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Abstract: Due to the merits of Lamb wave to Structural Health Monitoring (SHM) of composite,
the Lamb wave-based damage detection and identification technology show a potential solution
for the insulation condition evaluation of large generator stator. This was performed in order to
overcome the problem that it is difficult to effectively identify the stator insulation damage the using
single feature of Lamb wave. In this paper, a damage identification method of stator insulation based
on Lamb wave multi-feature fusion is presented. Firstly, the different damage features were extracted
from time domain, frequency domain, and fractal dimension of lamb wave signals, respectively.
The features of Lamb wave signals were extracted by Hilbert transform (HT), power spectral density
(PSD), fast Fourier transform (FFT), and wavelet fractal dimension (WFD). Then, a machine learning
method based on support vector machine (SVM) was used to fuse and reconstruct the multi-features
of Lamb wave and furtherly identify damage type of stator insulation. Finally, the effect of typical
stator insulation damage identification is verified by simulation and experiment.

Keywords: stator insulation; multi-feature; support vector machine; damage identification

1. Introduction

Stator insulation of large generators has a laminated composite structure. In long-term service,
stator insulation is exposed to a combination of electrical, thermal, and mechanical stresses. They
gradually cause the aging of insulation structure, resulting in internal or surface insulation damages,
such as void, delamination, puncture crack, and surface crack, etc. These damages eventually can lead
to failure and breakdown of large generator stator insulation [1–4]. The occurrence of such accidents
not only endangers the generator itself, but also results in the power failure of the whole system, which
causes huge economic losses. Therefore, timely and accurate detection and identification of stator
insulation structure damage can provide effective and reliable reference information for insulation
status diagnosis and life assessment of large generator stator.

Implement of condition monitoring (CM) on stator insulation holds the promise of enhancing
the safety and economic operation of a large generator. Structural Health Monitoring (SHM) is a
promising method for the non-destructive defect detection of composites [5]. Its purpose is to detect
the damage occurring inside or on the surface of the structure in real time, so as to carry out early
diagnosis and prediction and prevent the accidents before it happens. In addition, SHM can reduce the
maintenance cycle and cost, and ultimately achieve the purpose of avoiding catastrophic accidents.
Lamb wave is a guided wave which propagates in thin plate structures. It has been developed as a new
non-destructive testing technology for effectively monitoring the health of structures due to its easy
detection of minor damage in structures. Considering the potential benefits of Lamb waves in defect
detection of laminated composite structure [6], some progress has been made in the study of stator

Sensors 2019, 19, 3733; doi:10.3390/s19173733 www.mdpi.com/journal/sensors

http://www.mdpi.com/journal/sensors
http://www.mdpi.com
https://orcid.org/0000-0002-0415-2859
http://www.mdpi.com/1424-8220/19/17/3733?type=check_update&version=1
http://dx.doi.org/10.3390/s19173733
http://www.mdpi.com/journal/sensors


Sensors 2019, 19, 3733 2 of 17

insulation damage detection. Lamb wave can not only detect the damage of stator insulation, but also
locate the damage and even conduct damage imaging [7–9]. Thus, Lamb wave has good potential
application value in health monitoring of large generator stator insulation.

The type of stator insulation damage can reflect the state of stator insulation aging to a certain
extent. So the degree of stator insulation aging can be evaluated by identifying typical stator insulation
damage categories. Due to the multi-mode and dispersion of Lamb wave, it is difficult to explain
the damage detection signal, which seriously affects the effect of damage identification. In addition,
the stator insulation of large motor is a composite material structure, and the Lamb wave propagation
process is very complex, the reflection and scattering of Lamb wave make it difficult to extract the
damage features, thus causing great obstacles to the identification of damage types. In particular, using
a single damage feature for damage identification can also reduce the accuracy of stator insulation
damage type identification. Moreover, the traditional damage classification method often depends
on manual intervention and experience, and the results of damage identification are quite different.
With the rapid development of computer technology, especially machine learning algorithms, intelligent
damage identification has become an inevitable trend. At present, among the common machine
learning algorithms, clustering algorithm (CL) [10] classifies samples according to the strong similarity
of sample features, but there are still some problems such as poor stability and sensitivity of initial
clustering centers. Artificial Neural network (ANN) [11] is a computer learning network system
established by imitating the topology of human brain neurons, which can solve complex non-linear
mapping problems. However, the ANN algorithm has some shortcomings, such as slow convergence
speed and large sample demand. Due to the difficulty in obtaining insulation damage samples of
large generator stator, the number of damaged samples is small, which limits the application of neural
network and clustering algorithm. As a machine learning algorithm based on statistical learning and
structural risk minimization, Support Vector Machine (SVM) [12,13] can solve small sample, no-linear
and high dimensional pattern recognition problems, which has been applied in the field of damage
identification based on Lamb wave signals [14]. In this paper, a stator insulation damage identification
method based on Lamb wave multi-feature fusion is proposed. Hilbert transform (HT), power spectral
density (PSD) analysis, fast Fourier transform (FFT) and wavelet fractal dimension (WFD) methods
were used to extract features of stator insulation damage detection signal respectively. Based on these
damage features, a damage feature fusion algorithm and an SVM classification algorithm was used to
identify the types of stator insulation damage.

This paper is organized as follows. In Section 2, the principle of stator insulation damage
identification based on Lamb wave is described. Section 3 introduces the methods of stator insulation
damage feature extraction from time domain, frequency domain, and fractal dimension respectively
and multi-feature fusion. In Section 4, the design of SVM classifier is introduced. The finite element
simulation is used to analyze the insulation damage identification of large motor stator based on Lamb
wave multi-feature fusion in Section 5. In Section 6, the validity and accuracy of this method is verified
through experiments. Finally, conclusions are drawn in Section 7.

