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Foreword

Since high-speed railway that generally adopts electric traction has many advan-
tages such as fast speed, high efficiency, energy saving, environmental friendly,
ensured safety and comfort, etc., it has become the main development trend of the
world’s rail transit. In 2015, the total mileage of China’s high-speed railway has
exceeded 19,000 km, and China has the world’s largest high-speed railway
network.

It is known that pantograph-catenary system is the only way for trains to obtain a
stable power supply. When the train is running at high speed, the electric power can
be obtained by the sliding contact between the pantograph and the catenary. So, the
favorable interactive characteristic of the pantograph-catenary system is the basic
requirement of current collection. In the actual operation, the bad condition of
catenary will directly influence the train’s safe operation in high-speed railway.
Therefore, the “Technical requirements of high-speed railway power supply safety
detection and monitor system” is published by the Railway Ministry of China in
2012. However, a great deal of research on pantograph-catenary system needs to be
developed and performed first. The detection and estimation of pantograph-catenary
system in high-speed railway are the research focuses now. Specially, the key point
is to efficiently and automatically detect and estimate the catenary.

It is encouraging to find this book about the detection and estimation of catenary
in high-speed railway. In this book, some important characteristics of pantograph-
catenary system, such as the statistical characteristics of pantograph-catenary
contact pressure including stationarity, periodicity, correlation, high-order statistical
properties are presented and discussed. The wave motion velocity of contact line
considering air damping is deduced and the influence factors are discussed. Some
new methods and algorithms on the detections of geometric parameters of catenary,
pantograph slipper fault, and catenary support system are presented and applied in
real-life engineering. Furthermore, the estimation methods of pantograph-catenary
contact pressure based on time—frequency distributions and power spectrum density
are presented, developed and verified.



vi Foreword

An important feature of this book is that many new technologies or ideas on the
detection and estimation of high-speed railway catenary are presented and dis-
cussed. The presented experiments are based on real-life engineering problems, as
well as problems that can be helpful to apply the new techniques in high-speed
railway.

I believe that this book can provide important references to the researches and
applications of detection and estimation of catenary in high-speed railway.

Chengdu, China Prof. Qingquan Qian
July 2016 Academician of Chinese
Academy of Engineering



Preface

Catenary is one of the main components of the power supply system of high-speed
railway, which mainly includes contact line, messenger, dropper, supporting device,
suspension device, etc. It is responsible for transmitting the electric energy from
traction substation to the EMUs (Motor Train Unit). Its working states directly
influence the train’s safe operation in high-speed railway. Therefore, efficient
detection and estimation of catenary for high-speed railway are very important and
necessary.

The book begins with an introduction of detection and estimation of high-speed
railway catenary in Chap. 1. First, pantograph-catenary detection technologies are
simply outlined. Second, the development of non-contact detection devices using
image processing, including catenary image detection device and pantograph image
detection device, are presented, respectively. Third, pantograph-catenary image
recognition technology is introduced, where some recognition algorithms or
methods are reviewed. Fourth, catenary estimation methods including static esti-
mation and dynamic estimation are summarized and reviewed in detail. In the end,
the future detection and estimation researches are given. In Chap. 2, the statistical
characteristics of pantograph-catenary contact pressure are presented and discussed
in detail. These statistical characteristics include stationarity, periodicity, correla-
tion, high-order statistical properties of pantograph-catenary contact pressure. First,
the stationarity test methods are introduced and the stationarity of actual
pantograph-catenary contact pressure is analyzed in detail. Second, the periodicity
of pantograph-catenary contact pressure data is discussed, including periodic trend
feature, trend term extraction and evaluation of pantograph-catenary contact pres-
sure data. Third, the correlation of pantograph-catenary contact pressure data is
discussed based on EMD (Empirical mode decomposition). In the end, the
high-order statistical properties of pantograph-catenary contact pressure data is
discussed based on SK (Spectral Kurtosis). In Chap. 3, the wave motion velocity of
contact line considering air damping is deduced in detail and the influence factors
are discussed first. Then the static aerodynamic parameters of contact line are
analyzed. The test experiment of static aerodynamic parameters of contact line is
designed and carried out in the wind tunnel. In the end, the dynamic equations of
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viii Preface

pantograph-catenary considering air damping is modified and discussed. In Chap. 4,
the non-contact detection for the height and stagger of contact line is presented in
detail, including the detection value correction of catenary geometric parameters
based on Kalman filtering, the detection correction method of contact line height,
and the detection method based on mean shift and particle filter algorithm. In
Chap. 5, the features of pantograph slipper image including pantograph structure,
slipper type and image features of slipper are given and discussed in detail. First,
the characteristics of pantograph slipper image based on curvelet transform are
analyzed. Second, the pantograph slipper crack extraction based on translational
parallel window in curvelet transform domain is given. In the end, the extraction
algorithm of cracks and experiment verification are performed and verified. In
Chap. 6, some new detection methods of the working state of insulators, clevises,
and diagonal tube are presented and discussed in detail. For the insulator detection,
affine invariant moments, fast fuzzy matching and Harris corner points are adopted
for insulator positioning. Grayscale statistic, wavelet singular value, Chan—Vese
model and curvelet coefficients morphology are adopted for insulator fault detec-
tion. For the clevis fault detection, SIFT (Scale-invariant Feature Transform) and
SUFT (Speed-up Robust Features) are adopted for clevis matching. HOG
(Histogram of Oriented Gradient) features, curvature, Hough transform, Gabor
wavelet transform and second-generation curvelet are adopted for clevis fault
detection. In addition, the detection of clevis pins is presented and discussed. In the
end, the diagonal tube fault detection is presented including the diagonal tube
detection based on cascaded AdaBoost classifier and detection of loosening and
missing of screws from the diagonal tube. In Chap. 7, the time—frequency distri-
butions of pantograph-catenary contact force based on different time—frequency
representations are analyzed and discussed in detail. The detection of contact wire
irregularity in railway catenary is presented. The ZAMD (Zhao—Atlas—Mark dis-
tribution) is presented and discussed as the best candidate for the quadratic time—
frequency representation of pantograph-catenary contact force. In Chap. 8, the
catenary estimation based on the PSDs (Power Spectrum Density) of dynamic data
is presented and discussed. First, the selection of AR (Autoregressive) model order
for catenary data is discussed. Then, the correlations between the PSDs and some
crucial operation conditions are investigated and a cross-correlation coefficient is
presented for evaluating the pantograph-catenary coupling performance. In the end,
the quantification method of PSDs is developed based on the second-order
polynomial.

In this book, we try to indicate an increasing interest in detection and estimation
of high-speed railway catenary for real-life engineering applications. It is hopeful to
provide some references and help for other researchers around the world who
engage in detection and estimation of high-speed railway.

Chengdu, China Zhigang Liu
July 2016
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Chapter 1
Overview of Detection and Estimation
of High-Speed Railway Catenary

1.1 Introduction

In 2012, “Technical requirements of high-speed railway power supply safety
detection and monitor system” is published by the Railway Ministry of China. The
key idea of this system is to achieve the non-contact detection of safety-threatening
operation state of pantograph-catenary system and its fittings based on the images
and videos captured by inspection vehicles or devices. However, the level of
automatic recognition of the image needs to be highly improved at present.

Furthermore, pantograph-catenary system is a random vibration system in
high-speed railway, and its dynamic characteristic is always the hot topic and dif-
ficult topic in the research of high-speed railway pantograph-catenary system. At
present, the evaluation of dynamic characteristics of pantograph-catenary system is
generally based on the statistical parameters, such as the time domain stationary
mean, variance and so on. These evaluation indexes are adopted based on the
assumption that the data have generalized stability, and cannot meet the require-
ments of high-speed pantograph-catenary dynamic data analysis. It is difficult to
evaluate the performance of the pantograph-catenary system effectively.

Therefore, efficient detection and estimation of catenary for high-speed railway
are very important and necessary. In this chapter, the overview of current catenary
detection and estimation is presented and discussed.

1.2 Pantograph-Catenary Detection Technologies

Non-contact image detection has been applied more and more widely in the
pantograph-catenary comprehensive inspection vehicle, stationary pantograph-
catenary inspection devices, mobile pantograph-catenary inspection devices and
hand-held pantograph-catenary inspection devices owing to its advantages of few
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operation interference, good generality and easy installation. To ensure the security
of the pantograph-catenary system, the essence is to carry out efficient, accurate,
real-time monitoring and detection of the pantograph-catenary system, master its
real-time operating conditions, and timely perform the maintenance corresponding
to bad conditions. The development of pantograph-catenary detection mainly has
gone through four stages [1] as follows.

1. Manual detection

The traditional pantograph-catenary detection is mainly based on manual work.
The advantage of manual detection is more flexible, and it can manually identify
various failure types. Its disadvantage is low efficiency and poor security. In
addition, the detection operation must be carried out during the train operation
interval to avoid influences on the railway traffic. The human factors, such as the
staff’s experience can also influence the detection results.

2. Contact detection

The contact pantograph-catenary parameter measurement is developed with the
development of railway electrification. The contact detection is generally performed
in the actual situations of electrical railway. In Germany, the pantograph-catenary
contact pressure is regarded as the key detection parameter, which is mainly
obtained through the pressure sensors and acceleration sensors in the pantograph. In
Japan, the disconnection of pantograph-catenary system and the contact wire wear
are focused on as the key detection parameters. It is mainly due to the extensive use
of metallurgical powder for the pantograph slide, which leads to severe contact
wear. For different detection parameters, some pantograph-catenary detection
devices with multiple usages have been developed. In [2, 3], the design for the wear
detection vehicle of contact wire was proposed. The real-time stress variation and
pantograph impact were detected by embedding optical fiber sensors in pantograph
in [4]. In China, the catenary detection vehicle is used to detect the pantograph-
catenary parameters [5, 6]. In [7], the detection method through adding the fiber in
pantograph was proposed, which could determine the wear based on the amount of
light under wear. The sensors were set on the pantograph’s slide to detect the
stagger of contact wire in [8]. The contact resistance method and current loop
measurement method were adopted to detect the pantograph-catenary disconnection
ratio in [9].

The contact detection methods have been greatly improved in the detection
accuracy and detection efficiency. However, the integrated detection vehicles need
to occupy the railway line, which will interfere with the normal train’s operation.
The detection object of different devices is single, so the different devices must be
installed for different detection parameters. In addition, some detection devices are
required to modify the pantograph’s frame, which will affect the pantograph
dynamic performance, and ultimately may affect the detection results.
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3. Non-contact detection using ranging technology

With the development of laser and ultrasonic ranging technology, many
non-contact detection methods are widely used in the detection of pantograph-
catenary system. For the laser ranging technology, the catenary geometry parameter
detection method using the high accuracy laser pulse phase ranging technique and
incremental grating angle measurement technique was proposed in [10]. Using the
pulse phase laser measuring principle, the detection of high precision height and
stagger of catenary was realized in [11-13]. The detection for pantograph slide wear
using laser beams was proposed in [14]. For the ultrasonic ranging technology, the
East Japan Railway Company has developed the pantograph-catenary parameter
detection system using the ultrasonic in 1993 [15]. SIEMENS, Germany, has also
developed a contact wire height and stagger detection instrument using the ultra-
sonic [16]. In [17, 18], the apparatus for measuring the pantograph wear using
ultrasonic sensor as the detection element was designed.

The advantage of non-contact measurement is that the detection efficiency is
high, and the traffic disturbance is small. However, the relative functions of laser
detection are relatively simple, and the accuracy of ultrasonic testing is relatively
poor.

4. Non-contact detection using image detection technology

Since 1990s, with the rapid development of computer and image processing
technology, the use of image acquisition and processing technology for the
pantograph-catenary detection has shown unparalleled advantages.

e The image detection technology can detect a variety of pantograph-catenary
components at the same time only using a single device, and reduce the number
of equipment.

e The equipment’s intelligent level is high, which can automatically identify the
parameters and fault of pantograph-catenary system.

e The pantograph-catenary detection device can avoid the interferences from the
train’s operation.

e The equipment size is flexible, from small handheld devices, track mobile
devices, to large pantograph-catenary vehicle, and can be widely used.

The many advantages of non-contact detection using image processing tech-
nology make it more and more applicable in the pantograph-catenary detection. In
this chapter, the detection and identification of pantograph-catenary parameters are
presented from the detection equipment development and intelligent image recog-
nition algorithms.
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1.3 Development of Non-contact Detection Devices
Using Image Processing

The non-contact image detection is firstly to use the camera equipment to sample
the pantograph-catenary remote images, secondly to analyze the pantograph-
catenary element through the intelligent image recognition algorithm, and lastly to
achieve the parameters detection and fault identification of pantograph-catenary
system.

In addition, in order to achieve all-weather detection or special state detection
(such as arc, etc.), the multi spectral camera for infrared, ultraviolet image analysis
is adopted. For different detection objects, the equipment will adopt different
sampling strategies, such as camera looking up, looking down, fixed angle and
reflection type. In this section, the research progress of pantograph-catenary
detection equipment is introduced.

1.3.1 Catenary Image Detection Device

At present, there are two main aspects of application in the detection of catenary
images, namely the detection of catenary parameters and catenary bad state.

1. Catenary parameter detection device

The catenary parameter detection is mostly realized through the camera mounted
on the vehicle roof. These parameters mainly include contact wire height, stagger,
location gradient, wire wear and so on.

(a) Catenary suspension parameter detection

The catenary suspension parameters are the most basic technical indicators that
can ensure the catenary performance. Hence they are the most important detection
objects. For example, DB Company developed the contact wire location recognition
and location gradient detection system, shown in Fig. 1.1. In order to avoid the
influence of environmental light on the image capture, the infrared was used to
detect the gradient of the locator, as shown in Fig. 1.2 [1].

In [19], the optical triangle location method was adopted to automatically detect
the contact wire stagger. These detection devices need to be mounted in the specific
catenary detection vehicle and will occupy the railway line. In 2007, a new
equipment for the pantograph-catenary detection was developed, which was based
on the technique of continuous image processing in [20]. The equipment can be
installed in the commercial operation vehicle to achieve the daily
pantograph-catenary detection.
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Fig. 1.2 Locator gradient detection system using infrared

(b) Catenary geometry parameter detection

In order to ensure the current collection ability of catenary, regularity of catenary
and sufficient mechanical strength to prevent wire breakage, the contact wire wear
must be detected. The CCD (Charge-coupled Device) camera was used to design
the contact wire wear detection device, which was installed in the commercial
operation vehicle. The wear of the contact line was identified by the position of the
incident light reflected from the CCD camera [21], as shown in Fig. 1.3.

2. Catenary bad state detection device

If the pantograph-catenary system is running in a bad condition, the discon-
nection arc and overheated contact point will severely influence the catenary current
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Fig. 1.3 Contact wire wear detection system in Japan

collection, even damage the catenary itself. The catenary faults, such as foreign
body invasion, tree intrusion or fitting missing, will result in significant influences
on the normal train operation. Hence, it is very necessary to detect and maintain the
bad state of catenary.

(a) Pantograph-catenary disconnection arc detection

In [22], a light receiver was arranged in the lens system, and the photoelectric
diode was placed in the focal point of the lens system. The off line electric spark can
be transformed to the amplified electrical signal, and realize the arcing detection.
This method was easily influenced by the surrounding environment in practice. The
research results in [23] show that when the arc is generated, a large number of
ultraviolet rays are emitted, whose wavelengths are lower than the visible wave-
lengths of 200400 nm. Through the ultraviolet ray images, the arc information can
be obtained. When the pantograph-catenary arc is clearly seen from the ultraviolet
ray sensor data, the ultraviolet ray data appears to be mutated, which can determine
the arc initiation.

(b) Pantograph-catenary contact point heat state detection

In order to overcome the problem that the image can be easily contaminated by
the environmental light in the visible light image acquisition system, which results
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Fig. 1.4 All-weather catenary detection system

in the image information loss caused by the overexposure or insufficient exposure,
the detection plan was proposed in [24]. The infrared camera was adopted to
monitor the contact hot point, disconnection arc of pantograph-catenary system and
the contact wire location.

(c) Catenary foreign body detection

The foreign body among the catenary suspension components can result in
hitting pantograph and pulling catenary, which will severely influence the train’s
operation. In [25], the catenary foreign body detection system was designed, where
three cameras are used to capture the stereo image 70 m in front of the train. In
order to realize the automatic detection, all-weather image capture is realized based
on the spectrum characteristics of ultraviolet, visible light and infrared, shown in
Fig. 1.4.

(d) Catenary tree intrusion detection

In order to prevent the tree intrusion from influencing the pantograph’s opera-
tion, DB Company developed the tree intrusion detection device based on image
processing, which used the multi spectral camera to realize the three-dimensional
data detection of trees, and then compared with the predefined contour template to
determine whether there are tree intrusions.

(e) Contact wire wind deviation detection

In [26], the CCD (Charge-coupled Device) camera was adopted to detect the
multi detection marks at the same time, which can be used to compute the contact
wire wind deviation through the identification of width ratio. The method can
monitor the contact wire wind deviation in real time and provide the overrun alarm.

1.3.2 Pantograph Image Detection Device

1. Pantograph wear detection

The sliding wear of pantograph will decrease the capability of current collection.
The heavy wear perhaps results in the slide plate breaking and seriously harming
the catenary. In [27], the pantograph wear detection system using 4 CCD cameras
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was designed. After the edge cutting, detection and extraction, the upper and lower
edges of contact wire can be located in the image, then the pantograph sliding wear
can be computed and the wear curve can be drawn.

2. Pantograph dynamic envelope detection

The dynamic envelope of pantograph is formed by the maximum amplitudes in
the vertical direction, and the horizontal direction. The dynamic envelope plays an
important role for the safety, maintenance, inspection, construction of
pantograph-catenary system. In [28], the high pressure sodium lamp was adopted as
the light source, whose spectral lines are in the vicinity of 589 and 589.6 nm. The
specially tailored narrowband filter is used to filter out the vast majority of other
wavelengths of light. A stable image is obtained on the CCD target surface, and the
detection and recognition of the dynamic envelope of pantograph is achieved.

3. Pantograph fault detection

The pantograph fault detection needs to process complex images. In [29], a
wireless video monitoring system for locomotive pantograph was designed, shown
in Fig. 1.5.

1.4 Pantograph-Catenary Image Recognition Technology

Because the pantograph-catenary components are complex, and the image ambient
light and the clearance condition are poor, the image recognition algorithms mostly
focus on the simplest edge detection and line detection.

@ Flash Light
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d Camera
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Fig. 1.5 Wireless video monitoring system for locomotive pantograph
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1. Radon transform

For the gradient detection of contact wire locator, the combination method of
chain code and Radon transform was proposed to detect the gradient of contact wire
locator in [30]. The chain code was used to locate the region of the target line
segment in the image and determine the rough angle of the line segment. The
Radon transform was used to precisely locate the locator’s gradient in the small
region, shown in Fig. 1.6.

2. Hough transform

In [24], when the catenary parameters were extracted from the infrared ray
image, Hough transform was adopted to detect the line information in order to
locate the pantograph frame and contact wire. In [31], in order to detect the wear of
pantograph slide plate, the Sobel operator and Canny operator were adopted to
extract the image edge. The Hough transform was adopted to detect the upper and
lower boundaries of pantograph slide plate. The fuzzy C-mean clustering was
adopted to analyze the detected lines. Then the actual wear height of pantograph
slide can be computed from the analyzed image, shown in Fig. 1.7.

3. Template matching

In [26], in order to detect the wind deviation, the special detection marks were
adopted as the location feature information. Through the object feature template
matching, the contact wire was located, and its wind deviation was determined. The
method needs to install a special logo for image calibration, so its application is
limited.

Fig. 1.6 Locator gradient detection using chain code and Radon transform
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Fig. 1.7 Pantograph slide plate wear detection with Hough transform

In order to overcome the limitations of the straight line detection algorithms in
the detection and fault identification of pantograph-catenary parameters, and to
analyze and identify the fault image, some new image detection and recognition
methods should be adopted and developed for the complex pantograph-catenary
images, such as image sparse decomposition and anisotropic filtering.

4. Wavelet transform

In [27], based on the singularity analysis of wavelet transform, the image was
analyzed after extracting the edge of pantograph, and the wear degree was judged.
Aiming at the detection of foreign body in the catenary insulator, the insulator was
located based on the template matching and the characteristics of the reflection
point of light [32]. The detection of insulator foreign body was realized by using the
singularity of the wavelet.

5. Curvelet transform

The pantograph slide plate cracks easily cause the fracture loss, even contact
wire breakages. Based on the second generation curvelet sparse decomposition
theory, the anisotropic curvelet “atom” was adopted to decompose the image. In
[33], a new method of extracting the correlation information of each directional
image was proposed by applying CCDP (Curvelet Coefficients Directional
Projection) transform to the curvelet decomposition coefficient matrix, which can
realize the crack extraction of pantograph surface.

A new method based on the curvelet coefficient of the parallel joint of pan-
tograph metal plate, was designed in [34]. Utilizing the multi-direction and ani-
sotropic property of curvelet transform, the spot, linear and nonlinear characteristics
of the pantograph slide plate images are classified. Translational parallel windows
are used in the direction matrixes of curvelet decomposition, and then the energy
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values of translational windows are calculated. The different image features
between the linear parallel joints and other nonlinear images such as rivets, scrat-
ches, and cracks are distinguished according to the energy values of the curvelet
coefficients, so the slide plate cracks information can be obtained finally.

In [35], the curvelet was adopted to carry out directional filtering, and the
curvelet clustering coefficients were enhanced by using mathematical morphology.
Finally, with the zonal energy, the fault location can be accurately identified.

6. Invariant moment

The catenary insulators have different types and different suspension angles,
which results in the difficulties in locating and identifying them. In view of the
problem of foreign body detection, 6 different kinds of affine invariant moment
templates for insulator identification were proposed in [36]. Firstly, the Hough
transform line detection is adopted to classify the shaft and insulator of the global
image after preprocessing. Secondly, the porcelain bottles of the insulator is rec-
ognized and located with the affine moment invariant. Thirdly, the gray statistical
curves of the insulators are obtained after the morphological dilation operation and
edge adjustment. Comparing the band width of the Gray statistical curves, whether
the foreign body exists can be distinguished.

7. SIFT (Scale Invariant Feature Transform)

In the SIFT, the feature points are matched with the local invariant features
(SIFT feature) of the image, which is invariant to scale, rotation and illumination
changes. In [37], for the fracture failures of ear pieces of rotary double ears in the
catenary support structure, a new detection method based on SIFT was proposed.
To realize the positioning and extracting of rotary double ears, the matching of local
feature points between catenary image and the standard image of rotary double ears
is utilized. And the analysis of the bending degree of each point of the upper
boundary curve of the rotary double ears is used to judge whether a fracture failure
exists.

8. SURF (Speeded-Up Robust Features)

SUREF is a feature extraction algorithm, which includes feature point detection
and description. The algorithm can improve the computation speed by combining
the integral image, Hessian matrix and 2D Haar wavelet response. In [38], a
detection method based on feature matching of SURF was proposed. Firstly, the
feature extraction and matching of insulator in the image are performed by SURF.
Secondly, the pre-processing of insulator image such as angle correction and
morphological operation is carried out. Finally, the longitudinal statistics of insu-
lator grayscale is implemented, and according to the distribution regularity of the
minimal value of the grayscale, the defective insulator can be identified and located.
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1.5 Catenary Estimation

In electrified railway industry, the catenary estimation generally refers to the
qualitative and quantitative characterization of the level of feasibility and applica-
bility that the catenary infrastructure fulfills the corresponding operation require-
ment. It serves an important role in the whole stage of catenary life circle, including
the design, acceptance and operation of catenary infrastructure. The catenary esti-
mation takes into consideration of not only the overall condition of infrastructure,
but also the influences of catenary defects on the condition of infrastructure.
Therefore, it generally utilizes a variety of simulation and real-life measurement that
are relevant to the function of catenary infrastructure. Traditionally, the catenary
estimation for conventional railway is accomplished by threshold criterion and
simple statistics of relevant data, such as mean, standard deviation, maximum,
minimum and so forth. For the catenary infrastructure in high-speed railway, the
estimation requires upgrade to meet the high-level demand of safe and stable
operation. With the massive construction of high-speed railway lines all over the
world, the increasing total mileage of catenary infrastructure makes the research on
catenary estimation necessary now more than ever.

Basically, the simulation or measurement data adopted for catenary estimation
can be classified into two categories, namely the static data and the dynamic data,
according to the type of catenary status that the data describe. The static data
describe the static status of catenary infrastructure, which refer to the catenary itself
without external excitation. It mainly includes the structural parameters of catenary,
such as span, inter-dropper distance, encumbrance and line tension, and the geo-
metrical parameters of contact line, such as height, stagger and wear.
Correspondingly, the dynamic data describe the dynamic status of catenary
infrastructure, namely the dynamic response of catenary under external excitation.
The excitation primarily refers to the pantograph contact. Thus, the dynamic data
mainly include the pantograph-catenary contact force, the dynamic lifting dis-
placement of contact line and pantograph, the frequency of pantograph arcing, the
number of hard points and the acceleration of pantograph.

Based on the type of data adopted for catenary estimation, the estimation can be
divided into two types, namely the static estimation and the dynamic estimation.
The two types of estimation have certain relevance in their effects, while each has
its superiority under certain circumstances. Generally speaking, catenary estimation
should be accomplished by the combination of static and dynamic estimation in
reality. Concretely, in the acceptance stage of catenary infrastructure, static esti-
mation applies to the acceptance of construction quality, while dynamic estimation
applies to the acceptance of designing scheme. For daily operation and mainte-
nance, static estimation is the dominated estimation method, particularly in con-
ventional railway lines for two main reasons. On one hand, static data
measurements and static indicators are easy to be implemented at a relatively low
cost in reality. On the other hand, because static data can be regarded as the input of
pantograph-catenary dynamic interaction and the pantograph-catenary interaction is
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highly sensitive to the static state of catenary, static estimation can reflect the
dynamic characteristics of catenary at some level. Thus, dynamic estimation is
usually the supplementary for static estimation and infrequently performed since its
function can be partly substituted by static estimation with a low cost. However, as
the increase of operation speed, current estimation method is falling behind and
could not fully meet the operation and maintenance requirement of high-speed
railway catenary. Considering that dynamic data are the direct reflections of
pantograph-catenary interaction, it is believed that dynamic estimation is more
suitable for the characterization of catenary dynamic performance. Meanwhile,
relevant measurement techniques are developed accordingly for high-speed railway
catenary, which provide sufficient data source for the developments and applica-
tions of novel estimation methods. Overall, more advanced estimation method and
extensive dynamic estimation are the inexorable trend for achieving better perfor-
mances of high-speed railway catenary.

1.5.1 Static Estimation

As defined, the static data of a catenary infrastructure can be precisely determined
by the corresponding design as the nominal values. After completed construction
based on the design, static data of the catenary will be measured to check if the
actual structure matches the design and to what extent. In practice, the actual static
data is inevitable deviated from the design due to many causes, especially in a
long-term operation. But as long as the deviations remain within an acceptable
range, the catenary will be recognized as functional. Therefore, estimation methods
based on threshold criterion and lower-order statistics are developed accordingly.

Concretely, among all static data, the contact line height, stagger and wear are
believed to be the most important static data that determine the catenary perfor-
mance as shown in Fig. 1.8. The contact line height and stagger largely influence
the spatial position and pressure of the contact point between contact line and

Fig. 1.8 Schematic of the
contact line height, stagger -
and wear stagger —=

- contact line
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pantograph. The contact line wear is uneven and has direct impact on the pan-
tograph slide plate. Meanwhile, these data are relatively vulnerable and changeable
under excitations in practice. Thus, static estimation is mainly realized based on
corresponding static measurements.

For measurement data of contact line height and stagger, there are certainly
nominal values to compare with. Thresholds can be set according to the acceptable
deviation from nominal values. Different levels of deviation can be established to
facilitate making maintenance decisions and taking actions such as adjusting the
tension compensator, replacing the dropper and so on. In the case of contact line
height, the sag of a span is sometimes computed and adopted as additional
indicator.

For measurement data of contact line wear, which usually refers to the loss of
line section or line thickness, there is an allowed maximum loss for certain type of
line based on experimental and empirical conclusions. The percentage of loss of
line thickness is usually adopted as the indicator to determine the line will be
replaced or not. Meanwhile, some singular points with exceedingly high or low
thickness loss will also be judged and handled.

Another concept, namely the contact line irregularity or unevenness is proposed
in recent decades, which is another type of static data of catenary. It is generally
defined as the combination of the geometry deformation of contact line and the
wear and manufacturing defect of contact line surface. In some cases, the geometry
deformation and wear are separately considered due to different orders of magni-
tude. The influence of contact line irregularity on catenary performance is not fully
revealed yet. But its impact is considered to be high and important, especially for
high-speed railway catenary. Thus, valid estimation methods need to be developed
accordingly.

The concept of contact line irregularity was put forward in 2000 [39, 40], which
has been widely concerned by scholars in recent years. According to the actual
experiment and simulation model, the influence of contact line irregularity on the
pantograph-catenary system was analyzed by Collina et al. [41]. According to the
vibration of pantograph-catenary system, the contact line wear prediction method
was put forward and the line test verification was carried out [42]. The influences of
geometric irregularity and contact wire wear on dynamic characteristics were
researched, respectively in [43]. The power spectrum was adopted to analyze the
relationship between contact line wear and pantograph-catenary disconnection in
Shinkansen of Japan in [44]. The irregularity power spectrum of contact line of
Shinkansen was constructed in [40, 45]. The influence of contact line irregularity on
the contact pressure was studied by the Hardware-in-the-loop platform [46]. The
influence of vertical irregularity on the contact pressure of the measured high speed
railway contact line was discussed in [47]. The influence of catenary irregularity on
the flow quality of pantograph catenary system was analyzed by the pantograph
catenary dynamic model in [48].

PSD (Power Spectrum Density) analysis is the main method for the represen-
tation of contact line irregularity, and the spectrum estimation is mostly based on
the traditional periodogram method and the maximum entropy method. Suppose
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that there are N data samples x(0),x(1),---,x(N — 1), and the periodogram method
means the Fourier transform, namely

N—-1

X(w) = x(n)e ™" (1.1)

i
The power spectrum is obtained, as follows.
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To overcome the disadvantages of traditional spectrum estimation, the concept
of catenary line spectrum based on track spectrum was put forward in [49]. AR
(autoregressive) spectrum was adopted to estimate the contact line irregularity [50].

To characterize the trend of contact line uneven spectrum, actual speed railway
contact line irregularity spectrum fitting formula was presented in [51].

A+ Bk

Sy(k) = —— "%
1(6) 1 + Ck + Dk?

(1.3)

where A, B, C and D are the fitting parameters.
The fitting formula of vertical irregularity of high-speed railway contact line was
presented as follows [47].

Sy (k) = exp (Z a;(In(k))" — ao> (1.4)
i=1

where q; is the fitting parameter, which is determined by the contact line type and
state.

In addition, according to the spectrum fitting results and operation conditions of
different lines, the inversion method of fitting spectrum based on inverse Fourier
transform [43] or trigonometric series [51] has become the main method for cate-
nary numerical simulation.

1.5.2 Dynamic Estimation

Because the geometrical shape of catenary is changeable under external excitations
such as pantograph contact and aerodynamic force, static estimation cannot fully
reveal the dynamic performance of catenary. Dynamic estimation based on dynamic
data shows the catenary dynamic performance in actual operations. The major data
commonly adopted for dynamic estimation are pantograph-catenary contact force
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and the number of hard points, among which the hard point is defined as where the
contact force experiences abrupt change on the contact line.

For the pantograph-catenary contact force, low-order statistics including the
mean, standard deviation, maximum and minimum are adopted as the indicators for
dynamic estimation. Thresholds are accordingly set for all indicators to estimate the
catenary dynamic performance in simulation and reality. Another indicator calcu-
lated by the contact force is the percentage contact loss

Number of samples indicating contact loss
Contactloss =

x 100 % 1.5
Total number of sample points ¢ (15)

where the sample indicating contact loss is the sample points with zero or too small
value of force. Similarly, if the contact loss exceeds certain threshold, the catenary
performance is unacceptable and requires improvement.

For the hard point in contact line, it can be obtained by the pantograph-catenary
contact force or other contact force measured through other form of sliding contact.
Generally, the contact point with exceedingly high contact force can be regarded as
hard point and be classified by different severity. There are many causes of hard
point such as restriction arm, severe wear and so on. Thus, once a hard point is
found, it must be handled depending on the cause of it.

Based on the frequency domain characteristics of pantograph-catenary system,
band limited time domain index [52] and power spectrum density estimation [40]
were proposed to estimate the contact force and catenary irregularity. Pantograph
catenary contact pressure is the most capable of reflecting the dynamic character-
istics of catenary data, the majority of research in the pantograph catenary contact
pressure were used to observe the power spectrum characteristics in the frequency
domain [53]. The catenary line spectrum based on AR model was proposed to
evaluate the catenary dynamic characteristics, and the spectral characteristics of
different lines, train speed, pantograph type and wind speed were analyzed in [50].
The fitting method of contact pressure spectrum trend was proposed, and the
catenary dynamic characteristic was evaluated by the extraction of spectrum peak
value in [51].

In addition, the waveform features of contact pressure power spectrum were
analyzed, and their feature change was used to diagnose the contact line condition
in [55]. The AR spectrum of contact line dynamic uplift was used to evaluate the
dynamic vibration frequency of catenary in [56]. The low frequency component of
contact pressure was analyzed by using the double spectrum in [57]. In [58], the
dynamic response of pantograph-catenary system was analyzed, and the different
frequency components of contact pressure were related to the catenary structure and
the natural frequency of pantograph. In [59], based on the dynamic uplift of contact
line and pantograph, the dynamic uplift spectrum was constructed to evaluate
dynamic characteristics of pantograph-catenary, and EEMD (Ensemble Empirical
Mode Decomposition) was used to eliminate the error data of contact pressure in
different frequency bands [60]. Based on multiple EEMD, the wavelength com-
ponents in pantograph-catenary contact pressure were analyzed, and the dynamic
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characteristics of pantograph-catenary were evaluated based on the wavelength
number in the range of different wavelengths in [61].

At present, time-frequency analysis is seldom used in the study of pantograph
catenary system. STFT (Short Time Fourier Transform) was used to analyze the
vibration frequency of dynamic uplift in [62]. The combination of STFT and neural
network was presented to predict the actual wear of contact line in [63]. Through
analyzing the time frequency characteristics of contact line current, the current
collection quality of pantograph-catenary system was analyzed in [64].

1.6 Future Detection and Estimation Research

From the research and development of the pantograph-catenary detection, the
detection equipment based on non-contact image processing is more and more
widely used. However, it is restricted by the image recognition development.
Therefore, the future detection technology research can focus on the following
issues [65].

1. For the noncontact detection technologies of pantograph and catenary system,
the image acquisition approach is mainly through the cameras mounted on the
catenary inspection vehicle roof, which is influenced by the various forms of
vibration. Though some compensation methods are presented, due to the
complexity of vehicle body vibration and the precision control of sensor
detection, how to realize the full compensation for the body vibration is still an
urgent problem to be solved.

2. The fault detection algorithms of key components of catenary suspension system
are mainly based on image processing technologies. Due to the weather, light
and other restriction conditions, they cannot meet the requirements of the
all-weather real-time online detection. Therefore, how to improve the existing
detection algorithms to achieve the performance of image acquisition equipment
is the main problem in the future.

3. The fault identification and detection algorithms are mainly based on the simple
pattern recognition and machine learning algorithms, which do not fully exploit
and utilize the existing image data. It can be assumed that the detection tech-
nology based on deep learning theory will become the trend of detection
technology research of high-speed railway pantograph and catenary system.

4. At present, the estimation methods based as single assessment and single
indicator cannot dig the hidden information in the data. Therefore, time fre-
quency evaluation method has become the development trend of catenary
estimation. However, the spectrum evaluation method needs to consider the full
complex operating conditions and bad state of catenary. In addition, a large
number of experiments and field data are needed to verify the physical meaning
of each wavelength component, and improve the corresponding diagnostic
methods.
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. For the various evaluation method and evaluation index, how to integrate them,

construct the corresponding spectrum evaluation system aiming at actual
high-speed railway, and guide the actual high-speed catenary operation and
maintenance work, are their implementation trend.

Regardless of the static or dynamic evaluation, the evaluation methods of
catenary depend on the establishment and improvement of safety inspection and
monitoring system. For the big data provided by the system, intelligent analysis
technologies such as data mining and data fusion will become an important
research content of future contact network state evaluation.
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Chapter 2
Statistical Characteristics
of Pantograph-Catenary Contact Pressure

2.1 Introduction

At present, the studies on statistical characteristics of pantograph-catenary data
generally concern the simple statistical properties, such as mean value and variance
of contact pressure between pantograph and catenary. However, it is obviously
insufficient to realize the efficient fault detection and state estimation of catenary. In
this chapter, the statistical characteristics including stationarity, periodicity, corre-
lation, high-order statistical properties of pantograph-catenary data are analyzed and
discussed in detail.

2.2 Stationarity of Pantograph-Catenary Contact
Pressure

2.2.1 Definition of Random Signal Stationarity

In general, if the joint probability distribution of a random process {x(t,), ..., x(¢,)}
is same as that of the random process {x(¢; +7), ...,x(¢, + 1)} after delaying t,
{x(z), t € T} is called the narrow sense stationary processes or strictly stationary
process. This means that the statistical properties of stationary random signals are not
related to the selection of start and end time. That is to say, the statistical properties
of the random process do not change with the time. In many cases, it is very difficult
to obtain a joint distribution function of a random process, so it is also difficult to
judge the stability of a random signal according to the above definition in practice.
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The random process {x(¢), # € T} is called a generalized stationary process, if

(1) The expected function, namely, the first order moment function E{x(¢)} = m,
m is the constant.

(2) The mean square value function, namely, the second order origin moment
function E{|x(¢)|*} < oc.

(3) The covariance function, namely, the second order mixed center distance
function E{[x(t) — m][x(t) —m]*} = R.(t — 1) — |m|>, where R (t—1)=
E{x(t)x(t)"} is the auto correlation function of random process.

The essence of the definition means that, for a generalized stationary process, its
expectation function is constant, its mean square function exists, and its covariance
function does not change with the time, i.e. is not related to the start time, and only
depends on the time difference # — t. So, the generalized stationary process is also
called the covariance difference stationary process or second order stationary pro-
cess. The random signal can be divided into stationary signal and non-stationary
signal. If a signal is a stationary signal, it can be very simple. If a signal is not a
generalized stationary process, it is called the non-stationary signal.

2.2.2 Stationarity Test Methods of Pantograph-Catenary
Contact Pressure

According to European Standard EN50318, EN50367 and China Railway Standard,
the technical indicators of performance evaluation for pantograph-catenary contact
pressure mainly include the contact pressure average value F,,, standard deviation
o, statistical minimum value, statistical maximum value, etc.

These indicators can be computed directly using the sampled time series, which
practically mean that the sampled data of contact pressure is stationary and has the
ergodicity. However, the catenary system is a soft cable structure system with the
cycle spans along the railway line. The supporting devices, droppers, and uneven
tension, can cause the inhomogeneous elasticity in a span. At a low speed, this
impact is relatively small, but at a high speed, the uneven elasticity may cause the
increasing instability of pantograph-catenary contact pressure, which influences the
accuracy of catenary performance evaluation. Therefore, it is very important to
choose the appropriate analysis method to reveal the dynamic characteristic of
contact pressure. The essence of signal stationarity test is whether the basic physical
factors of random signal are changed with the time. At present, the usual method of
stationarity test includes non-parametric detection and parametric test.

The non-parameter test method mainly includes run length (round) test, which is
also called the random test of single sample variable value. This method only
involves a set of the measured data, and does not require the assumption of the
signal distribution, so it has a good practicability.
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The parametric test methods include DF (Dickey-Fuller), ADF (Augment
Dickey Fuller), PP (Phillips-Perron), Holzer instrumental variable method, DF-GLS
(Dickey-Fuller Generalized Least Square), KPSS (Kwiatkowski, Phillips, Schmidt,
and Shin), LMC (Leybourne and McCabe) test methods, etc.

For the irregularity test of railway track geometry, the round test method is most
commonly used. In [1], the round test method was adopted to check the long wave
irregularity of Maglev track. The results showed that the random data of magnetic
levitation track vertical irregular signal has high non-stationarity. In [2], the round
test method was adopted to check the track irregularity of Qinhuangdao-Shenyang
Passenger Railway of China. The results showed that the majority of rail irregular
samples were smooth or weakly stationary and could be approximately treated as
stationary random process. In [3], the round test method was adopted to check the
irregular samples of the welded joint rail surface in Jingshan Line and Guangshen
Line of China. The results showed that the irregular sample function of single
welded joint surface had the non-stationarity, and the whole sample space of a large
number of welded joints in the same railway line was stationary.

1. Round test method

Round test method is a non-parametric test method. Because it does not need an
assumption of data distribution, and only relates to a set of measured data, it has
some applications in practical engineering.

The test steps are listed as follows.

(1) The tested data sequence {x;} is divided into m parts, and their variances g7

are respectively computed.

+

o2 +o%. . .
(2) Compute g% = Zms " where o3 . and o7 . are the maximum and min-

imax imin
imum value of 67, respectively.

3 If 01-2 < a2, the division is marked with “+”. If 01-2 > ¢2, the division is marked
with “=".

(4) The m sections form an observation sequence according to “+” and “—”, and
the sequences with same mark are defined as a round (run length). The
number r of rounds is the test statistic.

(5) Let the number of “+” be Ny, and the number of “— be N,.

(6) When N; < 15 and N, < 15, they are considered as the small samples.
Check the round (run length) test distribution table, then the upper and lower
limit r,, ; can be obtained at o = 0.05.

(7) If ry<r<r,, where r is the tested data, the tested data is considered as the
stationary data.

(8) When N; > 15 or N, > 15, they are considered as the large samples, and can
be approximated with normal distribution.

(9) The statistic can be computed by Z = =*.

Where N = Ny + Ny, u=2% 41, and ¢ = —2N'NA§Z((2A7L1Y2>7N>.

(10) When o = 0.05, and |Z| < 1.96, the tested data is stationary.
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2. Surrogate-data test method

Since the correlation function and power spectrum of a signal are a Fourier
transform pair, it can be considered that the spectrum of stationary random signal is
invariant with the time and that of non-stationary signals is variant with the time.
Therefore, the stationarity of the signal can be judged by comparing the similarity
of the spectrum at different time instants.

For the same marginal spectrum, the difference between the non-stationary
signal and the stationary signal is reflected in the frequency spectrum changing with
the time. So, in order to test the signal stationarity, a stationary signal needs to be
introduced as a reference. The signal is called a surrogate signal and generated by
the test signal, which retains some statistical properties of the original signal.

The test steps are listed as follows.

(1) Produce the surrogate data Sj.
The produced surrogate data is stationary using Fourier transform. The algo-
rithm can ensure that the power spectrum’s amplitude of original signal is
unchanged. The signal’s phases become the random ones ¢, that uniformly
distribute in [—, ). The Fourier inverse transform of the random distribution
is the surrogate data S(r).

) = [ (e .1)

(2) Solve the time-frequency representation of original and surrogate signals.
For signal x(¢), considering the computation time and estimation accuracy of
the spectrum, the time-frequency representation is described through the multi
window of signal.

2

& + 00
Sex(t,f) = %Z / x(8)hi(s — 1)e 2P ds (2.2)

h (1) is the kth Hermite function as follows.

1
h(f) = ———e "

N N

(3) Compute the distance C,(f> and CS,S’) between the local spectrum and the global
spectrum of original signal and surrogate signal.

