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Abstract

With the continuous increase of train speed and the expansion of the railway network,
health monitoring and predictive maintenance of railway infrastructure are becoming
increasingly important. The increasing investments in inspection and infrastructure
maintenance have initiated the need for intelligent and accurate measuring techniques.
Railway catenary systems are critical to ensure a stable and continuous power supply
for electrical railways. The current collection is achieved as the contact wire directly
interacts with the pantograph, installed on the car-body roof to provide an electrical
current to the engine. The dynamic behaviour of catenary systems is significant to
determine the current collection quality.

This thesis proposes a vision-based line-tracking system (VIBLITE) to enable
remote, non-contact and non-marker uplift measurements of catenary systems. This
system avoids the defects of the traditional uplift measuring methods, e.g., track access,
substantial time and work for sensor or marker installation on wires. An image-
processing line-tracking algorithm for addressing the essential challenge of tracking
slender wires without markers against noisy backgrounds is developed to achieve robust
and accurate uplift measurements. The accuracy, robustness and applicability of
VIBLITE are validated and demonstrated through numerical experiments, the field
uplift measurement of the railway catenary system and the identification of the contact
wire in a diverse city environment.

Damping plays an essential role in numerical simulations of pantograph-catenary
interaction, especially for multiple pantographs. However, damping estimation of
existing catenary sections is recognised as a challenge, and only a few studies have been
published with single values of damping estimations. Thus, the spatially distributed
damping of an existing catenary span was estimated by VIBLITE through uplift
measurements. The damping ratios were identified using the covariance-driven
stochastic subspace identification (Cov-SSI) method. The results were presented as
Rayleigh damping coefficients, showing a notable spatial variation to be used in
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numerical simulations. A small but clear train direction dependency of the damping
distribution was observed over the entire span. Thus, it is recommended to consider the
spatial damping distribution's influence when conducting future numerical simulations,
especially when energy dissipation can be a vital component.

Finally, catenary section overlaps are designed to provide a transition between two
consecutive catenary sections. The thesis studied the pantograph-catenary interaction
and transition at the overlap span experimentally. VIBLITE with a new measuring
method for the specific overlap span was developed and implemented under regular train
operations to estimate the dynamic spatial vibration of the contact wires. The research
explores the reasons for the high contact forces and the contact loss rendering arcing at
overlap span. The important transition section distance, i.e., the length where the
pantograph runs on both contact wires, was obtained and assessed at varying train speeds
to study correlations.
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Chapter 1

Introduction

1.1 Background and motivation

With the development of the world economy, railways have played an essential role
in passenger and freight transport [1]. According to energy sources, locomotives can
broadly be classified into steam, internal combustion, and electric.

Richard Trevithick built the first full-scale working steam locomotive for the
Coalbrookdale ironworks in the United Kingdom in 1802 [2]. The first commercially
viable steam locomotive was named Salamanca and built by Matthew Murray for the
Middleton Railway between Middleton and Leeds in 1812 [3].

A century later, the first successful diesel locomotives appeared in the United States
in 1925, representing the new technology debut for the internal combustion locomotives.
The internal combustion locomotives are classified by fuel types, mainly includes
kerosene, petrol, diesel. Diesel locomotives were widely adopted in many countries
during the economic recovery from World War II, due to their higher performance and
flexibility and lower operating and maintenance costs than steam locomotives [4]. The
diesel-electric locomotive is the most widely adopted diesel locomotive today. Its main
feature is the diesel engine using electric transmission to power trains, and there is no
mechanical connection between the diesel engine and the wheels.

The first example of an electric train powered by a fixed ground installation is the
passenger train presented by Werner von Siemens in 1879, which was supplied by a
third insulated rail. The first regular service in the world powered by an overhead line
was the tram line between Mddling and Hinterbriihl near Vienna, Austria, in 1883 [5].
Electric locomotives can be powered by electricity mainly from three sources: an
overhead line, a third rail or an on-board battery. Lower operation and maintenance
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costs, higher energy efficiency and environmentally friendly operations are the
advantages of electric locomotives compared to diesel locomotives. However, the high
infrastructure building cost for overhead lines or third rail, substations and control
systems is the main drawback of electrification.

The overhead line is a primary form of power supply for electric locomotives and is
the critical subsystem of the railway [1]. Electric locomotives collect the current from
the contact wire while running. The pantograph-catenary interaction has become more
frequent and severe with the increase in train speed [6]. The damage of overhead lines
is accumulated under operation.

High demand for rail service and the new construction of railway lines impose higher
requirements on the maintenance. For a reliable power supply, the pantograph-catenary
system needs to be monitored periodically [7,8]. The development of efficient detection
technologies and methods is significant to ensure both availability and safety in
electrified railways [9].

1.2 Railway pantograph-catenary system description

1.2.1 General

Most high-speed trains in operation today are powered by electricity since internal
combustion locomotives are essentially unable to generate energy to reach high speeds
[10]. The main task of the railway catenary system, or overhead contact line (OCL)
system, is to supply uninterrupted and steady electricity to the trains. The electrical
power is then used both for the traction and for the supply of the auxiliary services on
board.

As of January 2019, the Norwegian electrified railway cover 2451 km, which
accounts for 58.4% of the total Norwegian railway network, as shown in Table 1.1.

The distribution of electrified and non-electrified railways in Norway are illustrated
in Fig. 1.1. Ice accretion on the catenary system may result in additional loads and even
prohibit the pantograph from contacting the contact wire, which will interrupt the train's
power supply [1]. This phenomenon makes the design of railway catenary in colder
climates more difficult. However, the electrified railways are successfully built all over
Norway, and the electrification of the north is now in the planning stages.
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Table 1.1. Norwegian railway network as of January 2019 [11].

Length [km] Percentage
Electrified railway 2451 584 %
Non-electrified railway 1749 41.6 %
Total 4200

Bergen Q

Stavanger Q

[

Fig. 1.1. Norwegian railway network. Data: Bane NOR. Drawing: Tengjiao Jiang.

Electrified railway
Non-electrified railway

1.2.2 The catenary system

There are three main types of high-speed catenaries implemented globally: simple
catenary, stitch wire catenary, and compound catenary [12], as shown in Fig. 1.2. The
catenary system's main structural components comprise contact wire, messenger wire,
droppers, fixed points, and tension devices [1], indicated in Fig. 1.3. All three catenary
types have the same common components with different design features. The catenary
needs to be suspended by cantilevers at poles in regular intervals by fastening the
messenger wire on the brackets. The typical spacing is 50 m, but it can be adjusted due
to line curves, surrounding structures, etc. The contact wire is the component in contact
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with the pantograph and follows a zigzag pattern called stagger. The stagger ensures that
the sliding-contact point moves over the panhead from side to side to distribute the wear.
The correct horizontal geometry of the contact wire is achieved by using registration
arms.

The simple and stitch wire catenary are widely adopted on high-speed railways in
the world. They are both designed to use messenger wire to suspend the contact wire to
the required height, achieved by droppers clamped between both wires [13]. The
difference between simple and stitch wire catenary types is the adoption of stitch wires.
The main task of stitch wires is to improve the stiffness uniformity near the poles. The
uniform stiffness could minimise the pantograph's vertical movement, which is critical
for high-speed trains. The simple and stitch wire catenary are designed with a pre-sag
of 1/1000 to improve the stiffness uniformity [14].

The compound catenary, commonly used in the Japanese Shinkansen lines, uses the
auxiliary messenger wire to suspend the contact wire. The messenger wire is designed
to suspend the auxiliary messenger wire by droppers. The compound catenary advantage
is that it maintains almost constant stiffness while guaranteeing the uniform height of
the contact wire without pre-sag [12].

Messenger wire

Y
— [ T T o1 [ [ —

Contact wire

@ Simple catenary

Messenger wire

4
|/Dmppu | Stitch wire

Contact wire

(b) stitch wire catenary

Messenger wire

4
-ﬂ/\l\h |/Dmppcr| 4|/_|/\|\

I 1 1 1 I 1 1 I I 1 1 I 1 I | I | 1 I

‘antact wire Auxiliary messenger wire
“ontact wire g

Compound catenary
Fig. 1.2. Different type of high-speed catenaries implemented in the world.

Different design speed requires different design geometries. That is, as the railway
design speed increases over the years, new catenary systems are developed and
implemented. In Norway, the now-outdated system "Tabell 54" is being replaced by the
newer "System 35" (150 km/h), "Systems 20" (200 km/h) and "System 25" (250 km/h)
[15]. The corresponding design parameters are listed in Table 1.2.
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1. Contact wire

2. Messenger wire

3. Dropper

4. Stitch wire

5. Registration arm
6. Steady arm
7
8
9
1

. Cantilever
. Bracket

. Insulator
0. Pole

T2 TR

Fig. 1.3. Stitch wire catenary in Oslo airport line in Norway. Photography: Tengjiao

Jiang/NTNU.

Table 1.2. Catenary system parameters in Norway. CW: contact wire. MW: messenger wire.

Tension [kN] Maximum
Catenary type Stitch wire
CW MW speed [km/h]

Tabell 54 6.1 4.9 80 No
Tabell 54 op 10 5 130 No

System 35 7.1 7.1 150 Yes/No
System 20 A 10 10 200 Yes
System 20 B 10 10 160 No
System 20 C1 13 13 200 Yes/No
System 20 C2 13 13 160 No

System 25 15 15 250 Yes

Tabell 54 is the older catenary system, initially designed for low train speeds up to
80 km/h. After an upgrade, with the tension force changed to 10 kN and 5 kN in the
contact and messenger wire, respectively, to improve the catenary system dynamic
performance, the allowed speed is today 130 km/h. Tabell 54 is still used and is a major
part of the Norwegian railway network, but it is no longer considered for new

constructions.
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System 35 is a catenary system designed after Tabell 54, with a maximum design
speed of 150 km/h. This catenary system could be designed with or without stitch wires.

System 20, a newer system than System 35, is divided into four types: Standard A,
B, C1 and C2, according to the different design parameters.

System 25 is the latest catenary system among the four, with a maximum speed of
250 km/h, and contact and messenger wires' tension increases to 15 kN. This system
only exists in newly built lines.

Each catenary section has a limited length of about 1-1.5 km due to thermal
expansion and tension variation at each cantilever [16]. The catenary tension force can
be provided by springs or by fixing, but more commonly by mechanical tensioning
devices, including weights and pulleys mounted at both ends of each catenary section,
as shown in Fig. 1.4. The contact and messenger wire are fixed at the section midpoint.
The tensioning devices can maintain constant tension with only minor changes in the
tension force induced by temperature, friction and defects. This solution is reliable and
straightforward and makes catenary tension easy to adjust by increasing or decreasing

wnsioning device
-k

weights.

=

BL Ll lhikid )

Fig. 1.4. Tensioning device at the end of catenary sections. Photography: Tengjiao
Jiang/NTNU.

1.2.3 The pantograph

The pantograph is a device mounted on the electric locomotive roof to collect electric
current by sliding contact with the contact wire, and the return current is transmitted
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through the rails. The pantograph can be categorized into three types, including single-
arm, diamond-shaped, and wing-shaped.

Single-arm pantograph has been widely adopted today and exhibits compact and
responsive performance at high speeds. The main components include the panhead,
upper and lower arms, guiding and coupling rods, lifting control device and insulators,
as shown in Fig. 1.5. Carbon contact strips are mounted on the top of panhead. These
carbon strips are able to conduct electricity and reduce wear compared to a pure metal
strip.

The pantograph lifting is achieved by the lifting device that generates a force in the
base, raising the pantograph until the carbon strips make contact with the contact wire.
The static contact force between the contact wire and contact strips is adjustable. The
lifting device lifts or lowers the pantograph's vertical position to ensure the best possible
contact force when the train is running.

Contact strips

1

Fig. 1.5. Single-arm pantograph composition. Photography: Tengjiao Jiang/NTNU.

A multiple pantograph configuration is usually adopted when it is necessary to
collect enough energy required by the electrical engines to reach high operational train
speeds or when multiple-unit trains are adopted [17]. However, the multiple pantograph
operation leads to new challenges that the single pantograph operation does not have,
such as the deterioration of the rear pantograph's current collection quality [18], which
needs to be appropriately numerical simulated [17]. The double pantograph is a more
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common type of multiple pantograph system in many countries, especially in China.
Thus, the double pantograph-catenary interaction has gradually become the primary
design consideration in the newly built railway lines to enhance the capacity of high-
speed trains [18].

1.3 Catenary uplift monitoring methods

Catenary systems will, over time, be exposed to normal wear, structural damage, and
general fatigue, all influenced by the pantograph load, power transmission and weather
conditions. During the technical life of the structural system, it can be expected to have
a response from unduly low to excessively high uplift of the contact wire [1]. Structural
damage will introduce changes in catenary systems' geometric and mechanical
characteristic, making the system deviate from its design values. Stiffness and damping
are two important structural properties for the structural response, where both can be
affected by wear and damage. This makes validation and monitoring of these parameters
important to ensure the efficient performance of the railway system.