2. Principle of Stator Insulation Damage Identification Based on Lamb Wave

Lamb wave is a kind of guided wave propagating in plate structure. When there is damage
in stator insulation structure, Lamb wave will reflect and scatter with the damage, which will have
different effects on Lamb wave signal. By analyzing Lamb wave signal, the existence and degree
of insulation damage can be detected. The principle of damage identification based on Lamb wave
is shown in Figure 1. Actuator A excites Lamb wave in generator stator insulation structure, and
other PZTs receive Lamb wave detection signals of stator insulation damage. Then different damage
features are extracted based on the damage detection signals and multi-feature fusion is carried
out. Finally, the accurate identification of stator insulation damage is realized by machine learning
classification algorithm.
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Figure 1. Schematic diagram of stator insulation damage identification using Lamb wave.

3. Extraction and Fusion Methods of Stator Insulation Damage Features

The feature extraction of stator insulation damage is an important part for damage identification.
In this paper, the stator insulation damage features are extracted from time domain, frequency domain
and fractal dimension respectively. These methods are described as follows.

3.1. Damage Feature Extraction Based on Time Domain

The energy distribution characteristic of Lamb waves signals can be obtained by Hilbert
transform [15,16]. The time domain feature can characterize the stator insulation damage condition
to a certain extent. For Lamb wave signal x(t) in time domain, its HT definition is shown by the
following [17]:

H(t) =
1
π

−∞∫
+∞

x(t)
t−π

dπ (1)

The envelope of Hilbert transform can represent the energy distribution feature of the signalin
time domain, and the damage characteristic of stator insulation can be reflected by extracting the
amplitude of the envelope. In order to obtain the envelope of Lamb wave signal in time domain.
The analytic signal can be expressed as:

Z(t) = x(t) + jH(t) = e(t)eiφ(t) (2)

where, Lamb wave signal x(t) acts as the real part and Hilbert transform signal H(t) acts as the
imaginary part. According to Equation (2), the envelope is e(t) =

√
x2(t) + H2(t), and the phase is

φ(t) = arctan(H(t)/x(t)). By this way, the amplitude distribution characteristics of the Lamb wave
signal in the time domain can be gained.

3.2. Damage Feature Extraction Based on Frequency Domain

By extracting frequency components and amplitude characteristics of lamb wave signal in
frequency domain, which can be used for identifying the damage of stator insulation. Based on
frequency domain analysis theory, the Fast Fourier transform (FFT) [18,19] and power spectral density
(PSD) [20] analysis are used to extract the frequency domain features of Lamb wave signals in this
paper. FFT algorithm is developed from Discrete Fourier Transform (DFT). Compared with DFT,
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the operation times of FFT are greatly reduced, and the operation efficiency is improved. The DFT of a
discrete Lamb wave signal x(n), n = 0, 1, . . . , N − 1 is expressed as

X(k) =
N−1∑
n=0

x(n)Wkn
N k= 0, 1, . . . , N− 1,WN = e− j 2π

N (3)

According to the symmetry and periodicity of WN, the N-point DFT is decomposed into two
N/2-point DFTs. The discrete Lamb wave signal x(n) is decomposed into the sum of even and odd
sequences, which are both N/2 points:

x(n) = x1(n) + x2(n) (4)

where, x1(n) is an even sequence of Lamb wave signal and x2(n) is an odd sequence of Lamb wave

signal. Due to W2kn
N = e− j 2π

N 2kn = e− j 2π
N/2 kn = Wkn

N/2, the formula (3) can be shown as

X(k) =

N
2 −1∑
n=0

x1(n)W2kn
N +

N
2∑

n=0
x2(n)W

(2n+1)k
N

=

N
2 −1∑
n=0

x1(n)Wkn
N/2+Wk

N

N
2 −1∑
n=0

x2(n)Wkn
N/2 , k = 0, 1, . . . , N − 1

=X1(k) + Wk
NX2(k)

(5)

where, X1(k) and X2(k) are the DFTs of x1(n) and x2(n) respectively. By repeating the iteration of
Equation (5), the amplitude features of Lamb wave signal in frequency domain can be extracted by
FFT transform.

The results of previous research [21] indicated that the peak power spectrum of Lamb wave signal
varies with the change of damage size. Therefore, PSD peak feature parameter can characterize stator
insulation aging characteristics to a certain extent. In order to simplify the calculation, the Lamb wave
signal is approximated as a weak stationary signal for correlation processing in this study. According
to Reference [22], its definition is: 

SX(ω) =
+∞∫
−∞

RX(τ)e−iωτdτ

RX(τ) =
1

2π

+∞∫
−∞

SX(ω)eiωτdω
(6)

where, RX(τ) is the autocorrelation function of Lamb wave signal, the Lamb wave energy characteristic
can be obtained by calculating SX(ω), which can be used for identifying the damage of stator insulation.

3.3. Damage Feature Extraction Based on Fractal Dimension

Due to the fractal dimension can quantitatively characterize the irregularity and self-similarity
features of signals [23], which has been applied for structural health monitoring based on Lamb wave
detection [24]. A wavelet fractal dimension (WFD) method is used to obtain the features of Lamb wave
signal in this study.

Firstly, the range of each frequency band is determined by wavelet decomposition, the Lamb
wave signal is decomposed by wavelet transform. The frequency range of detail component d2 j of
each layer can be obtained as follows:

fs
2 j+1

< ω <
fs
2 j (7)
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where, fs is the sampling frequency, j is the number of decomposition layers, ω is the frequency of each
component. On this basis, the characteristics of each frequency component near the center frequency
of Lamb wave can be analyzed furtherly. The variance of each component is obtained as:

Var(d2 j) =
1

N j − 1

∑
(d2 j −md

2 j )
2

(8)

where, md
2 j is the mean of the frequency component d2 j at scale j, and N j is the sample points of the

Lamb wave signal. Then, the slope β of the line can be obtained. Finally, the fractal dimension D can
be obtained as:

D =
5− β

2
(9)

where, β is the slope of the line fitted, which can be gained by fitting the relationship between the
logarithm of Var(d2 j) and scale j.

Based on the extraction of damage characteristics, multi-feature fusion and damage identification
of stator insulation can be further carried out.