Hy (1) (2.3)

{C,(zx) 1= K(Sx(ty ) (Sx(tns Dot )} (2.4)

where (Syx(#:,f)),—, y is the mean of power spectrum at all time instants.
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The above distance can be obtained based on Ref. [4].
K(G,H) = (1 + / 1ogg—((gdf‘> : /(G(f) —H(f)) logg—((gdf (2.6)

where “~” means the normalized function of corresponding function, such as
f(x) = f(x)/max(f(x)).
(x

Compute the fluctuation 6 of the distance Cj ) with time.

The fluctuation of distance Cflx) with the time of original signal is 0y, and the

fluctuation of distance C,(,S’ ) with the time of surrogate signal is 0.

LS o ooy
0= 2 (C —(c) 27)
Solve the probability distribution curve of 6, set the threshold 7, and judge the
stationarity.

0y obeys the Gamma distribution in [5]. Based on the fitting Gamma distri-
bution curve, the test threshold y can be determined, and the stationarity of
data can be tested as follows.

0, > 7y : non-stationary (2.8)
0y <y : stationary '
Define the non-stationary measurement INS.
0
INS = |- (2.9)
722j=100(j)

Based on the expression of non-stationary measurement, if the INS value
further deviates from 1, the signal is more stationary.

3. Mean function

If {X,} is a stationary signal with mean value , the segment of the signal should
also be stationary. Suppose that Xy, i = 1,2,...,s is the mean value of each
segment in the signal, then \/N;(Xy, — i) obeys the normal distribution [6]. The test
of mean value can be transform into the test of whether /N;(Xy, — ) is coming
from the normal distribution N(0,27S,,(0)).
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Based on the 3¢ rule [7], it can be obtained as follows.

= P{— W< \/~ ) <+/218,:(0)} = 0.638 (2.10)

where p is the proportion of /N;(Xy —p)(i=1,2,...s) in
—1/218:(0), /278 (0)), and p ~N(p1,p1(1 — p1)/s) can be obtained accord-
ing to the central limit theorem.
For the significant level «, the test statistic is adopted.

Z={p-p)/vpi(l =p1)/s (2.11)

For Z~N(0, 1), the rejection region is Z > z,/», and z,, is the upper section
point o/2 in the standard normal distribution.

4. Auto covariance function

Based on the definition of signal stationarity and Wiener-Khinchin theorem, the
auto covariance function can be used to test the signal’s stationarity. The spectral
density of each segment of signal can be considered to be determined by each
segment location and frequency. If the signal is stationary, the spectral density of
each segment should be related to the frequency, instead of its location.

The model is given below.

Su(®)=a+f+e¢ (2.12)

where « is the location factor, f§ is the frequency factor and ¢ is the random factor.

The covariance test can be considered as the variance analysis problem of two

factors. Hy : oy = oy = - -- = o, Hy @ o0y, 0, ..., 0, and they are not all equal.
Suppose,

1 AN
Y~:;ZZYU’ Yi=;lZszl—12 Y,j:E;Y,j,jzlz

i=1 j=1

N

SA:nZ(Y Y.)?, SB—SZY—Y

i= 1

SE—ZZ i Y=Y +Y.)

i=1 j=1

The test statistic is given below.

Sa/(s—1) Hy

T Sp/s—D(n—1) F(s=1,(s = 1)(n = 1)) (2.13)
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At the significant level «, the rejection region is F > F,(s — 1,(s — 1)(n — 1)),
Fy(s —1,(s — 1)(n — 1)) is the upper section point o in F distribution. In the actual
application, F' value method is adopted in general.

2.2.3 Stationarity Analysis of Actual Pantograph-Catenary
Contact Pressure

The actual contact pressure data is from the up and down lines of Jingguang Line
and Hukun Line in China. The speeds are 115, 140, 150 and 120 km/h, respec-
tively. The sampling interval is 2 data points each meter [8]. The stationarity
analysis of contact pressure signal with surrogate-data is described as follows.

1. Stationarity test process of contact pressure

The contact pressure data is from a certain section of the up line of Hukun Line,
and the sampling number is 3000.

(a) The surrogate signal is produced with Fourier transform of the original signal.
Considering the fitting accuracy and computational quantity, 500 surrogate
signals are chosen. The contact pressure signal and its surrogate signal of
Hukun Line are shown in Fig. 2.1.

(b) The original signal and surrogate signal are represented with time-frequency
distribution. The distances between their local and global spectrums can be
computed based the distance formula, shown in Fig. 2.2.

(¢) The fluctuation 0; of spectrum distances of contact pressure and surrogate
signals with time can be solved, while the number of 0, is 500. Based on the
distribution histogram of 6, the gamma distribution curve of 6y can be fitted.
The relationship between 0y and 0; can be obtained, as shown in Fig. 2.3.
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Fig. 2.1 Contact pressure signal and its surrogate signal of Hukun Line
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Based on Fig. 2.3, it can be found that 0 is in the probability distribution of 6.
The spectrum distances of the tested data at each time are in the range of the
stationary surrogate data. Therefore, the contact pressure signal in the section can be
judged to be stationary.

2. Contact pressure stationarity analysis for different distances

The contact pressure signals from different distances are adopted for their sta-
tionarity analysis. The analysis results are listed in Table 2.1.

Because the signal’s time-frequency spectrum should be first computed using the
surrogate data method, considering that the signal’s length can influence the esti-
mation accuracy of time-frequency spectrum, the minimum length of contact
pressure data is 400 points, and that is to say that the sampling distance is 200 m.
Based on the analysis results, it can be found that the data between 1000 and
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Table 2.1 Contact pressure signal stationarity analysis for different distances

Line name Sampling distance (m) Stationarity pass rate (%)
Up line of Hukun Line 1000-3000 100
500-1000 96
200-500 80
Down line of Hukun Line 1000-3000 100
500-1000 92
200-500 82
Up line of Jingguang Line 1000-3000 100
500-1000 95
200-500 87
Down line of Jingguang Line 1000-3000 100
500-1000 96
200-500 90

3000 m is almost stationary. With the decreasing of sampling distance, especially
between 200 and 500 m, some data segments show obvious non-stationarity.
Therefore, for these contact pressure signals, the non-stationary signal processing
method should be adopted. In addition, it is found that the data are sampled from
the joint of the anchor section, track turning, mountain area and tunnel area.

The round test method is also adopted to test the stationarity of actual sampling
data of pantograph-catenary contact pressure. The test results are listed in
Table 2.2. It can be found that for the contact pressure signal’ stationarity, in the
long term, it basically satisfies the condition of stationarity, and can be used to
study the stability analysis, but there may be some non-stationary in the local,
especially in the position of the support and so on.

2.3 Periodicity of Pantograph-Catenary Contact Pressure

2.3.1 Periodic Trend Feature of Pantograph-Catenary
Pressure

The catenary is constructed along the railway line through the suspension and
supporting devices, and the structure “span” as a unit is repeated. In a span, the
contact line is hanged through the droppers, so the dropper is equivalent to a
concentrated mass point, which influences the catenary’s elasticity. At a low speed,
the pantograph can have better dynamic performance, since the structural con-
centrated mass point has little effect on the pantograph. At a high speed, the uneven
elasticity of the structural concentrated mass point becomes larger, and the contact
pressure highlights the more obvious periodic feature, and namely the contact
pressure fluctuates with the span and dropper interval.
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Table 2.2 Contact pressure signal stationarity analysis using round test method

Line Name Data Group Confidence Stationarity
point number coefficient (%)

Up line of Hukun Line 3200 100 95 Yes
160 Yes
200 Yes
320 No

Low line of Hukun Line 3200 100 95 Yes
160 Yes
200 Yes
320 No

Up line of Jingguang 3200 100 95 Yes

Line 160 Yes
200 Yes
320 No

Down line of Jingguang 3200 100 95 Yes

Line 160 Yes
200 Yes
320 No
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Fig. 2.4 Actual contact pressure signal at 100 km/h

The contact pressure signals at 100 and 300 km/h are shown in Figs. 2.4 and
2.5, in which the dotted line is the time series, and the solid line is the fluctuation
trend of contact pressure. It can be found that the trend of contact pressure at high
speed shows obvious periodicity. The statistics results show that at low speed, the
standard deviation of contact pressure is less than 3 N, and the standard deviation at
high speed is more than 10 N. Therefore, at high speed, the contact pressure has
become a mean time varying data, and does not conform to the definition of the
generalized stationary, which is not suitable for the use of stationary data mean
variance analysis.
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Fig. 2.5 Actual contact pressure signal at 300 km/h

The second order auto-correlation functions of simulation data and different line
actual measurement data from Jiaoliu Line, Jingguang Line, and Guangshen Line
are shown in Fig. 2.6. It can be found that the second order auto-correlation
functions of different contact pressure data have obvious period correlation
characteristics.

According to the definition, if the mean value and the autocorrelation function of
a random signal are periodic, the signal can be defined as a periodic stationary
random signal. The above research results show that the average and the correlation
function of pantograph-catenary contact pressure data at high speed are more
obviously periodic, so the contact pressure data tend to be a periodic stationary
random signal.

According to Cramer decomposition theorem, the time series can be decom-
posed into two parts. One is the deterministic trend component, and the other is the
stationary zero mean random component. Cramer decomposition theorem guaran-
tees that the deterministic information of time series can be sufficiently extracted
through the difference of proper order number. Since the change of the
pantograph-catenary contact pressure is determined by the structure of catenary
suspension, the time series has strong determinacy. Therefore, for the
pantograph-catenary contact pressure with periodic time-varying mean character-
istics at high speed, an effective method is to extract the trend term first, then
analyze the stationary random vibration components by the several times of trend
differential elimination.

2.3.2 Trend Term Extraction of Pantograph-Catenary
Contact Pressure

Aiming at the periodicity of pantograph-catenary contact pressure, the moving
mean, data fitting and low-pass filtering methods are adopted in this section.
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1. Moving mean method

The most direct method to extract the trend term is to segment the data and
extract the local mean value of the continuous movement.
The center moving mean value of contact pressure data is defined as follows.

n+w/2
LS F() n>w/2
i=1
n+w/2
M, (n) = éA,E/zF(i) w/2<n<N—w/2 (2.14)
N
= > F(i) n>N-—w/2
i=n—w/2

where M,, is the center moving mean value, w is the length of moving window, F (i)
is the contact pressure, and N is the sampling data length of contact pressure.

Since the catenary elasticity is symmetrical within its span, the quarter of
sampling point number in a span can be chosen as the window length moving
average window in general.

2. Data fitting method

The pantograph-catenary contact pressure can be described in general below.
P = Pyd(x — vr) (2.15)

The formula means that the contact pressure Py moves at v speed along x
direction. o(+) function can be expended as follows.

kmx

P=P- %Z sin(knvr) - sin (T) (2.16)

where [ is the cycle period.
Because the contact pressure data has triangle periodicity, the sine polynomial
can be adopted to fit the data, as shown below.

n
P= ZAi sin(wx + ;) (2.17)
=1

=

where 7 is the order of fitting.

The effect of the trend term extraction using a sine polynomial fitting is shown in
Fig. 2.7. In Fig. 2.7a, the forth order sine fitting is adopted, and the trend of the
span as period can be extracted. In Fig. 2.7b, the fifth order sine fitting is adopted,
and the trend of the dropper as period can be extracted.

The extracted trend term using the fitting method is more smooth and easy to
analyze the impact of different equipment on the contact pressure. But for the
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Fig. 2.7 Trend term extraction with data fitting

catenary with different droppers and design structures, the order selection for
extracting the same trend is different, and the application is inconvenient. In gen-
eral, the order number of fitting increases from low order, and the fitting ends when
the periodic length of fitting term approximates the length of sampling data in a
span of catenary.

3. Low pass filtering method

The trend term of contact pressure is caused by low frequency vibration. Finite
Impulse Response (FIR) filter can be adopted conveniently. The Z transform form
of FIR filter is listed below.

Piona(z) = (b1 + b2z "+ -+ + by 1 127")P(2) (2.18)
The trend term extraction with FIR filter is shown in Fig. 2.8. It can be found

that the correlation between the trend term and data is strong, and the trend term is
more sensitive to the data fluctuation.



2.3 Periodicity of Pantograph-Catenary Contact Pressure 37

20
& 200
¢ 180 |
= E i
? 160 - !
B 1401
o
& 120
5
100
]
80 1 1
0 50 100 150 200 250 300 350 400
Distance/m

Fig. 2.8 Trend term extraction with FIR filter

2.3.3 Evaluation of Pantograph-Catenary Contact Pressure

The moving average is not required to select the model order, and it is not sensitive
to the data fluctuation, so the moving average method can be used to eliminate the
trend term. The Cramer decomposition theorem cannot determine the order that
accords with the stability of random component. The standard deviation of each
trend term is calculated by iteration. When the nth trend term standard deviation is
less than the threshold, the stationary random term can be obtained with the n—1th
difference. The research results based on the measurement and the simulation data
show that the stationary condition can be satisfied by the second order difference.

In Fig. 2.9, it can be found that the contact pressure data basically satisfies the
random vibration component of stationary condition after the second order differ-
ence, and the time sequence mean value and standard deviation can be computed
directly.

For the different pantograph type for different speed, the data of
pantograph-catenary contact pressure can be obtained through the simulation at
350 km/h. The matching performance of pantograph-catenary interaction for the
different type is estimated with the second order moving mean difference standard
deviation.

Based on the comparison results in Table 2.3, it can be found that the direct time
sequence standard deviations of SBS81 and SSS400+ are basically consistent, as
well as DSA250 and DSA380. But SBS81 and DSA250 are the low-speed pan-
tographs and SSS400+ and DSA380 are the high-speed pantographs. Therefore, the
results are not consist with the actual operation experiments. The main reason is that
the computation process ignores the influence of time-variant mean value. When the
second order moving mean difference standard deviation is computed after the
time-variant trend term is amended, it can be found that the matching performance
of pantograph-catenary for DSA380 and SSS400+ is far better than that for SBS81
and DSA250.
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Fig. 2.9 Contact pressure data after eliminating trend term with second order moving average

method

Table 2.3 Evaluation of second order differential standard deviation of pantograph-catenary

contact pressure

Method Pantograph Type

SBS81 DSA250 | DSA380 | SSS400+
Direct time sequence standard deviation 35.59 32.82 32.04 35.55
Second order difference standard deviation 29.57 28.06 25.96 25.28

2.4 Correlation of Pantograph-Catenary Contact Pressure

Under the high voltage and strong interference environment, the parameters of the
electric railway pantograph-catenary system may cause the abnormal changes of the
measured data, which seriously pollute the data. Therefore, the data must be

pre-processed before analyzed.
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The common methods for processing the over-standard data include Wright (3¢
criteria) criteria, Romanovsky criterion [9], Dixon criterion [10], Chauvenet crite-
rion [11], Grubbs criterion [12], etc. These methods are threshold filtering based on
the statistical properties of observed data. In addition, the field value is judged and
processed by information processing and feature extraction, such as wavelet
method, time series feature extraction method [13], etc. In [14], 3¢ criteria was
adopted to determine the random parameter distribution of ballast bed stiffness in
the ballasted track. For the research of railway track irregularity data in China, the
method through observing the data spectrum density was used to eliminate the error
in [15]. In [16], the measured pantograph-catenary data was considered to meet
Gauss distribution and the 3o criteria was adopted to eliminate the abnormal
pantograph-catenary contact pressure data. For the pantograph-catenary pressure
data, the abnormal mutation of the data is not necessarily caused by the measure-
ment. For example, the hard point, the parameter mutation of catenary or track [17,
18], could cause the intense variance of contact pressure. Therefore, it is very
necessary to analyze the correlation of different measured data to judge the data
mutation reason, which can avoid eliminating the true fault data. The EEMD will be
adopted to analyze the correlation of pantograph-catenary contact pressure data.

2.4.1 HHT and EEMD

HHT (Hilbert-Huang Transform) is a kind of signal processing methods, which
includes EMD (Empirical mode decomposition) and Hilbert transform. EMD is a
multi-resolution signal decomposition technique, which is originally introduced by
N. E. Huang et al. in 1998 [19]. The purpose of EMD is to decompose complex
signals into several IMF (Intrinsic Mode Function) components. The decomposition
process is based on the local characteristics of signals and adaptive to the signal
itself. IMF is generally stationary signal, and it contains the local information of
signals. EMD has strong ability on analyzing the non-linear and non-stationary
signals. In HHT, the IMF concept makes instantaneous frequency defined by
Hilbert transform have the actual physical meaning. It is easy to obtain the precise
expression of frequency variations [20].

(1) EMD

EMD is a process to decompose the time series signal into some time series
components. EMD method is adaptive and very suitable to analyze the non-linear
and non-stationary signal. The steps of extracting IMFs from a signal s(z) are listed
as follows [21].

e Make x(¢) equal to the value of original signal s(7).

e Spline interpolates between local maxima (minima) of x(¢) to obtain the upper
(lower) envelope, and calculate the mean m(#) of the upper and lower envelope.

e Subtract m(z) from x(z), and get the result A(z).
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e Test whether A(z) satisfies IMF conditions or not. If yes, take k() as the first
IMF,; if not, replace x(¢) with A(z).

e And then repeat the steps above. This process can be repeated up to k times until
satisfies the IMF conditions. Then the IMF component is separated from the
data.

e Subtract the IMF from original signal to obtain the residual. Use the remainder
to extract the new IMF, until the residual becomes a monotonic function. At last,
the original signal is represented as:

n

()= citr (2.19)

i=1

where 7, is the residual of signal s(¢), and ¢; is the ith IMF of signal s(r).

(2) EEMD

Sometimes EMD cannot decompose the original data sequence correctly because
of the mode mixing problem, which makes the IMFs lose their physical meanings.
In order to avoid this problem, a new method called EEMD [22] is proposed. The
process of EEMD is shown as follows.

Add a random white noise series to the target data.

Decompose the data into IMFs by EMD.

Repeat the steps above for N times with different white noise series each time.
Obtain the mean value of corresponding decomposed IMFs as the final result.

(1) = %Z Cin(2) (2.20)

where Cj(1) is the jth IMF decomposed from the original signal by EEMD,
Cjn(1) is the jth IMF decomposed by the data adding the nth noise, and N is the
number of the added white noise series.

The white noise with minimal amplitude has the characteristics of uniform
distribution [23]. With the increase of noise, the signal will be continuous in dif-
ferent scales.

Because of the non-stationary and nonlinear characteristics of
pantograph-catenary data, the frequency components are complex, and the data
correlation analysis is difficult to obtain the reliable results. Therefore, EEMD
decomposition method is adopted to decompose the measured data firstly, and then
calculate the correlation of the IMF components, which can obtain more clear
correlation information.
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Table 2.4 Actual data detection item

No |Data Unit No | Data Unit
1 Rail gauge mm 8 Contact pressure N
2 Super high mm 9 Vertical acceleration g
3 Horizontal irregularity mm 10 Longitudinal g
acceleration
4 Curvature rad/km 11 Height of contact line mm
5 Slope m/km 12 Stagger of contact line mm
6 Irregularity of left track surface mm 13 Catenary voltage \%
7 Irregularity of right track mm 14 Wear of contact line mm
surface

2.4.2 Basic Correlation Characteristics
of Pantograph-Catenary Contact Pressure

In Table 2.4, the item 1-7 means the actual data of track measurement, which is
used to analyze the correlation of track and wheel. The item 8—14 means the actual
data of pantograph-catenary system. Through the analysis of these data, it can be
found that the rail gauge, slope, irregularity of left track surface, irregularity of right
track surface, catenary voltage, and wear of contact line can influence the charac-
teristic of pantograph-catenary system, but the correlation between them and the
mutation point of contact pressure is not obvious. This shows that the variance of
track parameters can be filtered to some extent through the damping spring of
bogie, vehicle body and the transfer of pantograph. Therefore, the rest of item data
will be analyzed in this section.

The measurement data of pantograph-catenary system in a certain distance is
shown in Fig. 2.10. It can be found that the trends of the curves (super elevation,
curvature, horizontal irregularity and stagger of contact line) are obviously con-
sistent, shown in the oval marked sections. The trend variance means that there are
curve sections in the line. The statistical results show that there is no obvious
correlation between the 4 types of measurement data and the pantograph-catenary
contact pressure, as well as the vertical acceleration, longitudinal acceleration,
height of contact line, catenary voltage and wear of contact line.

In Fig. 2.10, the measurement data (contact pressure, vertical acceleration, lon-
gitudinal acceleration, height of contact line) has complex frequency components.
The contact pressure data as the most data for characterizing the pantograph-catenary
dynamic features has two parts, namely the pressure value obtained from the pres-
sure sensors and the dynamic emended pressure value using the acceleration sensors
in pantograph. The contact pressure is represented as follows.

where F; is the sum force of four pressure sensors, 7 is the mean value of four
pressure sensors, and m; is the mass of slide plate of pantograph.
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2.4.3 IMFs Correlation Characteristics
of Pantograph-Catenary Contact Pressure

It is very difficult to directly analyze the characteristics for the measurement data
with complex frequency components. Because the frequency and amplitude fea-
tures of singular components are very different, the singular correlation between
multiple data sets is difficult to be directly compared. EEMD is adopted to
decompose the data of contact pressure, height of contact line, vertical acceleration,
and longitudinal acceleration to obtain their IMFs correlation. The high-frequency
IMF component is shown in Fig. 2.11.
In Fig. 2.11, there are three parts where the IMF1 is more than 3c.

(1) Inregion “a” of Fig. 2.11, the mutation of contact pressure corresponds to the
over-standard of acceleration, but there are no mutations of catenary param-
eters. The contact pressure in region “a” has important physical meaning and
cannot be eliminated using the 3G criteria.

(2) The other over-standard of acceleration curve, namely region “b” of Fig. 2.11,
has not cause the contact pressure over-standard. It can be seen that the impulse
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of acceleration may not directly cause the mutation of contact pressure because
the influence factors of pantograph-catenary contact pressure are very complex.

(3) The over-standard part of contact pressure, namely region “c” of Fig. 2.11,
does not correspond to the variant parts of acceleration or other parameters.
For the IMF5 components, it can be found that the over-standard of contact
line height occurs in region “c” of Fig. 2.11. Therefore, the mutation of
contact pressure in region “c” is caused by the parameter variance of catenary,
shown in Fig. 2.12.

The IMF2 components of actual measurement data is shown in Fig. 2.13. There
is a new mutation in region “d” of Fig. 2.13, which does not correspond to any
over-standard part of acceleration. After the analysis of all IMF components, the
consistent over-standard points are not found. Therefore, the mutation in region “d”
of Fig. 2.13 can be considered as the error record and eliminated.

2.4.4 IMFs Correlation Measurement
of Pantograph-Catenary Contact Pressure

1. Pre-processing of detection data

Because of the influence of local fluctuations of data, it is difficult to accurately
characterize the correlation between the IMF components of measurement data.
Specially, for the pantograph-catenary data with singular mutations, the scope of
mutation is small and the mutation degree is high. Therefore, the 3o criteria are
adopted to find the mutation’s location and the data singularity mutation ratio
(SMR) is defined to describe the mutation degree of measurement data in all
channels as follows.

x(i)
SMR() = { /43, (43" x0)° (222)
0 .
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where x,(i) is the ith value of measurement data, N is the number of measurement
data and o is the standard deviation of detection data.

In Formula (2.22), the ratio of singularity mutation means the times of data value
to its standard deviation. This definition can better eliminate the difference between
different data absolute value, and quantify the variation of the mutation
over-standard part comparing with the normal vibration.

2. Pearson correlation coefficients of local IMF components

The correlation coefficient is commonly adopted to measure the correlation of
data, and the Pearson correlation coefficient is the usual method. In order to judge
the correlation between the contact pressure mutation points and other measurement
data, SMR is adopted to measure the data correlation of over-standard locations and
analyze the over-standard point types of contact pressure data.
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iy (SMR(i)—SMR, ('))'Z? (SMRy (i) —SMR (i)

(2.23)
\/Zl « (SMR,(i)—SMR, (i) \/Z, . (SMRy(i)—SMR, (7))

db lMFk P

where ry,aur,) means the correlation coefficient between the kth IMF of mea-
surement data series a and b. s and e mean the local window of SMR data with
over-standard mutation.

There are 4 types of the correlation coefficients.

(a) The correlation coefficient is 0, which means the data is not relevant with each
other.

(b) The absolute value of correlation coefficient is 1, which means the data is
complete linear relevant.

(c) The absolute value of correlation coefficient is between 0 and 1, which means
the data is relevant with each other.

(d) For the SMR data, there is full zero data in local scope, which will produce the
indefinite form of zero over zero. Because there is no over-standard for full
zero SMR data, the type means that there is no mutation data with the
correlation.

3. Measurement data correlation coefficient matrix

Through calculating the correlation coefficient of all IMF components of mea-
surement data, the correlation coefficient matrix of contact pressure data and other
measurement data can be produced. In order to facilitate the analysis of data cor-
relation, only the correlation coefficient between 1 and O is preserved, and the
correlation coefficient of type c is not considered.

The correlation coefficients of IMF components between the contact pressure
data and the measurement data in mutation region are shown in Fig. 2.14. It can be
found that in the high frequency range, the mutation of contact pressure is mainly
affected by the vertical acceleration, the middle frequency part is mainly affected by
the longitudinal acceleration, and the low frequency part has no abnormal mutation
points. It can be proved that the mutations are found mainly in the middle and high
frequency parts, which are caused by the acceleration shock of pantograph.

In the region “b” of Fig. 2.11, since there are no abnormal mutation points, it is not
necessary to calculate the correlation coefficient matrix. Because the region “d” of
Fig. 2.11 does not correspond to any mutations of acceleration or parameters, all of
correlation coefficients are zero, which shows that the mutations of contact pressure
have no correlation with other data and these mutations are the error record outliers.

The SMR curves of mutation points in region “c” of Fig. 2.11 for contact pressure
and height data is shown in Fig. 2.15. All correlation coefficients are less than 0.1,
which shows there are no obvious correlations. However, the change trend of contact
pressure and height is very consistent, and has some time delay correlation. Because
the correlation coefficients are very small, it is very difficult to measure the corre-
lations. Therefore, the time delay correlation coefficients are defined as follows.



2.4 Correlation of Pantograph-Catenary Contact Pressure 47

09 f
08
0.7
06 1
2= 1 & ® O O &/
0.4 1|r r Line
03 | o o o/ .
0.2 /
01 & O & &/ un
o ¥ v ; ; v . ; » G ¢
A A S I A AR R
& &S
Fig. 2.14 Correlation coefficients in the mutation region “a”
Fig. 2.15 SMR curves of 5 - T e
mutation points in region “c” 4r (_):L - height
of IMF4 1§ i AR G -
e / / S \
2F T £ \ / \,
1 _/ \\ / .l"lf 3 A
& \ : O\ y
.l N/ / \\ / /
-2+ P b v
-3F A /{;
A e N
-5
0 5 10 15 20 25 30 35 40 45 50
Distance/m
e . cAr 7N\ e R A aT o\
i (SMR, (i — 1) —SMR,(i — 1)) - > (SMRy, (i) —SMR,(i))
Tab(IMFy) (1)=

VS (SMR, (i — ©)—SMRa(i — 1)) - /5. (SMRy(i)—SMR, (7))
(2.24)

where 7 is the time delay variant and its value can be determined by the adjacent
peak value distance of SMR data.

The time delay correlation coefficients matrix of IMF components in mutation
region “c” are shown in Fig. 2.16. It can be found that the correlations of height in
mutation region “c” are very high, which can justify that the mutations in region “c”
are caused by the contact line height. The time delay characteristics show that the
change of height causes the mutation of contact pressure and the change in time is
not consistent. There is some time delay from the parameter change to contact
pressure change.
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2.5 High-Order Statistical Properties
of Pantograph-Catenary Contact Pressure

In general, if a signal and a noise obey the Gaussian distribution, their statistical
characteristics can be easily described only by using the second-order and
first-order statistics. If the distribution of signal is non-Gaussian, the high-order
statistics should be adopted. High-order statistics mainly include four kinds, such as
high-order moment, high-order cumulant, high-order moment spectrum, and
high-order cumulant spectrum. In practical applications, the high-order cumulant of
random process is frequently used.

Spectral kurtosis (SK) is a kind of transient signal analysis method, which
belongs to the high-order statistics, and can contain all the features of high-order
statistics. The power spectrum method cannot effectively detect and extract the
transient components of the signal, but SK has a strong ability to characterize the
non-stationary components of signal.

Dwyer first introduced spectral kurtosis as a statistical tool, which can indicate
not only the non-Gaussian components in a signal, but also their locations in the
frequency domain [24]. Vrabie et al. [25] considered that SK means the deviation of
some process to Gaussian distribution, and applied SK in the diagnosis of bearing
faults. Antoni [26] systematically defined SK and gave the proof about the SK’s
abilities with the detection of nonstationary and non-Gaussian signals containing
the colored noise. Further, he proposed the fast SK computation algorithm and
realized its applications in the detection of rolling-element bearing vibrations [27].
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2.5.1 Definition and Computation Method of SK

1. Definition of SK

If we consider the Wold-Cramer decomposition of non-stationary signals, we
can define signal Y(¢) as the response of the system with time varying impulse
response h(t,s), excited by a signal X(¢). Then, ¥ (¢) can be shown below.

Y(t) = / ™ H(t,f)dH (f) (2.25)

where H(t,f) is the time varying transfer function of the considered system and can
be interpreted as the complex envelope of the signal Y(¢) at frequency f. SK is
based on the fourth order spectral cumulant of a conditionally non-stationary
process:

Car(f) = Say () — 283,(f) (2.26)

where S,,,(f) is the second order instantaneous moment, which is the measure of
the energy of the complex envelope. Thus, SK can be defined as the energy nor-
malized cumulant, which is a measure of the peakiness of the probability density
function H:

Say (f)
Ky(f) = -2 (2.27)
S5y (f)
2. Computation methods of SK [28]

According to the definition of SK, for the computation of SK, STFT (Short Time
Fourier Transform) and WT (Wavelet Transform) are generally adopted [26].

(1) Based on STFT

For a given random process y(u), its STFT can be described as follow.
Vulsf) = S y(mw(m — w)e 7 (2.28)

where w(m) is a window function, and N,, is the window’s length. The second order
spectral moments of Y,,(u,f) can be defined as follows.

Sanlf) = (I¥ulw ) (2:29)
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where (-) is the mean on the kth order. If n = 1 and 2, the SK estimation based on
STFT can be computed as follows.

kY(f) = g;w((]):;

—2, |f —mod(1/2)] > N (2.30)

(2) Based on WT

The wavelet transform of signal x(¢) is expressed below.
Wiab) = [ x(ou (0 231)

where ¢, (1) = ﬁ(p(%) is the sub-wavelet, and a is scale shift factor, b is time
shift factor. The SK based WT can be computed with the equation below.

E(Wia b))

a) =~ 2 (2.32)
E(|Wi(a, b))
For a given scale a, the wavelet coefficients of signal can be obtained through
wavelet transformation, and the SK based WT can be obtained through calculating
the kurtosis of wavelet coefficients.

2.5.2 SK of Pantograph-Catenary Contact Pressure

Based on the definition of SK, its value can represent the deviation degree from
Gaussian distribution for the signal’s frequency components with time. At a certain
frequency, higher SK value means more non-uniform distribution of the frequency
components with time. All frequency components at some moment consist of the
spectrum of signal at the moment. If the SK value of each frequency component is
small, the change of each frequency component with time is relatively uniform.
That is to say that the nonstationary degree of signal is also small.

Because there are no signals that can satisfy the conditions of the strict definition
of signal stationarity in the actual engineering, the signal’s stationarity can be
determined in a more generalized sense. In this section, SK is adopted to detect the
non-stationary components of contact pressure signals. The qualitative judgement
of contact pressure signal stationarity can be made. In addition, according to the
amount of stationary components of contact pressure signals, the state of contact
line irregularity can be evaluated.
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The contact pressure signals in two sections of Hukun Line and Jingguang Line
and their SK curves based on STFT are shown in Figs. 2.17 and 2.18. It can be
found that the SK’s value at some frequencies is zero or very small. Based on the
stationarity analysis in Sect. 2.2.3, the signals in these sections are stationary.
Therefore, SK can efficiently characterize the stationary components in signals. In
the SK curves of contact pressure, the SK value is very low for the wavelength
components from 1 to 5 m, which can reflect that the contact pressure at two
sections is suitable to collect the current.

The contact pressure signals in two sections of Hukun Line and Jingguang Line
and their SK curves based on STFT are shown in Figs. 2.19 and 2.20. It can be
found that the SK value at some frequencies is high, even more than 20, which
means that the contact pressure signals contain many nonstationary components. In
Fig. 2.19, the SK’s value is very high for the wavelength components from 1 to
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5 m, which can reflect that the contact pressure in this section is not suitable for the
current collection. In Fig. 2.20, the SK value is high for some wavelength com-
ponents, but the value is low for the wavelength components from 1 to 5 m, which
can reflect that the contact pressure at the two sections is suitable to get the current.
Therefore, compared with the SK value in Fig. 2.19, the contact pressure at this
section is more suitable for the current collection.

2.6 Summary

The simple characteristics of pantograph-catenary contact pressure data are insuf-
ficient to analyze their dynamic relationship, and difficult to realize the efficient
fault detection and state estimation of catenary. In this chapter, more statistical



2.6 Summary 53

characteristics including stationarity, periodicity, correlation, high-order statistical
properties of pantograph-catenary contact pressure data are analyzed and discussed
in detail. In the first section, the stationarity of pantograph-catenary contact pressure
data is discussed, including the stationarity check methods of pantograph-catenary
contact pressure data and stationarity analysis of actual pantograph-catenary contact
pressure data. In the second section, the periodicity of pantograph-catenary contact
pressure data is discussed, including periodic trend feature, trend term extraction
and evaluation of pantograph-catenary contact pressure data. In the third section,
the correlation of pantograph-catenary contact pressure data is discussed based on
EMD, including basic correlation characteristics, IMFs correlation characteristics,
IMFs correlation measurement of pantograph-catenary contact pressure data. In the
fourth section, the high-order statistical properties of pantograph-catenary contact
pressure data is discussed based on SK, including the definition and computation
method of SK and the SK of pantograph-catenary contact pressure data.
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Chapter 3
Wave Motion Characteristic of Contact
Line Considering Wind

3.1 Introduction

At present, the maximum operation speed of train can be determined by the wave
motion velocity of contact line in general, namely the maximum operation speed of
train is about the 70 % of wave motion velocity, which is also provided in
ENS50119 standard [1]. Therefore, it is of great practical significance to determine
the wave motion velocity of contact line.

It is believed that when the contact line frequency is low, the contact line can be
considered as a string. So, the wave motion velocity can be expressed as the square
root of the ratio of tension and line density. When the contact line stiffness is
considered, it will lead to the wave propagation of contact line at the high fre-
quency. Thus, the contact line should be considered as the beam, and the contact
line stiffness EI and vibration frequency f should be considered. If the contact line is
considered as a tensile beam, the wave motion velocity of contact line should be
amended.

The tension is one of the most important physical parameters in the catenary
suspension system. There are a lot of researches considering its influences on
catenary characteristics and pantograph-catenary coupling performance. The
influence of messenger wire tension on pantograph-catenary collection current was
analyzed in [2]. The relationships between contact wear, wave motion velocity,
contact line tension and safe coefficient were discussed, and the contact line tension
design for the 350 km/h railway was presented in [3]. The influence factor of curve
section on the messenger wire tension was analyzed and the tension difference
formula was obtained in [4]. Then the tension of messenger wire was determined
during the dropper calculation, which could improve the accuracy of dropper cal-
culation. In [1], the relationship between tension and wave propagation in the
catenary suspension system was studied, and it could be considered that if the

© Springer Nature Singapore Pte Ltd. 2017 55
Z. Liu, Detection and Estimation Research of High-speed Railway Catenary,
Advances in High-speed Rail Technology, DOI 10.1007/978-981-10-2753-6_3



56 3 Wave Motion Characteristic of Contact Line Considering Wind

tension was reduced by 1.46 kN, the wave motion velocity would decrease by
18 km/h. As the main factor, the contact line tension was adopted to simulate the
catenary, and the influence of tension on the catenary characteristics was analyzed
in [5]. Based on the catenary characteristics of high-speed railway, the mechanics
model and motion differential equation were constructed in [6].

Although the different forms of wave motion velocity have been studied for the
different models of catenary, the formula correction and verification for wave
motion velocity in large tension of high-speed railway considering the air damping
have not been developed. However, the practical operation experiences show that
when the contact line is affected by the environment wind, the wave motion
velocity of contact line will change, which seriously affects the current collection of
pantograph. Therefore, the wave motion velocity of contact line considering air
damping should be amended and verified by the actual data.

3.2 Wave Motion Equation of Catenary

If the catenary suspension can be considered to have certain stiffness, the tensile
beam model of contact line can be considered as the study object [7]. For the
convenience of study, a small differential segment dx of tensile beam is chosen, as
shown in Fig. 3.1. The static stress diagram is shown in Fig. 3.1a, as well as the
dynamic stress diagram in Fig. 3.1b. Suppose that the flexural strength of differ-
ential segment dx is EI, and the mass of unit length is p. The vertical force caused
by the lift force of pantograph exerting on the contact line can be described as
P = f(x,t). The displacement caused by contact line suspension is y(x,?). The
vertical force P and its vertical displacement will change with the time and location.
Also, the weight pg - dx of differential segment dx should be considered. In addi-
tion, the contact line damping f; should be considered as the weight pg - dx of
differential segment dx moves along the vertical direction, which is related to the
damping coefficient of contact line structure. In Fig. 3.1b, the shear stress Q at both
ends of the differential section forms the bending moment M. The differential
segment dx forms the inertial force f; during its movement. Based on the principle
of force balance, the resultant in the vertical direction should be zero, namely

O+f(x,t)dx — (Q—i— aa—fdx) —fi-dx—fo-dx—pg-dx=0 (3.1)

where f| - dx represent the transverse inertia force, and its value is equal to the
product of mass and accelerator of the differential segment, namely

Py(x,1)
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Fig. 3.1 Stress analysis of a
differential segment of contact
line with the stiffness

¥y

X

(b) Dynamic stress diagram of contact line

Formula (3.1) can be simplified as follows.

Py(x, 1)
or?

90 _
ox

fl,t)—p —fo—rg (3.3)

In order to study the axial force, the tension and shear force should be mainly
considered. Based on Fig. 3.1b, the balance equation can be obtained as follows.



58 3 Wave Motion Characteristic of Contact Line Considering Wind

M+Q-dx+Tay(x’t)dx— M—i—a—M-dx =0 (3.4)
Ox Ox

where M is the bending moment, and EI is the bending strength. Their relationship
is shown below.

0*y(x,1)
M = EI 2 (3.5)
Formula (3.1) can be rearranged as follows.
o) 9 [ 9y (xr)
0=-T P + o EI o2 (3.6)

Substitute formula (3.6) into formula (3.3), it can be obtained below.

o[ oynn) | 0 (. Pyl &y,
7O f)+_(E1 gg;t)ﬂ :f(m)—p%—fo—pg (3.7)

Ox Ox Ox

where fy = C%, and C is the damping coefficient.

f(x,) can be expressed with Dirac delta function, namely

f(xa t) = P()é(xv Vt) (38)
then
*y(x, 1) 0*y(x,1) 0*y(x,1) Ay(x,1) B
EI e T e +p oY +C o +pg = Pyo(x,vt)  (3.9)

Formula (3.9) is the vibration differential equation with a certain stiffness of
contact line. Its corresponding homogeneous equation is shown as follows.

Iy, 0)  OPy(x,0)  OPy(x,1) - Oy(x,1)
=i T3 Pz %

=0 (3.10)

In order to solve the equation above, the dimension-reduction method is adopted.
Let

y(x,1) = d(x) - q(7) (3.11)

where ¢(x) is only related to x, and g(7) is only related to 7. Substitute formula
(3.11) into formula (3.10), it can be obtained below.
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= - d (3.12)

The left side of Eq. (3.12) only depends on the spatial variables, and the right
side only depends on the time. Thus, it determines that the two sides of the equation
should be equal to the same constant only. The constant is denoted as w?, and w is
the circular frequency without damping for the contact line vibration. So, two
equations can be obtained as follows.

d?q(r) dq(t) |

2 H=0 3.13
7 +2&w i +wq(t) ( )

o) Lew)
EI -T — = 14
e 1o~ Pwelk) =0 (3.14)

where ¢ = 2,;% The solution of Eq. (3.13) is obtained below.

q(1) = e <""(A cos w,t + Ay sinw, ) = Ae”*"" cos(w,t + 0) (3.15)

where w, = wy/1 — 52. Similarly, the solution of Eq. (3.14) is obtained below.

/T2 + 4pw2El + T VT2 apw2EL 4 T
¢(X) — Ble 2EI —I—Bze 2EI
(3.16)
+B /T?+4pw?El — T B /T?+4pw2El — T
COS sin
3 2EI b 2EI "

Since the displacement of the fixed hinge support point is zero and its moment is
also zero, the parameters in formula (3.16) can be solved, namely
B, =0,B, =0,B; = 0. Formula (3.11) can be rewritten as follows.

: T2+ 4pwEl — T
y(x,t) = Ae” =" cos(w,t+ 0) - B4 sin \/ +apw X

3.17
2FI (3.17)
The triangle function transformation is shown below.
. L. .
sino cos ff = = [sin(a + ) + sin(o — f)] (3.18)

2

\/T? +4pw?EI-T
Let oo = \/ Y—"2"""" then

2EI
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y(x,1) = Ae=*"" cos(w,t + 0) - By sin ax
|
= ABje " . 3 {sin[ox + (w,t + 0)] + sin[ox — (w2 + 0)]} (3.19)
According to the general description and calculation formula of plane wave [§],

y(x,7) = F(x — vt) + ¢(x + vt), and v is the wave motion velocity, the wave motion
velocity of contact line with a certain stiffness can be obtained as follows.

W,

\/ = (3.20)
T2 +4pw2ElI-T ) 2
\/ 2ET \/ (L) + & — 5L
where w, = wy/1 — &, and w = 2nf. Then
2nf\/ 1 — &
- i < (3.21)
ow? 2 27
\/ 2EI "’l % \/ (2_21) +p(EIf) T 2El
where £ = 2pw
When & =
2
v = Y (3.22)

V2, pCof) T
\/ () + "5 —

It can be found in formula (3.22) that the tension is the main factor that deter-
mines the wave motion velocity. In addition, the bending strength, line density and
frequency are also the influence factors on the wave motion velocity of contact line.
Given T = 21 kN and EI = 130 Nm?, the relationship curve between wave motion
velocity and line density can be drawn in Fig. 3.2.

3.3 Wave Motion Velocity of Contact Line Considering
Air Damping

In general, the galloping of slender body is a kind of pure bending vibration caused
by the airflow. Based on the analysis of contact line wind dance phenomena, it can
be found that the wind-induced vibration has a great impact on the dynamic
characteristic of contact line. Therefore, the wave motion velocity of contact line
should be amended considering the air damping. In view of the quasi steady
aerodynamic force, the unsteady flow field around the contact line can ignored.
Considering the air damping, for the solution of wave motion velocity of contact
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relationship curve between wave motion velocity,
frequency and line density of contact line

T=21KN El=130N"m?

1000~

S00~]...

wave motion velocity(km/h)

line density(kg/m) 1.5 400

frequency(Hz)

Fig. 3.2 Relationship curve between wave motion velocity, frequency and line density of contact
line

Fig. 3.3 Component diagram
of contact line in the wind

line, the effect of wind-induced galloping should be included. The component
diagram of contact line in the wind is shown in Fig. 3.3.