Catenary system monitoring obtains the current structural state to enhance
maintenance and improves structural reliability [13,19]. Many methods have been
developed to assess the health condition of catenary systems. Uplift and contact force
measurements are increasingly important to evaluate the dynamic response of the
pantograph-catenary interaction, especially when the train speed exceeds the initial
design speed [1]. According to the Norwegian National Rail Administration [20], the
maximum contact wire uplift at the steady arm point should not exceed the safety value
of 120 mm at train speeds exceeding 200 km/h. Thus, uplift measurement provides
valuable information on the catenary systems' structural condition and operating
performance in service. Uplift monitoring methods can be divided into three main types
according to the measuring principles: physical contact, partial physical contact and no
physical contact methods.

1.3.1 Methods requiring physical contact

Due to the application advantages such as high reliability and accuracy, the
monitoring methods requiring physical contact were applied early to the catenary uplift
measurement, and the adopted sensors usually include potentiometers [21,22], Fiber
Bragg Grating (FBG) transducers [23] and accelerometers [24-26].

The Deutsche Bahn AG (DB) [21] recorded the contact wire uplift during traffic with
a measuring device installed at a catenary system cantilever in 2002. The measuring
principle used an insulating rope attached to the contact wire to transfer uplift to a
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potentiometer. An electrical signal induced by the rotation angle at the potentiometer
represents the uplift data. The British East Coast Main Line in United Kindom [22]
estimated a catenary section displacement and mechanical damping characteristics in
2003. They used drawstring potentiometers connected to the catenary wires to obtain
the displacement of five different locations. The experiment was conducted using an
impulse excitation generated by forcing the wires downwards followed by a quick
release. The Norwegian National Rail Administration (Jernbaneverket) [27] measured
the uplift during traffic with a fixed measuring equipment at a cantilever in 2008. An
optical cable fixed to the contact wire was adopted to transfer the uplift data.

In 2009, Laffont et al. [23] used three displacement sensors based on Fiber Bragg
Grating (FBG) transducers to monitor the 3D contact wire displacement. FBG
transducers are mounted on the support structure above the contact wire. Three mobile
rods are linked to springs for transmitting the contact wire displacement to the
transducers. Traditional sensors have shortcomings, such as little flexibility for the
positioning due to the need for fixed structures (e.g., cantilevers) and wire arrangement.
To overcome these limitations, Névik et al. [24,25] presented a newly developed
wireless sensor system consisting of a tri-axis gyroscope, a tri-axial accelerometer and
a Digital Motion Processor in 2016. The sensor system is mounted on the wires to carry
out arbitrary point field measurements. The uplift is approximated by the acceleration
integration [28]. Vo Van et al. [26] also obtained the catenary system acceleration by
using four tri-axis accelerometers installed on catenary wires. In the latter, excitation
was achieved by dropping masses attached to the catenary wires.

1.3.2 Methods requiring partial physical contact

Partial physical contact methods require the marker or target installation on contact
wires to achieve measurement, and track access is necessary. Thus, these methods are
not wholly non-contact and may interrupt train daily operation.

Korea Railroad Research Institute [29] developed a high-speed image measurement
system with a template matching technique to measure the contact wire uplift in 2009.
The system was installed at a cantilever to track a marker installed on the contact wire
for uplift measurement. Karwowski et al. [30] used laser measuring equipment in Poland
to measure the contact wire uplift. This approach requires a reflective plate installed on
the contact wire with a laser displacement meter fixed on the top catenary support
structure. The train detection and speed measurement were realised by using a laser
rangefinder. Froseth et al. [28] in Norway used a calibrated stereo camera system to
measure the uplift in the field by tracking a well-defined marker attached to the catenary
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wire. One week of train passages was recorded and statistically evaluated to study the
dynamic behaviours of an existing catenary system.

1.3.3 Methods requiring no physical contact

No physical contact methods could achieve uplift measurements in a long distance
without the marker installation on contact wires, which greatly improve applicability
and operability.

Only a few publications studied the no physical contact methods. In 2007, Hietzge
et al. [31] developed a mobile uplift measuring device consists of four camcorders. Two
camcorders estimated the contact wire uplift close to the first and last dropper within the
span. The third camcorder recorded the midspan uplift, and the fourth one estimated the
train's running speed. In 2011, Vazquez et al. [32] used an infrared screen to project the
light to pass through the contact wire to a line-scan camera and measure the contact wire
uplift by the projection in images. Zou et al. [33,34] performed non-contact
measurements via photogrammetry without markers in a laboratory. The contact wire
was excited by single-point lifting, and the uplift was estimated by using an edge
detection technique in post-image processing. The damping ratio and Rayleigh damping
coefficients were estimated by the continuous wavelet transform (CWT) method.

1.3.4 Research status summary

All of the physical and partial physical contact methods meet the resolution
requirement for uplift measurement, but they have the common problem of requiring
track access and equipment or marker installation on the contact wire or the mounting
of the measuring devices to the support structure of the catenary system. This means
that these devices require substantial time and a workforce to install while disrupting
traffic.

For fixed long-term monitoring, these devices are capable of obtaining the required
uplift data. However, a portable measurement device is still necessary for inspectors to
perform multi-point measurements more conveniently and quickly without disrupting
traffic. For field testing, portability, robustness in varying environmental conditions, low
power consumption, and the possibility of battery operation play a primary role in the
choice of the equipment [35]. Thus, it is necessary to develop a complementary portable
and robust device for the uplift measurement, convenient and easy to install and use.

Compared with the publications of physical and partial physical contact methods,
there are a few studies on no physical contact methods, and all of the published no
physical contact methods adopted camera technologies. However, the general problem,
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which is that the contact wire is challenging to track without markers in front of a noisy
background, has not been addressed. Thus, this thesis focuses on developing a novel
line-tracking algorithm against the noisy background with a portable vision-based uplift
measuring device.

1.4 Vision-based techniques

Computer vision (CV) technology uses cameras and post-image processing to detect,
track and measure targets and even train computers to understand digital images or
videos. Vision-based (or image-based) optical techniques is a branch of computer vision
and has been applied to many engineering fields due to its ability to perform non-contact
measurement at long distances and without interference to the daily structure operation,
and its concept illustrates in Fig. 1.6.

Vision-based techniques can take every pixel in the camera's view into a vibration
sensor, increasing the availability and obtaining more useful structural responses.
However, when the structure response, e.g., displacement, accelerations and strain, is
subtle, reliable and accurate measurements may not be achieved by using vision-based
techniques due to the resolution limitations of digital image sensors [36].

Camera rapid field Obtain image or video data Post image processing
deployment of structures using algorithms

Fig. 1.6. Vision-based monitoring concept.

1.4.1 Workflow for structure monitoring

Vision-based techniques for structural monitoring include acquiring image
sequences or videos using one or several cameras and conducting post-processing to get
the required information. The vision-based methods mainly include four main blocks,
illustrated in Fig. 1.7.
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Fig. 1.7. Block diagram of vision-based techniques for structural monitoring.

The four main steps are generally introduced as follows:

Camera System Configuration - Camera system configuration mainly consists of
building a set of devices for camera operation in varying environment, wiring, data
transmission and storage, and power supply.

Camera Calibration/Scale Factor Determination - Camera calibration obtains the
parameter of a lens and a camera image sensor to remove lens distortion or determine
the geometric transformation (scale factor). A pinhole camera calibration model adopted
in this thesis is detailed in Section 3.2.3.

Image Sequence Acquisition - This step sets up the camera system and acquires image
sequences/video of the structure in operation.

Image Processing - The user adopts an algorithm to detect and track the structure by
processing the image sequences/videos. Image processing algorithms have received
more attention, and there are many kinds of literature to develop algorithms when
applying vision-based techniques to different fields. A novel line-tracking algorithm for
monitoring railway catenary systems is proposed in this thesis in Section 2.3.

1.4.2 Catenary system monitoring

Due to the sliding contact with the pantograph, the catenary system experiences wear
that eventually must be addressed in maintenance or results in severe damage that
inhibits the ability of the catenary system to supply power to locomotives. Vision-based
techniques have been developed and performed in a variety of tasks in catenary
monitoring, such as measuring the catenary motion [28,37-39], monitoring the catenary
part [9,40-44] and measuring catenary geometry parameters [6,45]. Many studies
usually install cameras on the train roof to sample images with artificial lights to
improve availability in low-light situations, e.g. night or tunnel, and the schematic is
shown in Fig. 1.8.

A vision-based method based on deep convolutional neural networks (DCNNs)
achieved automatic defect detection of fasteners on the catenary support device in
research by [29]. This method was verified on the Wuhan-Guangzhou high-speed
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railway line, China. The study [39] investigated wave reflection occurring at the dropper
junctions by using a high-speed linear camera, because the catenary wave propagation
property affects the interaction performance.

More frequently, vision-based methods have also been used to detect the catenary
part, e.g. contact wire, dropper, cantilever, steady arm and pole. For instance, [41]
proposed a dropper failure and defect detection method, which consists of a
multialgorithm fusion image processing technique, a faster R-CNN algorithm and a
subpixel dropper defect detection model. The performance was verified by the catenary
images taken from a practical high-speed railway. A catenary fault inspection system by
using the wavelength band of ultraviolet (UV) and Infrared (IR) camera to measure the
insulation of corona and temperature of catenary wires was introduced in [44].

Catenary geometry parameter measurement is another application of vision-based
techniques. A vision-based measurement system using binocular line-scan cameras for
railway catenary geometry parameters was built in the study [6]. The article [45]
measured the contact wire height and stagger by an inspection vehicle, consisting of the
laser emission system, the image acquisition system and the image processing system.
A laser emitter and a camera are installed on the device platform and controlled by a
computer to collect image sequences.

Other applications include measuring the catenary wear, in research by [46], using
supplementary laser light and binocular linear array camera. The study [47] analysed the
measurement uncertainty for measuring the contact wire position by using a vision-
based method, performed with the use of the Monte Carlo Method.
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Fig. 1.8. Schematic of vision-based techniques for railway catenary monitoring.

1.4.3 Pantograph monitoring

The pantograph strip ensures the contact wire's sliding contact. The strip is designed
to wear faster than the wire, thus needing to be replaced frequently. Excessive wear or
defects of contact strips affects pantograph-catenary interaction and results in faster
wear of contact wire.

Strip damage detection is one of the primary detection items. A novel contact strip
3D inspection system was first presented in the literature [48] by adopting a specialised
camera and a laser line generator. This device was performed on a railway line, and after
scanning the contact strip surface, the surface damage could be 3D visualised. The
automatic analysis algorithms of contact strip's wear were also introduced in this study.
The literature [49] also described an automatic visual inspection system made of a 3D
laser scanner and a 2D high-resolution camera, which could achieve automatic
monitoring of the health state of the contact strips.

In addition to the use of lasers, the transverse displacement signal of the contact wire
could be analysed to detect the contact strip's critical damage. For instance, [50]
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introduced a visual strip damage detection method by using a 2D camera to measure the
contact wire's transverse displacement. Because the velocity signal of the transverse
displacement has a comparable level to the identical damage, the critical damage
location could be identified. However, this method is not sensitive to subtle surface
damage.

The overall pantograph health is another monitoring item, which vision-based
techniques can also perform. For example, the work [51] proposed a predictive
maintenance method using a fuzzy classifier. A camera and a temperature sensor obtain
image and temperature data as input to the fuzzy classifier to monitor the pantograph
health. The remaining usable time of the pantograph-catenary system and existing faults
could be estimated.

1.4.4 Contact and arc monitoring

The pantograph-catenary contact quality hugely affects the current collection quality.
As such, contact point monitoring and arc detection play an important role in evaluating
contact quality. An infrared camera was adopted in work by [52] to investigate the
pantograph-catenary interaction. To detect the contact strip temperature, a segment-
tracking algorithm based on Hough transformation was developed. The work [53] deals
with a method based on kernel-based object tracking to estimate the pantograph-
catenary interaction. The contact point and occurred arcs were detected by combining
tracking and foreground detection methods. The pantograph strip faults were detected
by employing S-transform. An FPGA (Field Programmable Gate Arrays) based new
fault detection method was proposed in the research [54] to detect the arcs and the
contact point by attaching a camera to the FPGA kit and saving images to SDRAM and
RAM blocks. The article [55] proposed a novel approach for image processing-based
monitoring and fault diagnosis to monitor contact points and assess the pantograph-
catenary interaction. The pantograph surface is divided into the fault, dangerous and safe
regions to determine each region's effects on system performance.