3.4. Multi-feature Fusion of Stator Insulation Damage

Damage classification method of stator insulation based on single feature can result in the problem
of low rate of damage identification. Multi-feature fusion identification is a comprehensive processing
of target multi-feature information, which can obtain more accurate and comprehensive estimation
and judgment than single feature. In order to identify the type of stator insulation damage effectively,
Hilbert transform (HT), power spectral density (PSD) analysis, fast Fourier transform (FFT) and
wavelet fractal dimension (WFD) methods were respectively used to extract features of Lamb wave
signals received in stator insulation damage detection. In addition, since these damage features
are directly related to the geometric dimension of insulation damage, the effect of stator insulation
damage identification can be further improved if the geometric dimension of insulation damage and
the extracted multi-features are comprehensively considered. So support vector regression (SVR)
algorithm is used to predict the damage size based on the extracted damage features in this paper, then
the geometric dimension and the extracted features of stator insulation damage are fused to further
identify the type of stator insulation damage.

4. Classifier Design of Stator Insulation Damage Identification

The design of classifier is an important part of insulation damage identification. In practical
application, it is very difficult to obtain sufficient typical damage samples of stator insulation. Therefore,
in the case of small samples, the design of classifier is very critical, which directly determines the
effect of stator insulation damage identification. Because SVM has obvious advantages in solving
small sample, non-linear and high-dimensional pattern recognition problems [25] and has good
generalization ability. Thus, in this study, an SVM machine learning method is used to design the
classifier of identifying stator insulation damage.

The classical support vector machine (SVM) is mainly designed for binary classification
problem, and its design principle is as follows. It is assumed that the given training data sample
set is (xi, yi), i = 1,2,. . . ,n, x ∈ Rd, yi ∈ {1,−1}, where n is the number of training samples, d is
the dimension of each training sample, and yi is the category number. At first, a non-linear
function ϕ is used to map the sample data from the original space to the N-dimensional feature
space:ϕ(x) = (ϕ1(x),ϕ2(x), . . . ,ϕN(x)). Then, a separating hyperplane is constructed in the feature
space, as follows [26]:

y(x) = sign(ω·ϕ(x) + b) (10)
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where ω is the weight parameter of separating hyperplane and b is the scalar threshold. Lagrange
principle is used to solve the optimization problem and the optimal separating hyperplane is obtained as:

M∑
i=1

αiyiK(xi, x) + b = 0 (11)

where αi is the Lagrange’s multiplier, K(xi, x) = ϕ(xi)·ϕ(x) is the kernel function, and M is the number
of support vectors. The general form of SVM classifier can be expressed as:

f (x) = sign{
M∑

i=1

αiyiK(xi, x) + b} (12)

where sign{} is a symbolic function, and the category of x can be determined by the positive or negative
of classifier f (x).

Various types of insulation damage can be gradually formed in the aging process of large generator
stator insulation. Stator insulation damage identification is essentially a multi-classification problem.
Therefore, a multiclass SVM method is used to identify the types of stator insulation damage in this paper,
and a multiclass SVM problem can be converted into several binary SVM problems [27,28]. The training
sample set of stator insulation damage types is given as (xi, yi), i = 1, 2, . . . , n, x ∈ Rd, yi ∈ {1, 2, . . . , N},
where n is the number of training samples, d is the dimension of each training sample, and N is the
category of stator insulation damage. The classification output function of the kth (k ∈ yi) classifier can
be established as:

f k(x) =
M∑

i=1

αk
i yk

i K(xi, x) + bk (13)

where x is the testing sample, and M is the number of support vectors. If f k(x) is positive, the testing
sample x is classified in class k; otherwise, the testing sample x is classified other classes. Its structure is
shown in Figure 2.

Sensors 2019, 19, x FOR PEER REVIEW     6 of 17 

 

1

( , ) 0
M

i i i
i

y K x x bα
=

+ =  (11)

where iα is the Lagrange’s multiplier, ( , ) ( ) ( )i iK x x x xϕ ϕ=  is the kernel function, and M is the number 
of support vectors. The general form of SVM classifier can be expressed as: 

1

( ) sign{ ( , ) }
M

i i i
i

f x y K x x bα
=

= +  (12)

where sign{} is a symbolic function, and the category of x can be determined by the positive or 
negative of classifier ( )f x . 

Various types of insulation damage can be gradually formed in the aging process of large 
generator stator insulation. Stator insulation damage identification is essentially a multi-classification 
problem. Therefore, a multiclass SVM method is used to identify the types of stator insulation 
damage in this paper, and a multiclass SVM problem can be converted into several binary SVM 
problems [27,28]. The training sample set of stator insulation damage types is given as
( , ), 1,2,..., ,   {1,2,..., }d

i i ix y i n x R y N= ∈ ∈， , where n is the number of training samples, d is the dimension 
of each training sample, and N is the category of stator insulation damage. The classification output 

function of the kth( ik y∈ ) classifier can be established as: 

1

( ) ( , )
M

k k k k
i i i

i

f x y K x x bα
=

= +  (13)

where x is the testing sample, and M is the number of support vectors. If ( )kf x  is positive, the testing 
sample x is classified in class k; otherwise, the testing sample x is classified other classes. Its structure 
is shown in Figure 2. 

1( , )K x x

2( , )K x x

3( , )K x x

4( , )K x x

x
1 2

3 4

( ), ( ),
max

( ), ( )
f x f x
f x f x

 
 
 

Category

Input layer Inner product kernel 
function layer

Output layer
 

Figure 2. Structure of Support Vector Machine (SVM) classifier. 

As can be seen from Figure 2, the SVM classifier is similar to a three-layer feedforward network. 
The first layer is the input layer, and the number of nodes in the input layer is the number of 
insulation damage samples (Figure 2 takes only one input sample as an example). The second layer 
is the inner product kernel function layer. According to [29], radial basis kernel function has strong 
applicability for sample size and dimension. Therefore, basis kernel function is used in SVM classifier 
design in this paper. The third layer is the output layer, which directly outputs the insulation damage 
category of the samples. Since different damage features have different parameter dimensions, in 
practical applications, the samples data is firstly normalized. The normalization method is as follows: 

For the sample data ( ), 1, 2,...,x n n N= , the average value of the sample can be obtained: 

1

1 ( )
N

i

x x i
N =

=   (14)

Then the normalized value can be obtained: 
( )( ) , 1,2,...,x ky k k N
x

= =  (15)

where, ( )y k is the normalized value of the sample data. 