Assume that the air uniformly flows through the contact line, the angle of attack
is a, speed is U,, maximum diameter is B, and airflow density is p;.. In the wind
axis coordinate system LD in Fig. 3.3, the drag D(o) and lift L(o) are respectively
computed as follows.
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1
D(#) = 5, UZBCo ()

f (3.23)
L(“) = EpaionszCL(a)
In the vertical direction, their force is shown below.
Fy, = D(o) sinot+ L(o) cos o (3.24)
Formula (3.24) can be rewritten as follows.
1 2
F)’ zipairU BCF»(O() (325)

where U is the horizontal component of U,, and U = U, cos a.. Then,
1 oy .
F, = 3 Pair Uy B(Cp(a) sin o+ Cy, cos o)

T, , o,
= =0 U B(Cp(a)sina+ Cpcos o) - —— = = p,..,U'B(Cp tana + Cr) sec o

2 cos?a 2
(3.26)
Comparing with formula (3.25), it can be obtained as follows.
Cr, = (CL+ Cptana)seco (3.27)

Therefore, when the contact line is stable and the wind speed is U, the angle of
attack is zero. When the contact line has a low-amplitude vibration in the direction
that is perpendicular to the transverse wind flow, and the vibration velocity is y, the
airflow can be considered to attack the contact line at a relative angle of the wind.
The speed and angle of attack of airflow are listed as follows.

U, =\U*+y* o= arctan% (3.28)

Since the vibration of contact line is very small, o ~ ’ﬁ — 0.
First order Taylor expansion of F, at a = 0 is shown below.

OF,

R =FO)+5

a4+ A(o?) (3.29)

As F,(0) do not change with time, it can be ignored for the dynamic response
analysis. A(o?) is the remainder of aerodynamic force and its order is the same as
that of o2, so it can also be ignored. Then,
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_OF, I dcr|

Fy(o) = =2 a=-p,,UB-—2 = (3.30)
Y onl, o 2 do |,_, U
Based on formula (3.27), it can be obtained as follows.
dCr, (dCL )
o =1—+4+Cp (3.31)
do |, do w0
The expression of steady aerodynamic force is obtained as follows.
1 dCL y
Fy(2) == py UB( — +C - 3.32
.V(O() 2pmr (dOC + D) o U ( )

Therefore, the vibration differential Eq. (3.9) of contact line with certain stiffness
can be amended below.

Iy(x,1) 0%y(x, 1) 0%y(x,1) dy(x, 1)
Bl = 3= = T35 p == + C= 0= 4 g
1 2 (49CL 1 Oy(x,?) (333)
:Poé(x’vt)+§pairU B(E —|—CD) “:O.U.T

It can be found that only the coefficient of first order reciprocal term of y changes
in the correction formula. Therefore, the air damping coefficient considering the air
damping can be defined as follows.

1 dcy,
Cur =C — 3 Pair U- B(E + CD> (3.34)

=0

Based on the above discussion, it can be found that the air damping mainly
influences the system damping in the dynamic equation of contact line. Formula
(3.21) can be amended as follows [9].

2nf\/1 — 62#

p = (3.35)

where,

é o Cair _ C_%pair ’ UB(% +CD)|0¢:0
air 2pW Z,DW

(3.36)

In general, the damping coefficient of contact line itself is very small. Formula
(3.36) can be simplified as follows.
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_pair' UB(% +CD)’

iair - =0 (337)

4pw

It can be found in formula (3.35) that the wave motion velocity of contact line is
related to the air damping coefficient besides the tension, bending strength, line
density and frequency of contact line. The air damping coefficient is directly related
to the galloping force coefficient, namely the airflow density p,;,., the horizontal
component of airflow velocity, galloping force coefficient (”% + CD)’%:(y maxi-
mum diameter B, line density and frequency of contact line. The galloping force
coefficient is closely related to the object surface morphology.

If the tension, bending strength, line density, and frequency of contact line in
actual high-speed railway are given, the relationship curve between wave motion
velocity of contact line and air damping coefficient can be drawn in Fig. 3.4, where
T =21 kN, EI = 130 Nm?, f= 1 Hz and p = 1.082 kg/m.

If the bending strength, line density, and frequency of contact line in actual
high-speed railway are given, namely the material parameters of contact line, the
relationship curve between wave motion velocity, tension of contact line and air
damping coefficient can be drawn in Fig. 3.5, where EI = 130 Nm?,
p = 1.082 kg/m, and f= 1 Hz.

From Figs. 3.3 and 3.4, it can be found that if the tension value is given, the
wave motion velocity of contact line will become lower with the increasing of air
damping coefficient. The higher air damping coefficient means more obviously
decreasing of wave motion velocity. If the material parameters of contact line are
given, the tension is the main factor that influences the wave motion velocity, and
the influence of air damping coefficient is small. With the increase of air damping
coefficient, the decreasing trend of wave motion velocity is obvious. Therefore, the
requirements of tension and air damping coefficient for a given wave motion

Fig. 3.4 Relationship curve relationship curve between wave motion velocity of
between wave motion 50 contact line and air damping coefficient in T=21kN
velocity of contact line and air
damping coefficient 50—
-\--“-\-H\-"‘-\.
R
510+ —

490 ‘\\

470 F

wave motion velocity(km/h)

4 L s i L s " L L " i
50[3 005 01 015 02 025 03 035 04 045 05

air damping coefficient
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relationship between tension, wave motion velocity of
contact line and air damping coefficient

wave motion velocity (km/h)
L

. . . 02
air damping coefficient 3 .
tension T(N)

Fig. 3.5 Relationship curve between wave motion velocity, tension of contact line and air
damping coefficient

velocity of contact line can be obtained, which is helpful to the catenary design in
high-speed railway.

3.4 Static Aerodynamic Parameters of Contact Line

The aerodynamic parameters are the decisive factors that influence Carmen vortex,
flutter and galloping of contact line, and they are also the essential parameters to
analyze the influence of the aerodynamic force on the dynamic performance of
high-speed railway catenary. In order to determine the influence of the wind action
on wave motion velocity of contact line, the drag coefficient Cp and the lift
coefficient C; at zero angle of attack must be measured. Therefore, considering the
contact line type and shape structural characteristics in China, the static wind tunnel
experiment is designed to obtain the precise galloping coefficients.

(1) Wind speed design

In general, the variation law of average wind speed along the height is called the
gradient of wind speed. Because of the surface friction of the ground, the closer to
the ground, the lower the wind speed will be. Only when the height is beyond 300—
500 m, it can be considered that the wind speed is no longer affected by the surface.
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According to the common calculation method, the average wind speed along the
vertical height can be expressed as follows.

U= (5>aus (3.38)

Zy

where U is the average wind speed, z is the height off ground, z, is the average wind
speed at the standard height (10 m), and U; is the standard height. a is the
roughness coefficient of ground surface, as listed in Table 3.1.

In [7], the standard design of wind speed was suggested to be 26 m/s for the
overhead catenary of railway lines with the operation speed above 200 km/h in
German. In the experiments, the measurements are carried out when the wind speed
is 16, 20 and 26 m/s, respectively.

(2) Wind tunnel test of static force section model

The three component force coefficients of static force are the dimensionless
coefficients that can characterize the force of various structure cross sections under
average wind. They reflect the steady aerodynamic force of wind acting on the
contact line.

The purpose of the experiment is to measure the three component force coeffi-
cients at different angles of attack through the wind tunnel test of static force section
model of contact line. The experimental results can provide the computational
parameters for the static wind response, vibration response, static wind stability and
engineering design of contact line. The experiment is mainly for the measurement
of static aerodynamic parameters of typical contact line in China high-speed
railway.

The contact line type CTMH150 and CTMH120 are selected as the simulation
objects according to the China Standard “TB/T2809-2005 Copper and Copper
Alloy Contact Wire for Electrified Railway”. The cross section of contact line has
dovetail groove and multiple fillets, as shown in Fig. 3.6.

The wooden models of the contact line with 5:1 and 10:1 ratio to the actual
contact line are made respectively [10], as shown in Fig. 3.7. The two kinds of
contact lines are widely adopted in China high-speed railway, such as Hada Line,
Jinghu Line, Wuguang Line and so on. In order to control the mass and mass
moment of the model, and to ensure that the model itself has enough rigidity, the
model adopts high quality wood material. The end of model section is directly
mounted on the balance of three component force test. In order to ensure the

Table 3.1 Roughness coefficients of different surroundings

Sea surface Open plain Forest and street City center
o 0.125-0.100 0.167-0.125 0.250 0.333
1/a 8-10 6-8 4 3
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Fig. 3.6 Cross section 4879
dimensions of the contact
lines

21.75

(a) Dimension of CTMH120 type contact line model

48.53

20

/2

(b) Dimension of CTMH150 type contact line model

two-dimensional flow of airflow, both ends of model are fixed in the end plates, and
the test support is laid on the outer wall, for avoiding the interference of airflow
field.

The experiment is carried out in the second section of industrial wind tunnel
(XNJD-1) with single return pipeline in Southwest Jiaotong University. The cross
section area of tunnel is 2.4 m (width) X 2.0 m (height), the maximum speed of
airflow is 45 m/s and the minimum speed of airflow is 0.5 m/s.
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Fig. 3.7 Contact line model
photos

The side support and force balance system for the three component force test of
model are provided in the test section. The range of attitude angle o namely the
attack angle of airflow is from —20° to +20°, and the minimum rotation interval is
0.1°. The loads of three component force strain gage balance for the static force
measurement are the drag force Fp = 50 kgf, lift force F; = 120 kgf and pitching
moment M; = 12 kgf m. The test wind speed is from 5 to 30 m/s. The test angle of
attack is o« = —12° to + 12°, and Aax = 1°. The test instrument is shown in Figs. 3.8
and 3.9.

According to the different coordinate system of the static three component force
of contact line, there are two kinds of representation methods, namely the body axis
coordinate system (coordinates along the centroid coordinates of cross section) and
the wind axis system (coordinates along the wind direction). The static wind axis
coordinates of three component coefficients are defined as follows.

. Fp(a
Drag coefficient: Cp (o) = _é—p?](zB)L'
Lift coefficient: Cp(a) = %;:IL](ZO;B)L'

Fig. 3.8 Test device for
contact line static coefficients
measurement
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Fig. 3.9 Wind angle of
attack regulator for contact
line model

_ Mz(2)
pUBL"

Moment coefficient: Cp (o)

where « is the attack angle of airflow, 0.58U? is the airflow dynamic pressure, B is
the diameter of model section and L is the model length. Fp(a), Fy(o) and Mz (o)
are the drag, lift and moment in the wind coordinates at attack angle a, respectively.

(3) Test results of wind tunnel

a. Test results of drag coefficient of contact line
The drag coefficient curves of different contact line models at 20 m/s wind
speed are shown in Fig. 3.10. It can be found that the drag coefficients range
from 1 to 1.2, which are close to the results in [7]. The drag coefficient
curves of same contact line models at different wind speeds are shown in
Fig. 3.11. It can be found that the drag coefficient decreases slightly with the
increase of wind speed. It gradually decreases with the increase of Reynolds
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Fig. 3.10 Drag coefficients of different models at the same wind speed



70

Fig. 3.11
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number, which is similar to the drag coefficient of cylinder. The value of
drag coefficient is near 1.1-1.2 in general.
b. Test results of lift coefficient of contact line

The lift coefficient curves of different contact line models at 20 m/s wind
speed are shown in Fig. 3.12. It can be found that though the lift coefficients
are different for different contact line models, their overall trends are con-
sistent. The lift coefficient curves of same contact line models at different
wind speeds are shown in Fig. 3.13. It can be found that the lift coefficient
decreases with the increase of wind speed, and the trend is consistent when
the angle of attack is zero.
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Fig. 3.12 Lift coefficients of different models at the same wind speed

3.5 Modification of Dynamic Equations
of Pantograph-Catenary System Considering
Air Damping

For the pantograph-catenary interaction analysis, the numerical solution of the
coupled dynamic model is a common method, which is constructed based on the
second Lagrange equation. In order to improve the simulation accuracy, the equation
should be modified considering the air damping.

In general, the displacements of contact line and messenger wire are assumed as
follows.

ya(x, 1) = > Ap(t) sin 2=
i . 3.39
yB(x,1) = > By (t) sin & (3.39)

m

where A is the amplitude of messenger wire, B is amplitude of contact line, and L is
the length of anchor section. Suppose A and B are the generalized coordinates.
When the influence of aerodynamic force is not considered, the kinetic energy T of
catenary can be expressed as follows.

T = Contact line kinetic energy Tz + Messenger kinetic energy T4
+ Dropper kinetic energy Tp + Support bar Ts; + Locator kinetic energy T,

The potential energy V of catenary is expressed as follows.

V = Catenary tensile potential energy V45 + Catenary bend potential energy Vi
+ Dropper elastic potential energy Vp + Support bar elastic potential energy Vs

+ Pantograph — catenary elastic potential energy Vg
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Substitute 7 and V into the second Lagrange equation, it can be obtained

d (8(T7V)> _T-V) 0
dr \ A, 0A,,
d (a(va)) _T-V) 0
dt OB

OBy,

(3.40)



3.5 Modification of Dynamic Equations of Pantograph-Catenary ... 73

Then,
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m r=
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+ZK31r5m T sin ZB,,, Kp, sin sin 7 =0
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pBL . mrx, . MTX, . NTX,
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Elp s Sp 2 P . MTX, . NTX,
+ {m(nn) —|—i(nn) B, + ZB’”Z:KD’SIH I sin T
. nnx . . NTX
_ZA ZKD,sm '—&-;B Kssm 7sin LL
NTX,
—lessmT:O
(3.41)

where p, is the unit length density of messenger wire, py is the unit length density of
contact line, Mp, is the mass of dropper, Mg is the mass of support bar, My, is the mass
of locator, Ej, is the anti-bending stiffness of messenger wire, Ejp is the anti-bending
stiffness of contact line, Sp is the tension of contact line, K is the stiffness of dropper,
Kj is the stiffness of support bar, and Ky is the contact stiffness between pantograph
and catenary.

When the influence of aerodynamic force on the catenary is studied, the influ-
ence of aerodynamic damping should be considered. Suppose that the damping in a
differential section of contact line and messenger wire is Cp and Cjy, respectively.
Based on the Lagrange equation, the generalized force produced by the damping for
the contact line and messenger wire with L length is shown as follows.

On=—1%[cayadx = —%CALZAm
m

(3.42)

Os

1
2

St~ O~

CB).JB dx = —%CBLZB,,,
m

The above formula is substituted into the Lagrange equation, namely
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d (3T-V)\ _ar-v) _
di ( DA ) o, = a
a (9T-V)\  aT-v) _
E( OB, ) ~ o8, —9s

The dynamic equation of pantograph-catenary interaction can be rewritten below

[11].

(3.43)

.. © . P q
"*Q‘—LA,, + > An(>- Mp, sin™Fsin =7 4 37 Mgy, sin 7 sin #7)
m r=1 r=1

o0
+ YA+ [E () + i—z(nnﬂAﬁ S Ay (3 Ky sin2 sin 2 1

m r=1

Z K, sin ™7 sin 77) — Z B, Z Kp, sin ™= sin "7 = 0
r=1 m=1 r=1
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2B+ Y Bm(z Mp, sin 7 sin 7% 4 Z Mgy, sin ™7 sin 7 )
m=1 r=1 r=1
o0
+ LB, + | B (nn)* + 32 (nn)*|B, + > B iK sin 27« sin 7
2 On 203 2L n m Dr L L

m=1 r=1

00 P 00
— > Ap Y Kpysin™Frsin 2 4+ 37 By, K sin ™7 sin %7« — y; K sin 7 = 0

m=1 r=1 m=1

(3.44)

In general, the coupling dynamic equation can be expressed using the matrix
form, namely

MY +CY+KY =F (3.45)

Comparing Egs. (3.41) with (3.44), it can be found that if the aerodynamics is
not considered, the terms related to catenary in damping matrix C are all zero. If the
aerodynamics is considered, the terms related to catenary in damping matrix
C becomes cL/2. ¢ is expressed below.

1 dcC
Czpair’U'B(—L+CD)

: (3.46)

o=0

3.6 Summary

The wave motion characteristic of contact line is one of most important factors that
influence the dynamic characteristics of pantograph-catenary. In the high-speed
operation of train, the aerodynamics also directly influences the dynamic charac-
teristics of pantograph-catenary interaction. In this chapter, at first, the wave motion
equation of catenary is presented, and the wave motion velocity of contact line is
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deduced. Second, the wave motion velocity of contact line considering air damping
is deduced in detail and the influence factors are discussed. Third, the static aero-
dynamic parameters of contact line are analyzed. The test experiment of static
aerodynamic parameters of contact line is designed and carried out in the wind
tunnel. The drag and lift coefficients of contact line are obtained through the wind
tunnel experiment. In the end, the dynamic equations of pantograph-catenary
interaction considering air damping are modified and discussed.
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Chapter 4
Geometry Parameters Detection
of Catenary Based on Image Processing

4.1 Introduction

The dynamic detection of stagger and height of contact line mainly includes contact
and non-contact methods. For the contact detection, the sensors of contact pressure
and accelerator are mounted in the pantograph. For the non-contact detection, CCD
(Charge-coupled Device) camera is mounted on the roof of train, and used to take
the dynamic images. By using image processing methods, the stagger and height of
contact line can be detected. Comparing with the contact detection, the non-contact
detection system that can be away from the electromagnetic interference and have
high detection accuracy, simple structure and low cost, is favored by the mainte-
nance and construction company. Because the detection efficiency of traditional
non-contact detection methods is low, the target identification is difficult, and the
accuracy is relatively low at present, it cannot meet the requirements of high-speed
detection in electric railway. In this chapter, some new detection methods of stagger
and height of contact line are discussed based on image processing.

4.2 Non-Contact Detection for the Height and Stagger
of Contact Line

In this section, a non-contact detection method for the height and stagger of contact
line is presented in detail. First, the image of the CCD camera is pre-processed.
Second, the center points from the image can be located by the iterative threshold
method. Third, the feature points on the 2D plane and the 3D space coordinates of
the camera are established. The detection plan for the height and stagger of contact
line is shown in Fig. 4.1 [1].

© Springer Nature Singapore Pte Ltd. 2017 77
Z. Liu, Detection and Estimation Research of High-speed Railway Catenary,
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Fig. 4.1 Schematic diagram
of non-contact detection for
the height and stagger of
contact line
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4.2.1 Field Image Acquisition of Contact Line

The structure of detection vehicle for geometry parameters of contact line is shown
in Fig. 4.2.

In the process of the detection vehicle along the track, the laser beam is illu-
minated on the contact line and the bright spot is formed. The CCD camera located
at the rear of detect vehicle can capture images in a certain time interval. With the
change of space locations of contact line, the laser spot in the image will have the
corresponding variation. Through locating the laser spot’s position, the height and
stagger of contact line can be calculated. Regardless of the change of track’ surface
height, the distance from the spot to the bottom of image can reflect the height of
contact line, and the distance deviating from the center of image can reflect the
change of contact line stagger.
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Fig. 4.3 Parameters of detection vehicle

The detection vehicle parameters are marked in Fig. 4.3. The principal optic axis
of camera is the straight line /, the horizontal interval distance between laser and
camera is L, the plane of image is AB, the interval distance between the beam of
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detection vehicle and contact line is H,, and the vertical distance between the beam
of detection vehicle and the center line of steel track is d.

4.2.2 Pinhole Model Calibration of CCD Camera

The models of CCD camera calibration have the linear and non-linear ones [2]. The
linear model is the pinhole model. In this section, the pinhole model is adopted. The
world coordinate system, camera coordinate system and computer coordinate sys-
tem are defined in Fig. 4.3. For the world coordinate system, the origin of world
coordinates is located in the weight center of detection vehicle. The x axis is
perpendicular to the surface of the paper, the y axis is perpendicular to the track
plane, and the z axis is along the track. For the camera coordinate system, the origin
of camera coordinates is o,. The direction of z, is consistent to the camera axis
direction. y, is perpendicular to z,. x, is perpendicular to the surface of the paper
and is consistent to the coordinates of detect vehicle. In Fig. 4.3, the image plane is
AB, which is perpendicular to the optical axis and the length from o, is f, namely the
focal length of camera.

1. Correspondence between world coordinates, camera coordinates and image
coordinates [3-5]

If the camera coordinates are rotated clockwise by 6, the y axis of rotated
coordinates is moved by —d, and z axis is moved by L/2, it will become the world
coordinates. The rotation transform matrix is shown below.

1 0 0 0
0 cos —sinf O
M, = Rot(x,0) = 0 sinf cosO@ O (4.1)
0 0 0 1
The translation transform matrix is shown below.
1.0 0 O
01 0 —d
M, = Trans(0, —d,d,) = 00 1 L2 (4.2)
0 0 O 1
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Therefore, the correspondence between point (x,,y,,z-) in the world coordi-
nates, and point (x., y.,z.) in the camera coordinates is obtained as follows.

Xe Xy Xy
Ye Yr Yr
=M -M, = Rot(x, 0)Trans(0, —d, d,)
Zc Zr Zr
1 1 1
(4.3)
1 0 0 0 Xy

0 cosf —sin0 —dcos—L-sin0/2]| |y,
0 sinf cosf@ —dsin@+L-cosb/2 1z
0 0 0 1

—_

Because the arrangement of contact line shows the “zigzags” shape, the corre-
spondence between the points in the camera coordinates and the ones in the image
physical coordinates is shown in Fig. 4.4. x represents the stagger of laser spot
location of contact line. y represents the height of laser spot location of contact line.
Point (x,y) in the image physical coordinate system corresponds to point (,v) in
the image coordinate system, as shown in Fig. 4.5.

In this section, the pinhole model is adopted for the coordinate relationship
calculation. Based on the correspondences in Figs. 4.4 and 4.5, it can be obtained as
follows.

X f 00 0]
Zlyl =10 f 0 o]’ (4.4)
1 001 0[]
1
u se 0 x| [x s 0 xo N
0 sy yl[[y|=1|0 s Y| M -M }Z)r (4.5)
1 0 0 1]]1 0 0 1 !

Fig. 4.4 Correspondence
between the image physical
coordinates and camera
coordinates
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Fig. 4.5 Correspondence 0, >u

between the image physical

coordinates and image

coordinates c, -
(uo’vo) X

Vv y v

where s, and s, respectively mean the physical interval between the image hori-
zontal and vertical adjacent pixel.

Thus, the correspondence between point (u,v) in the image coordinates and
point (x,,y,,z,) in the world coordinates can be obtained as follows.

xr=s8in0- (y, —d+L-cot®) - (u—uo)/(fx - sx)

_ (cot0-L—d)-(v—vo) + (L + d-cot 0)-f,-s,
Yr= = cotHf:-)syf(vao)co (46)
zz=1LJ2

2. Calibration of CCD camera

Given n calibration points, the pixel coordinates of calibration point i are (u;, v;),
and its world coordinates are (x,;,y,i,Zz). Then

Xr Xri
Uj y mpp mppy nmj3 My Vi
r ri
Vi = Mo . M1 . M2 z = nmyy niy) moy3 g Z (47)
r It
1 1 m3 mzp my 1 1

Eliminating z. in formula (4.7), it can be obtained as follows.

M1 Xy + MYy + M13Zr + Mig — M3 UKy — MUYy — M33UZ5 = U; (4.8)
M Xy + MYy + M23Z5 1 Mg — M31ViXyy — M3ViYy — M33ViZy = U;

The linear equation set with 2n dimension can be obtained, namely
KMy =U (4.9)

where M, is the column vector composed of 11 unknown elements in matrix
M. U is the column vector with 2n dimension composed of horizontal and vertical
coordinates of n calibration points. K is the vector composed of
Xriy Yriy Zriy WiXeiy WiYriy Wilriy ViXriy ViVriy ViZri-

When 2n > 11, the least squares solution of the overdetermined equation can be
adopted to obtain its solution as follows.
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M= (K'K)'KTU (4.10)

The parameters of camera F, u;, vy, d, L, 0 can be solved. This
method with simple model can directly realize the linear calibration, and efficiently
amend the internal and external parameters of camera.

4.2.3 Center Point Location of Laser Spot

The iterative threshold method is adopted for the center point location of laser spot.
The flow chart of the method is drawn in Fig. 4.6.

1. Pre-processing the sampled images

The images from camera that may be influenced by different position, light and
shade, should be pre-processed. The image contrast can be adjusted and balanced,
which can suppress the lower and higher gray value of image and enhance the gray
value in a specific range of pixels for the laser spot.

. [0 I(m,n) <L, or I(m,n) > H;
(myn) = I(m,n) — Ly) - Hou=Low [ Lo, <I(m,n)<Hi,

in in

(4.11)

Fig. 4.6 Flow chart of center @
point location of laser spot
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where I and G represent the original image and enhanced image respectively.
G(m,n) and I(m, n) are the grey value at column row mth and column nth in image
G and I, respectively. [L;,, H;,] is the grey value range of original image. Ly, Hyy
is the grey value range of enhanced image.

2. Eliminating isolated noise with mathematics morphology

In mathematics morphology, the expansion is defined as a set operation.
R expanded by S is defined as follows.

RoS = {zl(S)ZmRzg} (4.12)
R corroded by S is defined as follows.
ROS ={4(5),nk = &} (4.13)

where R is the binary image, S is the structural element, and zgs is the pixel
coordinates.

The open operation of mathematics morphology is a process of first corrosion
and then expansion, whose purpose is to eliminate the noise of isolated point
beyond the object and smooth the object’ edge [6]. The S open operation for R is
defined below.

RoS=(ROS) @ S (4.14)

Because of the influence of image quality, quality of pre-processing and small
laser spot area, the multiple targets will be detected in many cases, which may lead
to a large location deviation of the center point. Therefore, the open operation of
mathematics morphology is adopted.

The rectangle template is used to realize the corrosion operation. In order to
make the laser spot area more obvious, the method of large expansion and small
corrosion is used to realize the close operation. The expansion template is 7 X 9
and the corrosion template is 2 X 9, which can eliminate the isolated noise points
and make the object area more obvious.

3. Obtaining the center point of laser spot

In order to obtain the center point of laser spot, the best threshold iteration
method is adopted. First, an approximate threshold is set as the initiate value. Then,
the sampled image is segmented to produce the sub-images. Based on the char-
acteristics of images, the new threshold can be selected, which will be used to
segment the image. After several loops, the pixels of error segmentation can be
reduced to the least [7]. The computation steps of iteration algorithm are listed
below.
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(1) If there is no exact location information for the object, the average gray value
can be set as the initial threshold value.

(2) Through the threshold, the image can be divided into two segmentations Q,
and Q5.

(3) Calculate the grey mean value of Q; and Q,, namely U; and U,.

(4) Obtain the new threshold T, = (U, + U,)/2.

(5) If T, =T, 1, the iteration ends, otherwise, the iteration continues to carry out
step (2).

In the end, the T, will be set as the best segmentation threshold. The optimal
threshold can be obtained when the iteration number is about 5. The method has a
certain adaptivity.

4.2.4 Results Analysis of Experiments

1. Locating the center point of laser spot

In order to verify the location correctness of laser spot, the location experiments
of actual images under the different shooting conditions and the different contact
line locations are carried out. Figure 4.7a is the image that captured by CCD camera
during the day. It can be found that it is very difficult to identify the weak laser spot
because of the interference of support components in catenary image during the
day. Therefore, it is suggested to capture the image during the night. Figure 4.7b is
the image that captured by CCD camera during the night, whose contrast has been
adjusted. In order to make the image more obvious, the image in Fig. 4.7b is only
the left upper frame of Fig. 4.7a. It can be found that the laser spot is more obvious,
but there is the interference of isolated noise. Figure 4.7c¢ is the de-noised image by
using mathematics morphology. It can be found that the mathematics morphology
has good de-noising performance.

The calibration results are listed in Table 4.1. It can be found in Table 4.1 that
the location algorithm can accurately locate the center point of laser spot. Because
the laser point perhaps locates on the clips of contact line, the laser spot will
become bigger and have the serious distortion in the image, which results in the
bigger error for the coordinate’s computation of iteration algorithm. In the analysis
process, the threshold for the number of pixels in the laser spot can be set. If the
pixels’ number is higher than the threshold, the location can be justified as the clip’s
location. Thus, some compensation measures can be adopted to compute the
location’s coordinates.

2. Calibration result analysis

The internal and external parameters of CCD camera are listed in Table 4.2.

It can be found in Table 4.2 that the parameters of the camera are different from
those of the factory. Because of the tilt of detection vehicle platform, the angle of
the camera and the height of the camera are changed. Therefore, the calibration of
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)

(a) Image captured by CCD camera during the day

+

(b) Image after adjusting contrast;  (c) Center point image of laser spot after de-
noising with mathematics morphology

Fig. 4.7 Location of the center point of laser spot

Table 4.1 Calibration result comparison with actual coordinates of image

Image No. Actual coordinates Calibration

coordinates
X y X y

1 838 718 838 704

2 1371 671 1372 665

3 1409 690 1433 683

4 1775 680 1785 675

5 1343 636 1341 628

6 1003 684 1000 683

Table 4.2 Internal and external parameters of CCD camera

Parameters F (uy, v2) d(m) L(m) ()
Ex-factory 1.1 x 1078 (1295, 971) 4.50 1 51
Calibration 1.9 x 1078 (1297, 975) 4.57 1 51.6
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Table 4'3 Ca.libration result Image No. Coordinate Optical Error (%)

comparison with actual transform measurement

coordinates of image method method

X y X y Ax Ay

1 838 718 838 704 2.6 6.0
2 1371 671 1372 665 2.5 9.8
3 1409 690 1433 683 10.3 8.9
4 1775 680 1785 675 1.0 2.2
5 1343 636 1341 628 7.2 7.3
6 1003 684 1000 683 10.4 7.7

geometry parameters for the contact line in detection vehicle can improve the
experimental accuracy.

3. Transformation result analysis from image coordinates to detect vehicle
coordinates

At present, the optical measurement instrument with the characteristics of high
precision and high accuracy is widely used in actual engineering. In order to verify
the validity of the proposed method, the decentralized points in contact line from 3
adjacent spans in a certain anchoring section of actual railway are selected for
stagger and height detection. These points are detected with the optical measure-
ment instrument. The detection results are listed in Table 4.3. x means the stagger
and y means the height of contact line.

In Table 4.3, 6 groups of data are listed. Because the stagger value of contact
line is corresponding to the decentralized points, the comparison results can
guarantee the credibility of proposed method. If the coordinates are computed based
on the optical measurement instrument, the error of stagger computed with the
coordinate transform method is less than 11 mm, and the error of height is less than
10 mm. It can be found that non-contact detection method based on image pro-
cessing has higher detection accuracy and can replace the traditional manual
measurement method for the geometric parameter detection of the contact line.

4.3 Detection Value Correction of Catenary Geometric
Parameters Based on Kalman Filtering

4.3.1 Vibration Influence of Detection System
and Compensation Method

1. Influence of vibration on the detection system

In the operation process of detection vehicle, many kinds of vibration are pro-
duced. These vibrations will make the train body produce horizontal displacement
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Rolling
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Fig. 4.8 Diagram of the rolling vibration of detection vehicle body
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relative to the line center and the vertical displacement relative to the track surface.
The train is a multi-freedom vibration system with spring suspension device, which
can produce complex vibration phenomenon. This kind of complex vibration is the
result of a combination of several basic forms of vibration [8-10]. Some com-
pensation methods were presented in [11-13]. The experiments show that the
rolling vibration of detection vehicle body has a decisive influence on the stagger,
as shown in Fig. 4.8. ¢ is the rolling angle from the center line of detection vehicle
body.

The influence of detection vehicle vibration on the detection performance is
shown in Fig. 4.9.

It can be found in Fig. 4.9 that the vibration of detection vehicle will directly
influence the relative location of laser spot in the image and increase the compu-
tation error of stagger and height of contact line.

2. Compensation of detection vehicle vibration

When the vibration of detection vehicle occurs, the captured image will have a
certain deflection. The detection vehicle has the rotation to the track edge point
C by the angle ¢, which will make the coordinates of image produce the deflection,
as shown in Fig. 4.10.

Therefore, the coordinates of laser spot J in the world coordinates based on
Formula (4.6) is the coordinates (X/,, ¥} ) in the coordinate system Y, O/ X! after
the deflection of laser spot J. In order to obtain the coordinates (X, Y,,) of laser
spot J in the world coordinate system, the correspondence between the coordinates
(X, Y!,) of laser spot deflection and the world coordinates (X,,,Y,) should be
constructed based on the rotation relationship in Fig. 4.10.

Suppose that the horizontal vibration of detection vehicle body attaches at X,
vertical vibration attaches at Y9, the rolling angle is ¢, and the track’s width is W,

then the correspondence can be obtained as follows.

Xy = Xyo +X],, cosp+ Y, sing (4.15)
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Fig. 4.9 Detection result
comparison with and without
vibration

(a) Detection effect without vibration

(b) Detection effect with vibration

Yy =Yy — X, singp+7Y,, cos @ (4.16)
Xwo = W/2(1 — cos ¢) (4.17)
Yo = W/2sin @ (4.18)

Based on Formulas (4.15)—(4.18), it can be obtained below.

Xy] [ cosg sing|[X, W/2(1 — cosop)
{YW}_[—sin(p COSQD:||:Y;V1]+|: W /2sin @) (4.19)
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Fig. 4.10 Coordinate ‘ y
deflection of detection b Y\;
vibration
i
\\ 0
/ C(I/2,0
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Substitute Formula (4.19) into Formula (4.6), the computation formula of con-
tact line’s geometry parameters after compensation can be obtained below.

(L+ Lcot*> 0)(U — Uy) sin 0
(f/AY) cotO0+ (V — V)
—(Lcot0 —d)(V — Vo) + (L+dcot0)(f/AY) sin
(f/AY) cot 0+ (V — Vo) ?
(L+Lcot?> 0)(U — Uy) sin 0 (4.20)
(f/AY)cotO+ (V — V)
—(Lcot0—d)(V —Vy)+ (L+dcot0)(f/AY)

(f/AY)cotO+ (V — V)
Z,=L)2

X,y = Xyo + os @

Yy =Yy —

cos ¢

4.3.2 Correction Method of Contact Line Height

1. Influence factors on the height of contact line

The suspension methods of contact line are mainly divided into two categories
with equal and unequal height of two ends. The suspension sketch map of contact
line is shown in Fig. 4.11. The different suspension methods correspond to the
different equations. For the height detection of contact line, because there are some
interference, such as the coordinate deflection caused by the rolling vibration of
vehicle body, the random vibration caused by the mechanical close connected
components enough, and the low detection accuracy caused by the vibration sensor,
it is very difficult to obtain the accurate the suspension curve.
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(a) Equal height of two ends;  (b) Unequal height of two ends

Fig. 4.11 Suspension sketch map of contact line

Suppose that A and B are two suspension points. If their heights are equal, the
suspension is shown in Fig. 4.11a, where [ is the horizontal distance of two sus-
pension points, and F is the vertical distance between the lowest point of contact
line curve and the straight line of two suspension points, namely the sag. When the
two suspension points are not in the same horizontal plane, the suspension is shown
in Fig. 4.11b, where F; and F, are respectively the height difference between the
lowest points of contact line curve and two suspension points, and h is the height
difference between the two suspension points.

2. Correction equations of contact line height

In order to improve the detection accuracy of contact line height, considering the
possible curve forms of adjacent suspension points, the correction model based on
Kalman filtering for the unequal height of two ends is deduced as follows.

The mathematical curve equation of the unequal height of two ends of contact
line is listed below [14].

y=D—-x——+ % (4.21)

where D is the basic height from the track surface to the suspension point of contact
line, x is the horizontal distance from the laser of detection vehicle along the train
operation direction, and y is the height of contact line. The coordinate system xoy
coincides with coordinate system Z,,0,,Y,,, and the original point o is the projecting
point of suspension point from the start location of detection vehicle at the track
plane.

After discretization of Formula (4.21), it can be obtained as follows.

AF k- (I
xp =D — by k(=9

T P ) (e (4.22)
xquD—%(k—l)—w
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where k = 1,2,...,00, k is the horizontal distance from the laser of detection
vehicle along the train operation direction, x; is the corresponding height to the
point k, and x;_; is the corresponding height to the point £ — 1.

Based on Formula (4.22), the state equation can be obtained as follows.

AF - (2k—1-1) h
X :xk,l+¥—7 (4.23)

Suppose u; is the control variable, let

4F - (2k—1—1) h
ukz%—7 (4.24)

Then
X = Xp—1 + Uy (425)

Let X; = x¢, Uy = ux, A = 1,B = 1, then Formula (4.25) can be rewritten with
matrix form.

X, = AX;_| + BU; (4.26)

Suppose the observed value is z; and the observed noise is Axg, then the
observed equation can be written as follows.

e = X + Axy (4.27)
Let Z; = zx, H = 1, then Formula (4.27) can be rewritten with matrix form.
7, = HX; + Ax; (4.28)

Considering the random error caused by the height detection of contact line and
the independence of adjacent detection points, if the observed noise and process
noise are supposed as the Gaussian white noise, Kalman equation can be written as
follows.

Time renewal equation:

Xi= AX;— 1 +BU;_

State renewal equation:

K, = P.HT /(HP.H! +R)
X = Xi — Ky (Z; — HX;) (4.30)
P, = (1 - K;H)P;
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where X is the estimation value of posteriori state at time &, X, is the estimation
value of priori state at time k, Py is the covariance of posteriori estimation error at
time k, P, is the covariance of priori estimation error at time k, Q is the process the
covariance, Ky is the Kalman gain, and Z; is the observed value at time &.

It can be found that if substitute X; and P into the state renewal equation, the
posteriori data can be obtained, namely the best estimation value X;.

Because of the long-term usage of suspension device, the deformation of sus-
pension device and the settlement of pillar, the positions of suspension points may
change, which results in the change of the variable & and H in the model. In order to
ensure the model correctness, the parameters often need to be modified. Thus, the
correction equation of Formula (4.21) is rewritten as follows.

12 Xk—D xk,l—D

F=g (=2 (4.31)
C(k—1-1)(x—D) Ik —D)(x_i D)
h= . - P (4.32)

In order to correctly modify & and F with the substituted coordinate parameters,
each point data is obtained by the weighted average of 3 group data.

4.3.3 Result Analysis of Experiments

1. Result analysis after the compensation

Suppose that the coordinates of stagger and height of contact line obtained by the
optical measure instrument at the static state are considered as the standard value.
The standard value, the compensated value and non-compensation value for the
stagger and height of contact line are listed in Tables 4.4 and 4.5. It can be found
that the compensated value and non-compensation value can satisfy the technology
index of catenary detection. But, the accuracy of compensated value for the stagger

Table 4.4 Non-compensation value for the stagger and height

Image No. Non-calibration Standard value (mm) Error of

coordinates (mm) stagger/height

(mm)

X y X y Ax Ay
1 301.5 5890.8 304.1 5884.8 2.6 6.0
2 173.2 5925.2 177.3 5917.5 4.1 7.7
3 -75.8 5900.0 -78.2 5906.2 24 6.2
4 —98.5 5926.4 -101.0 5936.2 2.5 9.8
5 —142.1 5921.2 —131.8 5913.3 10.3 8.9
6 —410.5 5931.6 —411.5 5929.4 1.0 2.2
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Table 4.5 Compensated value for the stagger and height

Image No. Non-calibration Standard Error of

coordinates (mm) value (mm) stagger/height

(mm)

X y X v Ax Ay
1 297.8 5886.7 304.1 5884.8 6.3 1.9
2 181.2 5915.1 177.3 5917.5 39 2.4
3 =74.5 5909.8 —78.2 5906.2 3.7 3.6
4 —98.5 5940.0 —101.0 5936.2 2.5 3.8
5 —140.2 5908.5 —131.8 5913.3 8.4 4.8
6 —409.9 5928.3 —411.5 5929.4 1.6 1.1

and height of contact line are respectively 9 and 5 mm, while the non-compensation
value for the stagger and height of contact line are respectively 11 and 10 mm [15].

2. Result analysis of Kalman filtering

In order to verify the modified results with Kalman filtering for the compensated
height observed value, 60 height data after the compensation are selected in the
same interval between the two suspension points. After Kalman filtering, these data
are compared with the standard value, and the different value curves are shown in
Figs. 4.12 and 4.13.

It can be found in Figs. 4.12 and 4.13 that the absolute error of height observed
value after compensation is in the range of 1.0-2.0 m. Based on the observed value
of height, the Kalman filtering is adopted, and the absolute error of height is in the
range of 0.5-1.0 m. Therefore, the modification with Kalman filtering can effi-
ciently improve the accuracy of observed value.
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Fig. 4.13 Different value x10°
curves between the standard 3 ¥ T ¥ ! . T ¥
value and the Kalman filtered
value (after compensation) 2l
1t .
;g/ 1 ' !:l | |. I‘
= 0 g |.'. 9
= /
5 ' . VoA :
2L
3

5 10 15 20 25 30 35 40 45 50 55 60
Sample number (n)

3. System time consuming

In order to verify the real-time performance of the plan, 1000 images captured by
the camera are selected randomly, and the time consuming computation is carried
out by using this method. Computer configuration: Windows 7 operation system
(32 bits), CPU frequency of 2.4 GHz, RAM memory capacity of 4.0 0 GB, card
type, GT4 25M1G the independent video card.

Through the test and calculation, it is concluded that the expected value of time
consumption is 35 ms, and the variance is 1 ms. Considering the operation speed of
the detection vehicle and the consumption time for drawing the height curve of
contact line, 70-100 detection points can be sampled and processed in 50 m.
According to the speed formula, the speed of detection vehicle can reach 51.248—
73.469 km/h, which can meet the requirements of real-time operation.

4.4 Detection Method of Catenary Geometric Parameters
Based on Mean Shift and Particle Filter Algorithm

Based on the images of contact line, which are captured by the single camera on the
roof of detection vehicle, the stagger and height of contact line can be computed by
the image processing. However, with the increase of train’ speed and operation
density, the detection accuracy and real time of this method hardly meet the actual
detection demands.

The target detection and tracking algorithm based on vision technology is one of
the hot research topics in computer vision field. The main current target tracking
algorithm is divided into two categories, namely deterministic and random tracking
algorithms [16]. The mean shift algorithm is a deterministic tracking algorithm, and
it needs no parameters and does not require exhaustive search features. It has been
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successfully applied in the target tracking with high real-time requirements. But
when the image background is complex, it easily falls into the local minimum
value, and the tracking effect is not ideal. Particle Filter (PF) is a representative of
random tracking algorithm, which can avoid the local optimum trap. But it has to
set up a large number of particles to improve the accuracy of sample estimation at
the cost of algorithm time. Recently, the combination algorithm of mean shift and
PF was proposed in [17], namely MSPF (Mean Shift Particle Filter) algorithm.
MSPF algorithm can have the advantages of the two methods, and its performance
is better than that of any one of the two algorithms alone [18].

In this section, the detection method of catenary geometric parameters based on
mean shift and PF algorithm is presented. First, according to the Gray histogram
feature distribution and the “zigzags” structure of catenary, the object model of laser
spotis constructed. Second, the particles are clustered with the clustering method, and
the iteration that starts from the clustering center is carried out with the mean shift
algorithm. Third, the coordinates of object image are obtained through the PF of the
iteration results. Lastly, the stagger and height of contact line can be obtained through
the space coordinate transformation of image coordinates of laser spot. The detection
plan of stagger and height of contact line based on MSPF is shown in Fig. 4.14 [19].

4.4.1 Data Model of Laser Spot

1. Observed model of laser spot object

The laser spot object is located by using the particle filter algorithm based on
gray histogram feature distribution. First, the object area is initialized. Taking the
center point of the object area as the standard point, the rectangle window including
all the laser spot’s pixels and some background pixels is obtained, as shown in
Fig. 4.15. Second, the two-dimension coordinates in the window of laser spot are
projected to the index m in the histogram section divided by the pixel value level
u. Then, the density estimation of probability density function of laser spot area can
be computed based on the below formula.

(=
i=1

where xg is the coordinate of center pixel in the initial search window (n pixels),
k(+) is the Epanechnikov kernel function, d(-) is the Delta function, b(x;) is the level
index image at x;, C is the standardized constant coefficient, and ZZ’ qu = 1.