Deep learning is another approach to detect the pantograph-catenary interaction. For
instance, a CNN (Convolutional Neural Network)-based method was introduced in [56]
for arc detection. The study [19] developed a robust pantograph-catenary interaction
condition monitoring method based on a deep convolutional network. The pantograph
strip was detected and segmented by a deep pantograph network (DPN), and the edge
detection and the Hough transform was used to detect the contact wire. The contact point
was found by calculating the intersection between the contact wire and the pantograph
strip surface. Similarly, a two-stage detection method based on a convolution neural
network was proposed in the article [57] to detect the contact point. YOLO V3 network
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detected the pantograph-catenary contact region in images, and the contact point was
obtained by intersection calculation. The research [58] also achieved arc detection and
recognition by using a CNN-based model.

1.5 Objectives and scope

1.5.1 Objectives

The primary objective of this thesis is to develop a vision-based measuring system
for the dynamic performance of railway catenary systems. To achieve this goal, the
following research objectives must be realised.

Build a set of vision-based hardware equipment for measuring line-like structure

According to the current hardware device status, Section 1.3.4 puts forward the new
uplift measuring system's requirements, include non-track-access, non-contact and non-
marker measurement, good portability and robustness, rapid field deployment, easy
operation, and high accuracy. Vision-based techniques meet these requirements, and
equipment can be mounted at a distance from the railway while uplift measurements are
carried out in a non-contact way. Thus, a vision-based system needs to be built for
measuring the uplift successfully.

Develop an image-processing algorithm for addressing the essential challenge of
tracking slender wires without markers against noisy backgrounds

The image background generally consists of a non-uniform or noisy background that
makes it challenging to identify and track the contact wire. In simple approaches to track
the contact wire in front of a noisy background, the tracking algorithm may lose the
tracking or mistake, for instance, a tree branch for the contact wire and disrupt the
performance of the measurement system. Therefore, it is necessary to impose
restrictions on the search for contact wire tracking. A novel line-tracking algorithm
needs to be developed to track wires without markers against noisy backgrounds.

Investigate uplift and damping of an existing railway catenary span under regular
train operation

Damping plays an essential role in numerical simulations of pantograph-catenary
interaction, especially for multiple pantographs. However, damping estimation of
existing catenary sections is recognised as a challenge, and only a few studies have been
published with single values of damping estimations. Thus, the spatially distributed
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uplift and damping of the catenary span are significant to be investigated under regular
train operation. Rayleigh damping coefficients need to be estimated and recommended
for numerical models.

Study pantograph-catenary interaction and transition at the section overlap span
experimentally

Section overlap spans are locations where the peak contact force appears, which hugely
affects the current collection quality. However, there are only a few publications
regarding the dynamic behaviour assessment of section overlap spans. Due to the
measurement challenge of overlapping contact wires, a measuring method for
estimating the contact wires' uplift and the crossing point is necessary. The reasons for
the high contact forces and the contact loss rendering arcing at overlap spans need to be
investigated. It is significant to study the pantograph-catenary interaction and transition
at the overlap span experimentally.

1.5.2 Scope

The scope of the thesis is to develop a vision-based uplift measuring system with a
line-tracking algorithm to study the dynamic response of railway catenary systems under
regular train operation. A novel line-tracking algorithm focuses on addressing the
essential challenge of tracking slender wires without markers against noisy
backgrounds. Both numerical and field experiments verify the accuracy, robustness and
applicability of the vision-based system.

Part of the scope is the collection of sufficient data to evaluate structural dynamic
characteristics of the catenary-pantograph interaction considering both normal and
overlap spans. A normal span was chosen to estimate the structural damping variation
over one span between two poles. The vibration response data at each dropper is
collected separately due to the limited camera number, the telephoto lens employed, and
the cropped frame. The structural damping can only be estimated from measurements
of existing catenary systems. Thus, the damping results estimated from data collected
by the vision-based system are evaluated by comparison to measured damping from the
literature.

The measurement challenge of the overlap span is different from that of the normal
span. The spatial variation of the dynamic contact wire crossing point was evaluated by
measurements of the vision-based system. To evaluate the structural dynamic
characteristics, the investigation of the crossing-point spatial variation focused on the
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transition section distance and the contact wire uplift, with a comparison of single and
double pantograph passages.

The collection of many samples for statistical analysis is considered outside the scope
of this thesis. A sufficient number of train passages were collected for both normal and
overlap span investigation.

1.6 Outline of thesis

Chapter 2 develops a robust line-tracking image processing algorithm to address the
essential challenge of tracking wires without markers against a noisy background.
Numerical experiments and field application validations have been carried out, and
robust and efficient uplift measurements of railway catenary systems are achieved in
Oppdal railway station, Norway.

Chapter 3 describes a detailed investigation of the uplift and damping of an existing
railway catenary span in traffic using the vision-based line-tracking system. Full-span
uplift measurements are successfully achieved to identify damping. The spatial
distribution and train direction dependency of the structural damping are presented, and
the recommended Rayleigh damping coefficients for numerical models are also
proposed.

Chapter 4 studies the pantograph-catenary interaction and transition at the section
overlap span experimentally. An overlap measuring method was developed and
performed to measure the dynamic spatial vibration of the contact wires' crossing point.
The whole process of the dynamic interaction and transition at the overlap span is
detailed. The analyses explore reasons for the high contact forces and the contact loss
rendering arcing. The important transition section distance, i.e., the length where the
pantograph runs on both contact wires, was obtained and compared with the train speed
to study correlations.

Chapter 5 concludes the main findings of this thesis and suggestions for future work.
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A robust line-tracking
photogrammetry method for uplift
measurements of railway catenary
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Abstract

For electrical railways, contact wires are used to ensure stable and continuous power
supply to trains operating on the infrastructure. One crucial design parameter used to
control the catenary design is the vertical displacement. The traditional uplift measuring
equipment of catenary systems usually requires that targets are installed on the wire,
and/or that measurement devices are mounted on the support structure of catenary
systems or temporary poles. These methods require track access and substantial time
and manpower for installation and measurement. Thus, a portable vision-based tracking
system is proposed to enable remote, non-contact and non-target uplift measurements of
catenary systems. The challenge in measuring the catenary displacement is to detect a
linear rigid body in a noisy background environment with a high sampling frequency.
To detect the displacement, a vision-based system with a novel line-tracking technique
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is used to achieve robust and accurate measurements. The proposed technique is based
on a coarse subset and line search and subpixel detection. The line-tracking method is
successfully employed for the identification of the important vertical displacements of
contact wire in front of a noisy background. The accuracy, robustness and applicability
of the proposed tracking method are demonstrated through numerical experiments, the
field uplift measurement of the railway catenary system and the identification of the
contact wire in a diverse city environment.

2.1 Introduction

Railways are essential to most modern societies as they provide a fast, comfortable,
energy-efficient, environmentally friendly and reliable mode of transportation for both
passengers and goods. Catenary systems are an important part of modern railways as
they provide an inexpensive, clean and continuous power supply to trains operating the
infrastructure. The state of catenary systems directly affects the operation of railway
systems and thereby society as a whole. One way of improving and ensuring the
reliability of catenary systems is to monitor the current state to carry out maintenance
on the system before serious faults occur [13,19,58,59].

Excessive vibration of the catenary system can cause contact loss between the contact
wires and the pantograph, which not only interrupts the power supply of trains but also
causes arcing and speeds up wear [7,60,61]. Thus, it is important to monitor the vibration
of contact wires to control the maximum uplift. Moreover, the uplift measurement of
the contact wire is one of the most important tests to assess the maximum acceptable
speed for new electric vehicles and pantographs [29].

Researchers have developed different methods to measure the displacement response
of catenary systems. Laffont et al. [23] used three displacement sensors based on Fiber
Bragg Grating (FBG) transducers to monitor the 3D displacement of the contact wire.
FBG transducers are mounted on the support structure above the contact wire, and they
comprise three mobile rods linked to springs for transmitting the displacement of the
contact wire to the transducers. Vazquez et al. [32] used an infrared screen to project the
light to pass through the contact wire to a line-scan camera and measure the uplift of the
contact wire by the projection in images. Karwowski et al. [30] used laser measuring
equipment to measure the uplift of the contact wire. This approach requires a reflective
plate installed on the contact wire with a laser displacement meter fixed on the top
support structure. Navik et al. [24,25] presented a newly developed wireless sensor
system consisting of a tri-axis gyroscope, a tri-axial accelerometer and a Digital Motion
Processor™. This needs to be mounted on the wires to carry out arbitrary point field
measurements of the dynamic behaviour of railway catenary systems.
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All of the above methods meet the resolution requirement for measurement, but they
have the common problem of requiring track access and equipment installation on the
contact wire or the mounting of the measuring devices to the support structure of the
catenary system or the temporary poles. This means that these devices require
substantial time and manpower to install while disrupting traffic.

For fixed long-term monitoring, these devices are capable of obtaining the required
uplift data. However, inspectors still need more portable measurement equipment that
can carry out multi-point measurements more conveniently and quickly without
disrupting traffic. For field testing, portability, robustness in varying environmental
conditions, low power consumption and the possibility of battery operation play a
primary role in the choice of the equipment [62]. Thus, it is necessary to develop a
complementary portable and robust device for the uplift measurement, convenient and
easy to install and use.

Photogrammetry meets these requirements, and equipment can be mounted at a
distance from the railway while uplift measurements are carried out in a non-contact
way. Park et al. [29] developed a high-speed image measurement system to measure the
uplift of the contact wire. This system uses a template matching technique to track a
target installed on the contact wire for uplift measurement. Zou et al. [33,34] used a
photogrammetric system with an edge detection technique to measure the uplift of a
catenary part in a laboratory. Freseth et al. [28] used a calibrated stereo camera system
to measure the uplift of the catenary system in the field by tracking a well-defined target
attached to the catenary wire. However, the general problem, which is that the contact
wire is challenging to track without the target in front of a noisy background, has not
been addressed.

The digital image correlation (DIC) technique [63-66] is the most common image
processing technique used to measure full-field displacements. Non-contact
measurement by DIC has been carried out in, for example, experimental mechanics
[67,68], biomechanics [69,70], civil engineering [71,72], mechanical engineering [73-
78], additive manufacturing [79,80] and aerospace engineering [81-83]. However, for
the uplift measurement of a railway catenary wire in front of a noisy background, DIC
does not work very well due to the loss of correlation caused by the noisy background.
The current paper presents a vision-based tracking system for remote, non-contact and
non-target uplift measurements of the contact wire. The challenge to detect a linear rigid
body motion in front of a noisy background environment with subpixel accuracy has
been addressed by a novel line-tracking technique. In this work, components of the
vision-based tracking system are first described. Next, the principles of the line-tracking
technique are described in detail. The proposed technique uses two different subpixel
detection methods to handle different working conditions to increase applicability.
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Finally, the accuracy, robustness and applicability of the line-tracking method are
demonstrated through numerical experiments, the field uplift measurement of the
railway catenary system and the identification of the contact wire in a diverse city
environment. The proposed line-tracking technique can also be modified to be applied
to identify and track linear objects in other fields, such as lane line detection and tracking
[84], linear welded seams detection [85], or power line detection and inspection [86,87].

2.2 Tracking problem in front of a noisy background

The railway catenary system is a power supply system, the task of which is to
continuously transmit electricity through the pantograph-catenary interaction to power
trains. The main structural parts of the catenary system are a contact wire, a messenger
wire and droppers (occasionally also including a stitch wire) [24], all shown in Fig. 2.1.
The contact wire moves on the panhead from side to side as the train goes along the
track, as shown in Fig. 2.2. If there is an additional small horizontal motion from the
vibration of the wire, this will be negligible for the interaction between the pantograph
and contact wire. Therefore, the uplift measurement is more important than the
horizontal displacement measurement.

The vision-based tracking system, used to perform the measurements, is set next to
the railway and is perpendicular to the contact wire in the horizontal plane (5 = 0). A
schematic overview of the uplift measurement and the vision-based tracking system is
given in Fig. 2.3. The system consists of a high-speed area scan camera (Basler
ACA2000-165 um), a fixed-focal optical lens (the focal length of the lens can be
changed according to the actual condition), a trigger, a laptop and a laser range finder
(Leica DISTO™ Dg). The entire system is powered by the laptop battery/ power supply.
A laser range finder is used to measure the horizontal distance Ly from the system to the
catenary wire and the tilt angle a of the optical axis, which are important parameters for
camera calibration. The tilt angle o is small but usually not equal to 0 in the field
measurement.

Under ideal conditions, the background of the image taken by the camera is uniform,
as shown in Fig. 2.4(a). In general, however, the background of the image consists of a
nonuniform or noisy background that makes it challenging to identify and track the
contact wire, as shown in Fig. 2.4(b). In simple approaches to track the contact wire in
front of a noisy background, the tracking algorithm may lose the tracking or mistake,
for instance, a tree branch for the contact wire and disrupt the performance of the
measurement system. Therefore, it is necessary to impose restrictions on the search for
the contact wire tracking. A novel line-tracking technique has been proposed to track
the contact wire in front of a noisy background while avoiding the above issue.
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Fig. 2.1. Main structural components of a railway catenary system. Photo: Petter Navik/NTNU.
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Fig. 2.2. Stagger of the contact wire.
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Fig. 2.3. The main components of the vision-based tracking system. (a) A schematic overview
of the uplift measurement of a railway catenary system. (b) The vision-based tracking system.