Figure 2. Structure of Support Vector Machine (SVM) classifier.

As can be seen from Figure 2, the SVM classifier is similar to a three-layer feedforward network.
The first layer is the input layer, and the number of nodes in the input layer is the number of insulation
damage samples (Figure 2 takes only one input sample as an example). The second layer is the inner
product kernel function layer. According to [29], radial basis kernel function has strong applicability
for sample size and dimension. Therefore, basis kernel function is used in SVM classifier design in
this paper. The third layer is the output layer, which directly outputs the insulation damage category
of the samples. Since different damage features have different parameter dimensions, in practical
applications, the samples data is firstly normalized. The normalization method is as follows:
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For the sample data x(n), n = 1, 2, . . . , N, the average value of the sample can be obtained:

x =
1
N

N∑
i=1

x(i) (14)

Then the normalized value can be obtained:

y(k) =
x(k)

x
, k = 1, 2, . . . , N (15)

where, y(k) is the normalized value of the sample data.
The procedure of stator insulation damage multi-feature fusion and damage identification based

on lamb wave detection and SVM method is shown in Figure 3.
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Based on the damage feature extraction methods of stator insulation above, the damage features
based on Lamb wave detection signals are extracted respectively. Combining the geometric dimensions,
the extracted damage features and categories information, the SVM training samples are constructed
and the SVM classifier is trained. Because the identification of stator insulation damage types can
be further improved by the combination of damage geometric dimension and the extracted damage
features. In this study, the support vector regression (SVR) is used to fuse the damage geometric
dimensions and the extracted damage features. Combining the geometric dimension information of
stator insulation damage and the extracted damage features information, the SVR training samples
are constructed and the SVR regression model is trained. Finally, by fusing the damage features with
the regression predicted geometric dimensions, the categories of the stator insulation typical damage
testing samples can be identified effectively.
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5. Numerical Simulation and Result Analysis of Stator Insulation Damage Identification

In this study, the finite element method (FEM) software ABAQUS is used to establish the stator
insulation damage model, and the effectiveness of the stator insulation damage identification method
based on Lamb wave multi-feature fusion is verified by simulation analysis data.

5.1. Stator Insulation Structure Model

The three-dimensional FEM model of the stator bar is established with geometry of 60 mm in
width (x direction), 30 mm in height (y direction) and 1200 mm in length (z direction), as shown
in Figure 4. Element size and time step are two important parameters in finite element simulation.
In this paper, the element is set as a cube with a side length of 1 mm and the time step is set to 0.1 us.
The material parameters of the stator insulation were tested as follows [30]: Young’s modulus of
35 GPa, density of 1720 kg/m3, and Poisson’s ratio of 0.2. Moreover, PZT wafers are surface-attached on
the insulation of stator bar using an adhesive epoxy to establish the active sensor network. PZT wafers
are configured in the middle of widths (x direction) and 150 mm apart in z direction, as illustrated in
Figure 5. PZT A1 is served as actuator to excite Lamb waves, and other PZT wafers act as sensors to
acquire the Lamb wave signals. According to the material parameters of the stator insulation tested
in [30], the dispersion curve of lamb wave propagation can be obtained. According to the previous
research [7,9,31], the consensus rules to choose a proper frequency from dispersive cure are that:
minimize the propagation modes, large discriminability of group velocity to separate each individual
wave mode and stabilized group velocity. Therefore, in this study, the excitation signal adopts a
five-cycle Hanning-windowed sinusoidal tone-burst with a central frequency of 13 kHz.
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The typical stator insulation damage of large generator mainly includes four kinds, i.e., surface
crack, longitudinal crack, inner delamination, and inner cavity. From the perspective of industrial
application, insulation damage may occur at any location of stator bar. In this paper, a PZT sensor
network is constructed to realize excitation and reception of Lamb, so as to acquire insulation damage
detection signals for stator insulation damage identification. In PZT sensor networks, any PZT can



Sensors 2019, 19, 3733 9 of 17

either excite Lamb waves or receive Lamb waves. Therefore, in practical applications, there are multiple
paths for Lamb wave excitation and reception (one PZT excites Lamb wave, another PZT receives
Lamb wave, which can be called one path or mode of operation). In this way, the possible damage
at any location can be detected through sensor networks. In this study, only one example is given
to illustrate the relationship between excitation and reception. The working modes of all paths are
similar. Figure 6 exhibits the numerical simulation models of the four kinds of damage, which are
simulated and configured at the same place (1120 mm in z-direction), and models of different damage
sizes are established.Sensors 2019, 19, x FOR PEER REVIEW     9 of 17 
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5.2. Analysis of Insulation Damage Identification Results Based on a Single Feature

According to the Section 5.1, one non-damage model is established firstly, then other twenty-eight
typical damage models of stator insulation are established, including seven surface crack models, nine
longitudinal crack models, nine inner delamination models and three inner cavity models. The features
of Lamb wave signals obtained from different damage sizes are extracted by HT, FFT, PSD and WFD,
respectively. In this study, the PZT sensor network was constructed to realize the excitation and
reception of lamb waves. So as to obtain the insulation damage detection signal for stator insulation
damage identification. The same damage features are firstly extracted from Lamb wave detection
signals collected by each receiving sensor. Then the extracted damage features are used for the fusion
of multi-features and the identification of typical damage. Taking the inner delamination (15 mm
(x direction) × 2 mm (y direction) × 15 mm (z direction)) as an example, PZT A1 is served as actuator
to excite Lamb wave, and PZT A9 acts as sensor to acquire the Lamb wave signal. Different features
extraction results are shown in Figure 7.
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Figure 7. Lamb wave feature extraction of surface crack. (a) Received Lamb wave signal; (b) Hilbert
wave packet of Lamb wave signal; (c) fast Fourier transform (FFT) amplitude of Lamb wave signal;
(d) power spectral density (PSD) energy of Lamb wave signal; (e) Fitting straight line of Lamb wave
wavelet fractal.