The Bhattacharyya distance is selected to measure the similarity between the
candidate object color distribution p,(x) and the object template color distribution

g The coefficient of Bhattacharyya can be obtained as follows.

)25[b(xi) 4 (433)
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| (1) Initiating the object model of laser spot |

| Building the object observed model and motion state |
| model of laser spot |

| (2) Locating the laser spot object based on MSPF

Using the state model of laser spot object, and realize
the first step forecasting for the image location of
laser spot object

Image iteration that starts from the clustering center is
carried out with the mean shift algorithm

Estimating the state of laser spot object using the
particle filter of iteration results, and locating the
coordinates of laser spot object

|
|
|
Obtain _ﬂl Clustering the particles at the above step, and the
|
|
|
|

(3) Computing the stagger and height of contact line

| |
| Projecting the image coordinates of laser spot to the | |
|| world coordinate system, and obtaining the actual |
| stagger and height of contact line |

Fig. 4.14 Detection plan of stagger and height of contact line based on MSPF

Fig. 4.15 Detection plan of
stagger and height of contact
line based on MSPF
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m

p[pu(x)’CIu] = Z pu(x)‘Iu (4'34)

u=1

The Bhattacharyya distance between ¢, and p,(x) is shown below.

d= l_ph)u(x)aqu};izlaz (435)

The observed probability based on Bhattacharyya distance d can be obtained
below.

2
p(ZilX,) = \/%exp (— %) (4.36)

2. Motion state model of laser spot

With the moving of detection vehicle, the trial of laser spot on the contact line
will regularly move along the contact line. Therefore, in order to reflect the vari-
ation rule of laser spot with the location of detection vehicle and quickly locate the
laser spot, the motion state model of laser spot is built according to the “zigzags”
structure of catenary, as shown in Fig. 4.16.

Pillar
Contact line

/ [/ / /

Steel track

Oblique view

Suspension point

~ .
- Nntact line / ~ \
e N
Steel track /

Laser spot

Vertical view

Fig. 4.16 Oblique view and vertical view of catenary
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The curve equation of unequal height suspension of two ends for contact line
[14] is shows as follows.

Xr = Kr *Zr + C
v =H— (1%1,. 4 leigfz)) (4.37)

where K, is the straight line slope of horizontal projecting plane of contact line
between the two adjacent suspension points, C is the initial value of stagger, H is
the basic height between the adjacent two suspension points of contact line, # is the
vertical height difference between two adjacent suspension points of contact line, z,
is the horizontal location along the train’s operation direction, and y, is the height of
contact line.

After the discretization of formula (4.37), it can be obtained as follows.

X = X1 + Ky 438
Y=y — (4 + 4—F‘(172§571)71)) (4.38)
Because the height change of the adjacent two frame images is not obvious, the
height of former frame is used to estimate the height of current frame for the
simplification of the model construction.
X = X1 + K-y (4.39)
Yk = V-1 '

The state of laser spot object based on the coordinates transform can be obtained
as follows.

X; = AX;1 +B& (4.40)

where X = [x y]T, A is the state transition matrix, B is the covariance matrix of
process noise, and & is the process noise at k — 1.

4.4.2 Tracking and Positioning of Laser Spot Based
on MSPF

In [20], the clustering algorithm was introduced to improve the MSPF algorithm,
which can optimize the highly representative particles through observing the par-
ticles’ probability and their distances between each other. Compared with the
classical MSPF method, the proposed algorithm reduces the computation rate. In
this section, the algorithm is adopted to realize the tracking and positioning of laser
spot. The steps of tracking and positioning of laser spot are listed below.
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1. Initiation

In the selected region of laser spot, N particles are randomly sampled to con-

struct the particle set {X,{}jvzl, and the weight of each particle is 1/N.

2. Updating set

Each particle of particle set is substituted into the object dynamic equation and
new particle set is obtained.

3. Clustering

6]
@

3

“

The updated particles are substituted into Formula (4.36), the observation
probability of particle.

The biggest particle is selected to be as the clustering center of grouping, the
distances between the other particles and the clustering center are computed.
These distances are compared with the given distance threshold R. If they
are smaller than R, they are classified as a class.

The particle, whose probability is biggest in the remaining particles that are
bigger that the threshold R, is selected to be as the clustering center, and step
(1) is executed.

After the clustering of all particles are completed, the class number is
smaller than the preset number C, the clustering end; otherwise, the
threshold R is adjusted and the step (2) is executed again until the condition
is meet.

4. Mean shift

ey
@

3

“

Suppose that ¢y(xo,y0) is the location ¢ of the given clustering center.
Compute the weight value of particle c.
wx) =D Vau/pu(0)3lb(x) — u] (4.41)
u=1

Compute the new location of particle c.
M co—Xi
o = Zz 1 Xiw (xi k|l ox H (4.42)
o wla)k[ 7]

If the particle c; satisfies the two stop conditions below, the process ends,
otherwise, return to step (2) to continue the loop.
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Fig. 4.17 Schematic figure
of laser spot object
positioning

plpu(C1), qu] < plpu(Co), qu] (4.43)

or

Iy — yoll <e (4.44)

5. Update the particle and compute the weight

The particles of laser spot object {X ,’;}?:1 can be obtained through the clustering
and mean shift algorithms. The states of all particles in the same clustering are
replaced with those after the optimization, namely from {X]{};=l to {)A(i}jvzl The
weight of the updated the particle is computed.

6. State estimation of laser spot object

With the updated particle state {}A(,JC}JALI and the weight {w,{}j.vzl, the final esti-

mation Xk can be obtained, as shown in Fig. 4.17.
~ N ;A .
X =) wiX/ (4.45)
i=1

7. Repeated sampling

The random sampling method is adopted [21] in this section. Through
decreasing the particles with less weight and copying the particles with bigger
weight, the particles are repeatedly sampled.
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4.4.3 Computing Height and Stagger of Contact Line

Through the coordinate transformation, the object image of laser spot is projected to
the world coordinates, and the height and stagger of contact line can be computed
and obtained based on Fig. 4.18.

In order to verify the accuracy of the location method and the real-time of
detection algorithm, the sampled field images (captured one every 0.5 m) are used
and compared with the standard detection value.

1. Positioning of laser spot object

In order to verify the location method’s accuracy for the laser spot object, the
method in this section is used to compute the location of laser spot object in the
catenary image. The coordinates in the image is considered as the standard value.
The absolute error and its mean value between the standard value and the detection
value are considered as the performance indexes of the proposed method. The
results are shown in Figs. 4.19 and 4.20.

The results show that the positioning algorithm can make the absolute error of
laser spot less than 8 pixels, the mean error about 3.87 pixels along x axis direction,
as well as the absolute error less than 7 pixels, the mean error about 3.33 pixels
along y axis direction.
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Fig. 4.18 Schematic diagram of detection vehicle parameter



4.4 Detection Method of Catenary Geometric Parameters ... 103

Fig. 4.19 Error of 10
x coordinate with the ol J
proposed algorithm
T 8 T
A
£ 7w oG nin} E
]
g 6t o ] E:
5
8 5 nn
Qo
:j 4
1
g 3 !
=
8] 2 ul T

0 10 20 30 40 50 60 70 80 90 100
Frame number

Fig. 4.20 Error of 1
y coordinate with the
proposed algorithm

| n| nilin nlin! m [n
M (g o r ) m(lm ol L4 n| n[r ]

41 min | [t po| ||th u n'n) mll g |||

Error of y coordinate / pixel

N oW
E
&
3
B
G
E
G
B—
3
F—

0 10 20 30 40 50 60 70 80 90 100
Frame Number

2. Computing height and stagger of contact line

The height and stagger of contact line can be computed based on the proposed
algorithm, and the results are shown in Figs. 4.21 and 4.22.

In order to verify the measurement accuracy of height and stagger of contact
line, the measurement value by using the optical instrument is considered as the
standard value. The absolute difference between the standard value and the com-
puted value, and its mean value are considered as the performance evaluation
indexes, as shown in Figs. 4.23 and 4.24.
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Fig. 4.21 Height curve of
contact line

Fig. 4.22 Stagger curve of
contact line
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Frame number
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Frame number

The detection results show that the detection absolute error of stagger is less than
7 mm and the mean error is 2.21 mm, and the detection absolute error of height is
less than 6 mm and the mean error is 1.61 mm.

3. System time consumption

In order to verify the real-time performance of the plan, 100 images captured by
the camera are selected randomly, and the time consumption computation is carried
out by using this method. Computer configuration: Windows 7 operation system
(32 bits), CPU frequency of 2.4 GHz, and RAM memory capacity of 4.0 0 GB. The
experimental results are shown in Fig. 4.25.
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The test results show that if the operation speed of the detection vehicle and the
consumption time for drawing the height curve of contact line are considered, the
time consumption of processing the single frame image is about 22.5-27.5 ms, and
the mean time is about 25.035 ms.

4.5 Summary

The geometry parameter detection of catenary is one of most important tools that
ensure the train’s operation safety. The traditional detection methods for the stagger
detection of contact line are generally based on the contact methods, which are
influenced by the electromagnetic interference, mounted device and so on. In this
chapter, the non-contact detection methods for the stagger detection of contact line
are presented and discussed in detail, which are based on the coordinates transform
and image processing. First, a non-contact detection for the height and stagger of
contact line is presented in detail. The main content includes the field image
acquisition of contact line, the pinhole model calibration of CCD camera, the center
point location of laser spot and the results analysis of experiments. Second, the
detection value correction of catenary geometric parameters based on Kalman fil-
tering is presented, which mainly includes the influence of vibration on the
detection system and its compensation method, the detection correction method of
height of contact line and the results analysis of experiments. In the end, the
detection method of catenary geometric parameters based on mean shift and particle
filter algorithm is presented, which mainly includes the data model of laser spot,
tracking and positioning of laser spot based on MSPF and computing the height and
stagger of contact line. The experimental results show that the presented methods
can efficiently detect the stagger and height of contact line based on the coordinates
transform and image processing.
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Chapter 5
Slide Plate Fault Detection of Pantograph
Based on Image Processing

5.1 Introduction

The pantograph faults mainly include four types.
(1) Pantograph component damage

The structure of pantograph is complex. During the train’s operation, the pan-
tograph is influenced by the contact pressure, friction, temperature and so on, which
can result in some faults of the pantograph’s components.

(2) Slide plate loss of pantograph

Because the powder metallurgy slide plate is fixed by screw, the collision and
vibration can easily cause the screw loosening during the train’s operation, and
result in the slide plate loss.

(3) Slide plate wear of pantograph

There are mainly mechanical wear and electrical wear for the pantograph slide
plate. Since the train power is supplied through the contact between the pantograph
and the catenary, it is difficult to avoid the wear of pantograph slide plate. In
addition, because the new contact line surface has some hard burrs, and the used
contact line surface has some dirt, the poor contact will form the electric spark and
cause serious electrical wear.

(4) Slide plate crack of pantograph

Because the arc burning or oxidation can reduce the strength of pantograph slide
plate, when the pantograph passes some irregular points of contact line, the slide
plate of pantograph may be broken. The slide plate cracks often result in serious
accidents, such as scraping pantograph, and these accidents directly influence the
train’ safe operation.
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In [1], the online monitoring method was proposed through mounting detection
device in the pantograph, which could influence the pantograph performance. In
[2], the optical measurement method was proposed to detect the pantograph’s wear.
The ultrasonic detection method was adopted to detect the pantograph’s wear in [3].
The image processing and pattern recognition technologies have high degree of
freedom and the modification of pantograph is unnecessary for the online moni-
toring method of pantograph. Therefore, some researches based on image pro-
cessing and pattern recognition technologies have been carried out. In [4], the
detection method based on image processing was adopted in the detection system of
pantograph-catenary system. The slide plate wear detection of pantograph used the
methods based on image processing in [5, 6]. At present, the researches on the slide
plate faults were focused on the detection of slide plate wear [6, 7], and the
researches on the bad state detection of the slide plate surface, such as crack, are
less seen. In addition, since the fault characteristic of slide plate loss is very obvious
and the term of slide plate wear is very long, the research in this chapter mainly
focuses on the slide plate crack of pantograph.

5.2 Features of Pantograph Slide Plate Image

5.2.1 Pantograph Structure

The pantograph is composed of the bow head, rod and hinge devices. The bow head
is composed of the supporting device, guiding device, contact plate, bracket and
bow angle. The contact plate is also called slide plate, and its surface is directly
contacted with the contact line, whose main function is to collect the current. The
bow angle is formed at the end of bow head, which can ensure the close contact
with the contact line. The general structure of pantograph is shown in Fig. 5.1.
According to the different materials, the pantograph slide plate can be classified
into two types, namely powder metallurgy slide plate and carbon slide plate. The
applications of powder metallurgy slide plate are more common. There are two
rows, each row has 5 slide plate bars, and 5 slide plate bars are arranged into a line.

Contact line Slipper Bow head

ol U S

Bow angle

/

Fig. 5.1 Sketch figure of pantograph general structure
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Each slide plate bar is fixed with two screws from its back. Carbon slide plate is
mainly used for the new pantograph, each pantograph requires two carbon slide
plates, and the length of a slipper is equivalent to the sum of the length of 5 powder
metallurgy slide plates. Because the carbon slide plate is soft, its wear is more
severe and it needs to be replaced frequently.

5.2.2 Pantograph Slide Plate Type

According to the different materials of pantograph slide plate, there are pure carbon,
powder metallurgy and impregnated metal carbon pantograph slide plates.

(1) At present, pure carbon slide plate is one of the most mainly used slide plates
in electrical railway in China. The mechanical strength of pure carbon slide
plate is relatively low, the bending strength is 30—40 MPa and the compressive
strength is 60—80 MPa. Because the impact resistance is poor, it sometimes
breaks during operation and can easily cause pantograph scraping accident. In
addition, due to the fluctuation of various factors during the production, the
performance of pure carbon slide plate is uneven. The wear is frequently
occurred, and the service life is relatively short.

(2) Powder metallurgy slide plate belongs to the metal base slide plate. According
to the different sintering material, it includes copper base and iron base. The
iron base is suitable for steel and aluminum wire, and the copper base is
suitable for copper wire. Powder metallurgy slide plate has high mechanical
strength, good toughness, good abrasion resistance, and strong impact resis-
tance performance. In addition, the phenomenon of fracture is relatively less,
and the resistance is very small, which is favorable to the current collection of
electric locomotive. In this chapter, the slide plate means the powder metal-
lurgy one.

(3) The material of impregnated metal carbon slide plate has both the
self-lubrication property of pure carbon slide plate, and the high mechanical
strength and impact resistance property of powder metallurgy slide plate. In
addition, it has high arc resistance, low contact resistance with contact wires,
low self-resistance, good thermal conductivity and good thermal dissipation.
But, its price is high and the maintenance costs are also relatively high.

5.2.3 Image Features of Pantograph Slide Plate

In this chapter, the powder metallurgy slide plate is as the experimental object. Each
pantograph head is equipped with two mutually parallel slide plates, and each slide
plate is respectively connected with five short slide bars through the fixed screws.



112 5 Slide Plate Fault Detection of Pantograph Based on Image Processing

In order to correctly extract the crack characteristic in pantograph slide plate,
above all, the image elements in the slide plate should be analyzed. The main image
elements in the slide plate are shown in Fig. 5.2.

In order to more clearly demonstrate the image elements in pantograph slide
plate image, the binarization processing of Fig. 5.2 is performed, and the threshold
of binarization processing for the gray histogram of slide plate is obtained by using
OTSU algorithm. The gray histogram of slide plate is shown in Fig. 5.3.

It can be found that there are two obvious peaks, the right side peak involves a
large gray range, and the gray value is also higher, which is corresponding to the
normal work surface of pantograph slide plate image. The left side peak involves a
small gray range, and the gray value range is narrow, which is corresponding to the
edges, parallel seams, screws and cracks in slide plate image. Because the gray
value of the scratch in slide plate image is similar to that of image background, their
gray value is located in the right side of gray histogram.

The valley between the two peaks is the threshold value of the binarization
processing, which can be obtained by OTSU algorithm. The image can be divided
into two classes. One is corresponding to the image background, and the other is
corresponding to the parallel seams, screws and cracks in slide plate image.
Therefore, the variance in the two kinds of gray values is the smallest, and the
variance between the two classes is the largest.

If the gray scale in an image is 1 ~m, suppose that the image is divided into
C,={1,2,..,k} and C; = {k+1,k+2,...,m}, their production probabilities
w; and w; can be calculated, as well as the mean value u; and p,. The gray mean
value u of whole image can be also obtained.

(k) = o1 (g — 1)* + (i, — p)* = o1 (g — 1)* = (k)]

If k changes in 1 ~ m, when the variance o2 (k) between the classes is maximum,
the k is the threshold of binarization processing. After the threshold is obtained, the
binarization processing of image is performed as follows.

R A A (52)

Fig. 5.2 Pantograph slide plate image
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Fig. 5.3 Gray histogram of slide plate

Thus the binarization image can be obtained in Fig. 5.4. The image features,
such as slide plate edges, parallel seams, screws and cracks, can be clearly found.

The description of main image features of pantograph slide plate is listed as
follows:

D

(@)

3

Fig. 5.4 Binarization image
of pantograph slide plate. (D P
Slide plate edge; @ screw; @ Y
crack; @ parallel seam ) ]

When the pantograph slide plate image is extracted, because the slide plate
image is not in accordance with the standard linear horizontal direction of the
pantograph, considering the precision of algorithm, it is very difficult to
strictly extract the edge along the actual edge line, which results in that some
parts of background image are extracted. As shown in Fig. 5.4, the back-
ground image is included in the slide plate image.

The powder metallurgy slide plate consists of 5 short slide bars with the same
size that are linked the front and back. The shape of short slide bar is a parallel
quadrilateral with 135° angle hypotenuse. Thus, in the slide plate image, there
are some seams with 135° angle direction, and they are parallel to each other,
and have the same size. In addition, the distance between two adjacent seams
is also equal.

The powder metallurgy slide plate is fixed in the pantograph by screws. There
are two screws on each short slide. The size of the screw is the same. The
position and the distance have the obvious regularity.

I

oy 57\ /T\
(4) 3 (2)

@O slide plate edge; @ screw; ®crack; @parallel seam
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(4) The tight contact between catenary and pantograph ensures the current col-
lection for train operation. Because the layout of contact line is “zigzags”, it
can result in the scratches in pantograph during the train operation. The
scratches are generally zonal distribution, and their directions are basically
same in a certain area. In the whole area, the scratches direction is within 45—
135°.

(5) Although the mechanical strength of powder metallurgy slide plate is high and
the toughness is good, it may lead to the fracture of slide plate and form a
crack during the train’s high-speed operation, when the impact of the hard
point happens. Due to the occasional failure of pantograph, the position,
length and shape of cracks in the slide plate are random and there is no
regularity.

In Fig. 5.3, the crack is in the middle position of slide plate, the length is equal to
the width of slide plate, and the direction is vertical.

Based on the analysis of pantograph image characteristics, the inherent image
elements in pantograph have obvious regularity. Although the location and shape of
crack are not fixed, they can be distinguished by using other characteristics of
image element.

5.3 Characteristics of Pantograph Slide Plate Image Based
on Curvelet Transform

For the two-dimensional image of pantograph in electrical railway, the image
features are in different scales and different directions. Therefore, the traditional
Fourier transform and wavelet transform cannot meet the requirements of the
characteristics analysis. In this chapter, Curvelet transform is adopted as the main
processing method for pantograph image.

It is known that the wavelet transform has some limitations for image pro-
cessing, which can only be used to better represent one-dimensional function with
singular point, but it is not the optimal representation for the high dimensional
function with the singular line or singular surface. In 1998, Candés proposed the
two-dimensional continuous Ridgelet transform in his dissertation [8]. The idea of
this transform is that the one-dimensional singular features (line singular) are
mapped into the zero dimensional (point singular) features by using the Radon
transform, and then the wavelet transform is performed. Then, the construction
algorithm of orthogonal Ridgelet transform was proposed by Donoho [9]. In 1999,
Candes proposed the single scale Ridgelet transform, which can realize the con-
struction of multi-variable function with curve singularity [10]. Ridgelet transform
is considered as the best base that represents multi-variable function with line
singularity in general. But for the curve edge description of image, the approxi-
mation performance is only equivalent to the wavelet transform. In 1999, Candés
and Donoho put forward the theory of Curvelet transform [11]. Curvelet transform
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can better realize the sparse representation for two-dimensional signal with
multi-scale, multi direction and anisotropy. Curvelet transform was originally for
the ridge wave block localized processing, and its mathematical theory is not
perfect enough. In 2002, Candés put forward the new curvelet transform [12],
which was called the second generation curvelet transform. In 2005, the discrete
algorithm of second generation Curvelet transform was proposed in [13]. Compared
with the first generation of curvelet transform, the parameter number of second
generation curvelet transform is reduced from 7 to 3, which makes the realization
greatly simplified, and easier to understand. The computation speed of second
generation curvelet transform is only 6-10 times as that of Fast Fourier Transform
(FFT) [13]. In addition, there is also a great improvement on redundancy for second
generation curvelet transform.

5.3.1 Curvelet Transform

1. Radon transform

The ridgelet transform is the basis of the first generation curvelet, and the Radon
transform is the important connection of continuous wavelet transform and ridgelet
transform. In fact, the coefficients of ridgelet transform are the wavelet decompo-
sition results of image in Radon domain.

If function f(x,y) € L?(D) is square integrable in domain D of plane, the Radon
transform of f(x,y) is represented as follows.

RF(0,1) = / / F(x,9)8[ — (xcos 0+ ysin 0)]dxdy (5.3)

where ¢ is the unit pulse function, # — x cos § — y sin @ = 0 is an arbitrary straight
line in polar coordinates. The process is shown in Fig. 5.5.

The essence of Radon transform of image is the projection of image in each
direction. The project in any angle 0 direction of image f(x, y) is defined as follows.

+ 00
Ry(X') = / f(x cos @ —y'sin0,x sin 0 — y' cos 0)dy’ (5.4)

—00

¥ ( cos sinf > x
where = . .
y —sinf cos @ y

2. Ridgelet transform

In two-dimensional space, Radon transform is connected with the line. The
straight line, plane or hyper plane are mapped into a point in the two-dimensional
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Fig. 5.5 Diagram of Radon N
transform

"y

space. Wavelet transform can optimize sparse representation of signal singularity.
Therefore, the ridgelet transform can be considered as the one-dimension wavelet
transform in Radon domain [8], which is represented below.

RFT(a,b,0) = / Vs (OORS (0, 1)dt (5.5)

where Y, ,(x) = a~/ 21//(’%1’). As seen from the above, the ridgelet transform is the

one-dimensional wavelet transform in Radon domain.
The reconstruction formula is shown as follows.

a 0
76) = €y [ RFTa.0,0) 0“5 (56

where C, = (2) °K;; .
The ridgelet transform process is shown in Fig. 5.6 [8].

3. The first generation curvelet transform

The ridgelet transform can overcome the shortcoming of wavelet transform that
can only effectively express the point singularity. It is a kind of analysis tool that
can solve the line singularity or plane singularity. Compared with wavelet trans-
form, the ridgelet transform has certain advantages for linear edge detection of
image. But in the image, the number of straight lines is little, and the curve is in the
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majority. Therefore, the image is divided into some small block areas, so that each
area of the curve can be approximated as a straight line. Then, if the ridgelet
transform is performed for each area, the favorable results can be achieved.

The first generation curvelet transform is essentially the ridgelet transform in
multiple scales. First, the image is filtered through subband decomposition. The
image is divided into the subband in different scales. Then, the images in each
subband are performed with ridgelet transform.

The curvelet base satisfies the anisotropic relationship, namely:

width ~ length® (5.7)

This relationship shows that curvelet is a kind of directional base. In the scale
relationship of curvelet, from one scale to the next, the spatial resolution and the
angular resolution are double times higher than those of previous scale. The process
of first generation curvelet transform is shown in Fig. 5.7 [11].

4. The second generation curvelet transform
Some parameters are introduced first.

e Scale parameter: j
e Rotation angles: 0, = 27 - 272l 1=0,1,...,0<0,<2n
e Translation parameters: k = (ki, k) € Z>

So, the second generation curvelet transform can be defined by:

i

k) = 5o [ TRy ) do 58)
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Fig. 5.7 Diagram of first generation curvelet transform

where f (w) is the signal in the frequency-domain, » and € are the polar coordinates
in the frequency-domain. U;(r,0) = 27 Y/4W(27r)V(2£Y) is the frequency win-
dow. W is the radial window and V is the angular window. From the formula (5.8),
it can be concluded that the curvelet transform has explicit directivity besides the
multiscale property.

Another advantage of the curvelet is the approximation performance. The best
m-term curvelet approximation obeys

If = fullf, <C - (log m)* - m™? (5.9)

Compared with the Fourier approximation and the wavelet approximation, the
curvelet approximation has better performance. More information can be repre-
sented with less data and more concentrative energy. For all these reasons, the
curvelet transform is suitable for the image processing.

Although the curvelet transform has been wide adopted in the image processing,
it has also some demerits as follows, which influence the usage of curvelet trans-
form in the image recognition fields.

e There are too many data in the curvelet transform result.

e The coefficients of curvelet transform are distributed in the decomposition
matrices with different angle. It is difficult to analyze the whole image’s char-
acteristic through the relationship between them.

e There are massive coefficients of type A and B [12] for the characteristics of the
curvelet transform. They are useless in analyzing the image.
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5.3.2  Curvelet Coefficient Directional Projection Transform

To make full use of the curvelet transform to recognize the images, the useful
information from the curvelet transform matrices is very necessary for the analysis.
Therefore, a new transformation called curvelet coefficients directional projection
(CCDP) is presented in this section [14]. The key point of the CCDP transform is
the explicit usage of the curvelet’s directivity. Through the CCDP transform, the
high dimension information in the curvelet transform matrices at a fixed scale j is
projected to the 2-dimension 6-D (decomposition angle—location point) coordi-
nates, so that the whole characteristics of the image represented by the curvelet
decomposition coefficients at the scale j can be analyzed in a single matrix. In this
way, the characteristics of the image distributed in the decomposition matrices with
different angle can be concatenated and be obtained more easily.

(1) CCDP transform principle

From the definition of curvelet transform, it can be found that through the
expansion, rotation, and translation of the curvelet elements shown in Fig. 5.8, the
local linear characteristics of the image can be obtained with the multi-scale and
multi-angle decomposition.

Therefore, the decomposition matrix M; g, actually uses a curvelet of scale = j
and angle = 0; to decompose the image. This means only the information along the
0, direction in an image, and the local linear singularity along the 6, direction can be
detected by some curvelets in the matrix M;g,, shown in Fig. 5.9 (each ellipse
stands for a curvelet).

Thus, the distribution of curvelet decomposition coefficients is also along with 6,
for the edge with the local linear singularity along 0;, where 6, is the corresponding
angle of 0; in the matrix M; g, (for the different size between the original image and

Fig. 5.8 Curvelet elements figures (the left figure represents the curvelet in the plane and the right
figure represents the curvelet in the tridimensional space)
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Fig. 5.9 Curvelet
decomposition along a line

A

the matrix M;q,. The line with angle 0; in the original image will be 0 direction in
the matrix M;g,, correspondingly). ) is called the coefficient distribution angle
(CDA). Therefore, it is enough to study the coefficients along 9;, and all information
of the local linear edge along angle 0; in the image can be obtained. The CCDP
transform is a kind of linear transform for the coefficients in the matrix M;y,
essentially.

2. Calculation of CDA-0,

In order to get the information along 0;, the CDA-0, in the matrix M; g, should be
calculated first. Suppose that the size of original image I(x,y) is X x Y, where X is
the row and Y is the column of image respectively. The size of matrix M; g, is a X b
(row x column). The angle 0, in the matrix M; g, corresponding to the angle 0 in the
original image can be calculated by:

Y
0, = arctan (Z_X X tan 6,) (5.10)

(3) CCDP transform

a. Implementation of CCDP transform
The CCDP transform is illustrated in Fig. 5.10. The transformation can be
defined by

fi(0,D) = CCDP(M; g, (x,y)) = C(M;,(x,y) - 6(Lineg p)))  (5.11)

where [=0,1,...,0 <0, <2n. C(M;,(x,y) - 6(Liney p)) is the linear

function along 0; direction, and D is a fixed point in the Line. The CCDP
transform’s projective value is a complex number G +jL, so that more
information can be reserved during the CCDP transform.

Through CCDP transform, a curvelet angle decomposition matrix M; g, can
be projected to a line that is perpendicular to 6 axis. And all curvelet
transform angle decomposition matrix at a fixed scale j is projected to the
2-dimension 6-D (decomposition angle—location point) coordinates. The



5.3 Characteristics of Pantograph Slide Plate Image Based on Curvelet Transform 121

Fig. 5.10 CCDP transform AD
principle figure

e [(0.D)=G+jL

» 0

whole characteristics of the image represented by the curvelet decompo-
sition coefficients at the scale j can be obtained in a single matrix f;(0, D).
In this way, the dimension of the data can be reduced, and the character-
istics of different direction in the image can be explicit. In all, the CCDP
transform can make the analysis and the recognition of image easier than
those in the original curvelet decomposition matrices.

. Choices of location point—D

From Fig. 5.11, it is clear that for the different slopes of 0;, the choices of
location point—D are also different.

Now, k stands for the diagonal’s slope and ky stands for the line’s slope
along 0 in M;,. If the situation is like L, the locating point—D must use
the row coordinate value. If the situation is like L,, the locating point—
D must use the column coordinate value. The choices of the coordinate
value depend on the magnitude of k; compared with k.

ky
Op = {(1) ‘ [
ks

<[kl

(5.12)
> [k|

where Op, represents the choices of location point. Zero means that D is the
row coordinate value (just like L;) and one means that D is the column
coordinate value (just like L;).

. Angle 0,

According to the definition of curvelet transform, 1 <0, <27 is clear.
Based on the symmetry of curvelet, a curvelet of 0; and a curvelet of 0, + 7
can detect the same characteristics of the image. It means that all

Fig. 5.11 Choice of location D

point

L,

Lz diagonal
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information by using a series of curvelets in the angle 1 <6; <7 can be
obtained. Therefore, in the CCDP transform, only a half of the decom-
position matrices will be projected to the 6-D coordinates, which will
speed up the computation and reduce the redundancy of information.

4. Projective value in f;(0, D)

Until now, the calculation of projective value in f;(0, D) has not been discussed.
The reason is that for the different purposes, the projective values G + jL have the
different choices. By doing this, more useful information can be preserved appro-
priately during the CCDP transform for a particular application. Generally speak-
ing, G includes the global information and L includes the local information along 6;.
The choice of G+ jL called the “line integral (G) + coefficients locating encoding
(L)” will be mainly discussed.

a. Choice of G—line integral

For the projective value of “line integral (G) + coefficients locating encoding
(L), G includes the global information that is represented with the line integral
along 0;, defined as follows.

G0.0) = > |Myo(xy) - (Linegg,p) (5.13)
1<x<a
1<y<b

Therefore, if there is a linear edge along 0; direction in the image, the projective
value G will be a local maximum value in the CCDP transform matrix.

b. The parameter L includes the local information along 0; of image. The coeffi-
cient locating encoding is a kind of binary encoding. It is used to represent the
location of coefficients that are higher than the threshold T in the Line(0), D).
The threshold T that determines the kind of linear edge is needed for the image
processing.

As shown in Fig. 5.9, each coefficient point along 6 corresponds to a binary bit.
If the coefficient is higher than the threshold 7, it means this coefficient point is a
desirable local linear edge and the corresponding point of L is to be 1. For repre-
senting the numbers of coefficients N in Line(0;, D), the location N + 1 of L is to be
1. The coefficient locating encoding is represented by

N-1
L=2"+ 221‘ - sig(coefficient) (5.14)
=0
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where

0 if coefficient<T

sig(coefficient) = { | if coefficient > T (5.15)

c. Extracting the information from L

In general, there are two methods for extracting the information from L.
The first step is to use log operator to get all bits’ location of 1. For each loop,
k can detect a bit of 1.

While L #0
k= [log, L]
L=L-2¢

End loop

The second step is to use a template to detect whether a fixed bit is 1. In order to
know whether the kth bit is 1, a “bitwise AND” operation of L with 2k=1 can be
calculated. If the answer is O, the kth bit is 0. Otherwise, the kth bit is 1.

d. Other possible choice of projective value

Besides the projective value of “line integral (G) + coefficients locating
encoding (L)”, some other possible choices of the projective value can also be
obtained.

G is the coefficients’ mean in the Line(6), D), and L is the coefficient’s number
that is higher than the threshold 7. If we need not to know the location details of the
coefficients, this scheme is fast and easy to use.

5.3.3 Characteristics of Pantograph Slide Plate Image

In order to distinguish the different elements in the slide plate image, it is necessary
to study the slide plate image’s composition and obtain the curvelet decomposition
coefficients’ distribution characteristics. The main elements in the pantograph slide
plate’s image are shown in Fig. 5.12.

The main elements include:

e Some backgrounds are included in the slide plate image and become the
interference. It is called the slide plate edge extract defects.

e In the powder metallurgical slide plate, there are slide plate joints and rivets.

e There are slide plate scratches because of the friction between the slide plate and
the catenary.

e The slide plate cracks maybe exist.
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Fig. 5.12 Pantograph slide plate image

(1) The coefficients’ distribution of the slide plate edge extraction defects

It is difficult to partition the slide plate’s image along the slide plate edge strictly
because of the algorithm’s precision when the pantograph slide plate’s image is
partitioned from the image originated from the cameras. Some backgrounds are
included and become the interference. In the edge of the partitioned image, the
explicit boundaries exist. There are high and horizontal coefficients in the edge of
curvelet decomposition matrix M; . The typical figure of coefficients’ distribution is
shown in Fig. 5.13.

(2) The coefficients’ distribution of slide plate joints and rivets

The powder metallurgical slide plate is composed of some small parallelogram
blocks. The edge of the parallelogram block is about 37/4. The adjacent joints are
parallel and equidistant. The coefficients’ distribution in curvelet decomposition
matrix M; 3,4 is shown in Fig. 5.14.

The rivets are small and circular, and the coefficients of rivets are small and are
distributed into all of the curvelet decomposition matrices. The influence of the
rivets is negligible when the slide plate cracks are detected. Therefore, the rivets’
coefficients need not to be processed specially.

(3) Coefficients’ distribution of slide plate scratches

The electric locomotives obtain power via catenary pantograph coupling. There
is the mechanical friction between the pantograph slide plate and the catenary. The
scratches are shaped in the pantograph slide plate’s surface gradually. The slide
plate scratches are zonal with the similar angles in the adjacent domain. The slide
plate scratches’ edge is a gradually vibrational one compared with the slide plate
joints’ sharp edge. Therefore, the curvelet coefficients are lower than the slide plate
joints’ coefficients. The typical figure of coefficients’ distribution is shown in
Fig. 5.15.

Fig. 5.13 Coefficients’ distribution of slide plate edge extraction defects
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Fig. 5.15 Coefficients’ distribution of slide plate scratches

(4) Coefficients’ distribution of slide plate cracks

Because of the external force and other reasons, the pantograph slide plate may
produce the cracks. It is the momentous safety hazard to the train operation. The
slide plate crack is a kind of sharp edge just as the slide plate joints. Although the
shapes are irregular, the slide plate cracks can be obtained after eliminating other
coefficients analyzed above. The typical figure of coefficients’ distribution is shown
in Fig. 5.16.

Based on the analysis of decomposition results for pantograph slide plate with
curvelet transform, the coefficient statistics characteristics of different pantograph
slide plate images are listed in Table 5.1 [15].

In Table 5.1, it can be found that the curvelet decomposition coefficients of
scratches are located in the matrix with 7/4—37/4 direction. Since the shape of
screw is circle, its curvelet decomposition coefficients are located in the matrix with
all directions. Though the curvelet decomposition coefficients of background, screw
and scratch are located in the wide range, the coefficient range is very different from
that of joints. The classification can be performed by using the global threshold. The
curvelet decomposition coefficients’ distributions of joints and cracks are similar,
namely, the coefficients of 4 joints are located in the matrix with same angle, and
the area interval of high coefficients is approximately equal. Thus, the special
classification should be performed.

Fig. 5.16 Coefficients’ distribution of slide plate cracks
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Table 5.1 Coefficient characteristics of pantograph slide plate image

Direction angle | Coefficient value | Coefficient number | Coefficient
ratio (%)
Parallel joints | 37/4 [36, 63] 416/129,544 0.32
Cracks - [35, 76] 156/129,544 0.12
Scratches [n/4,3m/4] [5, 15] 7958/129,544 6.14
Screws [0,27] [10, 15] 1080/129,544 0.83
Background [0, 27] [0, 5] 119,934/129,544 92.59

5.4 Pantograph Slide Plate Crack Extraction Based
on Translational Parallel Window in Curvelet
Transform Domain

5.4.1 Extraction Algorithm of Cracks

Through the global threshold of coefficients, the pseudo fault features in the pan-
tograph slide plate can be filtered, and the features of cracks and parallel joint are
remained. Therefore, the fault features in the slide plate image can be divided into
three types, namely crack, parallel joint and other pseudo fault features. For the
parallel joint, the direction is 37/4 and the interval is same in the location. In this
section, the algorithm based on translation parallel window is presented to extract
the crack features through processing the parallel joint in the slide plate image.

Suppose that the size of slide plate image is M x N. The image is decomposed
with curvelet transform, the decomposition level number is n, the n — 1th level is
composed of the matrix with [ directions. / = (Iy,...,];) represents the different
decomposition directions. If the parallel joint at 37/4 direction is corresponding to
the [;th direction matrix in the curvelet decomposition matrix, the matrix can be
represented with C{n — 1}{k}, and its size is M’ x N'.

In Fig. 5.17, the direction of parallel joint is 37t/4 and relatively regular, and its
coefficients of curvelet decomposition are higher than those of background and
other regular elements, which show obvious line singularity features. Therefore,
after the curvelet decomposition, in the matrix C{n — 1}{k}, the parallel joint is

Fig. 5.17 Schematic diagram of parallel moving window
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corresponding to the zonal parallel region with higher coefficients, and the width of
zonal parallel region and their intervals are roughly equal. Correspondingly, in the
curvelet decomposition matrix, the direction of crack’s zonal parallel region is
approximately is 37/4. Since the direction of zonal region is parallel and their
intervals are the same, the moving parallel window can be adopted to extract the
features of parallel joint [16].

As shown in Fig. 5.17, three rectangular windows composed of parallel
quadrilateral with 37/4 direction are constructed. The parallel quadrilateral’s hor-
izontal width is (2p + 1), the vertical height is the column number of matrix N, and
the interval between the adjacent parallel quadrilateral windows is d. The matrix
elements corresponding to the shadow part in the rectangle window are set to be 0
and other is set to be 1, as shown below.

1<i<M
1 i+kd<j<i+(2p+1)+kd
A = 5.16
/ k=0,1,2 ( )
0 else

where (2p + 1) is the horizontal side length, and d is the distance between the
adjacent parallel quadrilateral windows.

The rectangle window is adopted to process the direction matrix of curvelet
decomposition coefficients, as shown below.

C'{n—1}{k} =A; - |C{n— 1}{k}]| (5.17)

where C'{n — 1}{k} is the curvelet decomposition coefficient matrix after window
filtering. The element value in the three zonal regions is corresponding to the
absolute value of curvelet decomposition coefficient, and the element value out of
the regions is 0.

Based on the features of parallel joint coefficients, since there are four parallel
joints with the same size and shape in the slide plate, there will be four parallel
zonal regions with large numbers of numerical values in the matrix C'{n — 1}{k}.
Since the element’ absolute value in the zonal regions is higher and the distance
between the adjacent parallel quadrilateral windows is equal, the accurate locations
of the zonal regions can be obtained, which can efficiently distinguish the parallel
joint and the crack in the slide plate.

From the first column in the curvelet decomposition direction matrix, the rect-
angle windows are translated to the right in turn by step = 1, and the energy sum
SPW of each translated rectangle window is calculated. The one-dimension vector
for each translated rectangle window energy sum can be obtained.

M t+{N'—=[(2p+1)+d]}

SPW (1 Z Z [C{n — 13{k}(i,j)]? (5.18)
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Fig. 5.18 Extraction result of cracks in pantograph slide plate image

It can be found that when three zonal parallel regions in the translated rectangle
window match the parallel joint, the energy value is obviously larger than the
energy value in other cases, and is the element’s maximum value of one-dimension
vector. Because there are four parallel joints in powder metallurgy slide plate in
general, the maximum value of window energy will occur two times, namely
SPW(t;) and SPW(t,). Therefore, according to the locations of maximum value, the
accurate locations of parallel joints in the slide plate image can be quickly obtained,
and then the parallel joints of slide plate are filtered.

The cracks and parallel joints can be distinguished based on the crack extraction
algorithm based on the translation window. The regions of parallel joints corre-
sponding to the direction matrix can be processed with the threshold. Thus, after the
coefficients of scratches, screws, parallel joints and edges are processed, if the line
or approximate line singularities still exist, they are considered as the crack fault.

The algorithm is used to extract the crack in pantograph slide plate image, as
shown in Fig. 5.12, the extraction result is shown in Fig. 5.18. It can be found that
the crack faults can be accurately extracted and their locations can also be efficiently
positioned.

If there are some cracks that are parallel to the joint direction, the situation that
the cracks have equal interval and are parallel to three parallel joints at the same
time will never occur. Even if there are the cracks with the 37/4 direction, the
general maximum is only one. In addition, the SPW value of single crack in the
rectangle window is much lower than that in the three parallel joints situation. It
cannot be misjudged as the joint. Therefore, whether the crack direction is parallel
to the direction of the joint, it can be recognized.

The slide plate image including the crack that is parallel to the parallel joint is
chosen to verity the algorithm, as shown in Fig. 5.19. The slide plate image
includes two cracks, one is in vertical direction and in the center of slide plate, and
the other is in the parallel joint direction and in the slide plate’s left. The extraction
result is shown in Fig. 5.20.

Based on the results in Fig. 5.20, it can be found even if there are the cracks that
are parallel to the joints in pantograph slide plate images, the cracks can be
accurately detected and located.

Fig. 5.19 Slide plate image with two cracks
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Fig. 5.20 Extraction result of slide plate cracks

5.4.2 Experiment Verification

The RGB (1536 X 2048 X 3) slide plate image is shown in Fig. 5.21. In the front
slide plate of pantograph, the scratches are heavy, and there is a vertical crack in the
rear slide plate center.

Based on the Sobel operator and Radon transform, the outline of rear slide plate
can be obtained, as shown in Fig. 5.22.

Because there are cracks in the slide plate and the installation is not accurate for
the slide plate, the deformation and displacement of slide plate may happen, which
makes the slide plate outline image include some background images and the upper
and lower edges be not strictly in accordance with the horizontal direction.

In order to facilitate the realization of the crack extraction algorithm, Fig. 5.22 is
converted to gray scale image, as shown in Fig. 5.23.

The extraction result of slide plate cracks is shown in Fig. 5.24.

T T

Fig. 5.23 Grayscale image of slide plate
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Fig. 5.24 Extraction result of slide plate cracks

(a) Over exposure image (b) Insufficient exposure image

Fig. 5.25 Exposure defect image

In addition, due to the influence of natural factors such as weather and light
intensity, the images collected in the field have the problems of fuzzy and poor
exposure. For the situation of poor exposure, if the exposure is a serious problem
(as shown in Fig. 5.25), the crack feature will be very difficult to extract from the
original extraction slide plate, and when the exposure is light, it does not affect the
algorithm on the crack extraction.

Two images with the light exposure problem are chosen to verify the algorithm,
as shown in Fig. 5.26. In Fig. 5.26a, there is a vertical crack. In Fig. 5.26b, there is
a vertical crack and a parallel crack to the joint between two joints on the left.