Contactwire Noisy background

Contact wire

Fig. 2.4. Different backgrounds for the contact wire tracking. (a) Uniform background. (b)
Noisy background. Photo: Petter Navik/NTNU.

2.3 Line-tracking technique for tracking contact wire in a noisy
background

For the purpose of successfully tracking the contact wire in a noisy background, a
novel line-tracking technique is proposed. There are three main features of this specific
tracking problem that will be used to establish a robust line-tracking algorithm.

A. The contact wire is assumed to be a straight line in all images.
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B. The contact wire has a similar intensity magnitude along the wire in
monochrome images, and there is generally a sufficient intensity difference
between the wire and the background.

C. The contact wire crosses the image from left to right.

Regarding point A, the most common span lengths of contact wires range from 40 to
60 m, where the contact wire is prestressed and suspended by droppers. Vibration
measurements require only a short segment (1 m or shorter), rendering the final cropped
segment of the contact wire in the images a straight line. Regarding point B, the similar
intensity magnitude along the wire in monochrome images means that the intensity
value of the contact wire in the images is usually stable, and parts along the wire stay at
similar intensity values. For 8-bit images, the intensity ranges from 0 to 255, with 0
meaning black, and 255 meaning white. For most background scenes, there is generally
a sufficient intensity difference between the background and the contact wire. For scenes
where this is not the case, e.g., tunnel or metro railway systems, artificial lighting may
be necessary to successfully track the contact wire. Finally, regarding point C, every
measurement setup aims to have the contact wire centred and close to horizontal in the
images. Thus, the contact wire always crosses the image from left to right. In certain
situations, the camera view is momentarily obstructed during measurements. In these
cases, line tracking may still be possible if horizontal sections of the image that are not
obstructed are cropped from the original image and used in the line-tracking algorithm.

Based on these three main configuration points, an algorithm for detecting and
tracking linear objects in front of a noisy background is proposed. The line-tracking
algorithm consists of a coarse search followed by subpixel detection. The coarse search
aims to identify the linear objects in noisy background environments. Subsequently, the
subpixel detection method aims to find the position of the contact wires more accurately.
The workflow of the tracking algorithm is shown in Fig. 2.5.
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Fig. 2.5. The main workflow of the line-tracking algorithm, including the coarse search method
and the subpixel detection method.
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Fig. 2.6. The sketch of the coarse search method, including the subset search and line search.
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2.3.1 Coarse search

The coarse search includes two parts: a vertical subset search followed by a line
search, where the detailed flow is shown in Fig. 2.5. The image coordinate system is
defined with the origin in the upper-left corner of the image. The intensity values in the
image are defined by f{x, y) where x is the column number and y is the row number.

The subset is a square region that contains a part of the image. The vertical subset
search aims to identify candidate endpoints of the wire in the image. This is carried out
by a "sliding" region-of-interest (ROI) or subset moving in the vertical direction at the
left and right sides of the image. For each vertical position, the maximum intensity value
g. inside the subset is found. If g. is less than a threshold G.,, the subset is considered an
endpoint candidate of the contact wire. The intensity threshold G.; can be taken as
smaller than the background intensity and larger than the contact wire intensity, usually
taken as the average value of both. The idea, here, is that a good candidate subset should
be covered entirely by the contact wire. Thus, a subset size smaller than the diameter of
the contact wire should be chosen. Initially, this procedure is carried out both on the left
and right sides of the image.

In Fig. 2.6, subset A; meets the requirement (g. < G.;), and the centre edge point a,
of the subset is obtained as a candidate point. Similarly, b; is obtained from subset B;.
Because the subset size is selected to be significantly smaller than the contact wire
diameter, several neighbouring candidate points will be obtained as well (illustrated by
a; to as in Fig. 2.6). Here, the centre point P, of a; to as is calculated and chosen to
represent a; to asas a single candidate point.

If one of these vertical searches fails to find the candidate points (either at the left or
the right side of the image), the algorithm steps a few pixels horizontally towards the
centre of the image and carries out a new vertical search. This is done until at least one
qualified candidate point is found both for the left and right sides of the image. The
vertical search may, however, result in multiple candidate point sets P (left) and P’
(right), as illustrated in Fig. 2.7.
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Fig. 2.7. Line search.

The line search aims to reduce the sets of candidate points P and P’ only to contain
endpoints of the wire. For all combinations of P-P’, the maximum intensity value g;
along the line between points in P and P’ is found. The lines are illustrated in Fig. 2.7.
As discussed in conditions A and B, the contact wire is assumed to be a straight line in
all images with a similar intensity magnitude along the wire. Thus, the maximum
intensity value of the line area of the "true" contact wire stays at a low-intensity range.
For a noisy background, as is often the case in most working conditions, there are always
higher intensity values in the search line area caused by the background sky, leaves, etc.

As shown in Fig. 2.6, every point on the search line » = xcosf + ysiné is represented
as P (x;, y1). r = xcosf + ysinf is the linear expression used in the Hough transform [88],
shown in Fig. 2.7, where r is the distance from the origin O to the closest point on the
straight line, 4 is the angle between the X-axis and the line connecting the origin O with
the closest point, and the coordinate system is still the original XOY coordinate system.

The search line area between candidate points P,, and P’, is set by building search
windows (red dashed rectangle in Fig. 2.6) centred on P; (x;, y;) along the search line.
The search window aims to obtain the maximum intensity value g; of this line area and
then compared with the intensity threshold G.. If g; is smaller than G, this line is
considered the approximate wire position, and the combination (P,, P’;) and the
coefficients (7, 6;) of the coarse centreline 7; = xcosf; + ysind, are obtained. The height
of the search window is set to be a value smaller than the diameter of the contact wire
to reduce the probability of detection error. In the example in Fig. 2.6, the height of the
search window (red dashed rectangle) is set to 7 pixels, while the diameter of the contact
wire is approximately 9 pixels.
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The line function » = xcosf + ysind is used instead of y = a + bx to avoid the problem
of calculating the slope when the line is vertical. In this study, the contact wire is
assumed to be positioned horizontally in the image. However, by choosing a more
general mathematical line formulation, the algorithm can handle lines with arbitrary
rotation, which may be encountered when this line-tracking algorithm is applied in other
fields.

In conclusion, if the maximum intensity values g. and g; for the vertical subset search
and the line search meet the requirement of Eq. (2.1), the object is considered to be one
of the target linear objects.

{ge <G, 2.1

g <G,

2.3.2 Subpixel detection

In the coarse search described in the previous section, all points were represented as
integer pixel positions. However, the detection of the contact wire can be improved by
applying subpixel detection methods. In this study, two different approaches for
subpixel detection of the contact wire were applied, i.e., a centreline detection algorithm,
and an edge detection algorithm.

Depending on the specific working conditions, one of these two detection methods
can be selected to increase the applicability of the proposed algorithm. For example,
when intense sunlight shines at the top of the contact wire, the dark areas of the contact
wire become smaller, and the centreline detection method may not work very well.
However, there can still be sufficient intensity difference between the lower part of the
wire and the background, enabling the edge detection method. Moreover, when the
background is very noisy and it is challenging to detect the edge of the contact wire, the
centreline detection method can be used to track the contact wire. The reason for
proposing two different detection methods is to handle different working conditions.

2.3.2.1 Method 1: subpixel centreline detection

The coarse search obtains the locations of the contact wire endpoints at integer pixel
positions. The subpixel centreline algorithm then carries out intensity value
interpolation in local areas centred on these endpoints.

The method is similar to the previously described vertical subset search. However,
here, the intensity values of the subsets are calculated at subpixel positions using bicubic
interpolation. The main idea is to use bicubic interpolation to approximate the upper and
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lower edges of the contact wire to calculate the centre points of the target area accurately.

The main calculation process is as follows:

a)

b)

Find the vertical search scope (see Fig. 2.8). The search scopes are centred on
the endpoints and should be large enough to contain both the upper and lower
edges of the wire.

A subpixel subset is defined with a suitable size (red dashed rectangles in Fig.
2.8). The subpixel subset should be entirely covered by the wire, so the subset
size should be at least smaller than the diameter of the wire. The intensity values
of the subset unit are interpolated using bicubic interpolation. The subpixel
subset is used to search both the left and right search scopes vertically. For the
sake of clarity, a vertical step interval of 0.5 pixels was applied in Fig. 2.8. By
following a similar procedure as presented in the coarse subset method, the upper
and lower edges of the wire are found with 0.5-pixel resolution. Here, the same
criteria as in the coarse subset method were applied, i.e., if the maximum
intensity value g, within a subset at a given position is less than the threshold G,
the subset is considered to be entirely covered by the wire. The centre edge point
of this subset is obtained as a candidate point (yellow rectangles in Fig. 2.8).
When all candidate points are found in both the left and right search scopes, these
candidate points are usually neighbouring and continuous (yellow bands in Fig.
2.8). Therefore, the centre point of the yellow band is chosen to represent these
candidate points as a single candidate point for this region. Here, the centre points
Peentrer (Xavel, Yaver) and Peentrez (Xave2, Yave2) are shown in Fig. 2.8 (red rectangles).
A line between these two centre points is the centreline > = xcosf, + ysing..
Finally, a point on this centreline can be selected as a tracking point Ppqck (Xk, ¥p).
Xi 1s a constant user-defined x coordinate, and the tracking point Prygck (Xk, yp)
satisfies 7> = x; cos@: + yp sind..

Note that the uplift measurement of the contact wire needs to measure the

displacement in the y-direction only, so the x coordinate of the tracking point Pk is set

as a fixed value x; in Fig. 2.8. The centreline may not be the actual centreline of the

cross-section of the contact wire because the apparent line is affected by the brightness

of the light irradiating on the contact wire. To be more precise, the apparent line is the

centreline of the partial area of the contact wire, the intensity value of which is less than

the threshold G... This phenomenon does not affect the detection of the contact wire

because the natural light usually does not change frequently, so the centreline detection

can always track the same position of the contact wire.
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Fig. 2.8. Subpixel centreline detection.

2.3.2.2 Method 2: subpixel edge detection

In contrast to centreline detection, subpixel edge detection focuses on tracking the
edge point in the tracking window. The edge is one of the most basic and key features
of an image, and edge detection is a main feature extraction method of image analysis.
Since the contact wire in the image is considered a straight line, the edge can also be
considered a straight line, represented by the equation y = a + bx, where the coordinate
system is still defined with the origin in the upper-left corner of the image. The subpixel
edge detection method based on the partial area effect, introduced in [89], is used in this
part.

If an edge passes through the pixel point (7, j), mentioned in [89,90], the intensity
value of this pixel is considered as follows:

fli, =2 e 22)

Where f{i, j) is the intensity value of the pixel point (i, ); 4 and B are intensity values
at both sides of the edge, S4 and Sp are the areas covered by the two intensity values 4
and B, respectively, in the pixel point (i, /), and 4 is the side length of the pixel, usually
taken as 1, see Fig. 2.9.

Due to 4’ = S, + S,

AY)) =B+%SA (2.3)
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Fig. 2.9. Origin of the intensity value of the pixel (i, j).

Before starting the edge detection, to reduce the influence of the noisy background,
the original image is smoothed using a 3x3 Gaussian smoothing kernel. Gaussian
smoothing is used to blur the image by attenuating high-frequency measurement noise
and suppressing details in the background. This is achieved by image convolution. The
size 3%3 means that the 3x3-pixel points are convoluted by using the 3x3 Gaussian
smoothing kernel, and the obtained intensity value is assigned to the central pixel point.
The 2D function of an isotropic Gaussian is as follows:

(R (2.4)
G(x,y)=ﬁe 29

Eq. (2.4) is used to calculate the weight of each point of a 3x3 Gaussian smoothing

kernel, and the sum of all weights should be equal to 1. In general, larger o means more
smoothing, i.e., more details are removed in the image. ¢ should not be too big because
it smears the edge of the contact wire and makes it non-distinct, but it should be big
enough such that it attenuates measurement noise and suppresses details in the
background sufficiently. In practical applications presented in work for this article, a
kernel of size 3x3 with o =1.5 has shown to give the appropriate level of smoothing and
has been used in all results presented in the article.
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Fig. 2.10. 3x3 Gaussian smoothing kernel.