According to [7,9,30], when the excitation frequency is about 13 kHz, the Lamb wave has the
least modes (including only the S0 and A0 wave modes). In addition, the A0 mode wave packet
amplitude has a smaller attenuation than the S0 mode wave packet amplitude. A0 mode wave packet
can effectively detect stator insulation damage, thus the Hilbert amplitude of A0 mode wave packet is
extracted. Since the center frequency of Lamb wave is 13 kHz, the FFT amplitude and PSD energy
at this frequency are extracted. The wavelet fractal dimension is obtained according to Equation (8).
The feature extraction results of stator insulation damage are shown in Table 1.
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Table 1. Feature extraction results of different damage types.

Damage Size(mm)
WFD

HT
(10−10 m)

PSD
(10−23 W/Hz)

FFT
(10−7 m)x y z

0 0 0 1.3641 3.101 1.702 1.397
20 1 2 1.56965 3.092 1.669 1.368
20 3 2 1.8877 3.081 1.666 1.367
20 5 2 2.1125 3.054 1.662 1.365
20 3 1 1.85395 3.084 1.667 1.368
20 3 2 1.8877 3.081 1.666 1.367
20 3 3 1.91445 3.078 1.663 1.366
10 3 2 1.7076 3.093 1.668 1.368
20 3 2 1.8877 3.081 1.666 1.367
30 3 2 1.99755 3.069 1.66 1.365
1 2 1 1.3739 3.101 1.67 1.368
3 2 3 1.45065 3.1 1.668 1.367
5 2 5 1.5441 3.098 1.665 1.365
1 4 1 1.38285 3.1 1.667 1.367
3 4 3 1.5179 3.099 1.666 1.366
5 4 5 1.66095 3.094 1.663 1.364
1 6 1 1.38925 3.099 1.666 1.365
3 6 3 1.5627 3.097 1.664 1.363
5 6 5 1.73155 3.09 1.66 1.36
5 1 5 1.7335 3.589 2.24 1.591

10 1 10 1.87065 3.577 2.13 1.561
15 1 15 2.2235 3.494 1.91 1.502
5 2 5 1.9889 3.563 2.133 1.558

10 2 10 2.0066 3.555 2.007 1.527
15 2 15 2.26645 3.483 1.897 1.489
5 3 5 2.07835 3.528 2.03 1.524

10 3 10 2.10295 3.475 1.945 1.494
15 3 15 2.29675 3.445 1.838 1.461
1 1 1 1.41915 3.601 2.29 1.605
2 2 2 1.95155 3.572 2.16 1.567
3 3 3 2.0727 3.54 2.06 1.534

As shown in Table 1, the four kinds of damage features vary with the damage size, which indicates
that these features can effectively reflect the stator insulation damage. In order to identify the type
of stator insulation damage, one non-damage sample, three surface crack samples, five longitudinal
crack samples, five inner delamination samples and two inner cavity samples are randomly selected
as training samples, and the remaining samples are used as testing samples in the SVM classifier.
To compare the identification effect using SVM classifier, three-layer BP neural network classifier is
used to identify insulation damage. The identification results are shown in Table 2.

Table 2. Damage identification results based on single feature.

Features Number of
Training Samples

Number of
Testing Samples

Identification Results Identification Accuracy

ANN SVM ANN SVM

HT 16 13 2 3 15.4% 23.1%
FFT 16 13 3 4 23.1% 30.1%
PSD 16 13 5 6 38.5% 46.1%
WFD 16 13 3 5 23.1% 38.5%

It is seen from Table 2 that the accuracy of damage identification based on single feature is
relatively low. For the same feature, the classification effect of SVM classifier is better than that of
ANN classifier.
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5.3. Analysis of Insulation Damage Identification Results Based on Multi-feature Fusion

To overcome the problem of low identification rate of single feature, the type of stator insulation
damage is identified based on multi-feature fusion. According to the four damage features, the insulation

damage sizes
∧
x,
∧
y,
∧
z are predicted by SVR.

In order to evaluate the quality of the regression model predicting results, a relative error evaluation
method is used to this issue in this paper. The relative error calculation formula is as follows:

|δ| =
∆
L
× 100% (16)

where ∆ is the absolute error, that is, the difference between the predicted value and the actual value; L
is the actual value. Taking 13 testing samples as an example, their predicted results are evaluated, and
the results are shown in Table 3.

Table 3. Evaluation results of damage size prediction values for 13 testing samples.

WFD HT
(10−10 m)

PSD
(10−23 W/Hz)

FFT
(10−7 m) x y z x̂ ŷ ẑ |δx| |δy| |δz|

1.56965 3.092 1.669 1.368 20 1 2 18.95 1.08 2.15 5.3% 8.0% 7.5%
1.91445 3.078 1.663 1.366 20 3 3 19.21 3.11 3.11 3.9% 3.7% 3.7%
1.85395 3.084 1.667 1.368 20 3 1 18.29 3.09 1.03 8.6% 3.0% 3.0%
1.7076 3.093 1.668 1.368 10 3 2 10.80 3.12 2.03 8.0% 4.0% 1.5%

1.45065 3.1 1.668 1.367 3 2 3 3.08 2.06 2.96 2.7% 3.0% 1.3%
1.5179 3.099 1.666 1.366 3 4 3 3.16 3.68 2.95 5.3% 8.0% 1.7%

1.66095 3.094 1.663 1.364 5 4 5 5.32 3.82 4.87 6.4% 4.5% 2.6%
1.5627 3.097 1.664 1.363 3 6 3 3.26 6.21 2.86 8.7% 3.5% 4.7%

1.87065 3.577 2.13 1.561 10 1 10 8.37 1.08 9.10 6.3% 8.0% 9.0%
2.26645 3.483 1.897 1.489 15 2 15 14.20 2.07 14.10 5.3% 3.5% 6.0%
2.0066 3.555 2.007 1.527 10 2 10 10.18 2.12 9.80 1.8% 6.0% 2.0%
2.1029 3.475 1.945 1.494 10 3 10 10.80 2.71 9.63 8.0% 9.7% 3.7%

1.95155 3.572 2.16 1.567 2 2 2 2.17 1.90 2.18 8.5% 5.0% 9.0%

According to Table 3, it can be seen that the absolute value of the relative error of the SVR
prediction results is less than 10%, which indicates that the method can accurately predict the
geometrical dimensions of the stator insulation damage.