The extraction result of slide plate cracks is shown in Fig. 5.27.

In the experiments, 17 images are chosen. There are 8 normal exposure images,
where there are 6 images with cracks. The false detection rate of all normal
exposure images containing cracks is O and that of insufficient exposure and over
exposure images is 11.1 %.

The experiment results show that the algorithm can accurately extract the crack
fault in the pantograph slide plate image. Even for the cracks that are parallel to the
joint direction, the cracks and parallel joints can be efficiently distinguished. In
addition, the algorithm is still efficient for the over exposure images. But when the
quality of the image is poor, it will affect the recognition of the crack due to the loss

(a)
(b)
\.

Fig. 5.26 Over exposure slide plate images
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(a)

(b)

Fig. 5.27 Extraction result of slide plate cracks

of the image information. In order to improve the accuracy of crack identification,
the image quality can be improved by improving the shooting condition or image
denoising, image enhancement and so on.

5.5 Detection of Slide Plate Cracks Based on CCDP
Transform

It can be found in Sect. 5.3 that the different elements in the slide plate image have
different coefficients’ distribution characteristics. It is possible to distinguish the
different elements according to the curvelet decomposition coefficients. The coef-
ficients distribution has explicit linear characteristics. The elements’ characteristics
can be analyzed easily and the different types of the edge can be distinguished
directly in a single matrix by using CCDP transform. The edge information of
image is concentrated in the high frequency domain, and the penultimate scale level
of curvelet decomposition matrix can be used. A slide plate image is shown in
Fig. 5.28 [15]. There are two cracks in the image marked with ellipse in the
experiment here.

For the different choices of location point, the CCDP transform matrix will be
displayed in two figures. The data are in the same matrix actually, but for the
simplicity of the analysis, they are displayed separately here. The CCDP transform
figure with the row locating point is shown in Fig. 5.29. The CCDP transform
figure with the column locating point is shown in Fig. 5.30.

Fig. 5.28 Slide plate image with two cracks
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Fig. 5.29 Row locating point with CCDP transform
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Fig. 5.30 CCDP transform of column location point. The real part G is displayed in the left and
the number of coefficients obtained from the imaginary part L, which is higher than the threshold
T, is displayed in the right

5.5.1 Distinguishing Slide Plate Edge

As has been analyzed in Sect. 4.1, the slide plate edge extraction defect coefficients
can be obtained in the horizontal direction in the matrix M;o. Therefore, in the
CCDP transform matrix, they are concentrated in the adjacent domain of 6; = 0 as
is shown in Fig. 5.29.

From Fig. 5.29, it can be found that there are high coefficients in the edge, and
they are the edge extraction defects in the CCDP transform matrix. There is nothing
except for them. This means there is no other image elements in the horizontal
direction and the slide plate edge extraction defects have be distinguished from the
CCDP matrix.

5.5.2 Distinguishing Slide Plate Joints

In Fig. 5.30, the coefficients are distributed mainly in four regions “A”—D”.
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Region “A” corresponds to the § = 37/4 direction. According to the analysis in
Sect. 5.3, the slide plate joints coefficients are distributed in this domain. In Region
“A” domain, there are some high coefficients with the equal distance. They coincide
with the characteristics of slide plate joints. The reason why there are two columns
with the similar coefficients is that the curvelet with the adjacent angles will detect
the same image characteristics twice. It is enough to keep a single column with
higher coefficients than the other. Now, the slide plate joints have been distin-
guished from the CCDP matrix.

5.5.3 Distinguishing Slide Plate Scratches

As known in Sect. 5.3, the slide plate scratches’ coefficients are lower than those of
slide plate joints. Through the CCDP transform, the coefficients concentrate on the
small points compared with the slide plate joints’. Of course, these coefficients are
higher than those produced by the type “A” and “B” coefficients. It is shown in
Region “D”.

However, the slide plate cracks can also obtain the similar coefficients just as the
Region “B” sometimes. For example, there is a small crack in the slide plate. The
single coefficient is high, but the quantity is small. Therefore, this crack’s coeffi-
cients are similar to those of scratches through the line integral of CCDP transform.
In order to separate them from each other, the key point is in the right figure. For the
scratch’s low coefficients, there are no coefficients higher than the threshold T in
Fig. 5.30. The L will not include the information of the scratches’ coefficients and
the corresponding location is zero just as Region “D” shown in the right figure. And
now, the slide plate scratches can be distinguished.

For convenience, the left and right figures of Fig. 5.30 can be combined together
by multiplying the corresponding points of the two figures. The combined figure is
shown in Fig. 5.31. In this figure, the slide plate scratches’ coefficients can be
eliminated automatically. It is more convenient for distinguishing the slide plate
cracks.

5.5.4 Analysis of Slide Plate Cracks

The slide plate edge extraction defects, the slide plate joints and the slide plate
scratches in the CCDP transform matrix can be distinguished. There are only slide
plate cracks left in the CCDP transform matrix to be detected if it exists. In the
experiment, the residual regions are “B” and “C”. It means that there are two cracks
in the slide plate.

Now, the location and the size of the cracks should be analyzed. The coordinate
of “B” and “C” are (157/32,85) and (197/32,210). The coefficients locating
encoding of “B” and “C” are 100000110 and 111111110 respectively. Therefore,
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Fig. 5.31 Combined figure of CCDP transform

409 1009

Fig. 5.32 Detection result of slide plate crack based on CCDP transform

from the coefficients encoding of “B”, it can be found that this crack is a short one
in the upper half plane. It is in the line of angle = 157/32 and the beginning point
in the original image is about 409 (This point is obtained from locating point “D”).
Correspondingly, “C” is a long crack about full length of the slide plate’s width. It
is in the line of angle = 197/32 and the beginning point in the original image is
about 1009.

Finally, the detection of pantograph slide plate cracks based on the CCDP
transform is shown in Fig. 5.32.

5.5.5 Detection Experiments

In order to verify the validity of the algorithm, this algorithm is used to identify a
set of pantograph slide plate images. The experiments are carried out with a camera
which is perpendicular to the plane of pantograph slide plate. Test images are from
the shooting pantograph slide plate. The images include the normal exposure,
insufficient exposure and over exposure images, as shown in Table 5.2.

Figure 5.33 shows the experimental results of some typical crack detections.
Figure 5.33b, d are the results of crack identification using the presented algorithm.

Through the crack recognition experiments, it can be found that when the image
quality is higher, the algorithm can better identify the slide plate’s crack. When the
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Table 5.2 Crack detection experiments of pantograph slide plate

Normal Over Insufficient
exposure exposure exposure

Total number of images 21 14 13

Image number including cracks 4 3

Correct recognition number with 4 2

cracks

False recognition number without 1 0

cracks

4
2
2

(a) Slide plate image with big crack

(b) Extraction result of (a)
I I I k I

1~ —_— - | S = 1 : 1
(c) Slide plate image of over exposure

(d) Extraction result of (c)

Fig. 5.33 Crack detection diagram of pantograph slide plate

image appears over exposure or insufficient exposure, it will cause the image
information loss and influence the crack identification. It has shown that non-crack
image false detection is mainly caused by the certain region on a slide plate, where
there are particularly obvious wear marks or light effects. It will result in the local
edge gradient, make the corresponding position of curvelet coefficients be very
large, and produce the misjudgment. Therefore, in order to improve the recognition
effect, on the one hand, it is needed to improve the imaging quality of image
acquisition equipment, especially the quality of light source, as far as possible to
use the surface light source to prevent the local reflection of light source. In
addition, the image enhancement technology is used to process the collected images
to enhance the contrast between different image features and improve the recog-
nition rate.

A computer with CPU (E2140) and Memory (2G) is used, and the crack
extraction experiments for the slide plate images with 1700 X 43 pixels are per-
formed. The time consumption is listed in Table 5.3. It can be seen that the crack
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Table 5.3 Time consumption of pantograph slide plate crack detection experiments

Total Curvelet Cracks Inverse transform of
time decomposition extraction curvelet
Time-consuming 1.85 0.37 1.05 0.43
Percentage - 20 % 56.7 % 233 %

extraction part takes much time, but the total time can meet the requirements of the
monitoring system.

To implement the automatic detection of the pantograph slide plate cracks, in
this section, the curvelet’s directional characteristics and the ability of the curvi-
linear edge detection are made full use of. Then the CCDP transform is adopted to
analyze the curvelet decomposition matrix. Through the CCDP transform, all
information at a fixed scale can be studied in a single matrix and it is convenient to
recognize the image’s characteristics.

By using the CCDP transform, the slide plate cracks’ coefficients can be dis-
tinguished from other elements’ coefficients easily. The slide plate cracks can be
detected accurately and quickly. It has shown that the automatic detection technique
of pantograph slide plate cracks based on the CCDP transform has the high practical
value.

5.6 Summary

The pantograph is one of most important devices that take charge of collecting
current in electrical railway. Its normal operation directly influences the train’s
operation safety. The fault detection of slide plate is very important for pantograph
normal operation. In this chapter, the image processing of slide plate faults are
introduced. First, the features of pantograph slide plate image including pantograph
structure, slide plate type and image features of slide plate are given and discussed
in detail. Second, the characteristics of pantograph slide plate image based on
curvelet transform are presented. In this section, the curvelet transform is intro-
duced and the curvelet coefficient directional project (CCDP) transform is presented
in detail. Then, the characteristics of pantograph slide plate image based on curvelet
transform are analyzed. Third, the pantograph slide plate crack extraction based on
translational parallel window in curvelet transform domain is given. The extraction
algorithm of cracks and experiment verification are performed. In the end, the
detection of slide plate cracks based on CCDP transform is presented in detail. The
detection steps, including the identifications of slide plate edge, joints, scratches and
cracks, are given. In addition, the detection experiments are carried out. The
experiments show that the slide plate fault detection of pantograph based on cur-
velet transform is efficient and feasible.
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Chapter 6
Detection of Catenary Support System

6.1 Introduction

In 2012, “Technical requirements of high-speed railway power supply safety
detection and monitor system” is published by the Railway Ministry of China [1].
The key idea of this system is to achieve the non-contact detection of the
safety-threatening working state of catenary system and its fittings based on the
images and videos captured by inspection vehicles or devices. The non-contact
detection methods have been proved to have the following advantages, such as high
detection efficiency, small interference to train operation, low cost and high flexi-
bility. However, currently, the detection of catenary fittings and the diagnosis of
faults are heavily dependent on human observation. The automation degree and
processing speed of detection systems cannot meet the requirement of improving
the maintenance efficiency and reducing the labor cost. In this chapter, some
automatic detection methods of safety-threatening working state of different cate-
nary fittings are presented based on image processing and computer vision tech-
niques. Typically, the detection of safety-threatening working state can be divided
into two steps, namely fault positioning and fault detection.

6.2 Image Acquisition

The images of catenary are taken by HD (High Definition) cameras mounted on the
top of inspection vehicle. As the vehicle runs along the railway line at night, the
camera automatically shoots when it encounters a catenary pillar. The shooting
angle and the shooting range are shown in Fig. 6.1a, as the dotted line indicates. In
order to make sure the parts in the images enough clear for fault detection, pictures

© Springer Nature Singapore Pte Ltd. 2017 139
Z. Liu, Detection and Estimation Research of High-speed Railway Catenary,
Advances in High-speed Rail Technology, DOI 10.1007/978-981-10-2753-6_6



140 6 Detection of Catenary Support System

of different portions of the catenary system are shot by different cameras, shown in
Fig. 6.1b. In general, the resolution of images is 2448 X 2048 pixels. In addition,
to eliminate the interference of the background scenery, the catenary images are
taken at night. LED (Light Emitting Diode) spotlights are utilized for illumination.

6.3 Insulator Fault Detection

Compared with other fittings in the catenary system, the features of insulators are
easy to capture, so the recognition and fault detection of insulators are easier than
those of other fittings. Several different methods are presented to detect the
breakage and other safety-threatening working state of insulators.

6.3.1 Insulator Positioning Based on Affine Invariant
Moments

In this section, the insulator detection method based on affine invariant moments is
adopted, and the graphic elements in the image are classified into two classes,
namely the rod-shaped objects and the joint devices. The graphic elements that
belong to the rod-shaped object class, which usually corresponds to the poles in the
image, are ignored so that the recognition of insulators can be less interfered by the
background [2].

() (b)

i

/ —
The spot and HD camera)

SN—

1 { M~

Fig. 6.1 a Sketch of image acquisition, b catenary suspension system image
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1. Algorithm process

The rod-shaped objects are recognized in the process of line detection, which is
achieved by Hough transform. The line detection process includes five main steps.

(1) Image enhancement, to sharpen the edges of rod-shaped objects so that they
are easier to be detected.

(2) Apply Hough transform to the enhanced images and locate the segments
detected by Hough transform.

(3) Connect the short segments whose endpoints are close to long segments by
clustering methods. Thus, the edges of rod-shaped objects can be formed.

(4) Determine the correspondence between the long segments and the rod-shaped
objects by further clustering, and judge which edges are correspondent to the
same object. Then, the rod-shaped objects can be localized.

(5) The rest of graphic elements can be classified as the joint device class.

The result of graphic element classification is shown in Fig. 6.2.

As can be seen in Fig. 6.2c, the joint devices are separately distributed in the
image. By analyzing the affine invariant moments of these graphic elements, the
insulators can be finally recognized.

The affine invariant moments are derived from the origin moments and the central
moments [3]. If the pixel value of image fis defined as f(x, y), in which (x,y) is the
pixel’s coordinate, the origin moments of a certain region are defined as follows.

+0o0 + 00
m[,q:/ /xpyqf(x7y)dxdy, p,g=0,1,2,... (6.1)
—00 —00

And the central moments are defined as

+oo +00

lupq:/ /(x—?c)”(y—y)qf(x,y)dxdy, p,qg=0,12,... (6.2)

(a) Original image (b) Rod-shaped class (c) Joint device class

Fig. 6.2 Graphic element classification results
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in which (,y) is the centroid of the image grayscale, defined as

m,
=2 y="4" (6.3)
Mmoo moo

The affine invariant moment [4, 5] is evolved from the central moment [3]. The
affine invariant feature extraction of target area can be realized by moving the
coordinate origin to the center of target contour region.

Affine invariant moment is a transformation from a two-dimensional coordinate
transformation to another two-dimensional coordinate, all of which can constitute a
group as follows.

X=x+a«a X =x X =wx
Oy . @) . \ ®9 .
y =y y=y+p y =wy

{x' =0x {x‘:erty {xlzx
@ ®1 . ®y .
y =Yy y =Yy y=tx+y

where D and @) are the translation transforms, @) and @ are the scale zoom
transforms, and B and @) are oblique transforms.

By solving the partial differential equations coefficient method [6] to obtain the
affine invariant moments, using the first three affine moment invariants to partici-

pate in the identification of insulator image, the affine invariant polynomial is
defined as follows.

_ ikt ) - Fputdand

F 0 (6.4)
Hoo
The first three affine invariant moments are listed below.
_ 2 4
11 = (oo tor — H11)/ Moo (6.5)

_ F50l3 — Oksoos o i + 435y + 4itsoliy — 315 1T, (6.6)

b
100

_ Haota1Mo3 — #20/1%2 — M1 H30Mo3 + Hii kot M1 + HooMaotin — #021151 (6 7)

I
H(7)o
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2. Experiment verification

The affine invariant moments of graphic elements that belong to the joint device
class are computed and compared with the samples of the insulator. The samples of
insulators vary in the orientation, scale and brightness (as seen in Fig. 6.3), however,
their affine invariant moments are almost the same (as is shown in Table 6.1). The
difference between the graphic element and the insulator sample is evaluated below.

b= \/(Pm) = 0u)* + (Puy — Qw)* + (Pysyy — Quy)’ (6.8)

where D is defined as the distance between the graphic element and the insulator
example, P means the affine invariant moments of graphic element, and Q means
the affine invariant moments of insulator samples. The graphic element is recog-
nized as an insulator if its distances to the insulator samples are smaller than a
certain threshold, which is empirically set to 0.1 x Y D.

6.3.2 Insulator Positioning Based on Fast Fuzzy Matching

Some methods can directly extract the insulators from the original images. For
example, the image pyramid offers a flexible and convenient multi-resolution
presentation of image. The neighborhood average pyramid algorithm can greatly
reduce the computation load and increase the processing speed [7].

1. Algorithm process

The ground layer of the pyramid is the original image. The (i + 1)th layer of the
pyramid is generated by down-sampling the ith layer of the pyramid. The down-
sampling is accomplished in four different ways.

(1) Reserve all the pixels whose horizontal coordinates and vertical coordinates
are both odd numbers

(2) Reserve all the pixels whose horizontal coordinates and vertical coordinates
are both even numbers

(3) Reserve all the pixels whose horizontal coordinates are odd numbers and
vertical coordinates are even numbers

(4) Reserve all the pixels whose horizontal coordinates are even numbers and
vertical coordinates are odd numbers.

The four down-sampled matrixes with the same size are resized, and then the
average value of four matrixes is taken. The schematic of neighborhood average
pyramid algorithm is shown in Fig. 6.4 [8].
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a) Insulator in horizontal direction (b) Partly occluded insulator
(c) Insulator leaning at 30° angle (d) Insulator leaning at 60° angle

(2

e) Insulator with more ceramic chips (f) Insulator with high grayscale values

Fig. 6.3 Insulator samples

Table 6.1 Affine invariant

. ) Affine invariant moments | I; I I5
;ann;f:s“ of different insulator  ~ 6.3 13.0490 | 50.8542 |35.2271
Figure 6.3 13.1004 | 50.0375 |32.3050
Figure 6.3 13.0484 | 50.8460 | 35.1213
Figure 6.3d 13.0488 | 50.8446 | 35.1394
Figure 6.3¢ 12,1726 | 44.0774 | 30.5523
Figure 6.3 14.8884 | 545518 | 34.4479

The fuzzy matching is achieved by using NCC (Normalized Cross Correlation)
[9]. The insulators’ images, whose inclination angles are different, are used as the
templates. Assume that the size of global image /is M x N, and the size of insulator
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Fig. 6.4 Schematic of
neighborhood average
pyramid algorithm

template T is m x n. Choose a sub-image I, , randomly from the global image I, and
the size of I, is also m x n. Set the coordinate of the top left corner of sub-image in
the global image as (x,y), then, 0 < x < M —m, 0 < y < N — n. The normalized
cross-correlation value of I, and T is

Z Z et iyi) = L) [Tipy — T
\/Zm ! x+i,y+] AV] Z Z [ (i T]z

(6.9)

where T(; is the pixel grayscale value of the ith row and the jth column, and 7(”) is
the average grayscale value of I, ,. The definition of T(XQ,) is described below.

Ley=— [I<x+,-,y+j>] (6.10)

T = ' T(i,/‘) (6.11)

All the normalized cross-correlation values R(x,y) form the normalized cross
correlation matrix R. In the normalized cross correlation matrix R, for arbitrary
xand y that satisfy 0 <x <M -m, 0 <y <N —n if R, ) = max{R,,,)} then
R?x.y) is the optimal solution. The corresponding sub-image I, is the best matching
of the template T.

Simplify Eq. (6.8), and set T(,i,
correlation value R;x,y) is expressed below [10].

0 =Ty — T. The simplified normalized cross
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, Z Z x+1,y+] T(/ i)
(ey) m—1 7 2
\/Z =0 x+i.y+j) - IXJ]

In order to reduce the computational cost, Fourier transform is adopted. When
the image is transformed to the frequency domain, the cross-correlation operation
becomes the multiply operation. The cross correlation matrix R’ can be obtained as
follows.

(6.12)

R = F ' [F()F (T (6.13)

where F(I) is the Fourier transform result of 7, F*(T") is the complex conjugate of
F(T'), and F~!(-) is the inverse transformation of Fourier transform. T’ should be
padded with zero to reach the size of M x N.

Set a threshold for the normalized cross correlation values in matrix R'. If the
normalized cross correlation value of the sub-image /., and T is higher than the
threshold, this sub-image will be recognized as containing an insulator.

Insulator templates of three different inclination angles are prepared, as can be
seen in Fig. 6.5.

(a) Horizontal template (b) 30° template

(c) 60° template

Fig. 6.5 Insulator templates



6.3 Insulator Fault Detection 147

Matching the global image with the horizontal template is able to detect the
insulators whose inclination angles are between —15° and 15°. Matching the global
image with the 30° template is able to detect the insulators whose inclination angles
are between 15° and 45°. Matching the global image with the 60° template is able to
detect the insulators whose inclination angles are between 45° and 75°. Considering
the installation angles of insulators, the inclination angles of insulators in the image
will not be below —15° or above 75°, and using these three templates can detect all
the insulators installed in the catenary system.

The images in the up line library are respectively matched with the above
templates, and the insulators from the various directions are extracted. Because the
calculation results in the process of cross correlation of normalized function have a
fixed range of [—1, 1], it is easy to set the detection threshold. After the images are
matched with the horizontal template, the insulator in [—15°, 15°] can be detected.
After the images are matched with the template of 30°, the insulator in [15°, 45°]
can be detected. After the images are matched with the template of 60°, the insu-
lator in [45°, 75°] can be detected. Based on the matching of three templates, all the
rod insulators in the image can be detected. Therefore, when the images in the down
line library are processed, the horizontal insulator template is chosen and rotated at
30° and 60° directions. Similarly, when the images in the down line library are
processed, the horizontal insulator template is chosen and rotated at —30° and —60°
directions. In Fig. 6.6, the left is the range of up line images and the right is that of
down line images.

2. Experiments

To verify the performance of the presented algorithm based on the normalized
cross correlation matching and Pyramid nearest neighbor algorithm, some images
from different conditions and locations in the image database are chosen for the
positioning experiments. The normal rod insulator is shown in Fig. 6.7. Figure 6.7a
shows the matching of image and horizontal template. Figure 6.7b shows the
matching of image and —30° template. Figure 6.7c shows the matching of image
and —60° template. It can be seen that the matching effect is good. The damaged rod
insulator is shown in Fig. 6.8. Figure 6.7a is the positioning image of damaged

> 60, >~ .
. — Oy
30/ X
0 ° \-30 °
R > .
X \-60

(a) Matching range of up line  (b) Matching range of down line
images images

Fig. 6.6 Matching range
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(a) Horizontal template matching (b) -30° template matching

(c) -60° template matching

Fig. 6.7 Matching of normal rod insulator

i

(a) Positioning of damaged insulator (b) Positioning with inclusion foreign
body

Fig. 6.8 Matching of faulty rod insulator



6.3 Insulator Fault Detection 149

Table 6.2 Matching time statistics for Fig. 6.7

Template 0° -30° —60°
Time 2.404231 2.100431 2.303324

Table 6.3 Statistics data of insulator positioning experiments

Image number Correct number Wrong number Recognition ratio
Total number 30 27 3 90 %

With insulator 28 25 3 -

Without insulator 2 2 0 -

Fault number 2 2 0 -

insulator. Figure 6.7b shows the positioning image of insulator with inclusion
foreign body. It can be seen that the matching effect is good. The matching time
statistics for Fig. 6.7 are listed in Table 6.2, where the detection threshold is
7 =0.68.

The results of image recognition in the gallery are shown in Table 6.3. It can be
seen that the matching algorithm can quickly realize the accurate positioning of rod
insulator. The reason of false positioning is that when the distance of the shooting
range becomes longer, the image object will be more blurred. In the shooting
process, through setting the appropriate interval, the influence of shooting distance
and target objects can be effectively improved.

6.3.3 Insulator Positioning Based on Harris Corner Points

1. Algorithm process
There are two advantages of detecting with Harris corner points [11].

(1) Only the computation of first order derivatives is needed, thus the cost of
computational is reduced. Besides, this computation is insensitive to the
variance of the brightness and the contrast of images. The variance of
brightness and the contrast does not change the extreme point of the Harris
response.

(2) The Harris corner detector adopts the secondary moment matrix of a pixel’s
adjacent area. The matrix corresponds to an ellipse. The major and minor axes
of ellipse are the square roots of matrix’s eigenvalues. These eigenvalues do
not change with the rotation of ellipse and the response of corner point is also
invariant, which means that the stability is high.

Let I, and I, denote the gradient of image I(x,y) in horizontal and vertical
direction, and compute the product of the gradients I =1, -1, Iy2 =11,
I, =I,, = I, -I,. Use Gaussian function to generate the weights of gradients’

products, then Matrix M is obtained as follows.
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r? o1 W+ v\ 121
M:Zw(u,v)[lvx Iéy}:exp(——zaz )L ;g] (6.14)

yx

where w(u, v) are the coefficients of the Gaussian window at (u, v).
Set the threshold for Harris response R as follows.

R = {R : detM — a(traceM)* <1} (6.15)

Then Non-maximum suppression is performed in the n X n neighborhood of
pixels. The local maximum value points are regarded as the corner points.

In order to enhance the efficiency of corner point matching, the SSDA
(Sequential Similarity Detection Algorithm) is adopted. The main process of SSDA
is described as follows in [12, 13].

Suppose that the size of template Tis N x N and its center is the ith corner point
of image. The size of searching sub-image S/ to be matched is also N x N, and its
center is the some corner point of image. The coordinate of the top right corner of
S is defined as (i,/). Then the absolute error is defined as follows.

e(i,j,me, ni) = S (my, nie) — S(i, j) — T(my, i) + T (6.16)

in which,

$0) = 1y D2 D S, )
=t =l (6.17)

NN
T:]WZZT(’“’”)

m=1 n=1

Randomly select the pixels in S/, compute the difference value between the
selected pixel and its corresponding point in template 7, and repeat this process and
accumulate the difference values. When the sum of the difference values exceeds
the threshold T}, stop accumulating. Record the number of times of accumulation
(represented as r), then define the SSDA surface as I(i,j) = r. The maximum of
I1(i,j) is regarded as the matching point.

In this section, Fuzzy C-means clustering [14] is utilized to distinguish the Harris
corner points corresponding to different insulators.

If the data set is X = {x,---,xy}, its fuzzy C partition can be represented by
U = [Uj] € R™N. U; means the membership degree of the ith class for the jth point.
Soiuy=1,u;€[0,1],i € [1,c] andj € [1,N]. The fuzzy C-mean clustering means
the solution of minimum value as follows.
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N ¢
J=min{} "3 u|lx - vi|*} (6.18)
j=1 =1

where v; is the clustering center of the ith class, ||x; — vi|| is the Euclidean distance
of the ith class for the jth sequence, and m is the weighted index.
The steps of fuzzy C-means clustering are listed below.

(1) Determine the number of clusters ¢ and m, as well as the iterative stopping
threshold . Initialize the membership degree matrix U° and the iterative
number .

(2) Update the clustering center V!, namely

V= [Z;‘:l (ug,)mxj} / [Z}Ll (ugj)'"}, ie[l,c (6.19)

(3) Update the membership degree matrix U'* !, namely

~ g —wlf]
= LZW] . (ijEeRY) (6.20)
—1 -V

[ -1
uij — uij

@) It max{

‘} <, stop the calculation, and output the clustering center

V! and membership degree matrix U’, otherwise continue to perform the
iteration.

The accurate positioning of insulator axis can be realized by using SSDA
matching corner. Because the similarity degree is set by the threshold in the
matching process, some corners in the center axis will lose. In order to fully reflect
the length of center axis, corners in the region near the clustering centers are
recovered, and the restored corners can be fit with straight line by using the least
square method. Suppose that the coordinate (x;,y;) of ith corner satisfies

yi=mxi+ny i€[l,N] (6.21)

where 7, is the slope of straight line and 7, is the intercept.
In order to ensure the minimum of deviation weighted square sum, the param-
eters of straight line are estimated by using the least square method, namely

b~ (mw )| = —ZZZI i — (i )] = 0

Sl
o

Il
—_

n=n

(6.22)
i — (126 + )]

ES
.

n=n

- —ém— (i1 + )] = 0
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Fig. 6.9 Object region [ T
location sketch of insulator |

Long axis of
porcelain skirt

The best estimation 1, #j of 7,7, can be obtained as follows.

i = (N ) E?leiyi - Z?lei ) ngzlyf>/(N : vazl x[z - (Zﬁilxi)z)

6.23
o= (S0 5= S ) (V5 — () (O

Combining the coordinate of clustering center and the fitting line, the location
situation of rod insulator is supposed in Fig. 6.9 [15]. The center coordinate of
insulator is O, the axis length is L, the long axis of porcelain skirt is K, and the slope
angle is 0.

No matter how the scale and the angle of inclination of the insulator change in
the image, the ratio between the symmetry axis length and the section width of
insulator remains consistent. Therefore, the bounding rectangle of the insulator
(denoted as M x N) can be determined by using the trigonometric transform.

y=L/K=~23
M=2d,=L-cos0+K - sin0 (6.24)
M=2d,=L-sin0+K- cos0

where L is the central axis length of insulator, K is the section width of the insulator,
and 0 is the angle of inclination of the insulator.

2. Experiments

In order to verify the accuracy of Harris corner detection, SSDA matching
algorithm and target area positioning, the experiments are carried out. The images
are from the image database of Wuhan-Guangzhou high speed railway.
The positioning results of image with a normal insulator are shown in Fig. 6.10.
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a) Corner detection image of insulator template

b) Corner detection image of being c) Corner matching result
detected
(d) Corners recovery of insulator center e) Fitting line image of corner recovery

axis

Fig. 6.10 Positioning result of image with only one normal insulator

Figure 6.10a is the corner detection image of insulator template. Figure 6.10b is the
corner detection image of being detected. Figure 6.10c is the corner matching result
image. Figure 6.10d is the result image of corners recovery of insulator central axis.
Figure 6.10e is the fitting line image of corners recovery. If multiple normal
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Fig. 6.11 Positioning result
of multiple insulators

insulators exist in the image, the insulator positioning image is shown in Fig. 6.11.
The fault insulator positioning is shown in Fig. 6.12. Their statistics of straight line
tilt angle are listed in Table 6.4.

Based on Figs. 6.10 and 6.11, it can be clearly seen that the positioning region
includes all information of insulator. The method can effectively identify the tilting
insulator, and has good resistance to rotation. In addition, the fitting line can reflect
the inclination degree of insulator. In Table 6.4, the slight tilt angle of insulator can
be given quantitatively. In Fig. 6.12, whether the insulator has the fracture or
inclusion foreign body, the complete positioning of insulator can be realized.
Furthermore, if the boundary of Fig. 6.12b includes the incomplete insulator, the
corresponding threshold can be set to eliminate the center point near the image
boundary.

There are some failures of image positioning. The main reason is that the
improper setting of exposure time leads to the blurring of image. In addition, due to
the large area shedding of insulator porcelain, the insulator corners are lost.

6.3.4 Fault Detection Based on Grayscale Statistic

Based on the periodic grayscale distribution of insulator surface, grayscale statistic
is one of the easiest features used to detect the safety-threatening working state of
insulator. The fracture of ceramic chips or foreign bodies clamped between the
ceramic chips will destroy the periodicity of grayscale distribution. Therefore, the
detection of foreign bodies clamped between the ceramic chips is used as an
example to introduce the process of fault diagnosis based on grayscale statistic.
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Fig. 6.12 Positioning of fault
insulators

(b) Positioning of insulator with foreign body

Table 6.4 Statistics data of

. . Insulator location Figure 6.10 Figure 6.11
insulator tilt angle

Deflection angle (°) —0.1971 —0.8837 29.267

1. Detection Process

The detection of foreign bodies clamped between the ceramic chips can be
achieved in four steps, namely angle adjustment, image dilation, image enhance-
ment and grayscale statistic curve analysis [2].
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(1) Angle adjustment

The purpose of angle adjustment is to rotate the image of insulator to make sure
that the insulator stays horizontally in the image. This can be achieved based on the
least square fitting. Firstly, the contour of insulator is detected. Then the insulator’s
axis of symmetry can be obtained by least square fitting. Basically, it is to fit the
contour of insulator with a line. Because the insulator is axisymmetric, the optimal
result is the axis of symmetry of insulator. Denote the axis of insulator symmetry by
[ and the angle between [ and the horizontal line by 6. Then the angle that the image
needs to be rotated is 180° — 6.

(2) Image dilation

Because the sizes of foreign bodies clamped between the ceramic chips are
usually small, in order to make sure that the foreign bodies can be successfully
detected, the image is dilated first. Then, the features of foreign bodies can be
enhanced.

The structuring element used in the dilation is a 4 x 8 rectangle. This is deter-
mined empirically. If the size of the structuring element is too small, the effect of
the dilation will be limited. If the size of the structuring element is too big, the
contour of the insulator will be blurred.

The results of angle adjustment and image dilation are shown in Fig. 6.13.
Figure 6.13a is the original image of insulator. Figure 6.13b is the image of the
same insulator after angle adjustment and image dilation. The feature of the
grayscale distribution of the insulator, namely the periodically altering brightness
and darkness in Fig. 6.13b is more obvious after image dilation.

(3) Image enhancement

The grayscale statistic curve of insulator in the dilated image is shown in
Fig. 6.14a. The grayscale statistic curve is obtained by counting the number of
non-zero points in each column of image. Although the existence of foreign bodies
increases the value of the minimum points, the inherent differences among the
values of the minimum points usually make it difficult to recognize this increase.

To solve this problem, the insulator image is divided into several chunks at the
minimum of grayscale statistic curve. The image enhancement is accomplished
locally in each and every chunk. The image enhancement is accomplished below.

(a) (b) (c)

Fig. 6.13 Results of angle adjustment and image dilation
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M(m,n) =< (I(m,n) — Lm)m + Loy Liy<I(m,n)<H;, (6.25)
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where [ is the original image, M is the enhanced image, L;, and H;, are used to
define the grayscale range that needs to be enhanced. L,,, and H,,; are the output
range of the enhanced grayscale range. The result of image enhancement is shown
in Fig. 6.13c. The grayscale statistic curve of insulator in the enhanced image is

shown in Fig. 6.14b.
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(4) Foreign body detection based on grayscale statistic curve analysis

As shown in Fig. 6.14b, the peaks of grayscale statistic curve correspond to the
ceramic chips. The zero points of grayscale statistic curve correspond to the joints
between two ceramic chips.

The interval between the central points of adjacent intervals whose the values are
consistently zero is defined as the width of ceramic chip, as shown in Fig. 6.14b,
denoted by W. If no foreign bodies are clamped between the ceramic chips, the
value of W will remain consistent.

When a foreign body is clamped between the ceramic chips, the value of W will
rise, because the two ceramic chips are connected by the foreign body and the
zero-valued interval between the ceramic chips disappears, as seen in Fig. 6.15.
Figure 6.15a is the original image of insulator (with a pebble clamped between the
ceramic chips). Figure 6.15b is the result of image enhancement. Figure 6.15c is
the grayscale statistic curve of the enhanced insulator image. The criterion for

(a) The original image (b) The enhanced image

70} r\ ]

I A -

40t l 1

Non-zero number of grayscale

10} ) 1
i - 1Al 1

0 50 100 150 200 250 300 350
Width of image

(c) Grayscale statistic curve of the enhanced image

Fig. 6.15 Detection of foreign body
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judging whether there is a foreign body clamped between the ceramic chips is
determined through a large number of experiments based on W, as listed below.

(6.26)

W >1.5W,, Foreign body detected
W<1.5W,, Normal

where W, is the mean value of W in the experiment.
2. Experiments

In order to verify the validity of the presented method, the experiments are
carried out on the normal and faulty images taken under different conditions in the
gallery. First, the image elements are pre-classified. Then the affine invariant
moment is used to identify and locate the insulator. Finally, the extracted insulator
is processed, and the fault condition is identified. The detection process and results
are described as follows.

(1) Pre-classification of basic image elements

The results of pre-classification for the basic image elements by using Hough
transform are shown in Fig. 6.16. Figure 6.16a is the original image, Fig. 6.16b
corresponds to rod objects, and Fig. 6.16¢ corresponds to the insulator class.

(2) Recognition and positioning of insulator

Through calculating the affine invariant moments of the connected regions in
Fig. 6.16c insulator class (shown in the circle), the results are listed in Table 6.5.
The affine invariant moment distances between the connected regions and the
templates in Fig. 6.3a—f are shown in Table 6.6.

Based on the experiments, if any template in the six insulator templates is used
to match the image, it can be obviously found that the distance between the 3th and
4th connected regions and template is the minimum, and the different between other
regions is also very distinguishable. Therefore, it can be concluded that the 3th and
4th connected regions are insulator images.

It can be shown that the insulator identification method based on affine invariant
moment is not sensitive to the template selection, and the recognition performance
is good. At the same time, after classification, because the image elements in
insulator class only include the insulator and a small amount of the rod connecting
objects, the calculation cost of recognition and positioning is less, fast and accurate.

(3) Fault detection of foreign bodies among insulator pieces

a. Insulator A

The detection process of Insulator A is shown in Fig. 6.17. The extraction of
Insulator A in Fig. 6.16c based on affine invariant moment is shown in Fig. 6.17a.
The result through eliminating the two ends of insulator based on dilation operation
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(a) Original image (b) Rod objects

(c) Insulator class

Fig. 6.16 Results of pre-classification for basic image elements

Table 6.5 lcAfﬁne invc'iuiant Number I, L L

moments of connecte

regions 1 9.0215 32.5390 19.3610
2 8.3074 24.0612 18.2413
3 12.6210 47.5519 30.2366
4 12.9254 46.8893 30.5618
5 8.9019 31.6642 20.1935

is shown in Fig. 6.17b. The effect of local region contrast adjustment is shown in
Fig. 6.17c. The gray level statistical graph of Insulator A is shown in Fig. 6.17d.

In Table 6.7, the 5th stripe width is two times than that of other interval, so it can
be judged that Insulator A is here, and there is a foreign body between the 4th and
the 4th porcelain.

b. Insulator B

The detection process of Insulator B is shown in Fig. 6.18. The extraction of
Insulator B in Fig. 6.18c based on affine invariant moment is shown in Fig. 6.18a.
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Table 6.6 Affine invariant moments between the connected regions and templates

Distance from template 1 2 3 4 5

Figure 6.3a 24.5642 32.0759 5.9995 6.1238 24.7278
Figure 6.3b 22.1446 29.9254 3.2690 3.6029 22.4030
Figure 6.3¢ 24.4898 32.0131 5.9071 6.0382 24.6571
Figure 6.3d 24.5004 32.0215 5.9213 6.0510 24.6671
Figure 6.3 16.3800 23.8147 3.5176 29112 16.4949
Figure 6.3f 27.3240 35.1517 8.4779 8.8130 27.6201

The result through eliminating the two ends of insulator based on dilation operation
is shown in Fig. 6.18b. The effect of local region contrast adjustment is shown in
Fig. 6.18c. The gray level statistical graph of Insulator B is shown in Fig. 6.18d.

In Table 6.8, the 4th stripe width is two times than that of other interval, so it can
be judged that Insulator B is here, and there is a foreign body between the 4th and
the 4th porcelain.

In Table 6.8, the width of this test group has no mutation. Therefore, it can be
concluded that the Insulator B is normal. The real-life images are used to verify the
detection method, their detection results are listed below.

The experimental picture number is 38, in which there are 33 images with
insulator and 3 images including with fault. There are 32 images with insulator and
3 images with fault are correctly recognized, and the recognition rate is 96.97 %.
The error recognition is that the large area of insulator is blocked because of the
shooting angle, which leads to the affine invariant moment distance over the
threshold. The problem can be improved through adjusting the shooting angle.

6.3.5 Fault Detection Based on Wavelet Singular Value

Wavelet transform has been proved to be effective in detecting the spatial singu-
larity of the signal. Because of the periodic grayscale distribution on the surface of
insulator, the safety-threatening working state (such as the breakage of ceramic
chips) can be regarded as the singularity of grayscale distribution. The detection
method based on wavelet singular value detection is presented in this chapter.

1. Detection Process

The process of detecting safety-threatening states of insulators based on wavelet
singular value detection is achieved in three steps, namely angle adjustment, image
average filtering and singular value detection [7].

(1) Angle adjustment

The purpose of angle adjustment is to rotate the image of insulator to make sure
that the insulator stays horizontal in the image. Due to the material (ceramic) and
the shape (approximately cylindrical) of the insulators, the line, where the light
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Fig. 6.17 Detection process
of insulator A

Non-zero number of grayscale

70

40

6 Detection of Catenary Support System

(a) Extraction of Insulator
A based on affine invariant moment

(b) Eliminating the two ends of insulator
based on dilation operation

(c) Local region contrast adjustment of Insulator A
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Table 6.7 Stripe widths of insulator A

No 1 2 3 4 5 6 7 8 9
Stripe width 20 21 21 40 20 21 20 21 20

Fig. 6.18 Detection process
of insulator B

(a) Extraction of Insulator
B based on affine invariant moment

(b) Eliminating the two ends of
insulator based on dilation operation
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(c) Local region contrast adjustment of Insulator B
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(d) Gray level statistical graph of Insulator B
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Table 6.8 Stripe widths of insulator B

No 1 2 3 4 5 6 7 8 9
Stripe width 28 26 28 27 28 27 27 27 28

Fig. 6.19 Sketch map of the
insulator illumination

plane is tangent to the surface of insulator, is the brightest area on the surface of
insulator. In Fig. 6.19, the cylinder represents the insulator, and line AB is the
strongest reflection location on the surface of insulator.

A high-pass filter is applied to the image of insulator, and then the edges of image
are detected by using Canny operator. Some light spots emerge in the edge map, as
shown in Fig. 6.20b. Extract the geometric center of light spots and compute the
fitting line of e light spots (as shown in Fig. 6.20c), and then the angle that the image
needs to be rotated can be determined according to the fitting line’s slope.

(2) Image average filtering

For the periodicity of insulator, if the insulator is in good condition, its hori-
zontal gray value change mode is basically the same. The fracture of porcelain skirt
and the inclusion of foreign body will damage the regularity of its spatial
arrangement.

In general, the piece number of rod insulator porcelain skirt in high speed
railway is 10 or 11, namely the number of insulator characteristic regions. Based on
the periodicity of characteristic regions, the fracture of porcelain skirt and the
inclusion of foreign body can be justified, and the fault can be obtained.

Tn x(y) =T(x=m,y) (6.27)

(a) Original insulator Image (b) Edge map extracted (c) Fitting line of light spots
by Canny operator

Fig. 6.20 Angle adjustment of insulator
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where T, . is the horizontal gray value corresponding to the mith row. In order to
decrease the influence of gray value inequality, the average filtering is utilized to
smooth the image [16].

Tm_x (Y) - mean(Tm_x (y))

Tn_x(y) = std(Tn_x(y))

(6.28)

In order to make the judgment more intuitive, the wavelet transform is used to
calculate the modulus maxima of the horizontal gray value curve.

(3) Singular value detection

The space-frequency localization characteristic of wavelet analysis can make the
detection of signal singular values very easy. The problem of localizing the signal
singular value can be converted to localizing the maximum values of wavelet
coefficients. The exact relationship between the modulus maxima of wavelet
transform and the signal singularity can be determined according to the Lipschitz
exponent y. The Lipschitz exponent y of a function at a certain point represents the
singularity of the point. The greater y means the higher smoothness degree, and on
the contrary, the greater singularity.

If the function f(¢) in [r1, 2] satisfies |Wy(a,1)| < ka’, where k is the constant, 7
will keep unchanged. The y value of singularity point #, is less than that of other
points in (9, ¢). When a — 0, the wavelet transform coefficient at 7y has the slowest
decay, the wavelet transform coefficients at other points in (f, &) will have con-
stantly convergence, and the wavelet transform coefficient at 7y become the modulus
maxima. Thus, the signal singularity detection can be transformed to the detection
of wavelet transform modulus maxima [17, 18].

2. Experiments

The grayscale distribution of ‘normal’ insulators is cyclical. The breakage of the
ceramic chips and the foreign body clamped between the ceramic chips will cause
local singularity in the grayscale distribution, which can be detected from the local
maximum values of wavelet coefficients on the specific scale. The detection of local
maximum values includes the following steps. The image is normalized before
singular value detection.