Fig. 2.10 shows the weight distribution of the 3%3 Gaussian smoothing kernel with
o =1.5. The red dot indicates the weight value of the corresponding point of the pixel on
the Gaussian smoothing surface. At the bottom of the coordinate is the 3x3-pixel
convolution region. Red means significant influence on the intensity value of the central
convoluted pixel, and blue means little influence. The closer to the central pixel, the
higher the weight coefficient and the greater the influence. The reason why the kernel
size is 3x3 is that the edge detection area is small, and the large kernel will affect the
detail quality of the image. To retain the edge intensity gradient, the minimum kernel

size 1s selected.
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Fig. 2.11. Subpixel edge detection.
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In the previous coarse search, the point P; (xi, yx) was obtained from the coarse
centreline (red line as shown in Fig. 2.11, where P; satisfies r; = xicosf; + yisinf;). To
improve the smoothing efficiency, the smoothing area can be a small area centred on
point Py (xi, yx) and at least larger than the edge detection area. The edge detection area
contains the tracking window and the area for calculating intensities A and B. After
smoothing, a Px3 tracking window (purple rectangle) with the top edge centred on point
Pr (xx, vx) 1s built to detect the subpixel edge. The reason for choosing the lower edge of
the contact wire to identify is that the lower edge is usually not illuminated by light, so
this edge has a stronger intensity contrast with the background and is easier to identify.
The main calculation process is as follows:

First, according to Eq. (2.3), the sum of the intensity values of every column inside

the tracking window is calculated:
n=y; +P-1
L= Y [f(x,—lLn)=PB+(4-B)S,
n=y;
n=y; +P-1
M= ) f(x.,n)=PB+(4-B)S, 2.5)
n=yy
n=y, +P-1
R= > f(x,+1Ln)=PB+(4-B)S,
n=y;

Where L, M, and R are the sums of intensity values of the left, middle and right
columns of the tracking window, respectively. P, the height of the tracking window, can
be taken as the diameter of the contact wire with integer pixels. In this way, the edge
line can be located in the centre of the tracking window. The side length 4 is taken as 1.
Sz, Su, and Sk are the areas of each column under the edge, as shown in Fig. 2.11, and

the expressions are as follows:
X —1/2

S.= | [ +P-1/2)=(a+bx)]-dv =y, —bx,+ P—a+b-1/2
x;,—3/2
X +1/2
Su= [ [0 +P-1/2)=(a+bx)]-dx=y, —bx, + P-a—1/2 2.6)
x—1/2
X +3/2
Se= | [0 +P-1/2)=(a+bx)]-dv =y, ~bx,+ P-a~b-1/2
X +1/2
Then, combining (2.5) and (2.6), we can obtain the parameters (a, b) of the edge line:
a=y, —bx +P—1—M_PB
B k 4-B 2.7
L-R 2.7)
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One of the most important factors affecting the accuracy of subpixel edge detection
is the calculation of 4 and B, which are the average intensity values of the background
and the contact wire, separately. When the background has smooth luminosity gradients,
to reduce the influence of noisy pixels on the overall calculation accuracy, it is preferred
to calculate the average intensity values in a large area of the background and the contact
wire. Thus, 4 and B can be calculated separately by adding the intensity values of 2 rows
and 5 columns of pixels (or even larger) at the bottom of the tracking window (entirely
covered by the background) and at the top (entirely covered by the wire), see the green

rectangle in Fig. 2.11. The values can be expressed as:
m=2 n=0

z Zf(xk+m v, +P-1+n)

m——2 n=—1
m=2 n=l

ZZf(x,ﬁm Vi +n)
T104

However, when the background has sharp luminosity gradients, it is preferred to
calculate the average intensity values of 2 rows and 3 columns of pixels at the bottom
and top inside the tracking window.

When the edge line y=a + bx has been obtained, the edge point P. (xx, a+bxi) can be
selected as the tracking point to track the displacement response of the contact wire,

(2.8)

while x; is also the same user-defined constant x coordinate.

Multiple tracking windows may increase measurement accuracy and increase
robustness in cases where a single window fails due to, e.g., unfavourable background.
In addition, the edge detection requires the edge to cross the tracking window to
calculate the integration function Eq. (2.6), so when the edge slope b is too large, the
coordinate system should be changed to avoid the edge being close to vertical. However,
for contact wire detection, this is not a problem since the contact wire is usually close to
horizontal.

The edge detection method in [89] uses traditional derivative masks to compute the
intensity gradient for every pixel to determine the location of edge pixels. This edge
detection method is adapted to detect the contact wire by using the proposed coarse
search method to find the wire edge. This change makes the edge detection more
efficient for the specific case of identifying a contact wire from noisy backgrounds.

2.4 Numerical experiment validation

Four sets of numerical experiments, i.e., analysis on synthetically generated image
sequences, were conducted to test the performance of the proposed line-tracking
method. The first numerical experiment tests the accuracy and stability of the proposed
method by tracking the contact wire with precisely controlled motions in front of a noisy
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background. The algorithm application is introduced in detail in this experiment. The
second numerical experiment tests the minimum recognizable diameter of the contact
wire in the image and the effect of the diameter change of the contact wire on tracking
accuracy. The third numerical experiment adds Gaussian noise to the image to test the
noise sensitivity of the tracking method. The fourth experiment simulated the
illuminated wire and background to test the performance of the line-tracking method
under different light intensity situations.

2.4.1 Tracking accuracy with a noisy background

To demonstrate the accuracy and robustness of the proposed method with a noisy
background, numerical experiments with different subpixel moving distances of the
contact wire were conducted. An image (540%778 pixels) with many tree branches and
leaves was used as a noisy background. To accurately control the subpixel movement of
the contact wire, a straight black line was used as the contact wire, as shown in Fig. 2.12.
According to the general measurement, the 12-mm diameter of the contact wire was
approximately 18.79 pixels in the image with the horizontal distance of 12 m and the
focal length of the lens of 105 mm. To increase the difficulty of tracking, the diameter
of the introduced black line was reduced to 5 pixels to closely resemble the size of the
tree branch.

= k - 3 — =k

Fig. 2.12. Noisy background image. (a) Original image. (b) A black line is used as a contact
wire in front of the noisy background. Photo: Tengjiao Jiang/NTNU.
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The contact wire was moved downwards with a displacement interval of 0.1 pixels,
meaning that each time a 0.1-pixel movement was completed, a new image with a new
contact wire position was saved. The 0.1-pixel displacement was achieved by upscaling
the background image by a factor of 10 using bicubic interpolation, drawing the line
with the displacement of 1 pixel and finally downscaling the image by a factor 10. With
the displacement ranging from 0 to 8.0 pixels, a sequence of 81 images was generated
and then processed separately by three different subpixel detection methods, i.e.,
centreline detection, edge detection with and without Gaussian smoothing.

The detection result of the contact wire in front of the noisy background is shown in
Fig. 2.13. The left and right boundaries of the image are set as the coarse search columns.
After the subset search, the candidate point sets P and P’ for the left and right boundaries
are obtained, respectively. P has seven candidate points, and P’ has one candidate point,
where the maximum intensity value g. is less than the intensity threshold G... Then, after
a line search, the contact wire is successfully identified, and the coarse centreline (solid
red line) and point Pk (red point) are obtained, as shown in Fig. 2.13.

Next, the three detection methods process the image separately. For centreline
detection, the algorithm detects search scopes at both ends of the contact wire. After the
search, the centreline (yellow dashed line) and the tracking point Py (yellow point)
can be obtained, as shown in Fig. 2.13.

(O1Siliicii sl Coarse centreline

Ptmck

Fig. 2.13. Contact wire detection results.

For edge detection without Gaussian smoothing, the 5x3 tracking window (red
rectangle in Fig. 2.13) is built with the pixel point Py as the centre of the top edge. After
edge detection in the tracking window, the edge tracking point P’. (green point) can be
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obtained. For edge detection with Gaussian smoothing, first, the algorithm needs to
smooth the edge detection area. The edge detection area covers the tracking window and
the area of calculating intensities A and B; therefore, the smoothing area should be at
least larger than the edge detection area. The Gaussian smoothing kernel with size 3x3
and o =1.5 has been used in all results presented in the article, and the smoothing effect
is shown in Fig. 2.14. In this case, to show the smoothing result more clearly, the size
of the smoothing area is selected as 60x60 pixels, shown as the yellow rectangle in Fig.
2.13. Next, building the tracking window and the edge detection are performed in the
same manner as in the edge detection without Gaussian smoothing, and the edge
tracking point P, (blue point) is obtained.

After all images are processed and the tracking points Pjqcr, Pe and P’. of the three
subpixel detection methods are acquired separately, the vertical displacement of the
contact wire can be obtained. Fig. 2.15 shows the measured vertical displacement of the
contact wire for the three detection methods with the image serial number. The black
line is the exact displacement, and the red, blue and green lines are the displacement
results by the centreline detection method, the edge detection method with and without
Gaussian smoothing, respectively. Table 2.1 shows the statistical analysis of the
displacement error of these three different methods relative to the exact displacement.
From Fig. 2.15 and Table 2.1, it can be concluded that the centreline detection has better
accuracy and robustness in this numerical experiment. The measured displacement data
of the centreline detection fluctuates only slightly around the exact displacement, which
shows the stability of this method.

Fig. 2.14. Smoothing effect. (a) before smoothing; (b) after smoothing.
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Fig. 2.15. Accuracy comparison of the measured vertical displacement by the three subpixel
detection methods.

Table 2.1. Displacement error analysis of the three subpixel detection methods compared with
the exact displacement.

Mean Standard Maximum value ~ Minimum value
(pixels) deviation (pixels) (pixels)
(pixels)

Centreline detection 0.0456 0.0382 0.1539 0.0000

Edge detection with 0.4372 0.2235 0.8123 0.0128
smoothing

Edge detection without 1.1494 0.6379 2.1961 0.0077
smoothing

In Fig. 2.15 and Table 2.1, the edge detection with Gaussian smoothing (blue line)
and without smoothing (green line) are compared to determine how much the Gaussian
smoothing improves the accuracy of edge detection. We can obtain from Fig. 2.15 that
the displacement result of the edge detection without smoothing is more volatile and
unstable and is susceptible to environmental changes, leading the tracking data to
oscillate substantially. By comparing their mean values and standard deviations of the
displacement error, it can be concluded that the accuracy and stability of edge detection
without smoothing is much worse than that with smoothing. Thus, a proper smoothing
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has a favourable influence on the accuracy of edge detection, and we suggest using
smoothing for edge detection, especially in noisy environments.

2.4.2 Effect of diameter change of contact wire on tracking accuracy

The minimum recognizable diameter of the contact wire in the image is tested, and
the effect of the diameter change of the contact wire, related to measurement distance,
on tracking accuracy is studied. According to the pinhole camera model introduced in
[71], the 12-mm diameter of the contact wire was approximately 22.909 to 2.864 pixels
in the image with a lens focal length of 105 mm and the horizontal distance changing
from 10 to 80 m, as shown in Table 2.2. Thus, the diameter increased from 3 to 23, with
a total of 21 groups. Similar to the first numerical experiment, the black line with
different diameters was used as the contact wire in the above background image. To test
the robustness of the proposed algorithm, the contact wire was randomly distributed in
the image and then moved by the same displacement of 50 pixels. Three detection
methods tracked the contact wire, and the displacement error was obtained by comparing
the displacement data with 50 pixels. This process was carried out 10 times, and 10
random positions are the same for each diameter group. The mean and standard
deviation of the displacement error of each group are shown in Fig. 2.16.

Table 2.2. The diameter of the contact wire at different horizontal measurement distances.

Distance 10 20 30 40 50 60 70 80
(m)
Diameter ~ 22.909 11.455 7.636 5.727 4.582 3.818 3.273 2.864
(pixels)

In Fig. 2.16, the error bars show the means and standard deviations of the
displacement error of three subpixel detection methods. The midpoint is the mean, and
the upper and lower caps present the standard deviation of the displacement error. The
mean result shows that the displacement error of the centreline detection and edge
detection with Gaussian smoothing remains low, but the displacement error of edge
detection without Gaussian smoothing is relatively higher. The reason is that smoothing
can reduce the negative impact of the background noise on the accuracy of edge
detection, so without Gaussian smoothing, the tracking accuracy of the edge detection
method is reduced, and the displacement data become more unstable. These results
demonstrate that smoothing is helpful to improve the accuracy and robustness of the
edge detection method. Through a comparison of the standard deviation, the standard
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deviation of the centreline detection method always remains low, and far less than the
standard deviation of the other two methods.
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Fig. 2.16. Means and standard deviations of the displacement error of three subpixel detection
methods.

The results also show that the three detection methods can successfully detect a
minimum diameter of 3 pixels, which is sufficient to meet the regular uplift
measurement of the catenary wire, with a measuring distance of less than 30 m and a
minimum diameter of 8 pixels. The lower diameter, i.e., 1 or 2 pixels, has been tested,
but it is challenging for the algorithm to detect. A longer telephoto lens can also be used
to increase the effective measurement distance. The long measurement distance makes
remote measurement relatively convenient and applicable, but it should be mentioned
that the data instability caused by ultralong distance measurement needs to be noted. In
the actual field measurement, a greater measurement distance would be more affected
by atmospheric effects, light or other environmental conditions. Through a comparison
of the effects of the diameter change on the accuracy, it can be concluded that the
diameter change slightly affects the accuracy of the three subpixel detection methods in
the case of a noisy background.



