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Early fault diagnosis of rolling bearings is crucial to operating and maintenance cost reduction
of the equipment with bearings. This paper aims to propose a novel early fault feature extrac-
tion method based on the proposed hierarchical symbol dynamic entropy (HSDE) and the
binary tree support vector machine (BT-SVM). Multiscale symbolic dynamic entropy (MSDE)
has been recently proposed to characterize the dynamical behavior of time series. MSDE has
several merits comparing with multiscale sample entropy (MSE) and multiscale permuta-
tion entropy (MPE), such as high computational efficiency and robustness to noise. However,
MSDE only utilizes the fault information in the low frequency components and consequently
the fault information hidden in the high frequency components is discarded. To address this
shortcoming, a new method, namely HSDE, is proposed to extract the fault information in the
high frequency components. Then, the BT-SVM is utilized to automatically complete the fault
type identification. The effectiveness of the proposed method is validated using simulated and
experimental vibration signals. Meanwhile, a comparison is conducted between MPE, hierar-
chical permutation entropy (HPE), MSE, hierarchical sample entropy (HSE), MSDE and HSDE.
Results show that the proposed method performs best to recognize the early fault types of
rolling bearings.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Effective early fault diagnosis of rolling bearings can help reduce maintenance cost and enhance the reliability of machines
[1]. Therefore, early fault diagnosis of rolling bearings has become a research hotspot. Generally, the fault diagnosis scheme of
bearings can be summarized into three stages: data collection, fault feature extraction and fault pattern identification. Among
these three stages, fault feature extraction is most challenging. If a localized bearing damage occurs, periodic impulsive signals
should occur. However, the impulse signal is very weak at the early fault stage. It is easily submerged by the strong environment
noise leading to the difficulty in fault feature extraction [2].

Entropy is a powerful and effective tool to extract fault features, which has been widely applied in the bearing fault diagnosis
of rotating machinery [3-5]. The vibration signal collected from a healthy rolling bearing generally has a large entropy value due
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to its high irregularity, while that collected from a damaged rolling bearing has a small entropy value due to its low irregularity.
Therefore, many researchers have utilized entropy to extract the fault features of rolling bearings [6-8]. The most widely used
entropy includes sample entropy (SE) [9-11] and permutation entropy (PE) [12-14]. However, SE is not fast enough especially
in the analysis of long time duration signals [15]. PE, though faster than SE, only utilizes the amplitude information of the time
series. A small change in amplitude by noise will affect the value of PE and hence PE is relatively sensitive to the noise [16].
To overcome these deficiencies, Li et al. [17] introduced a new method, namely symbolic dynamic entropy (SDE), to fit the
dynamical characteristics of a vibration signal. The SDE can effectively remove the background noise using the symbolization
procedure and also reserve the fault information using the probability of state pattern and the state transition [17]. SDE has been
demonstrated to have better performance in the analysis of vibration signals using both amplitude and frequency information.
SDE has obvious advantages, such as higher calculation efficiency and more robust to noise. In addition, SDE is extended to
multiscale process, namely multiscale symbolic dynamic entropy (MSDE) [17] for comprehensive analysis of vibration signals.
However, MSDE may discard the fault information hidden in the high frequency components because the multiscale analysis in
MSDE only considers the fault information in the low frequency components. To overcome this drawback of multiscale analysis,
Jiang et al. [18] introduced the hierarchical decomposition and proposed the hierarchical sample entropy (HSE). Hierarchical
decomposition has been demonstrated to be more effective than multiscale analysis [19,20].

Based on the advantages of SDE and hierarchical decomposition, we propose a new bearing fault feature extraction method
called hierarchical symbolic dynamic entropy (HSDE). HSDE method can extract the fault features hidden both in the high fre-
quency component and low frequency component. After the fault extraction, a widely used classifier BT-SVM is employed to
identify the fault types. There are two steps in the proposed method. First, the HSDE is applied to extract the fault information
from bearing vibration signals corresponding to different health conditions. Second, BT-SVM is employed to complete the fault
diagnosis. The experimental data collected from the Case Western Reserve University (CWRU) are used to validate the effec-
tiveness of the proposed method. Experimental results demonstrate that the proposed method has the best fault extraction
performance among MPE, HPE, MSE, HSE, MSDE and the proposed HSDE.

The organization of the rest of this paper is as follows: Section 2 describes the fundamentals of HSDE; Section 3 shows the
steps of the proposed method based on HSDE and BT-SVM. Section 4 applies the proposed method to classify rolling bearing
early faults. A conclusion is drawn in Section 5.

2. Proposed hierarchical symbol dynamic entropy

In this section, the theoretical background of the SDE and MSDE briefly described, respectively. Meanwhile, the concept of
hierarchical symbol dynamic entropy (HSDE) is introduced.

2.1. Symbol dynamic entropy

Let X = {x{, X;,..., X} represents a given time series with length N. The calculation procedure of the SDE method can be
summarized as follows:

Step 1. Conduct the symbolization. Since the maximum entropy partitioning (MEP) has the advantage of adaptive segmenta-
tion [21], MEP is applied to convert the time series into a symbol time series. Detailed application of the MEP method
is available in Ref. [21].

Step 2. Construct the template vectors Z;“’/1 with embedding dimension m and time delay A using the symbol time series
according to Eq. (1):

ZJT"”1 ={z(j),zG+ A), ...,z +(m-DD)},j=1,2,... ,.N—-(m—-14 (1)

Step 3. Calculate the probability of each state pattern. For a symbol time series with embedding dimension m and symbol
number &, there are €™ state mode patterns. The probability of each state pattern qf;m”l can be calculated using Eq.

(2):

I 2§ < N=(@m= DA, typeZ ™) = g™}
N—-(m-1)4

where type(.) denotes the map from symbol space to state pattern space.

|||l denotes the cardinality of a set.

Step 4. Construct the state mode matrix using the probability of state pattern qﬁ’m”1 as [P(qf’m”l), P(qg’m”l), ,P(qﬁ’m”l)]mém.
Step 5. Calculate the probability of state transitions using Eq. (3) as follows:

P(gy™) =

(2)

G+ J < N—ma,typeZ ™) = g3, 2(j+ mA) = oy}

N—-mA

where ¢ is the number of symbols, €™ is the number of states,a=1,2,3,...,e™mand b =1, 2, 3, ..., €. Note that there
are total e™*! state transitions.

P(y | ¢5™) = 3)
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