(1) Define the baselines in the insulator image. Perform the convolution between
the sub-windows on the baselines and the Gaussian wavelet kernel. Thus the
wavelet transform on the baselines is completed.

(2) Compute the magnitude of wavelet coefficients. Detect the local maximum
values of the wavelet coefficients.

(3) Normalize the local maximum values of wavelet coefficients.

(4) Set the threshold of local maximum value. Remove the local maximum values
that are below the threshold.
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(5) Compute the intervals between the indexes of local maximum values. Analyze
the regions with abnormalities. Detect the safety-threatening conditions of
insulators.

Figure 6.21 shows the detection result of insulator breakage fault. The left image
of Fig. 6.21b corresponds to the grayscale distribution on the baseline of which the
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(c) Local maximum values of wavelet coefficients on the baseline

Fig. 6.21 Detection of insulator fracture fault
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vertical coordinate is 50. Eight peaks can be found on the curve. However, the
normal number of peaks is 10-11 because the insulator usually includes 10-11
ceramic chips. The image of local maximum values of wavelet coefficients on the
baseline of which the vertical coordinate is 120 is shown in Fig. 6.21c. The right
image of Fig. 6.21b shows the grayscale distribution on this baseline. It can be seen
from Fig. 6.21c that the normal interval between two local maximum values is 48.
The interval increases to 81 where the ceramic chip is broken. Based on this, the
abnormality of this insulator can be detected.

Figure 6.22 shows the result of foreign body detection. Normally, the intervals
between the local maximum values are 11 and 18 alternately. However, the interval
between the eighteenth and nineteenth local maximum values is 33 (as shown in
Fig. 6.22c). Based on this, the foreign body between the ceramic chips of the
insulator can be detected.

6.3.6 Fault Detection Based on Chan-Vese Model

The insulator’s edge information is also helpful for the detection of insulator
abnormality. In this section, in order to efficiently extract the contour of the insu-
lator, Chan-Vese model (known as CV model) [11] is adopted.

1. Detection Process

The basic idea of CV model is to use a level set function ¢ to segment an image
into two regions, target and background, which are respectively denoted by
{c1(x,¥) : ¢(x,y) > 0} and {c2(x,y) : ¢(x,y)} [19]. In order to upgrade the con-
vergence speed, Yang et al. proposed an improved CV model [20]. The model can
be formulized as follows.

F($,C1,Co) = u / 00()|V ldxdy + v / oH (¢)dxdy

i / oll — CiPH(¢)dxdy + o / oll — CoP|1 — H(¢)|dxdy
(6.29)

Set I as the original image, u, v, 4; and 4, as the weight parameters. J(x) is the
Dirac function and H(¢) is the Heaviside function. To ensure the smoothness of the
contour in the evolution, the front two portions in this formula are used to calculate
the length of active contour and the internal area of contour line, respectively. The
back two portions are used to calculate the mean density of the regions inside and
outside of contour line. And the constant C; and C, represent the mean intensity
value of the region inside or outside the level set ¢, defined by
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Fig. 6.22 Detection of the foreign body
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Ci(¢) = / ol (x, y)H,(¢)dxdy / / oH,(¢)dxdy (6.30)
Co(¢) = /Ql(x Y[l - dxdy// (1 — H,(¢)|dxdy (6.31)

H,(2) = % <1 + %arctan (g)), 0.(z) = l% (6.32)

ner+z

where ¢ is defined as a selected minimum for the numerical calculation.
The equations above are solved as follows.

¢ v—4l(x,y) — Cl}z + All(x,y) — C2]2 (6.33)

0001 = .(6) o9 - T

¢(07x7y) = ¢O(xay) (634)

where ¢ (x,y) is the constructed signed distance function according to initial
contours.

In the formula (6.35), the CV method utilizes the local gradient information to
control the curve deformation movement and the evolution of the contour curve.

It can be seen from the above equations that CV model controls the deformation
of curve and the evolution of contour curve based on local gradient information.
Even the center of contour curve is not in the center of the area, the contour curve of
the object can still be extracted.

The contours of insulators extracted by CV model are shown in Fig. 6.23 [21].

Discrete cosine transform is used to design the filters that can eliminate the
frequency information corresponding to the background while enhancing the fre-
quency information corresponding to the insulator fault.

The two-dimensional discrete cosine transform for image f(x,y) is defined as

S
=

1
C0,.0)= 5> > (v (6.35)

M—1N-1
:%Z Zf X,y {cos Zx;‘;)un} { 2y ;er)vn} (6.36)

i
o
Il
o

And its inverse transformation is

B 1 2 1A (2x+ Dun (2y+ 1)vm
flx,y) = 0) + N; ;C {cos i } [cos N } (6.37)
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Fig. 6.23 Insulator contour
extraction results

(a) Initial contour

(b) Contour extraction of multiple insulators

= |

(c) Contour extraction of fault insulator
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where C(u,v) represents the two-dimensional energy function in the frequency
domain after discrete cosine transform.
After discrete cosine transform, the power spectrum of the image is

P(u,v) = |C(u,v)|? (6.38)

As the frequency increases, the power spectrum of image decays rapidly. The
feature of the high frequency area is not obvious. Thus the function below is often
utilized.

P(u,v) =1g(1 + |C(u, v)|2) (6.39)

Spectral Clustering [22] is used to achieve the edge point clustering after the
enhancement of insulator sub-image. Spectral clustering is able to find the globally
optimal solutions in sample spaces of any shape. It evaluates not only the intra-class
similarity level, but also the inter-class unlikeness level, so the optimization divi-
sion of the sample space is obtained.

Suppose V vertexes, E edges are included in graph G. By removing certain
edges, the graph can be divided into two disjoints vertex sets, A and B. That is,
AUB=YVand A N B = ¢. Shi and Malik proposed the measurement method of
non-correlation degree between the two sets. The formulation of non-correlation
degree is shown as follows.

cut(A, B) cut(A, B)

Ncut(A,B) =
cut(4, B) assoc(A,V) = assoc(B,V)

(6.40)

where assoc(A, V) =3 i, jcy Wi and assoc(B,V) =3 cp ey
connection sum between the nodes in the two sets and all nodes in the whole graph,
respectively. cut(A,B) = > wi;, wjj is the weight of connection side between
the two vertexes i and j.

To determinate the criterion of the cut set is to find the minimum of function
Ncut. The Ncut method converts the process of optimal value calculation of Ncut to
the process of solving the matrix eigenvalues and the eigenvectors. Suppose n =
|V| and x is an n order direction vector. x; = 1 means that vertex i is in set A, and
x; = —1 means that vertex i is in set B. W,,.,, is an symmetric matrix. W(i,j) = wy;,
and d; =) W(ij). D is a diagonal matrix. D(i,j) =d;. Suppose k=

Ex,- >0 dl/ Ei di then

w;; represent the

icAjeB

"(D-w
min Ncut(A, B) = minu

6.41
y yI' Dy ( )

where y is defined in a continuous interval [—1,1]. In order to seek the
min Ncut(A, B), solve
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"(D-w
arg min )}(Ti)y (6.42)
Apj=0  y'Dy
According to Rayleigh quotient principle [23], the optimization of (6.34) means
finding the second smallest eigenvalue of (6.35).

(D — W)x = KDx (6.43)

The eigenvector corresponding to the second smallest eigenvalue contains the
partition information of graph. The undirected weighted graph G is set up based on
the sample set, and matrixes W and D are set up according to G. Then the Fiedler
vector corresponding to the second smallest eigenvalue is obtained. The
divide-point i, which minimizes Ncut is set in the Fiedler vector based on heuristics
rules. The points in the Fiedler vector, whose values are larger than i, are divided
into one group. The points, whose values are smaller than i, are divided into the
other group.

2. Experiments

In order to verify the effectiveness of the discrete cosine transform and spectral
clustering method on fault enhancement and feature extraction of insulators, the
insulators with inclusion foreign body, fracture and combination fault, are detected
in this section. The detection result of insulator with inclusion foreign body is
shown in Fig. 6.24. Figure 6.24a is the insulator with inclusion foreign body.
Figure 6.24b is the edge detection result of fault insulator. Figure 6.24c is the edge
detection result using Canny edge operator. It can be seen from the comparison
analysis that the fault information of image after the cosine transform is more
obvious. Figure 6.24d is the result using edge spectral clustering. It can be seen that
the clustering method can be used to distinguish the fault area.

The initial two classes are set as xy and x;. After calculation, the ratio of edge
points of first class to the whole edge points is 9.1 %. Based on many experiments,
the ratio is in the range of 47-53 %, so the fault judgement can be obtained.

The detection results of insulator’s other faults by using edge spectral clustering
are shown in Figs. 6.25, 6.26 and 6.27. In Fig. 6.25, the ratio of edge points of first
class to the whole edge points is 11.2 %. In Fig. 6.26, the ratio of edge points of
first class to the whole edge points is 26.2 %. In Fig. 6.27, the ratio of edge points
of first class to the whole edge points is 7.6 %. Although the clustering method is
not able to classify the faults, it can be used to determine the fault of insulator.

From Table 6.9, it can be seen that the wavelet transform modulus maxima can
detect the insulator gray singularity of insulator for judging its state, and the
recognition ratio is 89.7 %. For the discrete cosine transform and spectral clustering
method to 68 insulator state detection, there are only four failures, and the recog-
nition ratio is 94.1 %. The main reason is that the insulator is in the image
boundary, the threshold of clustering center is too small, and the center point is not
eliminated, which leads to the incomplete information of the extracted insulator.
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(a) Insulator with foreign body

(c) Edge detectionof enhanced fault insulator
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(d) Edge detection of spectral clustering

Fig. 6.24 Detection of insulator with the foreign body
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Fig. 6.25 a Fault insulator and its edge detection. b Detection of edge spectral clustering
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Fig. 6.26 a Fault insulator and its edge detection. b Detection of edge spectral clustering
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Fig. 6.27 a Fault insulator and its edge detection. b Detection of edge spectral clustering

Table 6.9 Insulator fault detection comparison with other methods

175

Fault detection method Normal | Fault | Correct Recognition
detection ratio (%)

Wavelet transform modulus maxima | 60 8 61 89.7

Method used in this section 60 8 64 94.1

6.3.7 Fault Detection Based on Curvelet Coefficients

Morphology

As the discussion in Chapter 5, the second generation curvelet transform has the
characteristics of multiple scales, a number of decomposition directions in each
scale, and the characteristics of anisotropy. Therefore, curvelet transform is very

suitable for image analysis with the regularity of consistency.

In the catenary suspension system, the insulator porcelains are laid by juxta-
position and superimposition. The captured images show a very regular direction
and interval consistency. Other fittings in catenary suspension system have no the
similar characteristics, thus the second generation curvelet transform is very suit-
able for the fault detection of insulators.
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1. Detection Process
(1) Pre-processing image

In order to improve the accuracy of image recognition algorithm and reduce the
influence of uneven brightness in the insulator image, the pre-processing must be
performed to suppress the pixel parts with lower and high gray value and enhance
the pixels in the special gray value range of image. The principle of gray balance is
shown as follows.

0 I(m,n) <Ly,
M(m,n) = ¢ (I(m,n) — Ly,) - Be=pn 4 Loy Ly <I(m,n) <Hj, (6.44)
0 I(Wl7 l’l) > Hin

where [ is the original image, and M is the enhances image. L;, and H;, are the
ranges to enhance pixels in the original image. L,,; and H,,; are the pixels range
after enhancement.

The pre-processing of image mainly plays two roles. The first is to make the
edge of single insulator edge clearer, and the second is suppress the connection
parts of pull rod, arm joints and insulator, where their pixel gray value is low.

(2) Insulator positioning based on curvelet transform

From Fig. 6.1b, the image of catenary suspension system is very complicated,
including insulator, arm, positioner, contact line, bearing cable and so on, which
adds the difficulty of insulator detection.

The statistics of a number of image acquisition and catenary design data show
that the insulators that connect pillar and horizontal rod are arranged horizontally
and the insulator porcelains are perpendicular to the ground. The angle of insulator
that connects arm and pillar is 135°, and the angle between their porcelains and the
ground is 45°. Due to the different lines and regions, the number of insulator pieces
may be different, but the insulator pieces should be uniform and parallel. This
directional distribution can provide the convenient to use curvelet transform to
locate the insulator.

In order to ensure the accuracy of analysis, the curvelet decomposition is carried
out in 64 directions. Because of the curvelet’s directional filtering characteristic, the
single direction coefficient matrix can only detect the image elements in a certain
direction, so it can eliminate the influence of other hanging devices on the insulator
detection.

In Fig. 6.28, the circle marks the location of large curvelet coefficient aggre-
gation, which indicates at the location of image there are singularity characteristics
that consistent with the decomposition direction. The vertical image elements
(horizontal rod insulator) are in 24th characteristic matrix, as shown in the left of
Fig. 6.29. The image elements whose angle is 45° (inclined arm insulator) are in
28th characteristic matrix, as shown in the right of Fig. 6.29.
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Fig. 6.28 Results after pre-processing

'h‘N'-‘ ¥

Fig. 6.29 Analysis results of insulator curvelet coefficients

(3) Curvelet coefficients energy consistency correction based on morphological
closing operation

For two images A and B, the expansion operation is defined as follows [24, 25].
dilation(A,B) = {a+bla € A,b € B} (6.45)

The corrosion operation is defined as follows.
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erosion(A,B) = {a|(a+b) € A,a € A,b € B} (6.46)

Morphological closing operation is a corrosion process after expansion. Its
purpose is to fill the objects inside the small holes, and connect the adjacent objects.

When the insulator is positioned based on curvelet decomposition, because of
the influence of image shooting and pre-processing, the coefficients of detection
region may be not clear, irregular or have big difference between different insulator
test results, which will lead the heavy influence on the later fault detection.
Therefore, in this section, morphological closing operation is adopted to correct the
coefficient matrix, which can make the coefficient distribution of different insulators
more regular and the consistency better.

In order to make the coefficient distribution more regular, the method of large
expansion and small corrosion can be used to the close the operation. The corrosion
operation is used to a rectangular template, the expansion template is 20 x 2 and the
corrosion template is 4 x 1. The distributions of curvelet coefficient matrix before
and after correction are shown in Fig. 6.30. It can be found that the distributions of
curvelet coefficients of different insulators are more regular and the edges are
clearer.

(4) Zonal energy analysis of curvelet coefficients

In order to automatically determine the coefficient distributions of insulator by
computer, it is necessary to reduce the dimension of coefficient matrix to the one
dimension. The decomposition matrix of curvelet coefficients can be divided by
using the zonal band whose angle is consistent to that of curvelet decomposition.
The energy of each zonal band is computed, shown in Fig. 6.31.

In order to solve the analysis difficulty that the difference of curvelet coefficients
between different insulator porcelain locations is large, the zonal energy is defined
as the number of curvelet coefficients that are bigger than the given threshold,
shown below.

f(x) = Cj(x,y) - 6(Linej| Gj(x,y) > k) (6.47)

Fig. 6.30 Curvelet
coefficient consistency
correction using
morphological closing
operation
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where f(x) is the zonal energy distribution function, C; is the curvelet coefficient
matrix at angle j, J is the zonal choosing function of corresponding angle, and k is
the given threshold.

The energy band distributions of insulator porcelain are shown in Fig. 6.32. It
can be seen that the energy band with uniform distribution corresponding to
insulator porcelain has unique characteristic. The energy band of other fittings in
catenary system has no such regularity. Therefore, the energy band distributions can
be used to judge the locations of insulator, and their intervals can be adopted to
identify whether there is insulator porcelain fracture or lack.

2. Experiment verification [26]

Fault 1: as shown in Fig. 6.33, the left edge of insulator is missing. Figure 6.34
shows the closed operation results, and Fig. 6.35 is the band energy distribution. It
can be seen that there is an abnormal location in the uniform distributions of
curvelet coefficients, which can be used to judge that there is a fracture of insulator
in this location.

Fault 2: as shown in Fig. 6.36, there is a missing piece in the middle of the
insulator. Test results are shown in Fig. 6.37. There is a location lack in the uniform

Fig. 6.31 Band calculation
principle of curvelet
coefficients

Fig. 6.32 Ener
& &y Coefficient band with uniform distribution of Figure 6-31

distributions of curvelet 25r
coefficient bands
20
15 F

-
T

Energy of coefficient bands
¥}

50 100 150 200



180 6 Detection of Catenary Support System

Fig. 6.33 Missing left edge
of insulator

Fig. 6.34 Closed operation
results

Fig. 6.35 Band energy
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Fig. 6.36 Missing middle
piece of insulator
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Fig. 6.37 Closed operation
results

Fig. 6.38 Band energy
distribution
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distributions of curvelet coefficients, namely the fracture location of insulator
(Fig. 6.38).

6.4 Clevis Fault Detection

The clevis is an important load-bearing component in the support structure of high
speed railway catenary. In order to ensure the safe operation of train, the con-
struction quality of clevis must be ensured to satisfy the strict requirements [27].
Due to the influence of train vibration in the operation, the fracture of clevis may
occur, which will directly reduce the strength of catenary suspension system.
Therefore, the fault clevis must be replaced in time. The traditional fault detection
method mainly depends on the maintenance staff. This method is less efficient and
cannot find the clevis fault in time, so it is necessary to study the automatic
detection method.
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Fig. 6.39 Normal clevis
image

In general, the image of catenary suspension system is complex, as shown in
Fig. 6.1b, so it is also very difficult to detect the single component fault in the
suspension system by using the image processing, especially for the fault detection
of the clevis located at the junction of positioner. The normal clevis image is shown
in Fig. 6.39.

In this chapter, the matching, positioning and detection methods based on local
features and transforms, such as SIFT (Scale-invariant Feature Transform), SUFT
(Speed-up Robust Features), HOG(Histogram of Oriented Gradient) features,
Hough transform, Gabor wavelet transform and so on, are introduced and applied.

6.4.1 Clevis Matching Based on SIFT

SIFT descriptor was first proposed by Lowe in 1999 [28], and was improved in
2004 [29]. This method can achieve the local feature point matching between
images, and it is invariant to rotation, scale variation and grayscale change. In
addition, it is able to eliminate the impact of affine transformation, perspective
change and noise to a certain extent. The SIFT descriptor is widely adopted in
image mosaic, pattern recognition and many other image processing fields [30-32].

1. Algorithm Process
The main steps based on SIFT feature points are shown as follows.
(1) Extrema detection of scale space

The scale space of two dimensional image I(x, y) is defined as the convolution of
the image and the Gaussian kernel G(x,y,0) =yiye~™ /27 namely
L(x,y,0) = G(x,y,0) * I(x,y). DOG (Difference-of-Gaussian) pyramid is defined
as the difference between the adjacent layers of scale space, denoted as D(x,y, o)
below.
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D()C,y,G) G(x,y,ka)—G(x,y,a)) * I(xay)

= (
= L(x,y, ko) — L(x,y,0) (6.48)
After each detection point (except top or bottom point) of DOG scale space is
compared with the 8 adjacent points of the same layer, the 18 adjacent points of the
adjacent upper and lower two layers in the pyramid, and the local extrema can be
judged. Because the value of DOG scale space is sensitive to the noise and edge, the
scale and location of local extrema can be obtained through the fitting of
three-dimension two-order function. At the same time, through eliminating the low
contrast points and unstable edge response points, the feature points of image in this
scale can be determined.

(2) Feature vector

Based on the gradient direction distribution of pixels in the feature point
neighborhood, the direction parameter of each feature point can be appointed to
ensure the rotation invariance of descriptor. Let

m(x,y) = (L(x+1,y) = Lx — 1,y)) + (L{x,y+ 1) = Lx,y — 1)))*  (6.49)

L(x,y+1)—L(x,y—1)
L(X+ 17y) - L()C* 17y)

0(x,y) = arctan (6.50)

where m(x,y) and 0(x,y) are the gradient amplitude and direction of point (x,y),
respectively.

The histogram is adopted to represent the gradient direction of feature point
neighborhood pixels. The peak location means the main direction of neighborhood
gradient at the key point. In order to ensure the rotation invariance of descriptor, the
coordinate of feature point neighborhood is rotated to the main direction of feature
points. The 8 X 8 window centered at the feature point is chosen and segmented
into four 4 X 4 regions, as shown in the left of Fig. 6.40. Each grid represents a
pixel in the scale space of feature point neighborhood. The arrow direction

/’_""_"""\

TR [R[F
:' ?lé

Fig. 6.40 Feature vector generated in feature point neighborhood
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represents the orientation of the gradient of the pixel, and the arrow length repre-
sents the modulus of gradient. The circle represents the weighting range of
Gaussian window. The closer the point is to the feature point, the more it con-
tributes to the statistics of the gradient.

The gradient histograms of 8 directions in each 4 X 4 region are computed, and
the accumulated value of each gradient direction is drawn, which can form a seed
point, as shown in the right of Fig. 6.40. In this figure, there are 2 X 2 = 4 seed
points, and each seed point includes the vector information of 8 directions. Thus,
each feature vector can generate 4 X 8 = 32 dimensional data, namely a 32
dimension SIFT feature vector.

(3) Matching of feature vector

In order to localize the clevises in the catenary images, clear clevis images are
chosen as standard images for feature point matching, as is shown in Fig. 6.39.
The SIFT feature points of catenary images and the standard clevis images are
extracted and the feature vectors are generated. The Euclidean distance between the
feature vectors is used as the similarity measure.

When the feature points to be matched are less than a certain threshold value d,
the matching point is accepted. When the ratio of the nearest and next feather points
is smaller than a threshold d, the matching point is accepted. If d is bigger, the
matched points will be more, but the mismatching will easily occur and the dis-
tribution will be more dispersed. If d is smaller, the matched points will be less, but
the matching accuracy is high and the distribution is more concentrated.

2. Matching process

The clevis in the global detecting image can be regarded as the affine trans-
formation of the standard image. The coordinate transformation of two images can
be expressed as follows.

X X hit hiy his X
Y|i=H\ly|=|h1 ho hs y (6.51)
1 1 0 0 1 1

where H; is the affine transform matrix, (x,y) and (x’,y’) are the coordinates of the
standard image and the global image. Denote the coordinates of a pair of suc-
cessfully matched feature points as (x;, y;) and (x},}), i € [1,N], N is the number of
the successfully matched feature points, then

H, = BAT(AAT) ! (6.52)
X1 X2 ... Xy xXpox o Xy
where A= |y » ... yw|.B=|y ¥ .. Wy

1 1 ... 1 1 1 ... 1
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Because the freedom degree of the affine transform matrix is 6, N >3 must be
ensured. In order to eliminate the mismatched feature point pairs. The following
algorithm is adopted.

All the feature points whose spatial distances are smaller than a certain value are
clustered into one cluster, corresponding to a candidate area of the clevis. Each
cluster represents an image region that has similar local features to the clevis.

The image of catenary suspension system including clevises is shown in
Fig. 6.41. After successful matching with the standard clevis image, the feature
points form four clusters, shown in Fig. 6.42.

Fig. 6.41 Catenary suspension system including clevises

Fig. 6.42 Cluster results of clevis feature points
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Fig. 6.43 Matching result of
clevis

For each candidate area, RANSAC (Random Sample Consensus) [33] algorithm
is adopted to eliminate the mismatched points. When judging whether a point pair is
an ‘outlier’ during the calculation of the affine transform matrix (considered as the
matching model), the relative position of feature point is also considered. This is
because the installation angles of all the clevises are similar.

After computing the affine transform matrix, the clevis in the global image can
be located by matching the standard image with the global image. The matching
result is shown in Fig. 6.43 [34].

6.4.2 Clevis Matching Based on SURF

SURF (Speeded-up Robust Features) is a local feature detector and descriptor
proposed in 2006 [35]. Compared with SIFT, the processing speed of SURF is
much faster [36]. The main steps of generating SURF descriptor are described as
follows.

1. Algorithm process

(1) Feature point detection

Square-shaped filters are used as the approximation of Gaussian smoothing used
in SIFT descriptor. Filtering the image with a square is much faster if the integral
image is used, which is defined as follows.

(P = 30> 10 (653)

where I(i,j) denotes the pixel value of the original image at (i,j), and IZ (P)

denotes the value of the integral image.
The sum of the original image within a rectangle can be evaluated quickly using
the integral image, which requires four evaluations at the corners of the rectangle.



6.4 Clevis Fault Detection 187

Through locating the feature points based on the local maximum of determinant
in Hessian matrix, the feature point detection of SURF is realized. For a certain
point X = (x,y), its Hessian matrix H(X, o) at the scale ¢ is defined as

H(X,0) =

La(X,0) Ly(X,0) (6.54)

ny(X, ) Lyy(X

~—

where Ly, (X, 6) is the convolutions of the image I and the second-order derivatives
of Gaussian function at X, L,,(X,0) and L,,(X,0) have similar meanings as
L.(X,0).

(2) Feature point description

The circular region whose center is the feature point and radius is 6 X s (s is the
scale value of feature points) is taken, and then the Haar wavelet responses d, and
d, of the pixels at the direction x and y are computed. The dominant orientation of
the feature points is estimated by calculating the sum of all responses within a
sliding orientation window of angle 60°. The entire circular area is traversed
through computing the vector at every 5°. Therefore, 72 vectors are generated when
the orientation window turns a circle. The orientation of the longest value is
determined as the dominant orientation. Then, the rectangle with 20 x s is chosen
as the feature extraction region. This region is divided into 4 x 4 sub-regions. For
each sub-region, horizontal and vertical wavelet responses are taken and a feature
vector is formed as follows.

V= (3dn Y dn Y ldd, Y l4) (6.55)

The SURF feature descriptor is generated by combining the feature vectors in the
16 sub-regions, so the total dimension of SURF descriptor is 64.

2. Positioning Process

After extracting the feature points and generating the SURF descriptor in both
the global image and the standard clevis image, the clevises can be localized by
matching the interesting points between the two images. The matching is also based
on Euclidean distance [37].

Euclidean distance is adopted to calculate the similarity of two descriptor met-
rics, as shown below.
bn 1/2

(X — X3)?
k=0

Dis;; = (6.56)

where Xj; is the kth element in the ith feature descriptor in the matching image, Xj;
is the kth element in the jth feature descriptor in the template image, and n is the
dimension of feature vectors.
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For the matching feature points, their Euclidean distances to the template image
are computed, and then the distance set can be obtained. The minimum and the
second minimum Euclidean distances are obtained through the comparison oper-
ation. If the ratio of minimum and the second minimum Euclidean distances is less
than the threshold, the two feature points are considered as the matching.

Based on SUREF, the local invariant feature points of the original and template
images are extracted and described, respectively. The clevis template image is
shown in Fig. 6.44, and the original image is shown in Fig. 6.45. The matching
results are shown in Fig. 6.46. In order to reduce the error matching points, con-
sidering the difficulty of image matching of the catenary suspension system, the
error matching elimination method is presented as follows.

(1) The extraction feature points from the original image are clustered through the
space distance threshold, which can quickly eliminate the discrete error
matching points.

Fig. 6.44 Clevis template
image

Fig. 6.45 Original image
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Fig. 6.46 Matching results

Fig. 6.47 Results after
eliminating error matching

(2) The number N; of matching points in each class is solved, as well as the
feature points N in the clevis template image. If N; is less than 0.6 times of N,
the class is considered as the error matching. If N; is bigger than 0.6 times of
N, the class is considered as the correct matching.

The results after eliminating error matching are shown in Fig. 6.47.

6.4.3 Clevis Positioning Based on HOG

Although the detection based on SIFT and SURF can obtain good results, some-
times it is difficult to acquire the feature points. In addition, the results of feature
point matching can be affected by the variance of grayscale distributions on the
surface of clevises. This problem can be avoided by using a detector based on a
sliding window that scans over the global image. The Histograms of Orientated
Gradients (HOG) descriptor is widely used in frontal face detection, pedestrian
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detection, and vehicle detection. Based on HOG features, an SVM classifier is
trained and applied subsequently to all the sub-windows within the image and the
presence of clevises by its output is judged in this section.

1. Algorithm process

The basic hypothesis is that the local object appearance and the shape of the
object can often be characterized rather well by the distribution of local intensity
gradient or edge directions, even without precise knowledge of the corresponding
gradient or edge positions [38].

At first, the image is divided into a number of square cells with the same size,
and then the four adjacent cells are merged into a square block. They can overlap
with each other for the blocks, as shown in Fig. 6.48.

The gradient amplitude m(x,y) and direction 6(x,y) of each pixel can be com-
puted and the gradient histogram of each cell can be obtained, as shown below.

de=1I(x+1,y) —I(x—1,y) (6.57)
dy=1(x,y+1)—I(x,y—1) (6.58)
m(x,y) = \/dx?+ dy? (6.59)
0(x,y) = tan”! <%> (6.60)

Fig. 6.48 Generation of
HOG features

RSN
UV VY
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According the Dalal’s suggest, each gradient histogram includes 9 column
direction histograms, thus a feature vector with 4 x 9 = 36 dimensions can be
produced through connecting the 4 histograms. In order to eliminate the influence
of light and background, the feature vector is normalized in the sense of L, as
follows.

v v/\/ V3 + (6.61)

where v is the feature vector without normalization, ||v||, is the 2-norm, and ¢ is
adopted to avoid that the denominator is O.

HOG feature vector can be obtained by connecting all block feature vectors in
the image. A pictorial rendition of the HOG features of a clevis (shown in
Fig. 6.49) is shown in Fig. 6.50.

Fig. 6.49 Original image of
a clevis

Fig. 6.50 A pictorial
rendition of the HOG features 20
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In addition, in order to improve the computation speed of gradient histogram, the
integral graph method [39] is adopted. The value of any point in the integral image
is defined as the sum of gray values of all the pixels in the rectangular region
between the original image coordinates and the coordinate origin, namely

ii(x,y) = Z i(x,y) (6.62)

X <xy <y

where ii(x, y) is the coordinate point (x,y) in the integral graph, and i(x’,y’) is the
pixel gray value of coordinate point (x’;y’). A traversal calculation of original
image in integral graph can be completed as follows.

s(x,y):s(x,y—1)+i(x,y) (663)
ii(x,y) = ii(x — 1,y) + s(x,) (6.64)

where s(x,y) is the pixel accumulated value of same row at the left. Let s(x, —1) =
0 and s(—1,y) = 0.

HOG features of arbitrary rectangular area can be calculated by using the inte-
gral graph, as shown in Fig. 6.51. The computation formula is expressed below.

il y) =ii(4) +ii(1) — (ii(2) +ii(3)) (6.65)

i(x'y')eD

2. Positioning process

The positive and negative samples for training are from all artificial interception
of catenary suspension system images. In the positive samples, the clevis is located
in the middle of the image and occupies the main position of image. The HOG
features of positive and negative samples are calculated respectively, and the linear
support vector machine (SVM) is trained through the description of samples. SVM
is used to determine the maximum interval of two kinds of samples.

Fig. 6.51 Integral graph
principle A
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Suppose that the training sample set is (x;,y:;), i=1,...,1, x; € R* and
yi € {1,—1}. I is the sample number and n is the feature dimension. The
classification-plane for all samples should satisfies

1
Do) +b)+C Y& = 1-¢ (6.66)
i=1

where the classification-plane is determined by parameter w and b, w is the weight
vector, and b is the threshold. ¢&; is the relaxation term in the case of linear
non-separable cases. C is the punishment coefficient that is used to realize the
balance between the error classification ratio of samples and the algorithm com-
plexity. The minimum value of ¢(w, &) can be solved by using the iterative method,
namely the optimal classification plane [w*,b*] and optimal decision function, as
shown below.

1
$(w, &) = min{%wTw} cye (6.67)
i=1

f(x) =sgn(w* - x4+ b*) (6.68)

For the training of the SVM classifier, a dataset of the clevis is generated. The
training dataset includes the positive and negative samples of the clevis. Both
the positive and negative samples are cropped from the images captured by the
inspection vehicle. Each positive sample contains an instance of the clevis. The
clevis is placed in the center of the sample image and takes up most part of it. Clevis
in all possible lighting conditions should be included. Each negative sample con-
tains an object that is irrelevant to clevises. The ratio of the length and the width of
positive samples are fixed to 2:1, which can ensure that all positive samples have
the same (or almost the same) gradient distribution. The samples are normalized to
the fixed resolution (64 X 32). Some of the positive and negative samples are
demonstrated in Fig. 6.52a, b [40].

Whether does the test window contain the clevis can be judged based on the
SVM in the sample training phase. The location results are shown in Fig. 6.53.
Figure 6.53a, ¢ and e are the images of catenary suspension system, and their
shooting range, shooting angle and exposure intensity are different. Figure 6.53a, e
are from the tunnel outside, and Fig. 6.53c is in the tunnel. The different shooting
environments result in the large difference of surface and texture of clevis.
Figure 6.53b, d and f are the positioning results of clevis in Fig. 6.53a, ¢ and e,
respectively.
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(a) Positive samples

b’ N\,

(b) Negative samples

Fig. 6.52 Positive and negative samples of clevises

6.4.4 Clevis Positioning Based on Hough Transform

When the fractures and cracks occur in a certain range of clevis, shown in
Figs. 6.54 and 6.55, the extraction local image based on above matching methods is
still big for the abnormal features of clevis. In addition, the inherent features of
clevis, such as the bilateral screws and “R” bolt, will heavily influence the detection
results. Therefore, it is very necessary to exclude the inherent features of clevis
before the detection.
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(a) (b)

(c) (d)

(e) ()

Fig. 6.53 Clevis images and their positioning results

Fig. 6.54 Fracture of clevis
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Fig. 6.55 Crack of clevis

Fig. 6.56 Circle energy of
clevis fracture
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In general, the inherent features of clevis can be considered as the rectangle and
circle, as shown in Figs. 6.54 and 6.55. Hough transform [41] is adopted to detect
the features of rectangle and circle, the centers and radius of rectangle and circle can
be obtained.

1. Screw positioning

The detected close contour line is scanned along the horizontal and vertical
directions. Based on Hough transform, two diameters L, and L, of circle can be
obtained. Their cross point is the center of circle (x, y.). The radius of contour line
is estimated through the pixels’ coordinates as follows.

r= max((xmax - xmin)/za (ymax - ymin)/z) (669)

where Xpmax and Xy, are the max and min x coordinates of contour line, yyax and ymin
are the max and min y coordinates of contour line. If the radius of circle is set as the
radius range of screw, the center coordinates and radius of screw in the clevis image
can be detected, as shown in Figs. 6.56 and 6.57.
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Fig. 6.57 Circle energy of
clevis crack
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Fig. 6.58 Rectangle
positioning of clevis fracture

2. Rectangle positioning

After the edge detection of clevis local image using Canny operator, the rect-
angle positioning can be realized using Hough transform. Through the Hough
transform of the rectangle contour line, there will be 4 peak values H; = (P, 0,),
H, = (P,,0,), H; = (P3,03) and Hy = (P4, 0,), which are corresponding to the 4
edges of rectangle P, P,, P,P3, P3P4 and P4P;. Based on the angle 6; when the peak
value occurs, the pair edges of rectangle can be judged by the paired peak values.
The positioning results of rectangle are shown in Figs. 6.58 and 6.59.

3. Local image positioning

Based on the information of circle and rectangle, such as center point, radius,
length and width, the clevis region, where the probability of fractures or cracks is
maximal, can be obtained. For the different type of clevis, the number of screw is
different, which can be determined according to the measured center relative dis-
tance. In order to exclude the influence of rectangle and circle edges and keep more
local image information, the horizontal coordinates of the rectangular edge to the
screw side of the translation of 5 pixels are taken, and at the edge of the rectangle
side of the screw they stop. The vertical coordinates of the upper and lower edges of
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Fig. 6.59 Rectangle
positioning of clevis crack

the rectangle are taken and then move out of the 5 pixels. The vertex coordinates
are listed below [42].

x1 =(01+b/2+5,01+a/2+)5) (6.70)
xy = (01+b/245,01 —a/2-5) (6.71)
x3 = (0 —r,01+a/2+5) (6.72)
x4 = (0 —r,00 —a/2 —5) (6.73)

where o) and o0, are the center of rectangle and circle, respectively, a and b are the
length and width of rectangle, respectively, and r is the radius of screw. Therefore,
the positioning results of local image are shown in Fig. 6.60.

Fig. 6.60 Positioning results of local image with fracture and crack
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6.4.5 Fault Detection Based on Curvature

1. Detection Process

When the fracture of clevis occurs, the shapes of clevis’s top and bottom
boundary will change. The method based on the boundary curvature is presented to
judge the fracture of clevis in this section. Because the difference of R type bolt
installation angle may have heavy disturbance to the fracture judgement, the upper
boundary curve is adopted.

After the clevis in the catenary suspension system image is located, the clevis
image can be extracted, as shown in Fig. 6.61. The upper boundary curve can be
obtained.

After the clevis image binarization, the biggest connected area is identified as the
clevis area, which can exclude the influence from the objects whose distance is very
near to the clevis. Since the installation angle of clevis in high speed railway is the
same, the highest point in the left edge of clevis area is chosen as the tracking start
point. From the tracking start point, the boundary point of image is tracked in turn,
until the upper edge of the mage is reached. The coordinate series of the upper
boundary curve of clevis can be obtained. Considering the calculation speed and the
detection accuracy, the inclination angle of connection line between the kth point
and the k + 50th point in the coordinate series is defined as the curvature of the kth
point, as shown below.

arctan |:yk+50_yk:| (atrcan |:yk+50_yk:| > O)
= Xk + 50 =Xk Xk +50 =Xk

(6.74)
arctan [yi“s"*y‘} + 7 (atrcan {yi”“’*yk} <0)

Xk+50 =Xk Xk +50 —Xk
where xy, y; are the coordinate of the kth point in the upper boundary curve, x4 50,
Yk +50 are the coordinate of the k + 50th point in the upper boundary curve, and ¢
is curvature of the kth point in the upper boundary curve, whose unit is radian and
the range is 0~ 7.

Fig. 6.61 Clevis image
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Fig. 6.62 Catenary
suspension system image
containing the clevis fracture

Through the curvature curve of all points in the upper boundary curve, the
difference between the normal and fault curvature curves is compared. If the point
in the difference curve is bigger than a certain threshold, the fracture will exist in the
image.

2. Experiments

The catenary suspension system image containing the clevis fracture is shown in
Fig. 6.62. The image resolution is 2048 X 2048 pixels. Based on SIFT algorithm,
the local feature point matching of catenary suspension system image with the
standard clevis image is performed. The feature points that are successfully matched
can form 3 clusters, as shown in Fig. 6.63 [34].

The matching error is eliminated by using RANSAC algorithm, as shown in
Fig. 6.64. After the location of clevis, the clevis image is extracted, as shown in
Fig. 6.65, and the results of boundary tracking is shown in Fig. 6.66.

The point-to-point difference between the curvature of the upper boundary curve
in Fig. 6.65 and that of normal boundary curve are calculated and drawn in
Fig. 6.67. There are two peak values that are bigger than 0.5 in Fig. 6.67, so the
fracture of clevis occurs. In addition, the peak value points are corresponding to the
deformation positions of boundary curves. For the comparison, the point-to-point
difference for normal clevis is drawn in Fig. 6.68, where the value of all points are
less than 0.5, so there is no fracture of clevis.

In order to verify the validity of the presented method, the 30 images of catenary
suspension system are tested. The test results are listed in Table 6.10. If the clevis is
obscured by other objects, when the boundary is tracked, the error of boundary
curve occur, which result in the wrong identification.
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Fig. 6.63 Clustering results
of feature points

(a) Cluster 1

(b) Cluster 2

(c) Cluster 3

Fig. 6.64 Matching results
after eliminating the matching
error
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Fig. 6.65 Clevis image

Fig. 6.66 Boundary curve of
clevis image

Fig. 6.67 Difference curve of
curvature for fault clevis
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Table 6.10 Test results of clevis fault

Total number Correct identification Wrong identification
Total number of images 30 29 1
Images with clevis 20 19 1
Images without clevis 10 10 0
Fault image 2 2 0

6.4.6 Fault Detection Based on Gabor Wavelet Transform

1. Detection Process

Because the crack of clevis fault is narrow, it should be extracted in the small
scale, which is easily influenced by the surface texture in the clevis, as shown in
Fig. 6.69. In this section, the energy of two-dimension Gabor wavelet transform is
adopted to filter the edge information after Canny operator extraction. It can filter
the pseudo edges that are produced by the surface texture of clevis.

Two dimensional Gabor wavelet transform has a high similarity with the bio-
logical vision system, and it can be used in the process of visual perception of the

Fig. 6.69 Edge extraction of
clevis
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brain cortex [42, 43]. The mother wavelet and its frequency form are listed below,
respectively.

2

glx,y) = Zn; —-exp [—% (? + i—)] - exp[2mjWx] (6.75)
—wyE 2

G(u,v) = exp{—% [(uaizW) + ;] } (6.76)

where W = Uy, 0, = 1/2n0y, 0, = 1/2n0,, U, and Uy mean the minimal and
maximal center frequency. Through the dilation and rotation of mother wavelet, a
series of wavelet functions with different dilation and direction can be obtained.

gm(x,y) =a"G(,y), a>1mneZ (6.77)

where X = a ™(xcosO+ysinf), y =a " (—xsinf+ycosl), 0 =nn/K,
m=0,1,..5—1,n=1,...,K, S and K are the numbers of dilations and direc-
tions of Gabor wavelet, respectively. a = (Uy/ UL)_S+‘.

In the frequency domain, the half peak support interval of the two dimensional
Gabor wavelet functions with different scales and directions should be connected to
each other, namely the determination criterion of ¢, and ¢, (0, and o) [44].

P (a—1)Uy
" (@+1)V2In2

o, = tan(%) [UH —2In (Z—i)} . [2 In2 — (21r;]22)2a§] —1/2

H

(6.78)

Since the images are similar for all clevises, their frequency distributions Uy and
Uy are relatively fixed. The energy E(x,y) of each pixel in two dimensional Gabor
wavelet transform is defined as follows.

©

—1

m=

K
Z|Ixy * 8 (%,)| (6.79)
0 n=1

Fig. 6.70 Clevis image
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The clevis image extracted from the original image and its energy distribution
after two dimensional Gabor wavelet transform are shown in Figs. 6.70 and 6.71,
respectively.

It can be found that the energy distributions near the boundaries of cracks and
clevis are large, and the energy distribution of center region with much texture is
small. The multiplication of Figs. 6.69 and 6.71 binarization is performed, which
can realize the filtering of Pseudo edges produced by the surface texture of clevis,
as shown in Fig. 6.72.

For the features of clevis crack, one side should be near the boundary of clevis,
and the boundary of clevis crack has a larger longitudinal span. After the bina-
rization of clevis image, its upper and lower boundary curves can be extracted
easily. The upper and lower boundary curves are expanded, and the image edge
which is intersection with the expansion area is identified as the boundary curve, as
shown in Fig. 6.73. The edge information retained in Fig. 6.73 can be used as a
candidate edge of the fault.

The longitudinal span of each edge can be computed as follows.

AY = |ymax - ymin| (680)

where ymax and ymin are the maximal and minimal value of vertical coordinate.
The longitudinal span histogram of each edge in Fig. 6.73 is drawn in Fig. 6.74,
as well as the normal histogram in Fig. 6.75.

Fig. 6.71 Energy
distribution after two
dimensional Gabor wavelet
transform

Fig. 6.72 Filtering result of
the pseudo edges




206

Fig. 6.73 Image edge
connected with boundary
curve

Fig. 6.74 Longitudinal span
histogram of each edge with
crack

Fig. 6.75 Longitudinal span
histogram of each edge
without crack

Longitudinal span of each edge

Longitudinal span of each edge
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Table 6.11 Test results of clevis fault

Total Number of correctly positioning Number of error
Image number 50 49 1
Images with clevis 40 39 1
Images without clevis 10 10 0
Fault images 2 2 0

It can be found that when there is a fault in the clevis, the longitudinal span
histogram shows the specific distribution law, and the image edge corresponding to
the fault will produce a significant peak in the histogram, as shown in Fig. 6.73.
The longitudinal span of crack’s edges is far greater than the other edges, so it can
be determined that these edges are corresponding to the crack, as shown in
Fig. 6.73.