42 CHAPTER 2. VISION-BASED LINE-TRACKING SYSTEM

2.4.3 Noise sensitivity

The robustness is very important for the tracking method during engineering
applications, and the addition of Gaussian noise to the image was used to test the
robustness of the tracking method. Different degree of Gaussian noise was added to the
image by increasing the standard deviation o, of the Gaussian function from 1 to 60
in increments of 5, with the contact wire remaining stationary, as shown in Fig. 2.17.
Thus, there are 13 groups for different degrees of Gaussian noise, and every group
generates 50 images of a random noise distribution. Fig. 2.17 (d)-(f) show the local areas
of (a), (b) and (c), respectively. With g,ise increasing from 1 to 60, it can be seen that
the number of noise points increases gradually and that the image, including the contact
wire, is increasingly blurred. Especially for g = 60, there are many noise points on
the contact wire, and the difference between the contact wire and tree branches in the
background is tiny. Thus, the edge of the contact wire is harder to identify than that for
Onoise = 1.

Then, the three subpixel detection methods were used to identify the position of the
contact wire, and the detection error was obtained by comparing the position results with
the original position (oyeise = 0). The signal-to-noise ratio (SNR) was used to estimate
image noise in the imaging system. A higher SNR value means that the image quality is
better. There are several image-based SNR definitions, and a simple SNR definition [91]
is:

SNR = Zimaze (2.9)
Where Gimqge 1s the standard deviation of the intensity value of the original image,
and oy0ise 18 the standard deviation of the added Gaussian noise. Thus, as the standard
deviation o,i5. Of the Gaussian noise increases from 1 to 60, the SNR decreases from
57.11 to 0.95, and the image quality becomes low. The average detection errors of 13
groups with the change of SNR is shown in Fig. 2.18.
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Fig. 2.17. Adding different degrees of Gaussian noise to the image. (a), (d) Gnoise =1,
SNR=57.11; (b), (€) Guoise =30, SNR=1.90; (c), (f) Gnoise =60, SNR=0.95.
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Fig. 2.18. Average detection errors of three detection methods under different degrees of
Gaussian noise.

As shown in Fig. 2.18, when the SNR is less than 3, the average detection error of
the two edge detection methods begins to increase significantly. In contrast, the error of
the centreline detection begins to increase significantly when the SNR is less than 1.5.
In general, for the capacity to resist Gaussian noise, the centreline detection and edge
detection with Gaussian smoothing are better than that of edge detection without
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Gaussian smoothing in this case. By comparing the two edge detection methods, it is
shown that Gaussian smoothing is very useful for reducing the impact of noise,
confirming edge detection to be relatively robust and accurate. When SNR = 0.95,
centreline detection and edge detection can still reasonably accurately identify the
contact wire, which shows the robustness of these two methods. In general, the real
environment of the uplift measurement of the contact wire is much better than the
condition SNR = 0.95. Thus, centreline detection and edge detection are competent for
the most general conditions.

2.4.4 Different light intensities

Under different light intensities, the performances of the three subpixel detection
methods are tested. An illuminated wire, under intense sunlight, is simulated by
changing the intensity gradient from top to bottom, as shown in Fig. 2.19.

When the ambient light changes, the brightness of the background will also change.
The light intensity of the background is simulated by adjusting the exposure
compensation of a background image in an image processing software. The light
intensity has been divided into four groups, exposure compensation + 0.5, + 1.0, + 2.0
and +3.0, as shown in Fig. 2.19. The wire movement is similar to the numerical
experiment in Section 2.4.1. The wire was moved downwards with a displacement
interval of 0.1 pixels, from 0 to 8.0 pixels, and a sequence of 81 images was generated
and then processed separately by three different subpixel detection methods.

Fig. 2.20 is the displacement comparison results. The black line is the exact
displacement, and the red, blue and green lines are the displacement results obtained by
the centreline detection method and the edge detection method with and without
Gaussian smoothing, respectively. Through the comparison, it can be found that the edge
detection accuracy increases when the light intensity increases. The reason for this
increase is that, as the light intensity of background increases, the intensity difference
between the wire and the background becomes larger. The significant intensity
difference is beneficial to edge detection.

In some parts of Fig. 2.20, the accuracy of edge detection with Gaussian smoothing
performs better than centreline detection, especially for the high light intensity. As
mentioned above, the edge detection method is more suitable for the high light intensity
situations because the lower edge has an obvious intensity gradient with the background
and is easier to detect. This is why both methods have been introduced. Depending on
the specific working situations, one of these two detection methods can be selected to
increase the applicability of the proposed algorithm.
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Fig. 2.19. Simulation of different ambient light intensities.
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Fig. 2.20. Accuracy comparison under different ambient light intensities. (a) exposure +0.5; (b)
exposure +1.0; (c) exposure +2.0; (d) exposure +3.0.
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Fig. 2.21. The influence of different window sizes on the edge detection accuracy. (a) exposure
+0.5; (b) exposure +1.0; (c¢) exposure +2.0; (d) exposure +3.0.

As mentioned in Section 2.3.2.2, one of the most critical factors affecting the
accuracy of edge detection is the calculation of A and B, which are the average intensity
values of the background and the contact wire, separately. Different window sizes will
also affect the calculation of A and B. Therefore, under different light intensities, the
influence of window sizes on the edge detection accuracy is tested.

Similarly, the light intensity is divided into four groups, and edge detection with and
without smoothing methods are still used to detect the contact wire from the above 81
images. However, the different window sizes, i.e., 2 rows and 3 columns, 2 rows and 5
columns, are used for the edge detection methods, separately. Finally, the displacement
results are compared with the exact displacement, and the displacement error results are
obtained, as shown in Fig. 2.21. The large window is more susceptible to the background
intensity change under the sharp luminosity gradients. For the exposure compensation
+3.0 group, the influence of the window sizes decreases, because the background is
bright, and the intensity gradient of the background decreases. Therefore, it can be
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concluded that for the background with sharp luminosity gradients, the window size of
2 rows and 3 columns is recommended for the calculation of intensity values A and B.

2.5 Field application validation

2.5.1 Field uplift measurement of railway catenary systems

To test the performance of the proposed vision-based tracking system in an outdoor
environment, the field uplift measurement of the railway catenary system was carried
out. The accuracy of the vision-based tracking system is tested by comparing the vision-
based tracking system with the laser displacement meter. In the field test, the vision-
based tracking system was mounted at a distance from the railway and measurements
were carried out without contact to the catenary system. A laser displacement meter
(DME ODS200) was mounted on the support structure above the contact wire, and a
laser reflecting plate was mounted on the contact wire to measure the uplift. A schematic
overview of the field uplift measurement is shown in Fig. 2.22.

Hit with a hammer

Laser displacement .
meter P

~ | Vision-based tracking system S

Fig. 2.22. Uplift measurement of a railway catenary system by the vision-based tracking system
and laser displacement meter. Photo: Tengjiao Jiang/NTNU.
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Fig. 2.23. The angle o between the imaging plane and the vertical plane.

In this case, the contact wire was fixedly excited by an impulse model hammer, and
then, the uplift data of the contact wire were obtained by these two devices
simultaneously with the sampling frequency of 200 Hz. A medium telephoto lens
(Sigma AF 105 mm /2.8 Macro DG OS) was used with a focal length of 105 mm. The
horizontal distance Ly between the contact wire and the camera was 7.65 m, and the tilt
angle a was 25.35°, measured by the laser range finder. Through the image processing
by the proposed line-tracking algorithm, the displacement of the contact wire (in pixels)
is obtained. To compare with the laser displacement meter, the displacement in pixels
was converted to physical units in millimetres by using the pinhole camera calibration
model, described in [71]. Due to the continuous movement of the contact wire
throughout the whole image, the scaling factor from the pixel displacement to physical
units is not constant and changes slightly. In this case, the scaling factor depends on
various parameters, including the image coordinates of the tracking point, the tilt angle
o of the camera, the focal length f of the camera lens, as well as the object distance L of
the measurement point.

Due to the tilt angle a, the imaging plane usually does not coincide with the vertical
plane, and there is also an angle «, as shown in Fig. 2.23. Because the angle o is small
and the vibration of the contact wire is mainly in the vertical direction, the vertical
displacement can be estimated as AC = AB/ cosa. There is only a small error between
the real vertical displacement and the estimated one, AC. AB is the displacement in the
image plane. The tilt angle, 25.35°, is in the upper range that we can accept in the field
measurement.

The accuracy of the laser is approximately 0.05 mm for the measuring range 10 to
30 cm and is considered to be ground truth for this application. Two groups of the
displacement data obtained from these two devices are compared with each other in a
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time series. Both groups obtained data for more than 80 seconds, and the comparison
results of the first 20 seconds are shown in Fig. 2.24.

Fig. 2.25 shows that the two measurement methods correlate well, indicating that the
accuracy of the tracking system is very close to the laser displacement meter. This is
also confirmed by the displacement differences between the two measurement methods
in time series, shown in Fig. 2.26, and the distributions of the displacement differences,
shown in Fig. 2.27. Fig. 2.27 shows that a Gaussian distribution fits well with the data.
The mean values of group 1 and 2 are 0.077 and -0.0036 mm, and the standard deviations
are 0.32 and 0.31 mm, respectively. The accuracy of the proposed vision-based tracking
system is + 0.6 mm at 95% confidence, with compensation for the tilt angle. From the
application results, it can be concluded that the proposed vision-based tracking system,
with the line-tracking method, can successfully and accurately measure the uplift of the
railway catenary system.

25 T T T T T T - - -
20 — Vision-based tracking system|
151 - - Laser displacement meter

Displacement (mm)

2 4 6 8 10 12 14 16 18 20
Time (s)

Fig. 2.24. Displacement obtained by the vision-based tracking system and the laser
displacement meter.
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Fig. 2.25. Displacement comparison between the vision-based tracking system and the laser
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Fig. 2.26. Displacement differences between the vision-based tracking system and the laser
displacement meter in time series.
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Fig. 2.27. Distributions of the displacement differences between the vision-based tracking
system and the laser displacement meter.

2.5.2 Identifying the contact wire in a diverse city environment

Fig. 2.28. Trams with the pantograph-catenary system. Photo: Tengjiao Jiang/NTNU.

This section demonstrates the ability of the proposed tracking algorithm to identify
a contact wire in a diverse environment. Fig. 2.28 shows the Trondheim city tram and
its pantograph-catenary system. The city environment provides challenging scenes for
contact wire detection, as shown in the examples in the left column of Fig. 2.29. The
middle column of Fig. 2.29 depicts obtained images at the contact wire location, and the
right column shows the identification results of the contact wire with the algorithm. The
right column images also show the candidate endpoints as red dots at the left and right
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boundaries and the identified contact wire as a red line. The images with many tree
branches generally have the most candidate points, see, e.g., the bottom right image in
Fig. 2.29. This is expected because these tree branches are similar to contact wires and
are correctly identified as candidate points. However, the line search ensures that the
contact wires can be found in the noisy background. Fig. 2.29 shows that the contact
wire is correctly identified in all example scenes.

After comparing different scenes, the background with tree branches is considered
to be the most difficult case because it induces the largest number of candidate points.
To test the robustness of the algorithm, more applications with different tree branches
as backgrounds are carried out, as shown in Fig. 2.30. The resulting images show that
the candidate points on both boundaries increase dramatically as tree branches are
identified as possible contact wire endpoints. However, again, after line search, the
algorithm has successfully identified the contact wires.

Through the identification of the contact wire in a diverse city environment, it can
be concluded that the algorithm can deal with many different types of noisy backgrounds
in diverse working conditions. In all applications with different noisy levels, the
algorithm can successfully identify contact wires, which shows the robustness of the
algorithm.
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Fig. 2.30. Applications with more complex backgrounds. Photo: Tengjiao Jiang/NTNU.