The predicted insulation damage sizes are fused with the damage features to identify the insulation
damage. Compared with the identification effect based on damage features of Lamb wave, the results
are shown in Table 4.

Table 4. Damage identification results based on multi-feature fusion.

Number of Features Number of Training
Samples

Number of Testing
Samples

Identification Results Identification Accuracy

ANN SVM ANN SVM

7 (HT, PSD, FFT,

WFD,
∧
x,
∧
y,
∧
z)

9 20 13 15 65% 75%

4 (HT, PSD, FFT, WFD) 9 20 12 13 60% 65%

7 (HT, PSD, FFT,

WFD,
∧
x,
∧
y,
∧
z)

13 16 12 14 75% 87.5%

4 (HT, PSD, FFT, WFD) 13 16 11 13 68.8% 81.2%

7 (HT, PSD, FFT,

WFD,
∧
x,
∧
y,
∧
z)

16 13 11 13 84.6% 100%

4 (HT, PSD, FFT, WFD) 16 13 10 12 76.9% 92.3%

Table 4 indicates that the accuracy of insulation damage identification using multi-feature is
better than that of single feature. In addition, the accuracy of damage identification can be further
improved by predicting the damage geometry size of the testing samples and fusing it with the damage
features of Lamb wave, indicating a good capability to identify the type of the stator insulation damage.
With the increase of training samples, the accuracy of damage identification is improved. Moreover,



Sensors 2019, 19, 3733 13 of 17

the damage identification accuracy of SVM classifier is also better than that of ANN classifier under
the same feature quantities.

6. Experiment and Result Analysis of Stator Insulation Damage Identification

To verify the damage identification effect of large generator stator insulation based on Lamb wave
multi-feature fusion, a damage identification experiment is performed. The experimental system is set
up, as shown in Figure 8.
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In the system, an arbitrary waveform generator (AFG3022B) is used to generate Lamb wave
excitation waveforms. A power amplifier (7602M) is used to drive PZT actuator. An oscilloscope
(DPO3014) can acquire Lamb wave signals. DELL T7600 workstation is used for signal processing.
PZT wafers are attached to the surface of the stator insulation. PZT A9 acts as an actuator to excite
the Lamb wave signal, and PZT A1~A8 act as sensors to receive the Lamb wave propagation signals.
In the experiment, the arbitrary waveform generator generates a preset excitation signal to PZT A9,
and PZT A1~A8 receive the Lamb wave signals which can be collected and saved by oscilloscope for
further analysis and processing.

The stator bar specimens used in this experiment are taken from a large generator with a rate of
18 kV/300 MW. As shown in Figure 9, they are the 2.68 m slot bar, the 1.2 m slot bar and the 1.45 m
end-winding bar, respectively. It is difficult to simulate the real stator insulation damage in experiments,
and it is difficult to obtain enough samples of stator insulation damage. Therefore, based on typical
damage model of stator insulation, it is an effective way to obtain typical damage samples of stator
insulation by numerical simulation. In this study, 15 training samples were obtained by numerical
simulation, and 5 damage testing samples were obtained by artificially manufacturing damage in
stator bars in the experiment. Damage processing is as follows: It has been mentioned in Section 6 that
three stator bars were used in the experiment. One surface crack damage is artificially produced on the
2.68 m slot bar (Figure 10). One longitudinal crack damage is artificially produced on the end-winding
bar and three longitudinal crack damage of different size are artificially made on the 1.2 m slot bar
(Figure 11). All three longitudinal crack damages are in the same position on the 1.2 m slot bar. In the
experiment, a smaller one is manufactured firstly. The corresponding Lamb wave signals are obtained.
Then the size of the damage is enlarged on the basis of the original damage, and the Lamb wave signals
for another damage size are obtained and so on.
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Figure 11. The longitudinal crack damage.

Similar to the numerical simulation analysis, the features of received Lamb wave signals are
extracted separately, and the type of insulation damage is identified by SVM classifier and ANN
classifier. The damage identification results based on single damage feature and multi-feature fusion
are shown in Tables 5 and 6, respectively.
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Table 5. Experimental results of damage identification based on single feature.

Number of Features Number of Training
Samples

Number of Testing
Samples

Identification Results Identification Accuracy

ANN SVM ANN SVM

HT 15 5 0 1 0.0% 20.0%
PSD 15 5 0 1 0.0% 20.0%
FFT 15 5 0 1 0.0% 20.0%

WFD 15 5 1 1 20.0% 20.0%

Table 6. Experimental results of damage identification based on multi-feature fusion.

Number of Features Number of Training
Samples

Number of Testing
Samples

Identification Results Identification Accuracy

ANN SVM ANN SVM

7 (HT, PSD, FFT,

WFD,
∧
x,
∧
y,
∧
z)

8 5 1 3 20% 60%

4 (HT, PSD, FFT, WFD) 8 5 1 2 20% 40%

7 (HT, PSD, FFT,

WFD,
∧
x,
∧
y,
∧
z)

12 5 3 4 60% 80%

4 (HT, PSD, FFT, WFD) 12 5 2 3 40% 60%

7 (HT, PSD, FFT,

WFD,
∧
x,
∧
y,
∧
z)

15 5 3 5 60% 100%

4 (HT, PSD, FFT, WFD) 15 5 3 4 60% 80%

From Tables 5 and 6, it can be seen that the accuracy of damage identification based on multi-feature
is better than that of single feature. According to Table 6, the damage identification accuracy of testing
samples increases with the number of training samples. Compared with the damage identification based
on Lamb wave features, the insulation damage identification accuracy can be improved by predicting
the damage geometry size of testing samples and fusing with Lamb wave features. In addition,
the identification effect of SVM classifier is better than that of ANN classifier. The experimental results
are similar to the simulation results. This paper mainly aims at single damage model to verify the
validity and feasibility of multi-feature fusion and typical damage identification, which is also the
basis of multi-damage identification. In practical application, there may be multiple damages to
stator bar. The process of Lamb wave propagation in stator insulation structure is more complex
because of reflection and scattering. Lamb wave detection wave packet can overlap, which will cause
more obstacles to damage feature extraction, and multi-damage identification is more difficult. So,
the identification of multiple damages needs further research.