2. Experiments

In order to verify the presented method, 50 images of the catenary suspension
system from the field are tested, in which there are 40 clevis images, and 2 fault
clevis images. The detection results are listed in Table 6.11 [40]. It can be seen that
there is one positioning error due to the occlusion between the clevis and other
object, which results in the false judgment of SVM.

6.4.7 Fault Detection Based on Second Generation Curvelet

1. Algorithm process

If the clevis is fractured or there are cracks on the surface of clevis, the fracture
sites and the cracks will present the linear singularity of edge feature. The curvelet
transform is able to achieve the multi-scale and multi-direction image decompo-
sition and has a strong ability in sparse representation, which is suitable to detect
the clevis fault. The second generation curvelet transform not only has the
multi-scale property, but also achieves multi-directional decomposition in every
scale. Besides, the curvelet base is anisotropy. Therefore, the second generation
curvelet transform is ideal to analyze the high-dimensional singularity features in
the images.

The magnitude of the second generation curvelet decomposition coefficients of
‘normal’ clevises is small and evenly distributed. If the clevis is fractured or there
are cracks on the surface of clevis, the fracture sites and the cracks will present
linear singularity edge feature and the coefficients of curvelet decomposition will
suddenly change. Therefore, a threshold can be set to detect the linear coefficient
group with large values in the curvelet decomposition coefficient matrix. These
coefficient groups can be regarded as the feature of fracture failure. The concrete
steps are described as follows.



208 6 Detection of Catenary Support System

(1) Perform second generation curvelet transform to the accurately localized local
image of the clevis.

(2) Compute the mean value of the curvelet decomposition coefficient matrix
Mmean~

(3) Determine the numbers of pixels of which the curvelet decomposition coef-
ficients are larger than 5 X M,,.., along the horizontal and vertical direction
respectively Nxsprean and Nyspyeqan. After many experiments, 5 X M,eq, 1S
chosen as the threshold. It is found that the threshold 5 X M,,.., is able to
distinguish the suddenly changed coefficients from the ‘normal’ coefficients
with a large value. Because the cracks that are rather short or approximately
horizontal direction may not be detected if they are not done separately, the
statistics of coefficients are separately along the two directions.

(4) Analyze the regularities of the distribution of Nxspeqn and Nysprean. If the
centralized distributed areas of Nxsaeqn and Nyspeq, (Which are defined as Ly,
and Ly, ) are over 30, then these areas are regarded as the regions of cracks. It is
defined that in the centralized distributed areas, the interval between every two
Nxsmean and Nyspeqn that are over the threshold is below 5. It is found that by
setting the interval threshold to be 5 and the distribution threshold to be 30, the
false alarms caused by the clustering of the discrete points can be eliminated.

The final criterion of cracks and the fracture is shown as follows.

{LNX >30 or Ly, >30 Fracture (6.81)

else Normal

2. Experiments

(1) Detection of ‘normal’ clevises

Apply the method presented above to the local images of ‘normal’ clevises, the
detection result is shown in Fig. 6.76b—e.

It can be seen from Fig. 6.76d, e, there are no coefficient groups with large
values according to the definition in Formula (6.72). So this clevis is judged as a
‘normal’ clevis.

(2) Detection of fractured clevises

The same method is applied to the local images of the fractured clevises, as
shown in Fig. 6.77a. The detection result is shown in Fig. 6.77b—e [40].

It can be seen from Fig. 6.77c, d, the coefficient groups with large values exist in
the curvelet distribution image. So this clevis is judged as a fractured clevis.
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(a) Local image of ‘normal’ clevis
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Fig. 6.76 Detection result of the ‘normal’ clevis

(3) The detection of cracks on the surfaces of clevises

Apply the proposed method to the local images of the clevises with cracks on the

surface, as shown in Fig. 6.78a. The detection result is shown in Fig. 6.78b—e
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(a) Local image of fractured clevis
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Fig. 6.77 Detection result of the fractured clevis

It can be seen from Fig. 6.78, the coefficient groups with large values exist in the
curvelet distribution image. So the crack can be detected.

6.4.8 Detection of Clevis Pins

Because the loosening and falling off of clevis pins can directly influence the
normal operation of catenary suspension system, as shown in Fig. 6.79, it is very
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(a) Local image of clevis with a crack
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Fig. 6.78 Detection result of the clevis with a crack

important to detect their state in time. For the clevis pin detection, there are two
main steps. First, the pin is isolated from the clevis, and then, the working state of
the pin is determined by analyzing the sub-image of the pin.

1. Pin extraction

In order to find the line to separate the pins in the clevis image, the edges of
clevis are processed. In order to make the two sides of clevis close to straight lines,
the Gaussian filter and contrast enhancement methods are adopted, as shown in
Fig. 6.80.

Hough Transform is used to detect the straight lines which will be connected to
get the inclined angles. Figure 6.81 shows the first three gray scale peaks
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Fig. 6.79 Clevis pin image

Fig. 6.80 Comparison of
original image and the
enhanced image

corresponding to the three longest lines in the clevis image. The green lines show
the detection result.

According to the clevis structure, the long straight lines in the image above are
mainly distributed in the oblique cantilevers and clevis tubes. A set of approximate
parallel lines can be detected from the first three peak points of the Hough matrix,
as shown in Fig. 6.81a. Set the two inclined angles as 0; and 0,, corresponding to
the parallel edges of the tube. 03 has a big difference with 6; and 0,, and the
detection angles of the oblique cantilevers are usually less than 75°.

0,0,>0
05 <75° (6.82)
V{101, 102]} > 75°

Thus, 0 can be solved according to 6, and 6, by 6 = 90° — 91%92 The image of
clevis is rotated by 0 so that the upper and the lower edge of the tube can be in a
horizontal direction.

Canny operator is used to find the split line. Take the longitudinal midpoint of
the image as the origin, upward direction as the positive direction of y-axis. Firstly,
the image edge after rotation is detected by using Canny operator, and the pixel
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4

(a) Matrix of Hough transform (b) Corresponding lines of the peaks
and three peak points

Fig. 6.81 Computation of the inclined angle using Hough transform

gray values are accumulated in horizontal direction to get the statistical curve, as
shown in Fig. 6.82a. The straight line, which the horizontal line segment of the
maximum length below the clevis tubes is located, is determined as the segmen-
tation straight line of the pin portion. The segmentation results are shown in
Fig. 6.82b.

2. Pin detection

Three typical installation situations of the pins are shown in Fig. 6.83. By
analyzing the installation situations of the pins, it can be concluded that the
direction and the shape of the pin in the image is inconsistent.

Analyzing the images in Fig. 6.83, the following conclusions can be given.

(a) The directions of each pin are not uniform. Both ends of each pin are not
uniform.

(b) The R-shaped pins are considered as acceptable as long as both ends of the pin
shaft exist, as shown in Fig. 6.83a. Pins in Fig. 6.83b are considered as
loosened. Pins in Fig. 6.83c are considered as safety-threatening.

Because of the complexity of the pins’ condition, the defective condition
detection is based on the pins’ grayscale distribution feature extraction. The
detection steps are listed as follows.

(a) Accumulate pixel gray values in the vertical direction of the pin component
image after segmentation.

(b) Analyze the grayscale value curve to get the four horizontal coordinates that
are on both sides of the pin and the pin shaft at both ends, as shown in
Figs. 6.84c, 6.85c, and 6.86¢ by red circle.

(c) Determine the length of the ‘middle part’ d of the pin and the length of both
the two ‘ends’, d; and d5, of the pin.
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Fig. 6.82 Segmentation of 0
the pin

5 8 8

g

Sum of gray value

-200 -150  -100 50 0 50 100 150 200
Coordinate of Y axis

(a) Statistical curve of grayscale sum on the
horizontal direction

(b) Segmentation result of the pin and main
part of the clevis

The detection process and the detection results of the pin loosening (shedding)
fault and the normal state are shown in Figs. 6.84, 6.85 and 6.86, respectively.

The determination process of horizontal coordinate for each point is described
below [45].

First, search the smallest and largest non-zero points’ coordinates x; and x.
Second, search two end points x;, x3, whose vertical coordinate value is 1 and have
the absolute maximum of horizontal coordinate difference. Because the sum of
pixel gray value of pin head or end in some instances is large, directly searching the
two peaks is not accurate. The lengths of the non-stressed and stressed are calcu-
lated as d,, d, and d. Because of the disturbance of the photograph, the pin shafts
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(a) Normal condition

(b) Loosening condition

(c) Missing condition

Fig. 6.83 Three typical installation situations of clevis pins

are not in the vertical plane ideally. Thus d; and d5’s values are very small but not
zero. By observing pins’ d; and d; in the three conditions, the detection rules are
made. The width of the pin is placed in the denominator in order to eliminate the
influence of different angles and scales of the image. By a series of experiment
analysis, T; in the formula above takes 0.1, T, takes 0.3.

3. Experiments

In order to verify the presented method, 60 images of the catenary suspension
system from the field are tested, in which the number of images including normal,
loosening and missing pins are each 20, respectively. The detection results are listed
in Table 6.12.

Through the grayscale distribution feature extraction of a pin, most of the pin
states can be judged, but there are still a few ones unable to analyze. The possible
reason is that there is a big block overlap between pin and axis due to the shooting
angle and pin installation angle, as shown in Fig. 6.87.
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(a) Original image of the pin

(b) The ‘middle part’ and the ‘ends’ of the pin
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(c) Grayscale value curve of the pin image

Fig. 6.84 Normal condition detection
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(a) Original image of the pin

(b) The ‘middle part’ and the ‘ends’ of the pin
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Sum of gray value

(a) Original image of the pin

(b) The “middle part’ and the ‘ends’ of the pin
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(c) Grayscale value curve of the pin image

Fig. 6.86 Missing condition detection

Table 6.12 Detection results of pin state

250

300

Pin state Image Successful Correct Correct detection ratio
number positioning detection (%)

Normal 20 18 16 80

Loosening 20 19 17 85

Missing 20 19 19 95
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Fig. 6.87 Overlap between
pin and axis

6.5 Fault Detection of Diagonal Tube

The diagonal tube is an important load-bearing component in the “L” arm support
structure of high speed railway catenary. As introduced above, the performance of
HOG features in detecting the fittings of which the lighting condition and the
grayscale distribution on the surface are different is satisfying. In this section, HOG
features are used to detect the diagonal tubes from the global image, and the
cascaded AdaBoost classifier is adopted to increase the detection speed.

6.5.1 Diagonal Tube Detection Based on Cascaded
AdaBoost Classifier

The cascade classifier is used to accelerate the process of clevis detection, and
remove most non-clevis areas with small computational cost. Each layer of the
cascade classifier is trained using Gentle AdaBoost algorithm, which combines the
output of a set of “weak classifiers” into a weighted sum to form a “strong clas-
sifier”, and uses Newton steps to minimize the training error. Each weak classifier
focuses on the classification of one dimension of the input feature vector. In
summary, AdaBoost classifier is a strong classifier which is obtained by the linear
superposition of several weak classifiers and these weak classifiers are trained on
different training sets [46].

In AdaBoost algorithm, the weight of the error sample is increased by a factor,
and the effect of the sample on the next weak classifier becomes larger. AdaBoost
algorithm uses the weighted majority voting principle, which is to give higher
weight to the classifier with lower error rate, which can make them play a greater
role in decision-making. Therefore, the error rate of the classifier will be reduced
with the increase of the number of weak classifier. The detailed training procedure
of Gentle AdaBoost algorithm is described in Fig. 6.88 [47].
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1. Start with weights w,; =1/N, where i =1,2,...,.N

(N is the number of training samples).
2. Repeatfor t =1,2,...,T times,

(a) Train a stump decision tree to divide the
training set into two classes, S, and S, (positive

and negative classes). Then calculate W[L (true
positive), W,' (false positive), W, (true

negative) and W,i (false negative) by
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(c) Update sample weights by
W, =W, expl—y.f,(x,)]/ Z, where
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3. Output the strong hypothesis F(x; ) = Z’TZI f(x)

Fig. 6.88 Training procedure of Gentle AdaBoost algorithm

All sub-windows

Stage 1 Stage 3 Stage 4

T
Further
processing
Rejected sub-windows

Fig. 6.89 Structure of the cascade classification system

However, too many weak classifier combinations will affect the detection speed and
the classification accuracy cannot be guaranteed in AdaBoost algorithm. Therefore, the
cascade structure proposed by Viola and Jones is utilized [39]. Its structure is shown in
Fig. 6.89, where A; is the AdaBoost strong classifier in the ith stage.

In the process of diagonal tube detection, the detection window slides on the
image in order to calculate the HOG features in the window. When the feature
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(b) Negative samples

Fig. 6.90 Positive and negative samples of diagonal tubes

vector passes through the cascade classifier, if one of the sub-classifiers judges it as
the non-target, the window will be rejected. It will not enter the next classifier. If the
window contains detection targets, it will go through all the AdaBoost classifiers to
the last stage. Because most of the non-target windows are rejected by the
AdaBoost classifiers in the previous layers, and the AdaBoost classifier in the
previous layers is usually composed of a few simple linear combination of weak
classifiers. So the cascade classifier with veto mechanism will reduce the compu-
tational complexity greatly, and improve the detection speed at the same time.
The generation of the training dataset is similar to the one described in 6.4.3. The
size of positive and negative samples is normalized to 64 X 64 pixels. In order to
improve the accuracy of localization, the uplink and downlink diagonal tubes are
divided into four groups to train four different cascade classifiers (Fig. 6.90).
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Most possible sub-windows can be detected by the cascaded AdaBoost classi-
fier, as seen in Fig. 6.91a, b. However, false positives still exist. To eliminate the
false positives, all the outputs of the cascade classifier are inputted to an SVM
classifier, which is more accurate than the cascade classifier. SVM classifier is
trained using the same positive samples as the cascade classifier, but the negative
samples are the false alarms of the cascaded AdaBoost classifier. Because the
dimension of HOG features is high, the processing speed of SVM is slower than
that of the cascaded AdaBoost classifier. That’s why the utilization of cascaded
AdaBoost classifier is able to increase the detection speed. The final detection result
is shown in Fig. 6.91c, d labeled with red rectangles.

6.5.2 Detection of Loosening and Missing of Screws

In order to analyze the working state of the screw, the screw on the diagonal tube is
firstly separated. The vertical edges of diagonal tube are extracted to determine the
separation line. Before dividing the screws, smooth filtering and contrast
enhancement are made in the diagonal tube image in order to make the tube’s edge
close to the straight line to determine the separating point, as shown in Fig. 6.92.

Hough transform is used to detect straight lines in order to get the inclined angles
of the tube. Figure 6.93a, b show the matrix of Hough transform. Figure 6.93c, d
corresponds to two diagonal tubes towards two different directions. The first three
grayscale peaks correspond to the three longest straight lines. According to the
diagonal tube’s image, the long and straight lines are distributed in the cantilevers
and tubes. Since the installation angle of cantilever fits in a specific rule, the long
straight lines distributed in the cantilevers can be eliminated based on the incli-
nation angle of the line. Hough transform is used to detect a pair of parallel lines
corresponding to the tube’s edges.

The origin is set to the horizontal middle point in the diagonal tube’s edge and
the statistical curve is obtained by accumulating the grayscale value of the edge
pixels along the horizontal direction. For the tubes whose screw is towards left, the
separating line is on the origin’s left. On the contrary, for the tubes that the screw is
towards right, the same method is used to find the separating line on the origin’s
right, as shown in Fig. 6.94.

After getting the screw image segmented, we distinguish the three states of
screw and detect the loosening and missing states of the screws, as shown in
Fig. 6.95.

Although the screws’ orientations of uplink and downlink diagonal tubes are
different, after separated from the tube, due to the screw’s axial symmetry, the head
of the screw can be no longer distinguished, according to the relevant fault
criterions.

Screw is the small target. It is difficult to obtain the accurate information on
thread or other parts. So the detection is based on pixel grayscale distribution
characteristics of two kinds of fault conditions.
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(a)

(c) (d)

Fig. 6.91 Detection results of diagonal tubes. a, b Detection results of cascaded Adaboost
classifier; ¢, d detection results of the cascaded AdaBoost classifier and the SVM classifier

Fig. 6.92 Comparison of original image and preprocessed image
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(b)

00

Fig. 6.93 Computing the inclination angle using Hough transform: a, b matrix of Hough
transform and the first three peak points; ¢, d diagonal tubes that towards to different directions

When the screws fall down, both bolts and nuts will be missing. Therefore, the
falling fault can be judged by the length of the screws and their sockets, while
loosening of the screws can be judged by the position of nuts since the nuts will
move by the thread.

(1) Detection of falling

Different screen angles and locations will influence the pixels of the bolts.
According to TB/T 2075.1-2010, the bolts on the diagonal tube clevises should fit
in DIN43165 and the thin nuts should fit in GB/T 6172.1-2000. Therefore, the
diameter of the bolts is a constant. In order to eliminate the influence of the shooting
angle, the ratio of bolt length to its diameter is set as the criterion of the falling of
the bolts, as shown in Fig. 6.96.

(1) Firstly, after the binary processing and the edge detection of screw image,
pixels of the screw’s binary image are accumulated in the horizontal direction,



6.5 Fault Detection of Diagonal Tube 225

(a) (b)

80

70

B0 |

Sum of gray value at honzontal direction
a

Sum of gray value at honzontal direction
P
&

o L Y 1 " :
200 150 100 S0 o 50 100 150 200

Fig. 6.94 Segmentation of the screw: a, b statistical curve of the grayscale sum on the horizontal
direction; ¢, d segmentation result of the screw and the main part of the diagonal tubes

as shown in Fig. 6.97a. Meanwhile, the vertical edge pixel accumulation
distributions are shown in Fig. 6.97b by the same way.

(2) In horizontal direction, the two biggest points correspond to the two edges of
the screws. Thus the diameter of the screws can be calculated by the two
largest edge pixel accumulation values. The fault of screw falling off can be
judged by the ratio of the length to the diameter.

It can be found that the ratio of screw length to diameter in falling condition is
¢ ~ 0.5, while the normal or loosening condition’s is ¢ > 1.2. Thus set ¢ > 1 as the
judgment of the normal-state screw, on the contrary, c<1 as the judgment of the
falling-state.

(2) Detection of loosening

Because of the movement of the thin nut, a new peak will occur in the horizontal
pixel distribution in the loosening state. Then the difference curves of horizontal
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(a) Normal condition

(b) Missing condition

(c) Loosening condition

Fig. 6.95 Three typical states of the screws
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Fig. 6.96 Ratio of bolt length to its diameter
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pixel accumulation distribution can be calculated and the loosening fault can be
judged by the times of the zero-crossing (Fig. 6.98).

In order to verify the presented method, based on OpenCV and Matlab, 60
images of the catenary suspension system from the field are tested. 50 images
contain diagonal tube, and 10 images do not contain diagonal tube. The number of
loosening and missing screws in the images is each 5, respectively. The detection
results are listed in Table 6.13.
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Fig. 6.98 Detection of the loosening fault of screw
Table 6.13 Detection results of diagonal tube
Total Number of correct Number of error Detection
detection detection time (s)
Image number 50 44 0 1.288
Images with 40 38 0 1.318
diagonal tube
Images without 10 10 0 1.101
diagonal tube
Loosening screw 0 /
Missing screw 0 /
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6.6 Summary

In recent years, many automatic inspection methods based on image processing and
computer vision have been used in railway maintenance. In this chapter, some new
detection methods of the safety threatening working state of the insulators, the
clevises, and the diagonal tube are presented and discussed in detail.

In order to improve the detection accuracy of non-contact detection for the
catenary, some researches should be developed in future [48, 49].
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The research and development of pantograph-catenary detection equipment
should be in line with the requirements of the 6C standard. On July 1, 2012,
this standard has been promulgated and implemented by the Ministry of
Railway of China as the general technical specification for the safety
inspection and monitoring system (6C system) of the high-speed railway
power supply. In the standard, from the technical requirements, system
components, communication form, etc., to the specifications of
pantograph-catenary detection equipment are given. Therefore, the developed
detection equipment should be based on the 6C system standard.

Most of the existing detection equipment in the railway integrated test vehicle
must occupy the traffic line, and small portable and hand-held detection
equipment has low efficiency outside. With the opening of the low altitude
area to the civil aviation, it is possible to realize the detection of
pantograph-catenary parameters and faults using the UAV (unmanned aerial
vehicle) technology. The short-range aerial line equipment can realize the
close multi-angle detection of pantograph-catenary equipment, and effectively
prevent the visual dead angle. The long-endurance UAV remote pantograph
detection can improve the detection ability to quickly locate the fault point.
With the image detection quality improvement, the possibility to improve the
all-weather detection should be considered from the cost and general con-
siderations. The existing image detection devices mostly use the CCD camera,
but the visible light detection is vulnerable to ambient light, which can result
in exposure, insufficient light, reflective white spot and other issues. Therefore,
the quality of image shooting method should be improved for the intelligent
recognition in future.

At present, the research of pantograph-catenary image recognition algorithm is
based on simple image environment and single parameter detection. But the
advantage of image detection is to acquire complex pantograph-catenary
image. Therefore, it is an urgent problem to solve for complex image target
detection.

The identification ratio of image recognition algorithm can determine the
algorithm’s practicality. At present, the pantograph-catenary image recogni-
tion accuracy still needs to be improved, especially for the complex images
with poor clearance and interference parameters. The adaptive detection
algorithms need in-depth research to raise the detection accuracy and
precision.
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(6)

6 Detection of Catenary Support System

3D technology is becoming more and more important for the design of
pantograph-catenary system, but the research is in a preliminary stage. Using a
3D camera, the shooting and 3D image reconstruction for pantograph-catenary
components can be realized. For the parameter detection and fault extraction
of pantograph-catenary system, the virtual operation simulation and real 3D
training will have the important application value.
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Chapter 7
Wire Irregularities Detection
of Contact Line

7.1 Introduction

The schematic of the contact line irregularity comparing with ideal condition is
shown in Fig. 7.1. Aside from the dynamic interaction between pantograph and
catenary and the aerodynamic disturbance caused by pantograph, the contact line
irregularity is believed to be another major cause for the fluctuation of
pantograph-catenary contact force (PCCF). There are many causes for contact line
irregularity given as follows [1, 2].

1. Non-constant height of the contact line above the track plane due to errors of
mast and suspension positioning.

2. Difference in the length variation between the contact line and messenger line,
due to non-recovered thermal expansion, which causes a variation in catenary
geometrical position.

3. Incorrect tension of the wires, due to malfunction of the tensioning devices,
which causes a variation of the catenary dynamic response.

4. Errors in dropper length, with wavelengths of the vertical profile of the irreg-
ularity of the contact line shorter than the previously considered cases.

5. Wear and manufacturing defects of contact line surface randomly distributed
along the railway line.

Although the contact line irregularity can never be completely eliminated, it
could be maintained in some feasible conditions if can be detected and localized in
advance. There are several attempts on the prediction of contact line wear [3], the
simulation of contact line irregularity [2, 4], and the impact study of the contact line
irregularity on the current collection [1]. However, in these previous studies, the
characterizations of the contact line irregularity were mostly based on the
time-domain indicators and power spectrum density (PSD) of irregularity ampli-
tudes, which could not fully reveal the early-stage contact line irregularity. The
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Fig. 7.1 Schematic of the
contact line irregularity

Geometry deformation

comparing with ideal [} TTIITameeeoliioooeo

condition (dashed
lines) (Reprinted from Ref. Suspension
[10], Copyright 2016 with

Catenary

permission from IEEE) EOTUR || OSSN A—

Wear and manufacturing defect

main difficulties of the prediction and detection of contact line irregularity are
summarized below.

1.

The direct measurement of contact line irregularity requires another set of
equipment except the pressure sensors for PCCF measurement, and the accuracy
of the measurement should be at the level of 0.1 mm in order to obtain the wear
of contact line [5], which can almost be unachievable, and would cost a lot.

. The current characterization of contact line irregularity can reveal its global

condition, but is lack of quantified information, e.g. the wavelength and location
of the irregularity, which could be convenient for the maintenance of catenary
infrastructure.

. As the reflection of contact line irregularity, the PCCF or the vertical dis-

placement and acceleration of pantograph is much easy to be measured. But the
currently used PSD estimation of the measurements is still a 1-D frequency
representation and not able to identify the frequency-domain irregularities. For
example, a typical real-life PCCF signal from a section of the
Beijing-Guangzhou Railway line in China is depicted in Fig. 7.2a. The PCCF
signal is measured under the train speed of about 100 km/h and the sampling
interval of 0.5 m. It can be seen that the PCCF shows certain degree of peri-
odicity in an interval cycle of approximately 60 m. The corresponding PSD
depicted in Fig. 7.2b shows only one peak at the frequency 0.0156 m™ ', i.e.
wavelength 64.1 m, which approximately equals to the average span distance of
the railway section. Aside from that, no other information on the frequency
components can be obtained from the PSD. Besides, the information on the
locations of frequency components cannot be provided.

Therefore, this chapter introduces the quadratic time-frequency representation

(TFR) to the characterization of PCCF. A detection approach for contact line
irregularity is developed based on the TFR of PCCF. Theoretically, the TFR of the
PCCEF could reveal the contact line irregularity reflected by the PCCF, and as well
locate the irregularity components in the measured railway line so that mainte-
nances can be performed accordingly. Some dynamic simulations of pantograph-
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Fig. 7.2 A real-life PCCF signal and its PSD (Reprinted from Ref. [10], Copyright 2016 with
permission from IEEE)

catenary interaction and the contact line irregularity are realized to illustrate the
detection approach.

7.2 Times-Frequency Representation of PCCF

The time frequency analysis of non-stationary signals is divided into two cate-
gories: linear transformation and nonlinear transform. Linear transformation mainly
includes the short-term Fourier transform, Gabor transform and wavelet transform.
The time-frequency resolution of short-time Fourier transform and Gabor transform
is poor. Wavelet transform is not suitable to decompose signals with several similar
frequency components, and the selection requirement of wavelet base is very high.
Nonlinear transform adopts the joint time and frequency function to describe the
signal energy density changing with the time (mileage), which mainly refers to the
Cohen time-frequency distributions [5]. The Cohen class distribution of signal z(¢)
is defined as follows.

C.(t,w) = /Rz(t,r)e_jmdr (7.1)
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where 7 and o are the time and frequency of signal z(z), respectively. The
time-varying autocorrelation function R,(z,7) of signal z(z) is listed below.

R.(t,7) = T z(u+ )z (u—2)Y(t — u,7)du
oo (7.2)
W(t,1) = ;f ¢(t,v)eMdv

where ¢(t,v) is the kernel function, “+” denotes complex conjugation, u, T and v
are the position, time and frequency variables in the integration respectively. If
¢(t,v) = 1, the Cohen class distribution is actually the Wigner-Ville distribution.

WVD, (1, ) = /00 z<t+%)z*(t—%>e’j“"dr (7.3)

Wigner-Ville distribution has the best time-frequency concentration, but it suf-
fers from serious cross term phenomenon and negative frequency with no physical
meanings. In actual applications, improvements should be made to achieve the
maximum cross term suppression with minimum influences on the time-frequency
concentration.

In order to suppress the cross terms in Wigner-Ville distribution, some improved
distributions have been proposed, including the pseudo Wigner distribution,
smoothed pseudo Wigner Ville distribution, Butterworth distribution,
Choi-Williams distribution, Born-Jordan distribution and Zhao-Atlas-Mark distri-
bution [6] and so on, whose kernels are shown in Table 7.1.

It is known that different Cohen class distributions are suitable for analyzing the
different signals with certain time-frequency characteristics. At present, there is not
a kind of distribution that can obtain good time-frequency analysis results for all
signals. Since PCCF includes many complex frequency components, and has the
characteristic of low-frequency energy concentration, it is very necessary and

Table 7.1 Classical time-frequency distribution kernel functions in Cohen class

Distribution Name Kernel function ¢(z,v)
Wigner-Ville distribution (WVD) 1

Pseudo Wigner distribution (PWD) N (%) i (_ %)

Smoothed pseudo Wigner distribution (SPWD) n (%) " (7 %) G(v)
Choi-Williams distribution (CWD) (™)

Born-Jordan distribution (BJD) Sint(vf/vz/ 2)

Butterworth distribution (BUD) W
Zhao-Atlas-Mark distribution (ZAMD) 2g(7) %;/2)
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important to select the appropriate time-frequency analysis method for further
analysis.

When the Cohen class time-frequency distribution is used, the real signal should
be converted into analytical signal, which can directly eliminate the cross terms
between the negative frequency components and the positive frequency compo-
nents [7]. Hilbert transform can perform the conversion.

The Hilbert transform of signal x(¢), namely y(z) is given by

W) =P / ) 4o (7.4)

t—1t

where P indicates the Cauchy principal value. So the analytic version of signal x(7)
is formed as

Z(t) = x(t) +j - y(1) (7.5)

The analytic signal z(¢) will be used in the following time-frequency analysis
instead of real signal x(z).

In this chapter, the used contact pressure data is from the simulation models of
Beijing Tianjin high-speed Railway [8], in which the three mass models of pan-
tograph DSA380 and SSS400+ are adopted, respectively. The statistics of PCCF
under the different speeds are shown in Table 7.2.

It can be found that the data of each group is in accordance with the basic law,
the overall trend of the SSS400+ pantograph contact pressure is smaller, and the
DSA380 pantograph contact pressure standard deviation is small. The stable PCCF
data from the middle 8 spans in 10 spans are analyzed with time-frequency dis-
tribution. The length of data is 384 m (span length is 48 m), and the sampling
frequency is 0.5 m, which can satisfy the non-stationarity analysis requirement,
namely the data total length is less than 500 m according to Chap. 2. The analysis
results with several classical time-frequency distributions for the PCCF data under
300 km/h and DSA380 pantograph are shown in Fig. 7.3.

Table 7.2 Statistics of PCCF

Data Speed Mean Standard deviation Maximum Minimum
type (km/h) ™) ™) ™) ™)
DSA380 |200 102.3 11.1 129.3 65.6
250 124.3 19.8 191.1 62.5
300 151.1 26.7 223.4 757
350 182.4 31.7 266.5 90.4
SSS400+ | 200 88.6 12.3 117.2 434
250 110.3 20.9 167.2 65.5
300 136.8 329 215.4 45.1
350 168.0 36.0 277.5 62.8
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Fig. 7.3 Several classical time-frequency distributions for PCCF (Reprinted from Ref. [10],
Copyright 2016 with permission from IEEE)

In Fig. 7.3, six figures are contour maps. The longitudinal coordinate denotes the
mileage, and the vertical coordinate denotes spatial frequency. The colors from blue
to red mean that the increasing of energy density (shown in energy bands at the
right side), and white means no energy. In the time-frequency analysis results of
PCCEF, if there is energy characterization in the contour map corresponding to a
longitudinal coordinate space frequency, it means the existence of the spatial fre-
quency components in PCCF. In addition, the reciprocal of spatial frequency is the
wavelength component in PCCF.

In Fig. 7.3, it can be found that the analysis results with WVD, CWD, BJD and
BUD are very poor. The situation of cross terms is very severe. In the results of



7.2 Times-Frequency Representation of PCCF 239

SPWD and ZAMD, several complete horizontal lines can be clearly identified,
which represent the frequency components in the data segment. In these lines, the
energy density at spatial frequency 0.021 m™" is the maximum, which can represent
the wavelength component 47.6 m corresponding to the period of catenary span. It
just accords with the span 48 m in the model, and is the most concentrated
wavelength component in PCCF, which is same as the analysis results in [9].

Because the smooth window’ width must be set in time domain and frequency
domain for SPWD, and the situation of some cross terms in low frequency part is
heavy, which results in the poor spatial frequency resolutions, ZAMD is adopted to
analyze the PCCF data in this chapter.

7.3 Detection Approach Description Based on ZAMD

The detection and localization approach for contact line irregularity is depicted in
the block diagram in Fig. 7.4, in which the Zhao-Atlas-Marks distribution (ZAMD)
is adopted for the time—frequency representation (TFR) of PCCF. The purpose of
the approach is to identify the irregularity wavelength components caused by
contact line irregularity and contained in PCCF, and localize the contact line
irregularity that exists in local section. Each procedure in the approach is described
in detail below. An illustration of the application of the detection method is given
after the approach description.

1. PCCF measurement data

To implement the practical application of proposed method in railway industry,
the precise measurement of PCCF should be implemented first as a valid data source.

Fig. 7.4 Block diagram of ‘ PCCF measurment data |
the detection approach J

(Reprinted from Ref. [10], /—lﬁ

Copyright 2016 with LPrcproccssingj'

permission from IEEE) |
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For reference, the suggested minimum requirement of the basic parameters of
measuring sensors, if employed, is given in Table 7.3 where the FS denotes the full
scale of sensor. Although the existing measuring methods of PCCF are various in
different institutions or companies, the PCCF data are acceptable for the proposed
detection method as long as the measurement meets the minimum requirement.

2. Preprocessing

The preprocessing of raw PCCF data must ensure the validity of PCCF and filter
the unconcerned frequency ranges. Thus, the preprocessing operations performed
on the raw PCCF should depend on the measurement method adopted in the PCCF
measurement. Some usual and recommended operations are the eliminating of
incorrect measurements, filtering of irrelevant frequency ranges, denoising and so
on. When the duration of a PCCF measurement is longer than a tensioning section
of the measured railway line, the signal should be divided into several segments.

3. Hilbert transform
The content has been introduced above.
4. Quadratic TFR using ZAMD

The ZAMD has been proven to be valid for the TFR of PCCF signal [10]. It has
a cone-shaped kernel defined as [6]

3(00) = (o) P (76)

where g(7) is a time window and parameter /3 is used to adjust the slopes of the
cone-shape kernel with the constraint that § > 2.

5. Identification of irregularity components

Based on the TFR of PCCEF, the identification of irregularity components is
realized by comparing the TFR with the healthy TFR of the PCCF from the same
railway line. In other words, the identification should be based on the priori
information on the healthy wavelength components of PCCF in the measured
railway line; or at least the catenary structure parameter of the railway line. The
identified irregularity wavelengths should be with detection error depending on the
resolution of the TFR.

Table 7.3 Minimum requirement of sensor parameters (Reprinted from Ref. [10], Copyright
2016 with permission from IEEE)

Parameter type Pressure sensor Acceleration sensor
Measurement range 0.0-500.0 N +10.00g
Measurement accuracy 2 %FS 0.5 %FS
Maximum overload 1000 N 100g

Maximum sampling frequency 1000 Hz 1000 Hz
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The key to the practical implementation of this procedure is the acquisition of
healthy components in PCCF, which is equivalent to the determination of healthy
PCCF for a certain railway line. Addressing this problem, three possible ways
corresponding to the different stages of pantograph-catenary system are suggested
as follows.

(a) If a catenary suspension is in the design stage, the pantograph-catenary system
must be verified using simulation before its construction. Based on the sim-
ulation results, the TFR of ideal PCCF can be obtained and used as the
reference, namely the healthy TFR, for the following acceptance test and
operation.

(b) If a pantograph-catenary system is already constructed and in the acceptance
stage, the TFR of current PCCF signals can be regarded as the healthy TFR.
After the start of normal operation, the deterioration of the TFR of PCCF can
be observed by comparing with the healthy TFR, and the contact line irreg-
ularities and the severity of irregularities can be obtained.

(c) For an existing railway line with previous data records of PCCF, the earliest
record of PCCF signal can be regarded as the relatively healthy one. If there is
few or no previous record of PCCF, the new measurement of PCCF can be used
as the reference for future measurements, and the structure parameters of cate-
nary suspension can be helpful to determine the healthy components in PCCF.

6. Localization of irregularity components

After the identification of irregularity components, each irregularity component
can be localized within a distance range depending on the corresponding energy
distribution in the TFR of PCCF. Similarly, the localization results should be with
detection error depending on the resolution of the TFR.

7. Location modification

Based on previous experience, the irregularity component with longer wave-
length is less detectable because the enormous influence of catenary structure on the
PCCF could submerge it. It should be noted that, when using the quadratic TFR of
PCCEF, there is certain limitation in the localization result given in procedure Step 6
which can be described as follows.

(a) The localization result is closer to actual value when the irregularity wave-
length is longer.

(b) The irregularity components detected in long-wavelength range should be
properly magnified to obtain the final duration.

Therefore, the duration of the irregularity components in the low-frequency
range should be properly magnified. The modification coefficient should be based
on the extent of amplitude deviation comparing with healthy condition. In the case
of real-life measurement, the modified final durations can be calculated by fitting
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the trend of variation ratio versus the irregularity wavelength. The ratio of variation
of the start or end point is defined as

_ Detected start (end) location
 Actual start (end) location

ratio

(7.7)

and the ratio of the detected start and end points can be obtained by simulation or
previous measurement. Then, the cubic polynomial can be used as the fitting for-
mula for the trend of the ratios

T(1)=p1P® +pal® +p3l +ps (7.8)

where [ is the irregularity wavelength and p; to p4 are the fitting parameters. The
fitting curves of the variations of start and end locations can be used to calculate the
final durations of certain irregularity components by

Detected start (end) location

. 7.9
T(I) for start (end) location (7.9)

Final start (end) location =

As an example, the modification coefficient of the 8 mm-amplitude irregularity,
which represents a certain extent of contact line irregularity, is presented in the next
section. For future applications of the modification, different modification coeffi-
cient should be obtained using different amplitude of irregularity based on a sim-
ulation model corresponding to the actual pantograph-catenary system.

8. Detection result

The detection result, namely the output of the detection approach includes the
wavelength, duration and midpoint location of irregularity component. Aside from
the wavelength and duration, which are the fundamental properties of irregularity
component, another indicator that can be used as the reference for localization result
is the location of the midpoint of the local irregularity. This indicator is especially
useful for the existing railway lines when the severity of the contact line irregularity
is unknown due to being lack of previous measurement and monitoring. It provides
convenience for determining the actual location of necessary track visit in
maintenances.

7.4 Detection Approach Demonstration

To demonstrate the application of the detection approach, a simulation model of
pantograph-catenary interaction based on finite element method is employed. The
modeling method was validated thoroughly by Bruni et al. [11] and European
Committee for Electrotechnical Standardization [12]. The simulations are carried
out considering global, local and complex contact line irregularities.
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7.4.1 TFR of Healthy PCCF

Concretely, in the simulation model, the catenary span is 48 m and the
inter-dropper distances are 5, 9.5, 9.5, 9.5, 9.5 and 5 m, respectively between
restriction points and droppers. The pantograph parameters adopt the parameters of
the DSA380 pantograph, which is an actual high-speed pantograph in China.
A segment of simulation PCCF signal is regarded as the healthy PCCF as shown in
Fig. 7.5a. The corresponding TRF using ZAMD is computed according to afore-
mentioned procedures and depicted in Fig. 7.5b. As a result, the TFR shows high
time-frequency resolution and all the frequency components are separately dis-
tributed in the time-frequency plane. More particularly, the wavelength components
marked out by the dashed arrows represent some harmonics that can be identified as
the reflections of certain catenary structure parameter. As labeled in Fig. 7.5b, the
span wavelength, the half-span wavelength and two inter-dropper distance wave-
lengths can be observed almost throughout the entire displacement. The two rela-
tively high frequency components far exceed the highest frequency related to the
catenary structure, which could be regarded as the result of pantograph vibration.

Note that in the same pantograph-catenary interaction, the TFR of healthy PCCF
is different if the operation speed is different. Figure 7.6 depicts the healthy TFRs of
PCCF under different operation speed. It can be seen that some wavelength
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(b) The quadratic TFR of the healthy PCCF signal using ZAMD

Fig. 7.5 The healthy PCCF signal and its quadratic TFR (Reprinted from Ref. [10], Copyright
2016 with permission from IEEE)
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components remain the same for PCCF under different speed, especially the marked
out components in Fig. 7.5b. Meanwhile, the circled wavelength components in
Fig. 7.6 are new and different as the speed changes. The wavelength components
tend to be more complex as the speed increases. Thus, it can be concluded that there
is a specific healthy PCCF for the pantograph-catenary interaction under a certain
speed. The following investigation is carried out based on the PCCF signal under
the same speed of 300 km/h.

When the catenary structure and operation speed is the same, but the pantograph
type is different, the TFR of healthy PCCF should be different since the interaction
is different. Figure 7.7 depicts the TFR of PCCF generated by the SSS400+ pan-
tograph instead of the DSA380 pantograph. It can be seen that most of the
wavelength components are still the same comparing with Fig. 7.5b since the
catenary structure is the same. But in the circled region, emerging wavelength
components appear due to the replacement of pantograph. It can be regarded as the
sign of a relatively bad contact quality as the standard deviation of PCCF under the
SSS400+ pantograph is 6.2 N larger than the DSA380 pantograph. So, the pan-
tograph type should also be considered when determining the healthy PCCF as the
reference for irregularity detection.
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7.4.2 Irregularity Detection of Unhealthy PCCF

Using the quadratic TFR depicted in Fig. 7.4b as the reference of healthy TFR of
PCCF, some unhealthy PCCF signals are simulated under the same operation
condition with only contact line irregularity in different forms added. Essentially,
the irregularity components of the contact line height can be regarded as the
combination of harmonic waves with different wavelength, frequency and distance
duration. In order to observe the frequency-domain reflection of contact line
irregularity in the PCCF signal, simplex waveforms generated by the cosine wave
are added to the normal height of contact line to simulate simplified vertical
irregularity. More specifically, the global, local and complex irregularities illus-
trated in Table 7.4 are formed to study the TFR of the PCCF under varies
irregularities.

In the case of real-life operation, the synthetic approaches that are more often
used to generate real-life contact line vertical irregularity are the inverse Fourier
transform [4] and the trigonometric series [13] based on the PSD of the actual
contact line height, which are substantially equivalent to the process of harmonic
wave superposition. For example, Fig. 7.8a depicts the PSD of measurement data of
contact line height from Beijing-Guangzhou Railway line using the maximum
entropy method. The solid red line indicates the fitting of the actual PSD, which is
used as the input of the trigonometric series method. The contact line irregularity

Table 7.4 Types of simplex contact line irregularity

Type Schematic

Normal

Global irregularity mm
Local irregularity _f\/'\/_

Complex irregularity /\/\MM
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data can be regarded as a zero-mean stationary Gaussian process computed by the
sum of cosine functions as follows.

s(kAx) = i ay cos(wpk + 0,,) (7.10)

n=1

where k is the number of the sample point, Ax is the sampling interval, s(kAx) is the
irregularity data series, N is the amount of harmonics, 0, is a random variable
uniformly distributed on (0, 2w), and a,, is a normal random variable with zero mean
and variance ai defined as

a2 = 4S(w,)Aw (7.11)

where S(w,) is the fitted PSD of contact line irregularity and Aw is the frequency
interval. The sampling frequency w,, of the trigonometric series is determined by its
upper and lower cut-off frequency w, and w; as

Ao=3 (0, — ay)
{a),, =y +(n—05)Aw’ (7.12)

The synthetic contact line irregularity generated by Eq. (7.10) and the fitted PSD
in Fig. 7.8a is depicted in Fig. 7.8b, which shows that as the contact line height
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(b) Synthetic contact line irregularity generated by trigonometric seriesmethod.

Fig. 7.8 The generation of synthetic contact line irregularity (Reprinted from Ref. [10],
Copyright 2016 with permission from IEEE)
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periodically changes in span cycles in general, the irregular components cause
observably deviation on the normal contact line height.

The PCCF simulations under simplex and synthetic contact line irregularities are
carried out and adopted as unhealthy PCCF for detection approach demonstration.
For simplex contact line irregularity, the global, local and complex irregularities are
investigated respectively.