2.6 Conclusions

A portable vision-based tracking system is proposed to be applied for truly remote,
non-contact and non-target uplift measurements of a catenary system. To address the
general problem, which is that the contact wire is challenging to track without a target
in front of a noisy background, a robust line-tracking technique based on a coarse subset
and line search and subpixel detection is proposed to track linear objects in front of a
noisy background. Components of the vision-based tracking system and principles of
the line-tracking technique are described in detail. Subpixel detection includes two
methods, centreline detection and edge detection. These two methods complement each
other’s application scope, and one of these two subpixel detection methods can be used
according to different application environments to improve the applicability of the
whole system.
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The accuracy, robustness and applicability of the vision-based tracking system are
demonstrated through numerical experiments, the field uplift measurement of the
railway catenary system and the identification of the contact wire in a diverse city
environment. From the obtained results, it can be concluded that the proposed line-
tracking method can successfully track the contact wire in front of a noisy background.
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Abstract

For electrified railways, the catenary dynamic behaviour is critical to ensure a robust
and steady current collection quality for electric trains. The current collection is
achieved as the catenary directly interacts with the pantograph, installed on the car-body
roof, to provide an electrical current to the engine. Damping plays an essential role in
numerical simulations of pantograph-catenary interaction, especially for multiple
pantographs. However, damping estimation of existing catenary sections is recognised
as a challenge, and only a few studies have been published with single values of damping
estimations. This study aimed to estimate the spatially distributed damping of an existing
catenary span through uplift measurements using a vision-based line-tracking system
(VIBLITE). A detailed study was performed at critical locations along the catenary span.
Sixty-nine single/double-pantograph train passages were acquired during scheduled
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train operation. Time series of uplift and acceleration were obtained through a line-
tracking image-processing technique. The uplift amplitude was statistically analysed,
where the damping ratios were identified using the covariance-driven stochastic
subspace identification (Cov-SSI) method. The results were presented as Rayleigh
damping coefficients, which shows a notable spatial variation to be considered in
numerical simulations. The system was mass proportional dominated, and the
coefficients were larger towards the poles compared to the midspan. A small but clear
train direction dependency of the damping distribution was observed over the entire
span. Thus, it is recommended to consider the spatial damping distribution's influence
when conducting future numerical simulations, especially when energy dissipation can
be a vital component.

3.1 Introduction

The length of electric railways is increasing in the global railway network. The
pantograph-catenary system is an essential part of the electric railway because its
responsibility is to supply uninterrupted electricity to power trains [14,92,93]. The
pantograph mounted on the top of the trains is in slide contact with the catenary wire to
collect the electrical current [16,94]. The main structural components of the catenary
system are the contact wire, messenger wire, and droppers, and occasionally also include
stitch wires [24], as shown in Fig. 3.1 (a). The pantograph consists of the panhead, upper
and lower arms, guiding and coupling rods, lifting device and insulators, as shown in
Fig. 3.1 (b).

Dynamic behaviour of the catenary is a direct reflection of pantograph-catenary
interaction. The catenary system is considered to be a very lightly damped system [95],
and the damping characterisation is significant, especially for multiple pantographs
[14,60,96]. The catenary wave excited by the leading pantograph makes the trailing
pantograph easily acquire contact loss, thereby causing arcing and disturbing the contact
quality. The catenary damping will eliminate the negative effect of wave propagation
[18]. Damping plays an essential role in simulations of pantograph-catenary interaction
[16,60,96-99], contact force estimation [100], multiple pantograph operations
[12,18,101], etc. Damping coefficients used in the literature are shown in Table 3.1. It
can be found that much damping-related research applied damping coefficients in
simulations but seldom measured damping from built catenary systems. The damping
coefficients adopted in simulations are different.

Small damping differences may significantly affect the final simulation results [96].
Therefore, the damping must be estimated to describe the structural behaviour as
accurately as possible [24]. Practical Rayleigh damping is suggested to be used in
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simulations of pantograph-catenary interaction [33,96]. However, for a real catenary,
the damping estimation is still recognised as a challenge due to the closely spaced modes
and measuring equipment [24,33,60]. The damping ratio is usually considered equal for
the whole span in the simulations [102], which does not consider the spatial damping
variation over the span.
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Fig. 3.1. Railway catenary system. (a) Catenary system. (b) Pantograph-catenary interaction.
Photography: NTNU/Tengjiao Jiang.

Few studies have been published on the damping estimation of existing catenary
sections. The published estimation methods include measuring displacement (uplift)
[22,33,96,103] and acceleration [24,26] of the catenary in the laboratory or field.
Stickland et al. [22] estimated the damping ratio of a catenary section of the British East
Coast Main Line. Drawstring potentiometers connected to the catenary wires were
utilised to obtain the displacement of five different locations. An impulse excitation was
generated by forcing the wire downwards and then releasing it quickly. Vo Van et al.
[26] obtained Rayleigh damping coefficients by using four tri-axis accelerometers
installed on catenary wires. Excitation was achieved by dropping masses attached to the
catenary wires. Zou et al. [33] performed non-contact measurements via
photogrammetry without markers in the laboratory. The damping ratio and Rayleigh
damping coefficients were estimated by the continuous wavelet transform (CWT)
method. The catenary wire is excited by single-point lifting in the laboratory tests. Navik
et al. [24] presented a wireless sensor system, consisting of 10 tri-axis accelerometers,
to measure the accelerations of catenary wires. The sensor system requires the mounting
of sensors on catenary wires. Rayleigh damping coefficients of three existing catenary
systems under train operation were successfully identified by using the covariance-
driven stochastic subspace identification (Cov-SSI) method.
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However, except for Névik et al. [24], others measure catenary responses by artificial
excitations, which do not reflect the complexity of pantograph-catenary interactions in
traffic. The excitation of pantograph-catenary interactions includes forward and
backward waves and moving loads caused by the sliding contact of the pantograph.
Consequently, it is difficult to present this situation in artificial excitations. Therefore,
measuring responses of exciting catenary sections under train operation is a more
appropriate way to estimate damping truthfully and accurately.

Table 3.1. Damping coefficients found in the literature, where o and B are the mass and
stiffness damping coefficients, respectively, known as the Rayleigh damping coefficients, and {
is the damping ratio. CW and MW are the contact wire and messenger wire, respectively.

Year Paper Olew Bcw Omw Bmw C_,cw me Research
2003 Stickland et 0.05 0.05 Measurement
al. [22]
2006 Se‘[);t] al. 0.01 le-4 0.05 le-4 Simulation
Zhang et al. . .
2006 [104] 0.01 0.01 Simulation
2008  Cho [105] 0.0 0.05  Simulation
Bianchi et . .
2010 al. [106] 0 3.25e-3 0 3.25e-3 Simulation
Ambrosio et 0.0027— 0.0027— . .
2012 al. [12] 0 0.027 0 0.027 Simulation
iy SRR 0 0.027 0 0.027 Simulation
al. [60]
2012 Jungetal. 001 005  Simulation
[100] : :
Bruni et al. . .
2015 [96] 0.0125 le-4 0.0125 le-4 Simulation
Liu et al. . .
2016 [101] 0.02 0.02 Simulation
2016 Z"F}gt] al 002845 000274 002845 000274 001 001 Measurement

2016 Nav[‘;?ta]' 0.062  6.13e-6  0.062  6.13e-6 Measurement
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Cazzani et . .
2017 al. [102] 0.02 0.02 Simulation
2019 Oregoriet 40105 00001 00125  0.0001 Simulation
al. [98]
2020  ANMISSE 60105 00001 0.0125  0.0001 Simulation

al. [16]

The above research measures only the response and damping of a few points in the
span. To the best of the authors' knowledge, there is no report on the spatially distributed
uplift and damping over one span. The damping distribution will promote more realistic
simulations of the pantograph-catenary interactions. Particularly for multiple
pantograph operation [60,96], the damping distribution may also expand the knowledge
that can be used to improve the contact quality of the trailing pantograph to reduce the
contact loss.

Except for the closely spaced modes, another challenge in the damping estimation is
the measuring equipment. The existing response detection methods mainly involve
contact, i.e., the installation of sensors [23-26,92], markers [28-30] or other equipment
[22] on catenary wires. These methods require track access and may interrupt train
operation. The mass loading induced by sensors, etc., may interfere with the dynamic
response of the catenary system. The aerodynamic effect may also be altered. Therefore,
anon-contact measurement technique is desired for the uplift measurement and damping
estimation.

Computer vision (CV) technology has been widely adopted in civil engineering
[36,107,108], mechanical engineering [28,109-114] and aerospace engineering [81,82],
etc. For field testing, portability, robustness in varying environmental conditions, low
power consumption, and the possibility of battery operation play primary roles in the
choice of the equipment [35,37]. The challenges in fieldwork, e.g., the usage of many
sensors, cable wiring for power supplies and data transmission, make the contact
methods time-consuming, inconvenient and high-cost tasks. CV-based methods can
achieve non-contact, long-distance measurement, low costs and labour, and low
interference to the daily structure operation [36].

This study aims to investigate the damping and uplift of an existing catenary span
under scheduled train operation. A vision-based line-tracking system (VIBLITE),
presented in previous work [37], was adopted to achieve a non-contact uplift
measurement. The railway catenary span is located on the Oslo Airport line with a train
speed up to 210 km/h. To investigate the in-traffic dynamic behaviour of the catenary in
detail, the uplift at critical locations along the whole span was measured during
scheduled train operation. The critical locations include the dropper clamps (on contact,
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messenger and stitch wires), midspan point, and steady arm. VIBLITE sampled 69
single/double-pantograph train passages in total throughout the three-day measurement
period. The uplift was statistically analysed, and the uplift distribution was obtained.
The damping ratios were identified with the covariance-driven stochastic subspace
identification (Cov-SSI) method. The spatial distribution and variation of Rayleigh
damping coefficients over the span were established and further analysed.

Fig. 3.2 shows the workflow of the uplift measurement, postprocessing and
subsequent analysis. The remainder of this article is organised as follows: Section 2
introduces VIBLITE components and a simplified pinhole camera model for camera
calibration. In Section 3, the measurement setup and measurement of the train speed are
described in detail. Section 4 presents the image processing and results using the line-
tracking technique. In Section 5, the uplift and acceleration are evaluated and analysed,
and the power spectral density (PSD) at all measuring points is estimated. In Section 6,
the Cov-SSI method is implemented to estimate the damping ratios and Rayleigh
damping coefficients. Finally, conclusions are provided in Section 7.

Uphft measurement of railway catenary Line-tracking algorithm Operatlonal modal analysis

Fig. 3.2. Workflow of the uplift measurement of the railway catenary system using VIBLITE.
Photography: NTNU/Tengjiao Jiang.

3.2 Vision-based line-tracking system

3.2.1 System components

A vision-based line-tracking system (VIBLITE) [37] with a corresponding line-
tracking image-processing technique [115] was adopted in the measurements, as shown
in Fig. 3.3. VIBLITE has been demonstrated to successfully achieve remote, non-track-
access, non-contact and non-marker displacement measurements of catenary systems.
VIBLITE properly addresses the essential challenge of tracking slender wires without
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markers against a noisy background. VIBLITE consists of one or several high-speed
area scan cameras (Basler ACA2000-165 um), fixed-focal optical lenses (Sigma AF 105
mm {/2.8 Macro DG OS), a trigger (National Instruments NI USB-6210), a laptop
(DELL Latitude 7490) and a laser rangefinder (Leica DISTO™ DS). The selection of
lenses of different focal lengths depends on the field conditions. For example, for a
horizontal distance Ly ranging from 10 — 15 m, a lens with a 105-mm focal length is
usually adopted. The laser rangefinder measures the horizontal distance Ly from
VIBLITE to the catenary wire and the pitch angle 8 of the camera, which are important
calibration parameters. The camera contains a complementary metal-oxide-
semiconductor (CMOS) sensor with an 8-bit 2048 x 1088 pixel resolution. The physical
sensor size is 11.3 x 6 mm, and the physical pixel size is 5.5 x 5.5 um. VIBLITE is
powered by the laptop battery/power supply. The laptop controls the sampling rate and
exposure time of the camera and stores the images obtained by the camera.

VIBLITE does not require track access nor marker installation on the catenary wires.
Therefore, measurements can be performed instantaneously without interrupting the
train operation. Due to the advantage of the non-contact measurement technique, the
additional sensor masses that may interfere with the dynamic response are eliminated.
The VIBLITE accuracy is + 0.6 mm at the 95% confidence level with a measuring
distance of 10 m, as confirmed by comparison to a laser displacement meter in [37].

2 = s
Vision-based line-tracking system
f‘ = '] [ s T

¥ Laser rangefinder
n

Fig. 3.3. Vision-based line-tracking system (VIBLITE).
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3.2.2 Frame-rate improvement

The maximum frame rate (or sampling rate) is limited by frame exposure, readout
and transmission time. Frame transmission time is influenced by the USB bandwidth
and the size of the frame region-of-interest (ROI). Here, ROI represents the cropped
frame on the image plane, which means the pixel data inside the ROI is saved, but that
outside the ROI is discarded. Frame ROI improves transmission efficiency and saves
the storage cost. The sensor readout time is the sum of all row readout times, so it is
influenced by the height (rows) of the frame ROI. Therefore, the sensor readout time
will be reduced if the ROI rows are reduced. The reasons are explained as follows.

For the catenary uplift measurement, the vertical displacement is the primary
measuring object [37]. Therefore, the frame ROI is usually high in height but small in
width, as shown in Fig. 3.4 (a). The blue area is the full-frame (full image plane), and
the orange area is the frame ROI (cropped frame). If the camera is rotated 90 °, the ROI
size remains unchanged, but the ROI rows are reduced, and then the sensor readout time
is further reduced, as shown in Fig. 3.4 (b) and Fig. 3.5.

