipper loosing and valve plate wear. The original vibration data of the
hydraulic pump were acquired from the end face of the pump with a motor speed of 528 r/min and
a sampling rate of 1000 Hz. Under three conditions including the normal state and two fault
conditions, 12 groups of data samples were acquired in total and four samples were obtained for
each condition.
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Fig. 2. ITD result of a normal state signal Fig. 3. ITD result of slipper loosing condition
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3.1. Feature extraction of the vibration signals

In the process of feature extraction, each raw data was decomposed to acquire the proper
rotation components by ITD. Figs. 2-4 shows the results of the intrinsic time-scale decomposition
of the normal condition signal and two fault condition signals. Each signal was decomposed into
four proper rotation components. Then the normalized energy values of the proper rotation
components were extracted to form the feature vector with the assumption that energy of the trend
component can be ignored.
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Fig. 4. ITD result of a valve plate wear signal
3.2. Softmax regression model training for fault classification

In this section, the softmax regression model was applied to recognize the states of the
hydraulic pump based on the feature vectors obtained by ITD. For each fault mode, the fault
classification model was trained by 250 sets of fault state data (P(y = 1|x) = 1) versus 250 sets
of normal data(P(y = 1]|x) = 0). And the gradient descent method was employed to determine
the parameters of the softmax regression model, which was then used to classify the faults of the
hydraulic pump.

The training datasets which contained 40 sets of data under normal condition, 40 sets of data
under fault mode 1(slipper loosing), and 40 sets of data under fault mode 2(valve plate wear), were
used for validating the trained classification model. The classifying results expressed by the
different fault mode probabilities were shown in Fig. 5.
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Fig. 5. Probabilities of fault modes 1 and 2
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As is shown in Fig. 5, the probabilities of each corresponding fault was much higher than those
under other states. For sample (a) in Fig. 5, the probabilities of samples from 41 to 80 was much
higher than the samples between 1 and 40 (normal state) together with samples 81 and 120 (fault
mode 2), thus drawing the conclusion that the pump was diagnosed with fault mode 1. The result
can demonstrate the effectiveness and practicality of fault diagnosis using softmax regression.

4. Conclusions

The fault diagnosis of a hydraulic pump based on ITD and softmax regression was performed
in this study. ITD, which is an efficient and precise method for time-frequency-energy signal
analysis, can obtain proper rotation components from non-stationary vibration signals. Feature
vectors which contain characteristic information are obtained by energy extraction. Finally, as a
competitive and efficiency tool for fault diagnosis, softmax regression model are applied to realize
dynamic fault classification of hydraulic pump. The proposed method is verified to process non-
stationary and nonlinear signals effectively with good diagnosis robustness.
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