Firstly, the PCCF signal under the simplest global irregularity using one cosine
function is carried out. The following contours of quadratic TFRs are without
colorbar for simplicity. In the TFRs depicted in Fig. 7.9, the quadratic TFRs of the
PCCF under different forms of irregularities indicate that, while other components
are practically the same as in the TFR of healthy PCCF in Fig. 7.5b, the wave-
lengths of contact line irregularity can be accurately reflected by the ZAMD. In
Fig. 7.9a, b, the global irregularities simulated by a cosine wave with wavelength of
1 and 2 m respectively are both detected and marked out. However, the distance
durations of the two global irregularities are not globally distributed. The compo-
nent with the longer wavelength appears to have a relatively short duration. It is
because that the energy of a PCCF signal is mainly concentrated on the
low-frequency range, which makes the low-amplitude irregularity harder to reveal
itself when its wavelength is closer to the span.

Secondly, some irregularities with limited duration are added to the contact line
to investigate the performances of quadratic TFR under local irregularity. For the
sake of conciseness, Fig. 7.9 depicts some TFRs of the PCCF signals under dif-
ferent local irregularities in the one contour with all the healthy components grayed
and blunted. The local irregularities are existed only in the sixth span, namely from
the 240 to 288 m of the displacement in Fig. 7.10, and with independent wave-
length from 1 to 5 m with step of 0.5 m, respectively. It can be observed that all the
local irregularities are detectable with the wavelengths labeled and approximate
distance durations described in the square brackets. However, the distance duration
declines as the irregularity wavelength increases, which is the same trend as shown
in Fig. 7.9a, b. It confirms that the irregularity component with longer wavelength
is less detectable because the enormous influence of catenary structure on the PCCF
could submerge it.

Clearly, the duration of local irregularity requires modification. Based on the
location modification presented above and Eqs. (7.7) and (7.8), the fitting curves of
the variations of start and end locations are shown as the solid lines in Fig. 7.11,
which are used to calculate the final durations of corresponding irregularity com-
ponents. For instance, the apparent start and end locations of the 5 m-wavelength
component are 261 and 268 m respectively, and the variation ratios calculated by
corresponding fitting formula are 1.075 and 0.942 respectively. So, the final start
and end locations are (261/1.088)m and (268/0.931)m respectively according to
Eq. (7.7), which is equal to duration [239.9, 287.9 m]. To adopt this modification,
the duration of the irregularity should be under 50 % of the total displacement in the
low-frequency range, because the irregularity component exceeding half the dis-
placement is highly possible to be global referring to Fig. 7.9.
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Fig. 7.9 Quadratic TFRs of the PCCF under simplex contact line irregularity (Reprinted from
Ref. [10], Copyright 2016 with permission from IEEE)

Thirdly, in the case of complex irregularity, a 3 m-wavelength and
8 mm-amplitude global irregularity and a 2 m-wavelength and 8 mm-amplitude
local irregularity in the fifth span are both added to the contact line height, which
result in the TFR of PCCF depicted in Fig. 7.12. For the detected local components,
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the variation ratios for their start and end locations are computed using the fitting
curves in Fig. 7.11 by Eq. (7.8). The final duration of the local irregularity is
[143.7, 191.8 m], which is approximate to the actual duration [144, 192 m].
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Meanwhile, the duration of the global irregularity is non-global but exceeds 50 %
of the overall analysis displacement and is close to the essential components of
PCCEF. It is not suitable for modification and could be inferred to be a global
irregularity component.

Fourthly, a synthetic contact wire irregularity is generated by Eq. (7.10) in
which the amount of harmonics is 16 and the maximum amplitude is 9.88 mm.
The PCCEF signal is simulated under the synthetic irregularity with mean 151.0 N
and standard deviation 27.7 N that are slightly higher than healthy PCCF.
Figure 7.13 depicts the TFR of the PCCF sin which the dashed red lines circle all
the irregularity components and the red numbers represent the amount of compo-
nents in the circle. A total of 12 components are detected in the TFR. The wave-
lengths and corresponding distance durations of the irregularity components are
given in Table 7.5 based on the analysis above, and the intervals of wavelength and
duration are given based on the adopted time and frequency smoothing windows.
Because of the resolution of TFRs is limited to a certain extent, the values shown in
the table are with detection errors. It can be seen that in the frequency range under
0.4 m™', and three components exceeding half the displacement are recognized as
global irregularity. The other components are modified in localization as described
above. It is worth mentioning that, in this case, all the irregularity components are
not necessarily belonging to the synthetic irregularity. Some of them could be due
to the pantograph-catenary vibration frequency indirectly caused by the irregularity.

Lastly, a PCCF signal from a section of Jiaozuo-Liuzhou Railway line in China
depicted in Fig. 7.14a is used for detection demonstration. The signal is measured
under the train speed of approximately 100 km/h and the sampling interval of 0.5 m.
The measurement of the PCCF signal is implemented by installing a pair of pressure
sensors and a pair of acceleration sensors on each of the two contact strips of
pantograph head. The minimum measurement unit of pressure sensor and accelera-
tion sensor are 0.1 N and 0.01g where the gravitational acceleration g = 9.81 m/s?,
respectively. The PCCF is composed of two parts and computed as follows.
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Table 7.5 The detection Number | Wavelength (£0.05 m) | Duration [£2, £2 m]
results of the PCCF under ] 105 708, 345 1
synthetic irregularity : [79.8, 1]
2 1.16 [47.9, 322.2]
3 1.20 [142.3, 251.1]
4 1.24 [146.9, 307.4]
5 1.28 [48.3, 325.8]
6 1.82 [113.7, 200.1]
7 2.54 [149.8, 306.4]
8 2.67 Global
9 3.23 [199.8, 309.2]
10 3.51 [78.6, 284.3]
11 5.49 Global
12 15.38 Global
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Fig. 7.14 Real-life PCCF signal and corresponding contact line irregularity detection based on
quadratic TFR (Reprinted from Ref. [10], Copyright 2016 with permission from IEEE)
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F=F+F,=F,+a-mg (7.13)

where F; is the resultant force of the measurements of four pressure sensors, F, is
the correction of PCCF, a is the mean value of the measurements of four accel-
eration sensors, and my is the mass of pantograph head. The pantograph vertical
acceleration is used to modify the dynamic value of PCCF. The PCCF signal shown
in Fig. 7.14a is the result using Eq. (7.13) and no further preprocessing operations.
It is preselected for a brief demonstration.

As an existing line with limited prior information, the five span distances in the
section are given with the fluctuation of the PCCF, and the inter-dropper distances
are unevenly distributed from 4 to 10 m in the five spans. Therefore, the wave-
length components which are longer than 65 m, approximately equal to half span
32.5 m, and between 4 and 10 m could be regarded as the healthy components
referring to the healthy TFR in Fig. 7.5b. It can be seen from the TFR of the PCCF
depicted in Fig. 7.14b that the span harmonic, the half-span harmonic and
inter-dropper distance harmonics could be observed with minor frequency devia-
tions. Based on the TFR and the exclusion of healthy components, the irregularity
components are identified and circled with dashed lines. Consequently, the irreg-
ularity components of the PCCF are obtained using the proposed detection
approach and given in Table 7.6. In addition, the midpoint location of each local
irregularity is presented for reference.

In spite of the unavailable structural parameters and previous condition of the
measured catenary infrastructure, the detected irregularity components could be
partly confirmed using the vertical acceleration of pantograph that simultaneously
measured with the PCCF. Figure 7.15 depicts the PSD of the vertical acceleration
in unit of gravitational acceleration. It is notable that the No. 1, 2, 4 and 5 irreg-
ularity components have significant and equivalent peaks in the PSD of pantograph
vertical acceleration as marked in the figure, while the No. 3 and 6 ones are
relatively unconspicuous. As the direct response of contact wire irregularity through
the pantograph slide plate, the pantograph vertical acceleration is caused by vehicle
vibration, pantograph-catenary coupling vibration and aerodynamic load, and it
certainly has multiple frequency components. Among these components, the

Table 7.6 Detection results of the real-life PCCF signal (Reprinted from Ref. [10], Copyright
2016 with permission from IEEE)

Number Wavelength (+0.05 m) Duration [£2, +2 m] Midpoint (£2 m)
1 1.09 [46.1, 177.8] 112.0
2 1.82 [174.8, 195.2] 184.9
3 2.04 Global 157.5
4 2.70 [177.3, 278.5] 228.1
5 12.82 Global 157.5
6 20.41 [0, 143.6] 67.7
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Fig. 7.15 PSD of the vertical acceleration of pantograph (Reprinted from Ref. [10], Copyright
2016 with permission from IEEE)

identification of the exactly same irregularity components contained in the corre-
sponding PCCF can verify the detection results listed in Table 7.6 to a certain
extent.

7.5 Summary

The wire irregularity of contact line is one of important factors that influence the
current collection quality and stationary operation of trains. PCCF is the most
important indicator that estimates the dynamic interaction between pantograph and
catenary. In this chapter, first, the times-frequency distributions of PCCF based on
different TFRs are analyzed and discussed in detail. The detection of contact wire
irregularity in railway catenary is presented. The ZAMD is selected as the best
candidate for the quadratic TFR of PCCF. Second, the detection approach
description based on ZAMD is presented and the whole detection frame is given. In
the end, the detection approach is demonstrated in detail. The quadratic TFRs of
healthy and unhealthy PCCF signals show that the wavelengths of contact wire
irregularity can be reflected in the TFR. The distance duration of irregularity
components can be localized in meter accuracy using the proper modification
depending on the irregularity wavelengths. Overall, the approach shows the
promising application in contact wire irregularity detection and localization.

Furthermore, the results suggest further improvement in localization accuracy
and short-duration irregularity detection in low-frequency range. For example, in
order to enhance the reflection of contact wire irregularities in the procedure of
preprocessing, the low-frequency energy of PCCF signals can be weakened. In
order to enhance the energy of the irregularity components, the frequency com-
ponents corresponding to catenary structure parameters can be eliminated. Through
using a more suitable time—frequency distribution, the time—frequency resolution of
the TFR of PCCF signals can be improved.
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Chapter 8
Estimation of Catenary Based on Spectrum

8.1 Introduction

The track spectrum is the PSD of track irregularities. Track irregularities are
classified into several types according to different geometric shapes and positions,
such as alignment irregularity, level irregularity, vertical irregularity, gauge irreg-
ularity and so forth. From another perspective, they can also be classified into short
wavelength and long wavelength irregularities, or periodicity and aperiodicity
irregularities through frequency identifications [1]. In practice, instead of using the
PSD of track irregularities directly, appropriate formulae are usually used to fit the
PSD results and the smoother curves as final track spectrum are obtained [2]. The
adopted formulae have various forms for certain type of irregularity in different
regions. For example, in Japan, the fitting formula applied to all kinds of irregu-
larities is

G(f) = Af™! (8.1)

where G(f) is the fitting PSD, f is the spatial frequency, and A is the fitting
parameter. In Germany, the fitting formulae for vertical track irregularity, alignment
track irregularity and level track irregularity were proposed in the 1980s respec-
tively as follows [3, 4].

A, Q
S,(Q) = rc 8.2
(©) (Q*+ Q) (Q*+ Q) ®.2)
A0
Su(Q) = ——e (8.3)
Q"+ Q) (Q°+ Q)
© Springer Nature Singapore Pte Ltd. 2017 255

Z. Liu, Detection and Estimation Research of High-speed Railway Catenary,
Advances in High-speed Rail Technology, DOI 10.1007/978-981-10-2753-6_8
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AbT2OQ°
(@7 +Q7) (@ + ) (@ +9))

S(Q) = (8.4)

where S(Q) is the fitting PSD, Q is the spatial circular frequency, b is half of the
nominal rolling distance, Q., Q, and € are cutoff frequencies, and A, and A, are
roughness coefficients for the amplitude of PSD.

In the 1990s, modifications were made to A, and A, due to the improvement of
track construction. Since then, Egs. (8.2), (8.3) and (8.4) are widely used in the
track spectrum study of European high-speed railway. In general, there are two
aspects of applications of the track spectrum. On the one hand, the track condition
could be evaluated by comparing the present track spectrum with standard spectrum
that is previously established using measurement data. The comparing approach can
be an interval criterion by setting an upper and a lower boundary or ranking several
boundaries in the standard track spectrum. It provides certain reference and con-
venient for the track estimation and maintenance. On the other hand, the track
spectrum could be used in railway vehicle related study, especially in wheel-track
interactions. It is the input function for the theoretical and experimental study of
wheel dynamic responses [5].

With the rapid increase of train speed, the early-stage catenary defect will be
magnified under high-speed pantograph contact, making the catenary system more
vulnerable than ever. High-speed railway catenary requires more advanced esti-
mation method than conventional methods to facilitate the improvement of catenary
performance. The conventional threshold criterion and indicators are more likely to
be observable after the catenary condition has deteriorated. As a frequency-domain
characterization, the track spectrum is proven to be reliable in track condition
estimation. Similarly, the catenary spectrum is presented in this chapter as the
estimation methodology for catenary. But different from the track irregularity,
contact line irregularity is various depending on the design of catenary structure,
especially the geometric parameters of contact line, shown in Fig. 8.1. Meanwhile,
it is also highly sensitive to external excitations due to the nonlinearity and flexi-
bility of catenary structure. Therefore, the estimation of catenary based on spectrum
should consider the current structure of catenary and the influence of external
excitations. Thus, as discussed in Chap. 1, the catenary spectrum includes both
static and dynamic estimations, which respectively adopt the PSDs of the static
catenary data and the dynamic catenary data.

The PSD of static catenary data is similar to the PSD of track irregularity,
namely the track spectrum. By mapping the spatial position of contact line into
three coordinate planes to quantify these characteristics, the three-dimensional
positions of contact line can be described as the height, stagger and longitudinal
direction. Thus, three specific types of contact line irregularities that are height
irregularity, stagger irregularity and longitudinal irregularity are obtained corre-
sponding to the three-dimensional positions. In a smaller dimension, the irregularity
of contact line wear is defined as the distribution of the loss of contact line section
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longitudinal direction
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Fig. 8.1 Schematic of the contact line spatial position

along the longitudinal direction. The PSDs of all types of contact line irregularity
can adequately reflect the static characteristic of contact line.

The PSD of dynamic catenary data mainly include the PSDs of
pantograph-catenary contact force (PCCF), pantograph acceleration and dynamic
lifting displacement of contact line and pantograph. The PSDs of dynamic data
should consider the corresponding catenary structure, operating condition and
pantograph type when applied to a certain railway line.

Referring to relevant researches on the track spectrum, the significances and
potential applications for the study of catenary spectrums include

(1) For the acceptance and maintenance of catenary, the catenary spectrum can
provide more advanced references to estimate the catenary condition com-
paring with time-domain indicators. It is capable of reflecting early-stage
irregularities of contact line as they evolve over time.

(2) For the design of catenary, the catenary spectrum can facilitate the catenary
structure optimization, on condition that the corresponding operation con-
dition and pantograph type are determined.

(3) For the studies of pantograph-catenary interaction, the catenary spectrum
under different operating conditions can be the input functions for the the-
oretical and experimental study of pantograph dynamic responses.

(4) The catenary spectrums can be inverted to generate healthy or unhealthy
catenary data as data sources for relevant numerical simulations.

At present, PSD analysis is a frequently adopted method to analyze the
pantograph-catenary dynamic interaction in the frequency domain [6—10]. It can
characterize the both amplitude and frequency information contained in catenary
data. Some physical meanings reflected by the PSDs are also discussed. With the
help of previous researches, there is certain significance to propose the catenary
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spectrum as an alternative for advanced catenary estimation. Since the dynamic
catenary data are the direct reflection of the catenary operation performance, this
chapter mainly introduces and discusses the catenary estimation based on the PSDs
of dynamic data.

8.2 PSD Estimation

The PSD is a statistical function that characterizes the energy distribution of a
stationary stochastic process in the frequency domain. In engineering studies, it is
frequently adopted to observe the frequency-domain characteristics of a target
signal for purpose of fault diagnose and performance evaluation. In the case of
catenary data analysis, both the amplitude and frequency information are important
for data characterization. The PSD can meet the requirements and fully reflect the
statistical characteristic of catenary data. In addition, the PCCF is not always
absolute ergodic, especially at restriction point, anchoring region and so on. But in
general, long-duration PCCF can be regarded as weak stationary process and
applied to PSD analysis.

In track spectrum estimation, the periodogram method and the maximum
entropy method are mostly adopted. The periodogram method is a conventional
spectrum estimation method based on the Fourier transform. Because it assumes
that the autocorrelation function of a signal is equal to zero outside the observed
data, and the spectrum resolution of periodogram method is relatively low. The
modern spectrum method is commonly based on the parametric model of stochastic
process. It can provide much higher frequency resolution than conventional
method. Thus, to obtain the accurate PSDs of catenary data, the modern estimation
method based on the autoregressive (AR) model is adopted for the PSD analysis of
catenary data.

Concretely, assuming a discrete stochastic process has a number N of samples
x(0),x(1),...,x(N — 1), the periodogram method directly performs the Fourier
transform on the process as follows.

N—-1

X(w) =Y x(n)e " (8.5)

n=0
The PSD of the periodogram method is computed by

2

N—1
Pio) = 2 Kn(@)P= 1|3 x(nje " (8.6)
n=0

If the discrete stochastic process {x(n)} yields the linear difference equation
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x(n)+ > ax(n—i) = e(n)+ Y _ be(n—j) (8.7)
i=1 i=1

where e(n) is the discrete white noise. Then, the process {x(n)} is regarded as the
ARMA (Autoregressive Moving Average) process. The coefficients ay, .. .,a, and
by,...,by are for the AR (Autoregressive) process and MA (Moving Average)
process, respectively. p and ¢ are the order of AR and MA process, respectively.
According to the Wold decomposition theorem, ARMA and MA processes can be
described by the AR process, namely

> ax(n— k) = e(n) (8.8)
k=0

This is the standard AR model. The PSD estimation is actually the estimation of
Eq. (8.8). It is essentially the problem of solving the Yule-Walker equation

R=—R"A (8.9)

Rx(o) Rx(l) Rx(p - 1)
R)({P) _ Rx:(l) Rx:(o) : Rx(p:_ 2) (810)
R-1) R(p-2)  R(0)

is the Toeplitz matrix related to the coefficients. In the PSD estimation based on AR
model, the selection of order p is of critical importance. If p is too low, the
frequency resolution will be low, whereas if p is too high, the statistical stability
will be low. Thus, the well-known Akaike’s Information Criterion (AIC) is pro-
posed to determine the order p [11]. When the following information criterion
function reaches minimum, the value of p is considered the best selection.

Am@=%+mma (8.11)

where J(p) is the quadratic mean function of estimation error. Another popular
criterion is the FPE (Final Prediction Error) criterion. The criterion function is
defined as

nw@):%%%-mum (8.12)
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Both criterions are equivalent when the number of samples approaches infinite.
The determination of order p for the PSD estimation of PCCF signals is discussed
below using both criterions. For a brief illustration, the AIC and FPE values are
normalized as follows.

A AIC(i) —Min(AIC)
AlCyomi) = axare) —min(aic) 6.13)
FPE, (i) = FPE(i) — MIN(FPE) .

max(FPE) — MIN(FPE)

where max(-) and min(-) denote the maximum and minimum value of corre-
sponding data series, respectively.

As a result, Fig. 8.2a, b respectively depict the normalized AIC and FPE values
of PCCEF signals from the same pantograph-catenary simulation but under different
operation speeds. It can be seen that the results of AIC and FPE are very similar
tendency for the same PCCF signal. In general, each curve experiences a rapid
decline when the order is under 20 and becomes almost steady beyond order 30.
When the order is above 50, all the PCCF signals reach a steady minimum.

Furthermore, the PCCF simulations under the same catenary structure and
operation speed, but using different types of pantograph is carried out. In the
simulation, the pantograph is regarded as a three-level lumped mass system
depicted in Fig. 8.3. It contains three lumped masses M1, M2, and M3 and
spring-damper elements between the masses M1 and M2 and M2 and M3 and M3
and the ground. Moreover, three small frictional resistances F1, F2, and F3, which
are not strictly necessary depending on the type of the pantograph, are added to
each lumped mass to simulate the actuation of the pantograph. The physical
parameters of four types are pantograph, namely the SBS81, DSA250, DSA380 and
SSS400+ pantographs are given in Table 8.1. The number in the model name
represents the designed operation speed of the pantograph. Figure 8.4a, b respec-
tively depict the normalized AIC and FPE values of PCCF signals from the same
catenary structure but different pantograph types. Comparing with in the case of
different operation speed, the same tendency can be observed from the results of
AIC and FPE.

In the case of real-life PCCF measurement data, Fig. 8.5 depicts the normalized
AIC and FPE values of PCCF signals measured from the Hukun up line, JingGuang
up line and JingGuang down line. It can be seen that, no matter which criterion is
adopted, the real-life signals can reach a steady minimum faster than simulation
results around order 30. It can simplify the determination of AR model order in
practice.

To sum up, the AIC and FPE have equivalent result when dealing with the
selection of AR model order of PCCF. Both of them can be adopted in the PSD
estimation of PCCF signals based on AR model. Once the model order is obtained,
the PSD estimation of PCCF can be realized by solving Eq. (8.9).
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Fig. 8.3 Three-level lumped
mass model of pantograph

Table 8.1 Physical parameters of four types of pantograph

Physical parameters SBS81 DSA250 DSA380 SSS400+
M1 (kg) 10.5 7.51 7.12 6.05
M2 (kg) 8.53 5.855 6.0 6.4
M3 (kg) 10.57 4.645 5.8 14

C1 (N/m) 8400 8380 9430 5813
C2 (N/m) 60,000 6200 14,100 13,600
C3 (N/m) 0 80 0.1 0

D1 (Nm/s) 48 0 0 0

D2 (Nm/s) 0 0 0 0

D3 (Nm/s) 300 70 70 64.9
F1 (N) 0 0 0.5 3

F2 (N) 0 0 35 8.5

F3 (N) 6 0 35 8.5

8.3 PSD and Catenary Performance

To use the PSDs of catenary data for catenary estimation, the relations between the
PSDs and the catenary performance under various circumstances should be
understood first. Based on one of the most important dynamic catenary data,
namely the PCCF from simulations and measurements, this section investigates the
correlation between the PSD and different railway line, operation speed, pantograph
type and environmental wind speed.

8.3.1 PSD of PCCF and Railway Line

As an example, two segments of PCCF measurement data (see Fig. 8.6) from the
HuKun railway line and the JingHu railway line are adopted for PSD analysis. The
two PCCEF signal are measured by the same measuring system and under the same
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operation speed of 100 km/h. Through the PSD estimation based on AR model, the
PSDs of the two signals are obtained and depicted in Fig. 8.7 [12].

It can be seen that, under the same operation speed, the PSDs of PCCF from the two
railway lines are different. The difference is mainly caused by the different catenary
structure, service duration and maintenance level. In addition, although the fluctua-
tions of the PSDs do not match, the overall trends of them are very similar. It indicates
that for different railway lines, if the operation speed for measurement is same, the
catenary estimation based on PCCF can focus on the fluctuation regardless of the
speed, which can be one of the properties and advantages of the utilization of PSD.

8.3.2 PSD of PCCF and Operation Speed

For the same railway line, the PCCF signals under different operation speeds are
different. Figure 8.8a, b depicts two segments of PCCF signal measured from the

PCCF (N)

o 100 200 300 400 S00 600 700 800

Sample point

(a) PCCF signal under 50km/h operation speed

PCCF (N)

o 100 200 300 400 500 600 700 800
Sample point
(b) PCCF signal under 100km/h operation speed

Fig. 8.8 PCCF measurement data from the Hukun railway line
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Fig. 8.9 Comparison of the PSDs of PCCF signals under different operation speed

HuKun railway line under the operation speed of 50 and 100 km/h, respectively.
The PSDs of the two signals are depicted in Fig. 8.9.

In Fig. 8.9, it can be seen that the general amplitude of the PSD of PCCF under
100 km/h speed is higher than the one under 50 km/h, which can be regarded as the
effect of increasing extent of pantograph-catenary vibration as the speed increases.
However, the fluctuations of the two PSDs are quite similar. The peaks and valleys
of the PSDs appear at the same or near frequency. In Fig. 8.10, the same phe-
nomenon can be obtained from the PSDs of simulation PCCF signals under dif-
ferent speed. These results indicate that for the same railway line, the higher
operation speed causes higher amplitude of PSD, which is a property that can be
used to classify the standard spectrums into different level by speeds. It means that
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30 <
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Fig. 8.10 Comparison of the PSDs of simulation PCCF under different speed
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for a newly constructed catenary system, the standard spectrums of PCCF can be
established for different speed level and employed for future comparison to facil-
itate maintenance decision.

8.3.3 PSD of PCCF and Pantograph Type

To investigate the influence of pantograph type on the PSD of PCCF, corre-
sponding simulations are carried out using the DSA250 and SSS400+ pantograph
given in Table 8.1 with the same catenary structure. As a result, the PCCF signals
under the operation speed of 300 km/h are depicted in Fig. 8.11a, b. Figure 8.12a,
b depicts the PSD of the PCCF using the two types of pantograph, respectively.

=
s IR
®c 900 =200 =00 4;;np::6;0in6téo 700 800 900
(a) PCCF signal using the DSA250 pantograph.
: T MMM
°o 100 =200 300 4§:mp;:3:o“:00 700 800 900

(b) PCCF signal using the SSS400+ pantograph.

Fig. 8.11 Simulation PCCF signals using different pantograph
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Fig. 8.12 PSDs of PCCF signals using different pantograph type

In Fig. 8.11, it can be seen that in the time domain, the difference of the two
PCCEF signals is insignificant. It is hard to decide which pantograph generates the
better current collection quality based on just the PCCF itself. However, Fig. 8.12
shows that the different type of pantograph leads to different PSD of PCCF for the
same railway line. The PSD of PCCF using the SSS400+ pantograph has better
curve smoothness than the other, especially in the high-frequency range, which
means less intense high-frequency vibration between pantograph and catenary.
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Thus, the PSD of PCCF can be a reference for the performance evaluation of
various combinations of pantograph-catenary coupling.

8.3.4 PSD of PCCF and Wind Load

Based on wind simulation technique, the simulation of pantograph-catenary inter-
action under wind load can be realized. Since the height of catenary structure
generally remains the same along a railway line, the influence of height variation in
wind simulation can be ignored. Thus, the well-known Davenport wind spectrum
[13] is adopted for the stochastic wind simulation in catenary structure. The
spectrum is the frequency-domain characterization of observed stochastic wind and
commonly used in structural response analysis. It is defined as

X
Sp(f) = 4hvip——— =
n(1+x2) (8.14)
1200f '
X =

Vio

where Sp(f) is the wind speed spectrum, f is the frequency, k is the coefficient of
terrain roughness depending on the terrain where the wind occurs, vy is the ref-
erence mean wind speed at 10 m height depending on the area where the wind
occurs, and x is a dimensionless frequency. The stochastic wind speed v(x, ) at a
certain spatial position x can be obtained by reversing the spectrum to the time
domain using methods such as harmonic superposition, inverse Fourier transform
and so on. According to the load code for the design of building structures [14] of
China, the wind load exerting on a structural point can be computed by

1

Fule 1) = 1650

BusuAlv(x, 1) (8.15)
where f, is the wind vibration coefficient, u, is the variation coefficient of wind
pressure, A is the windward area of structure and u; is the shape factor of wind load,
which is considered to be 1.0 for the messenger and contact lines and 1.3 for other
supporting devices. Here, the midpoints and both ends of messenger and contact
lines in every span are selected to exert the wind loads.

The simulation of pantograph-catenary interaction under the load of stochastic
wind with a mean speed of 20 m/s is carried out. Figure 8.13a, b depict the PCCF
without and with the wind load exerting on the catenary, respectively [15]. It can be

seen that the wind has a severe impact on the interaction that leads to the irregular
fluctuation of PCCF.
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Fig. 8.13 PCCF with and without the influence of wind load on catenary

Figure 8.14a, b depict the PSDs of the two PCCF signals shown in Fig. 8.13.
Comparing with the PSD of normal PCCF, the PSD of PCCF influenced by the
high-speed wind is similar above normalized frequency of 0.3, but different in the
low-frequency range. As circled in the two figures, the spectrum energy around the
normalized frequency of 0.1 becomes larger due to the influence of wind, which
indicates that the wind largely increases the overall fluctuation of PCCF. The
low-frequency parts in the PSD of PCCF can be indicators for the impact of wind
on the pantograph-catenary interaction and provide references for the anti-wind
performance of catenary.
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Fig. 8.14 PSDs of PCCF with and without the influence of wind load

8.4 PSD and Pantograph-Catenary Coupling
Performance

The pantograph-catenary couple determines the dynamic performance of
pantograph-catenary sliding contact. In theoretical study of the sliding contact, the
PCCF computation is commonly realized by adding a virtual spring between the
pantograph head and contact wire. As shown in Fig. 8.15, the pantograph and
catenary are coupled by the virtual spring with contact stiffness K.
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Fig. 8.15 Schematic of the
PCCF computation

Contact Stiffness K.

The PCCF F,(t) can be computed by

Fe(t) = Kelyn(t) = ye(x, 1)] (8.16)

where y;(7) is the vertical displacement of the pantograph head, y.(x,) is the
vertical displacement contact wire, x is the longitudinal position of the contact and
t is the computational time. From Eq. (8.16), it can be seen that the fluctuation of
PCCF is due to the displacement difference between the contact wire and the
pantograph [16]. The pressing and stretching tendencies caused by the nonsyn-
chronous contact wire and pantograph head vibration lead to the repeating fluctu-
ation of PCCF. Thus, the pantograph-catenary coupling performance can be
analyzed based on the dynamic difference of contact wire and pantograph head
vertical displacement.

8.4.1 PSDs of Vertical Displacements
The contact wire vertical displacement can be essentially expressed as

velrt) =34, sinmfn (8.17)

where m is the number of harmonics, A,, is the amplitude of harmonic and L is the
length of anchoring section. The pantograph head has certain following feature
during the pantograph-catenary interaction, which makes the pantograph head
vertical displacement has the characteristic similar to the contact wire vertical
displacement. Therefore, the displacement difference can be characterized in the
frequency domain through PSD analysis. The comparison of the PSDs of the dis-
placements can describe the following feature of pantograph head along the entire
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Fig. 8.16 PSDs of the vertical displacements of contact wire (solid line) and pantograph head
(dashed line)

frequency band, which provide a way for evaluating the pantograph-catenary
coupling performance.

Figure 8.16 depicts the PSDs of contact wire and pantograph head vertical
displacement under 300 km/h operation speed. It can be seen that the two PSDs are
identical below the normalized frequency of 0.1, which indicates that the coupling
performance is good in general. As the frequency increases, the two PSDs start to
split, which indicates that the fluctuation of PCCF is mainly caused by the dis-
placement differences in low and medium frequency ranges. Although there are
energy differences in low and medium frequency ranges, the energy differences are
relatively low comparing with the low-frequency energy. So, the PCCF fluctuations
caused by the energy differences have small amplitudes. They are added to the
low-frequency and trend terms of PCCF and results in the complex PCCF signal.

Like the PCCF, the PSDs of the two types of vertical displacement also depend
on the different operation conditions. The following sections investigate the cor-
relations between the PSDs and operation speed and pantograph type.

8.4.2 PSDs of Vertical Displacements and Operation Speed

The train operation speeds for different railway line are different. Also, the
inspection vehicles have different speed depending on the specific measuring sys-
tem and measurement condition. Thus, the operation speed is an important factor
that should be considered for evaluating the pantograph-catenary coupling perfor-
mance. Figure 8.17a, b respectively depict the PSDs of the vertical displacement of
contact wire and pantograph head under the operation speed of 100, 200, 300 and
350 km/h. In Fig. 8.17a, the high-frequency fluctuations of the PSDs are similar in
peaks and valleys, which indicate that when under the interaction with the same
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Fig. 8.17 PSDs of vertical displacements under different operation speed

pantograph, the contact wire has similar response for the pantograph impact under
different speed. However, in the low-frequency range, as the speed increases, the
highest energy caused by the spans appears at a lower frequency with a higher
energy, which shows that the contact wire vibration is sensitive to the catenary
structure under high operation speed. The higher speed causes more severe
low-frequency vibration of contact wire. Comparing with Fig. 8.17a, the PSDs of
pantograph head vertical displacement are less sensitive to the operation speed,
because the pantograph head is much more stable than contact wire due to the
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support of pantograph frame, especially in the medium and high frequency ranges
where the spectrums are very smooth [16]. Therefore, the PSDs of contact wire
vertical displacement are sensitive to the operation due to the long-span and
large-tension structure of catenary.

From above, it can be concluded that the operation speed has more influence on the
contact wire than the pantograph head. It conforms to field experiences and reflects the
importance of catenary optimization for speed upgrade. In general, the operation
speed mainly influences the energy level of the PSDs of vertical displacements. Thus,
if the operation speed is the same, the comparison of the fluctuations of PSDs can
reveal the frequency-domain characteristics of pantograph-catenary coupling
performance.

8.4.3 PSDs of Vertical Displacements and Pantograph Type

Different pantograph types have uneven performances when are coupled with a
certain catenary structure. Figure 8.18a, b respectively depict the PSDs of contact
wire and pantograph head vertical displacements under 300 km/h speed with three
types of pantograph, namely DSA250, DSA380 and SSS400+ pantographs.

In Fig. 8.18a, the amplitude and fluctuation of the PSDs are very similar with
just small energy differences at some frequencies. It indicates that, under the same
operation speed, the PSD of contact wire vertical displacement is mainly deter-
mined by the catenary structure itself, not the pantograph type. In Fig. 8.18b, the
PSDs of pantograph head vertical displacement caused by the three types of pan-
tograph are different in amplitude. The pantograph with higher designed operation
speed has higher energy through the entire frequency band, which is a sign of better
contact quality according to the following discussion.

Figure 8.19a, b depict the comparison of PSDs of the two types of vertical dis-
placements using the DSA250 pantograph and DSA380 pantograph, respectively. As
circled in the two figures, the DSA380 pantograph generates perfect fit in the PSDs of
contact wire and pantograph head displacement, which indicates a good coupling
performance, whereas the DSA250 pantograph results in small energy differences in
the same frequency range. The differences in the fitting of PSDs suggest that the
DSA250 pantograph has higher fluctuations in long-wavelength periods than the
DSA380 pantograph, which means that, in this case the DSA380 pantograph has a
better coupling performance. Also, for the DSA380 pantograph, the separation of the
PSDs happens at the normalized frequency of 0.1, while it is 0.083 for the DSA250
pantograph, which shows that the DSA380 pantograph can maintain the good cou-
pling performance in a wider frequency band. In the statistics of the corresponding
PCCEF signals, the average PCCF is higher for the DSA250 pantograph than for the
DSA380 pantograph with 155.4 N against 150.9 N, which agrees with the conclu-
sion from the PSDs comparison.

From the above, due to the difference in physical characteristics, the selection of
pantograph type is of great importance for the pantograph-catenary coupling
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Fig. 8.18 PSDs of vertical displacements using different pantograph type

performance. For the convenience of the utilization of the PSDs correlation, the
cross correlation coefficient between the PSD of contact wire and pantograph head

vertical displacements is proposed as [16]

- X0 =50 ¥ (50) = 5)
VE S0 = S0 /X (5,0 - 5,00

(8.18)
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The cross correlation coefficients for the three types of pantograph are given in

Fig. 8.19 Comparisons of the low-frequency PSDs of contact wire (solid line) and pantograph
Table 8.2. The SSS400+ pantograph, with the highest designed speed, has the

head (dashed line) vertical displacement using different pantograph
where S, (i) is the PSD of contact wire vertical displacement, S, (i) is the PSD of

pantograph head vertical displacement, the over line denotes average value.
highest correlation with the catenary, namely the best coupling performance in all.
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Table 8.2 Cross correlation coefficients of different pantograph

Pantograph type DSA250 DSA380 SSS400+
Coefficient Cj 0.9408 0.9460 0.9581

8.5 PSD Quantification

The above study shows that the PSDs of catenary data can effectively analyze and
estimate the catenary-pantograph performance. In the PSDs, the observation and
comparison of fluctuation and amplitude is simple, but the qualitative characteri-
zations are not enough for applications. The quantification of the PSDs can make
the estimation automatic and help with the standardization of catenary spectrum.

In railway industry, the quantification of the track spectrum is successfully
implemented by PSD fitting. Comparing with the track spectrum, the catenary
spectrum has the following features.

(1) The catenary spectrum is based on modern spectrum estimation method. The
PSDs of catenary data have smooth curves that are conducive to curve fitting.

(2) Due to the influence of span period, dropper arrangement, pantograph contact
and environmental perturbation, the PSDs of catenary dynamic data normally
have more intensive fluctuation than the track spectrums, which increases the
difficulty of curve fitting.

Considering the two features and through a large amount of trials, the fitting of
catenary spectrum cannot be realized by fractional polynomial like Egs. (8.2), (8.3)
and (8.4). New formulas must be proposed to fit the PSDs of catenary data to
achieve the quantification.

8.5.1 Curve Fitting Method

(1) Gaussian Function Fitting

Due to the particular characteristics of pantograph-catenary interaction, the
overall energy of pantograph-catenary vibration smoothly decreases from low to
high frequency in general. Meanwhile, the flexible vibration and non-uniform
elasticity of catenary cause some fluctuations along with the energy decline, such as
shown in Fig. 8.20.

To accurately quantify the particular PSD curve, the Gaussian function is
adopted for curve fitting. The kth order Gaussian function is defined as

x—bjp\2

S= Zak e &) (8.19)
k=1
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Fig. 8.21 The eighth order Gaussian function fitting of PSD

where ai, by and ¢, are the fitting parameters.

To fit the PSD depicted in Fig. 8.20, the eighth order Gaussian function is
required to preserve most fluctuations and the fitting result is depicted in Fig. 8.21.
It can be seen that the eighth order Gaussian function can almost fit all the peaks
and valleys of the PSD. However, the eighth order Gaussian function has 24
parameters, which are too many for the quantification and analysis of catenary

spectrum.
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(2) Second Order Polynomial Fitting

The extensive fluctuation of the PSD requires too many fitting parameters in the
case of Gaussian function. The discussion in Sect. 8.3.2 shows that the trend and
amplitude of catenary spectrum have certain law as the operation speed changes.
Also, the discussion in Sect. 8.3.3 shows that even for different pantographs, the
trend of catenary spectrum is still similar aside from the differences in amplitude.
Thus, addressing this issue, the catenary spectrum can be regarded as the combi-
nation of the trend part that represents the overall vibration energy and the fluc-
tuation part that represents other harmonics occurred in the interaction. So, the
difficulty of fitting can be properly reduced without losing valuable information of
the PSD.

The graph of PSD is usually depicted as frequency versus spectrum density in
the unit of dB. In the graph, the PSDs have the overall trends similar to the
exponential decay, which cannot be fitted with little parameters. Thus, the hori-
zontal axis, namely the frequency can be transformed into logarithmic frequency for
fitting first. After the fitting, the reverse transform can restore the PSD and the
fitting curve for further study.

The trend of PSD can be described by the lower envelop of the PSD curve. The
lower envelop can be obtained by connecting all the valley points using the cubic
spline interpolation. As shown in the logarithmic axis in Fig. 8.22, the lower
envelop of the PSD is formed.

Through a large number of fitting trails based on simulation and measurement
data, the second order polynomial can satisfy the fitting with only three parameters.
The fitting formula is simple as

S=a-xX*+b-x+c (8.20)
IQ -
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Fig. 8.22 Lower envelop (dashed line) of the PSD (solid line)
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Fig. 8.23 Second order polynomial fitting (dashed line) of the trend of PSD

where a, b and c are the fitting parameters. The three parameters describe the
curvature, slope and intercept of the PSD respectively, and the parameters have
strong regularity. The fitting curve can be transformed to linear axis to fit the original
PSD. On the other hand, the fluctuation of PSD can be described by the amplitude
and frequency of all peaks in the PSD. In Fig. 8.23, the dashed line is the trend fitting
of the PSD and the stars are all the peaks of the PSD.

8.5.2 Fitting Results Analysis

The second order polynomial fitting based on logarithmic transformation of the
horizontal axis can properly quantify the PSDs of catenary data. It provides a way
for the comparison of pantograph-catenary performance and establishment of
standard catenary spectrum. Based on various sources of long-term measurement
data of catenary, the data that indicate the good or healthy performance of catenary
can be utilized for obtaining the standard catenary spectrum and the corresponding
fitting parameters. When the measurement data in current operation deviate from
the standardization, it indicates that maintenances must be performed accordingly.
The standard parameters can also provide references for the systematic catenary
spectrum in different speed levels.

Figure 8.24a depicts the PSDs of PCCF from the same pantograph-catenary
couple under different operation speed. Figure 8.24b depicts the corresponding
fitting curves based on the second order polynomial fitting. It can be seen that under
different speed, the fitting results show a favorable parallel distribution in
descending order of the speed. From the values of fitting parameters depicted in
Fig. 8.24c, the parameters a, b and ¢ present similar and linear ascending order of
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the speed, which prove the regularity of fitting parameters relative to the operation
speed [17].

Table 8.3 shows the fitting parameters of PSDs in the case of the same speed but
different pantograph types. It can be seen that although the catenary-pantograph
couple is different, the values of three parameters show the same regularity in
ascending order of the speed. This regularity guarantees the establishment of
standardized catenary spectrum.

In addition to the normal operations, the quantifications of PSDs under some bad
conditions of catenary also have certain regularity that is helpful to further devel-
opment. Figure 8.25 depicts the fitting parameters under different contact wire

Table 8.3 Fitting parameters under different pantograph type

Pantograph type DSA380 SSS400+

Fitting parameter a b c a b c

(km/h)

Speed 100 0.236 —18.412 —1.047 0.1955 —17.538 —17.538
200 1.333 —14.605 5.208 0.9994 —15.760 3.625
300 2.556 —10.975 12.810 1.8646 —13.552 11.393
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Fig. 8.25 Fitting parameters under contact wire tension losses
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tension for which the standard tension designed for the catenary is 27 kN. In the
figure, the horizontal lines indicate the fitting parameters under the designed ten-
sion, which can be regarded as the standard parameters. The stars indicate the
parameter values under different tension loss. It can be seen that three parameters
show the same changing tendency relative to the tension. Furthermore, all the
parameters exceed further than the standard values when the tension is further
below 24 kN. The phenomenon are consistent with the regulations that the per-
centage of contact wire tension loss must be below 11 % in German [18] or 15 % in
China [19]. It means that when the contact wire tension is lower than permission,
the corresponding fitting parameters are higher than the standard values, which can
be used to establish an interval criterion like in track spectrum evaluation. It further
supports the promising application of catenary spectrum for estimating the catenary
condition.

In the case of contact wire section loss due to wear, the fitting parameters is
depicted in Fig. 8.26 where the horizontal lines indicate the standard values under
no section loss. The similar changing law can be seen in the three parameters
comparing with in the case tension loss. When the percentage of contact wire
section loss is too high, the parameters exceed standard values, which agree with
relevant regulation that the section loss must be below 20 %.
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Fig. 8.26 Fitting parameters under contact wire section losses
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8.6 Summary

For the better utilization of catenary data in catenary estimation, this chapter
introduces the AR model-based PSD estimation to the characterization of catenary
dynamic data, particularly the PCCF and vertical displacements of contact wire and
pantograph head. First, the selection of AR model order for catenary data is dis-
cussed in detail. Then, the correlations between the PSDs and some crucial oper-
ation conditions are investigated and a cross correlation coefficient is proposed for
evaluating the pantograph-catenary coupling performance. Finally, the quantifica-
tion method of PSDs is developed based on the second order polynomial. Analyses
on some preliminary results show that the quantification can effectively describe the
characteristics of the PSDs and provide references for establishing a systematic
standardization of catenary spectrum for catenary estimation.
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