7. Conclusions

In this paper, a damage identification method of stator insulation based on Lamb wave multi-feature
fusion is proposed. From the simulation and experimental results, the following conclusions can
be drawn:

• The damage features of stator insulation extracted by HT, PSD, FFT, and WFD vary with the
different size of damage. It indicates that the damage features extracted can effectively characterize
the damage features of stator insulation, which lays a foundation for damage identification.

• According to the stator insulation damage features, the type of stator insulation damage can be
identified by SVM classifier. In addition, the classification effect of SVM is better than that of ANN
classifier under the same conditions.

• The accuracy of stator insulation damage identification using Lamb wave multi-feature fusion is
higher than that of single feature. Furthermore, the insulation damage identification accuracy can
be further improved by predicting the damage geometry size and fusing with Lamb wave features,
which can provide effective reference information for stator insulation condition assessment of
large generators.



Sensors 2019, 19, 3733 16 of 17

Author Contributions: Conceptualization, R.L.; Investigation, R.L.; Methodology, H.G.; Supervision, R.L.;
Validation, B.H. and Z.S.; Writing original draft, H.G.

Funding: This work is supported by National Natural Science Foundation of China (Grant Number. 51677134).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Istad, M.; Runde, M.; Nysveen, A. A Review of Results from Thermal Cycling Tests of Hydrogenerator Stator
Windings. IEEE Trans. Energy Convers. 2011, 26, 890–903. [CrossRef]

2. Lévesque, M.; Hudon, C.; David, E. Insulation degradation analysis of stator bars subjected to slot partial
discharges. In Proceedings of the 2013 IEEE Electrical Insulation Conference (EIC), Ottawa, ON, Canada, 2–5
June 2013; pp. 479–483.

3. Sumereder, C.; Weiers, T. Significance of Defects Inside In-Service Aged Winding Insulations. IEEE Trans.
Energy Convers. 2008, 23, 9–14. [CrossRef]

4. Stone, G.C. Condition monitoring and diagnostics of motor and stator windings—A review. IEEE Trans.
Dielectr. Electr. Insul. 2013, 20, 2073–2080. [CrossRef]

5. Lu, Y.; Su, Z.; Ye, L. Guided Lamb waves for identification of damage in composite structures: A review.
J. Sound Vib. 2006, 295, 753–780.

6. Toyama, N.; Noda, J.; Okabe, T. Quantitative damage detection in cross-ply laminates using Lamb wave
method. Compos. Sci. Technol. 2003, 63, 1473–1479. [CrossRef]

7. Guo, Q.; Li, R.; Li, H.; Hu, B. Groundwall insulation damage localization of large generator stator bar using
an active Lamb waves method. IEEE Trans. Dielectr. Electr. Insul. 2017, 24, 1860–1869.

8. Li, R.; Li, H.; Hu, B. Damage Identification of Large Generator Stator Insulation Based on PZT Sensor Systems
and Hybrid Features of Lamb Waves. Sensors 2018, 18, 2745. [CrossRef] [PubMed]

9. Li, H.; Li, R.; Hu, B.; Yan, C.; Guo, Q. Application of guided waves and probability imaging approach
for insulation damage detection of large generator stator bar. IEEE Trans. Dielectr. Electr. Insul. 2015,
22, 3216–3225. [CrossRef]

10. Ye, Z.; Yang, C.G.; Zhang, J.; Shi, Q.; Zeng, H. Fault Diagnosis of Railway Rolling Bearing Based on Wavelet
Analysis and FCM. Int. J. Digit. Content Technol. Appl. 2011, 5, 47–58.

11. Fenza, A.D.; Sorrentino, A.; Vitiello, P. Application of Artificial Neural Networks and Probability Ellipse
methods for damage detection using Lamb waves. Compos. Struct. 2015, 133, 390–403. [CrossRef]

12. Sánchez, R.; Lucero, P.; Macancela, J.; Cerrada, M.; Vásquez, R.E.; Pacheco, F. Multi-fault Diagnosis of
Rotating Machinery by Using Feature Ranking Methods and SVM-based Classifiers. In Proceedings of the
2017 International Conference on Sensing, Diagnostics, Prognostics, and Control (SDPC), Shanghai, China,
16–18 August 2017; pp. 105–110.

13. Li, Y.; Yang, Y.; Wang, X.; Liu, B.; Liang, X. Early fault diagnosis of rolling bearings based on hierarchical
symbol dynamic entropy and binary tree support vector machine. J. Sound Vib. 2018, 428, 72–86. [CrossRef]

14. Hosseinabadi, H.Z.; Amirfattahi, R.; Nazari, B.; Mirdamadi, H.R.; Atashipour, S.A. GUW-based structural
damage detection using WPT statistical features and multiclass SVM. Appl. Acoust. 2014, 86, 59–70. [CrossRef]

15. Lu, Y.; Ye, L.; Wang, D.; Wang, X.; Su, Z.Q. Conjunctive and compromised data fusion schemes for
identification of multiple notches in an aluminium plate using lamb wave signals. IEEE Trans. Ultrason.
Ferroelectr. Freq. Control 2010, 57, 2005–2016. [CrossRef] [PubMed]

16. Su, Z.; Ye, L.; Bu, X. A damage identification technique for CF/EP composite laminates using distributed
piezoelectric transducers. Compos. Struct. 2002, 57, 465–471. [CrossRef]

17. Rangel-Magdaleno, J.; Peregrina-Barreto, H.; Ramirez-Cortes, J.; Cruz-Vega, I. Hilbert spectrum analysis of
induction motors for the detection of incipient broken rotor bars. Measurement 2017, 109, 247–255. [CrossRef]

18. Khalili, P.; Cawley, P. Relative Ability of Wedge-Coupled Piezoelectric and Meander Coil EMAT Probes
to Generate Single-Mode Lamb Waves. IEEE Trans. Ultrason. Ferroelectr. Freq. Control 2018, 65, 648–656.
[CrossRef] [PubMed]

19. Ng, C.T. On the selection of advanced signal processing techniques for guided wave damage identification
using a statistical approach. Eng. Struct. 2014, 67, 50–60. [CrossRef]

20. Chen, D.; Fan, J.; Zhang, F. Extraction the unbalance features of spindle system using wavelet transform and
power spectral density. Measurement 2013, 46, 1279–1290. [CrossRef]

http://dx.doi.org/10.1109/TEC.2011.2127479
http://dx.doi.org/10.1109/TEC.2006.888037
http://dx.doi.org/10.1109/TDEI.2013.6678855
http://dx.doi.org/10.1016/S0266-3538(03)00163-5
http://dx.doi.org/10.3390/s18092745
http://www.ncbi.nlm.nih.gov/pubmed/30134539
http://dx.doi.org/10.1109/TDEI.2015.005102
http://dx.doi.org/10.1016/j.compstruct.2015.07.089
http://dx.doi.org/10.1016/j.jsv.2018.04.036
http://dx.doi.org/10.1016/j.apacoust.2014.05.002
http://dx.doi.org/10.1109/TUFFC.2010.1648
http://www.ncbi.nlm.nih.gov/pubmed/20875990
http://dx.doi.org/10.1016/S0263-8223(02)00115-0
http://dx.doi.org/10.1016/j.measurement.2017.05.070
http://dx.doi.org/10.1109/TUFFC.2018.2800296
http://www.ncbi.nlm.nih.gov/pubmed/29610094
http://dx.doi.org/10.1016/j.engstruct.2014.02.019
http://dx.doi.org/10.1016/j.measurement.2012.11.018


Sensors 2019, 19, 3733 17 of 17

21. She, Z.; Li, R.; Gu, H.; Hu, B.; Mao, Z. Damage Feature Extraction and Parameter Characterization of Large
Generator Stator Insulation Based on Lamb Waves Detection Method. In Proceedings of the 2019 2nd
International Conference on Electrical Materials and Power Equipment (ICEMPE), Guangzhou, China, 7–10
April 2019; pp. 421–425.

22. Zbilut, J.P.; Marwan, N. The Wiener–Khinchin theorem and recurrence quantification. Phys. Lett. A 2008,
372, 6622–6626. [CrossRef]

23. Amezquita-Sanchez, J.P.; Valtierra-Rodriguez, M.; Camarena-Martinez, D.; Granados-Lieberman, D.;
Romero-Troncoso, R.J.; Dominguez-Gonzalez, A. Fractal dimension-based approach for detection of multiple
combined faults on induction motors. J. Vib. Control 2015, 22, 3638–3648. [CrossRef]

24. Moustafa, A.; Salamone, S. Fractal dimension–based Lamb wave tomography algorithm for damage detection
in plate-like structures. J. Intell. Mater. Syst. Struct. 2012, 23, 1269–1276. [CrossRef]

25. Li, S.; Zhang, C.L.; Yue, X. Fault Diagnosis of Rotating Machinery Based on FDR Feature Selection Algorithm
and SVM. Adv. Mater. Res. 2010, 139–141, 2506–2512. [CrossRef]

26. He, H.X.; Yan, W.M. Structural damage detection with wavelet support vector machine: Introduction and
applications. Struct. Control Herlth Monit. 2010, 14, 162–176. [CrossRef]

27. Andrew, A.M. An Introduction to Support Vector Machines and Other Kernel-based Learning Methods.
Kybernetes 2001, 32, 1–28.

28. Widodo, A.; Yang, B.S. Support vector machine in machine condition monitoring and fault diagnosis.
Noise. Vib. Worldw. 2008, 21, 2560–2574. [CrossRef]

29. Wu, K.P.; Wang, S.D. Choosing the kernel parameters for support vector machines by the inter-cluster
distance in the feature space. Pattern Recognit. 2009, 42, 710–717. [CrossRef]

30. Yan, C.; Li, R.; Li, H.; Hu, B. Research on damage detection of large generator stator insulation using
guided waves. In Proceedings of the 2013 Annual Report Conference on Electrical Insulation and Dielectric
Phenomena, Shenzhen, China, 20–23 October 2013; pp. 1153–1156.

31. Li, R.; Gu, H.; Hu, B. Damage detection of large generator stator insulation using a dual excitation guided
waves method. In Proceedings of the 2018 12th International Conference on the Properties and Applications
of Dielectric Materials (ICPADM), Xi’an, China, 20–24 May 2018; pp. 772–775.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.physleta.2008.09.027
http://dx.doi.org/10.1177/1077546314565685
http://dx.doi.org/10.1177/1045389X12445648
http://dx.doi.org/10.4028/www.scientific.net/AMR.139-141.2506
http://dx.doi.org/10.1002/stc.150
http://dx.doi.org/10.1016/j.ymssp.2006.12.007
http://dx.doi.org/10.1016/j.patcog.2008.08.030
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Principle of Stator Insulation Damage Identification Based on Lamb Wave 
	Extraction and Fusion Methods of Stator Insulation Damage Features 
	Damage Feature Extraction Based on Time Domain 
	Damage Feature Extraction Based on Frequency Domain 
	Damage Feature Extraction Based on Fractal Dimension 
	Multi-feature Fusion of Stator Insulation Damage 

	Classifier Design of Stator Insulation Damage Identification 
	Numerical Simulation and Result Analysis of Stator Insulation Damage Identification 
	Stator Insulation Structure Model 
	Analysis of Insulation Damage Identification Results Based on a Single Feature 
	Analysis of Insulation Damage Identification Results Based on Multi-feature Fusion 

	Experiment and Result Analysis of Stator Insulation Damage Identification 
	Conclusions 
	References