Fig. 3.5 shows the imaging sensor workflow, which consists of the frame exposure
and readout. The small orange rectangle represents the readout time of each row fow.
The Basler ACA2000-165 pm camera uses a global shutter sensor [116]. Therefore, the
sensor's pixels start and stop exposure at the same time. The sensor readout starts
immediately after the exposure stops and continues row by row until all pixel data have
been read. For the frame ROI, the sensor readout contains only the rows inside the ROI,
which reduces the readout time significantly.

By comparing scenarios with and without the camera rotation in Fig. 3.5, the camera
rotation method further reduces the sensor readout time because the sensor readout time
is the sum of all row readout times. Therefore, the frame ROI method and camera
rotation method can both reduce the sensor readout time and improve the sensor's
maximum frame rate.

An effective method to improve the frame rate, for other application fields, is to set
the frame ROI with the minimum accepted rows. Whether the camera rotation needs to
be adopted depends on the specific applications, e.g., the catenary uplift measurement.
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3.2.3 Camera calibration model

Similar to other vision-based measurement methods [108,114,117], a calibration
process is necessary for VIBLITE. A pinhole camera calibration model, described in
[71], was adapted to the uplift measurement by simplifying the calculation process. A
schematic overview of the pinhole camera model is shown in Fig. 3.6. In this case, the
scale factor from pixel units to physical units depends on various parameters, including
the initial image coordinates (xo, o) of the tracking point, the pitch angle 8 of the optical
axis, the focal length f of the camera lens, and the distance L from the optical centre to
the object [71]. The image plane is the surface of the digital image sensor of the camera,
as shown in Fig. 3.6. However, the perspective projection of the object is inverted in the
image plane. To simplify the geometric analysis, a virtual image plane is generated,
which is located far from the optical centre O at focal length f.

,"lObj ect plane

Contact wire
cross-section

Pinhole camera model

- Virtual image plane
P (X0,Y0)
ZImage centre Oc(X.,Yc)
AN
kT~ AT
“Paey) " §f A2 ,
G 9 ‘\'\“--"'Optlcal centre O '
Inverted projection’, !

o :
Image plane----. / '

Fig. 3.6. Pinhole camera model of VIBLITE.

Horizontal distance Ly

As shown in Fig. 3.6, a tracking centre point Py of the catenary wire experiences a
vertical vibration and moves to a new location P, and the projection of the centre point
at the new location is P'; in the object plane. Their image points move from P to Pci
in the image plane. According to the homothetic triangle theory, the relation between
PoP' and PcoPc can be expressed as

RFE__ OB _ L

Feofr ORey Jl(xy =30 + (3, =312+ G-
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PoyPy = (=% ) +(y=3,) S, (3.2)

where (xo, yo) and (x, y) are the image coordinates of the tracking point in the initial
(reference) image and the current image, respectively, point Oc (x., y.) is the centre point
of the image plane, S is the physical size of each pixel of the image sensor, which is 5.5
um for the given camera (Basler ACA2000-165 um), f'is the focal length of the optical
lens, and L is the object distance from the optical centre to the catenary wire. However,
the catenary wire is small, which makes it challenging to use the laser rangefinder to
measure the distance L. An alternative and convenient way is to measure the horizontal
distance Ly and pitch angle 8. The wire is often photographed at the image centre, so the
object distance L can be estimated as L =1, / cos@. The pitch angle 6 is usually small
in field applications, and the angle ZP,P B approaches 90°, so the actual displacement
PyP; can be estimated as PoP; = PoP'i/cosf. Hence, the transformation equation of the
displacement in pixels into physical units can be written as:

PP L, /cosf J=x,) +(=2,)" S,
cos8 \Jl(x, —x,)* + (v, —3.)' 187 + 1 cosd

PP = (3.3)

In regard to the uplift measurement of the catenary wire, only the vertical
displacement needs to be measured because the vibration primarily occurs in the vertical
direction. Therefore, the line-tracking technique is set to track only the vertical
movement of the catenary wire in the image. The x coordinate of the tracking point on
the wire remains unchanged, both in the reference and current images, so x —xo = 0. Eq.
(3.2) becomes P R, =| y— y0| -S, . The transformation equation Eq. (3.3) can be
simplified as follows:

I)OPl' _ L, ] |y_yo S,

€050 \fl(xy—2) +(p—y )12+ /7 €050

i (3.4)

According to Eq. (3.4), two parameters need to be measured in field applications,
i.e., the pitch angle 8 and horizontal distance Lu. The distance Ly can be measured from
0.05 to 200 m with the Leica DISTO™ DS laser rangefinder, and the measurement
accuracy between 10 and 30 m can be controlled within 0.1 mm. Moreover, the
measurement accuracy of the pitch angle is controlled within 0.1°. Hence, the effect of
any measurement errors for these two parameters on the measurement accuracy is small
enough to be neglected. The coordinates (x, y) of the tracking point in each image are
measured by the line-tracking technique.
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3.3 Uplift measurement of the catenary span in traffic

3.3.1 Measurement setup

Due to its high flexibility, the catenary vibration is substantial when the pantograph
passes. The main objective of the uplift measurement is to control the maximum uplift
within a safe range and to study the vibration response of the catenary in traffic.
Different catenary systems are implemented in Norway, namely, Systems 20, 25 and 35
[15]. The measured catenary is System 25, which is a section of the Oslo Airport line
between Oslo Airport (OSL) at Gardermoen and Oslo downtown, as shown in Fig. 3.7.
The tensile section contains 21 spans in total. The 12" span, which has a normal span
length and is equipped with six droppers and stitch wire, is selected as the measurement
object. The length of the stitch wire is 18.0 m, and the span length reaches 49.8 m. Fig.
3.8 (a) shows the geometry of the measured catenary. The material properties of the
contact, messenger and stitch wires are listed in Table 3.2.

System 25 is designed for trains running at a maximum speed of 250 km/h. Two
types of high-speed trains run on the airport line, i.e. the Stadler FLIRT Class 74 and
GMB Class 71, as shown in Fig. 3.7, with train speeds up to 200 and 210 km/h,
respectively.

VIBLITE was set up outside the railway safety fence without disturbing the
scheduled train operation. Image series of the catenary wires were obtained as trains
passed. The upper and lower clamps of the six droppers, midspan point and steady arm
point were selected as the measuring points, as shown in Fig. 3.8 (b). The purpose of
selecting the midspan and steady arm points as measuring points was to compare the
vibration response of the parts with and without a dropper. The sampling at these two
measuring points is important for dynamic analysis [95].

Table 3.2. Material properties.

Tension  Elasticity modulus Sectional area Line density =~ Material

[N] [Pa] [mm?] [kg/m]
Contact wire 15000 1.20E+11 120 1.07 CuMg
Messenger wire 15000 1.08E+11 65.8 0.596 CuMg

Stitch wire 2800 1.08E+11 34.4 0.31 CuMg
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Fig. 3.7. Oslo Airport line. Photography: NTNU/Tengjiao Jiang. Maps courtesy of
Kartverket©. Photos of the FLIRT train type courtesy of Norske tog© and the GMB train type
courtesy of Flytoget©.
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Fig. 3.8. Measurement setup. (a) Size details of the catenary system; (b) measuring points and
camera locations.

Two cameras were employed in this study to simultaneously measure the upper and
lower clamps. A hardware trigger synchronised the cameras with a sampling frequency
of 200 Hz, as shown in Fig. 3.7. One camera can capture only one measuring point due
to the telephoto lens employed and the cropped frame. Two cameras were first set at
location 1 (L1) to collect the train passage data of the upper and lower measuring points
of the dropper 1 (D1), as shown in Fig. 3.8 (b). After a minimum of five single-
pantograph train passages was measured, two cameras were then moved to location 2
(L2) to measure the dropper 2 (D2). The same workflow was performed location by
location, and at least five single-pantograph train passages were obtained at each
location. From L1 to L8, there were eight measuring locations for the six droppers,
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midspan and steady arm. VIBLITE sampled 69 single/double-pantograph train passages
in total throughout the three-day measurement period.

The horizontal distance Ly and pitch angle & of both cameras were measured by the
laser rangefinder at each measuring location. The exposure time of the cameras was
limited by the sampling frequency and time for the obtained images to be transferred to
the laptop, e.g., less than 5 ms at the 200-Hz sampling frequency. Due to the limitation
of the USB cable transfer speed at 200 Hz, the pixel resolution of the obtained images
was reduced to 500 x 400 pixels.

3.3.2 Train speed

The airport trains contained either single or double pantographs, and the train speed
was measured by VIBLITE according to the time interval of the two pantographs
passing. The distances between the two pantographs were 105.5 and 107.2 m for the
Stadler FLIRT Class 74 and GMB Class 71 trains, respectively. Except for the measured
train speed of the double-pantograph trains, the response data of the single-pantograph
trains were applied in all results presented in the article. The catenary vibration caused
by the two pantographs is different from that caused by a single pantograph.

Table 3.3 summarises the measured train speeds, and the average train speeds were
193.12 and 203.24 km/h for the Class 71 and Class 74 trains, respectively. On this airport
line, the two trains attained speeds up to 200 and 210 km/h, respectively. Because the
train speed across the measuring span remained relatively stable, the train speed was not
included as a variable in the later data analysis.

Table 3.3. Train speeds measured by VIBLITE.

Stadler 188.71 189.64 191.05 191.52 191.52 19491 19540 19540 199.96
FLIRT
Class 74
(km/h)
GMB 202.05 202.05 202.05 203.12 203.12 203.65 204.19 204.19 204.73
Class 71
(km/h)

3.4 Line-tracking image processing

The line-tracking image-processing technique, presented in previous work [37], was
adopted to resolve the challenge of detecting the catenary wire against a noisy
background at a high sampling frequency. The open-source code has been made
available in [115].
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In general, there are often trees or buildings on the railway sides, which makes the
background of the catenary wire non-uniform or noisy and makes it challenging to
identify and track the wire, as shown in Fig. 3.9. For simple approaches, the tracking
algorithm may lose tracking or make a mistake, for instance, confusing a tree branch for
the catenary wire, and disrupt the performance of the measurement system [37].
Therefore, the line-tracking technique was built for addressing the essential challenge
of tracking slender wires without markers against a noisy background.

Fig. 3.9. The tracking challenge of the noisy background. (a) Original image. (b) Detection
results by using the line-tracking technique. Photography: NTNU/Tengjiao Jiang.

For a better understanding of the line-tracking technique, a brief introduction is
appended below. More detailed descriptions can be found in a previous study [37]. The
line-tracking technique includes coarse search and subpixel centreline detection. Images
are processed by the coarse search first and then processed by the subpixel centreline
detection.

The responsibility of the coarse search is to quickly find the line object from noisy
backgrounds by comparing the pixel intensity values. This is carried out by a "sliding"
subset moving in the vertical direction at the left and right sides of the image to find the
candidate endpoints of the line object. The subsets are shown as blue dashed rectangles
in Fig. 3.10 (a). Then, a line search between the candidate endpoints from both sides is
performed to find the line object. The subsets used in the line search are shown as a red
dashed rectangle in Fig. 3.10 (a).

The subpixel centreline detection aims to calculate the centreline accurately by using
bicubic interpolation, as shown in Fig. 3.10 (b). The main idea is to use the bicubic
interpolation to approximate the upper and lower edges of the line object to calculate
the centreline. The found centreline is marked as a yellow dashed line. Finally, points
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on the centreline can be chosen by users to be tracking points, shown as the point Pack
in Fig. 3.10 (b).

The obtained image series were processed by the line-tracking algorithm, and the
image detection results are shown in Fig. 3.11. A region-of-interest (ROI) is a portion
of an image where image-processing operations can be carried out [118]. In this case,
the ROI is defined by the user, according to the moving region of the catenary wire, to
reduce the search area and improve the detection efficiency, shown as blue rectangles
in Fig. 3.11. The left and right sides of the ROI are defined as search columns for sliding
subsets to identify the candidate endpoints of the catenary wire. The diameter of the
catenary wire is approximately 20 pixels in the images. Considering the intensity change
at the wire edge, the subset height is usually defined to be smaller than the wire diameter.
The height and width of the subset in the coarse search are defined as 15 and 3,
respectively. The detected endpoints are marked as red points on the left and right sides
in Fig. 3.11. Then, the subpixel centreline detection uses the bicubic interpolation to
approximate the upper and lower wire edges to calculate the centreline. Finally, the
centreline was identified and marked as a yellow dashed line in Fig. 3.11. A point on
the centreline is chosen to be a tracking point, marked as a red point.
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(a) Coarse search.
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(b) Subpixel centreline detection.

Fig. 3.10. Line-tracking image-processing technique [37], including coarse search and subpixel
centreline detection.

After processing the image series of all passages, the displacement data were
obtained in pixels. The pinhole camera calibration model, previously described in
Section 3.2.3, was employed to convert the pixel displacement into physical units
(millimetres). As mentioned above, the parameters used in the calibration model, as
shown in Eq. (3.4), include the physical pixel size S, the lens focal length f, the pitch
angle 6, the horizontal distance Ly, the image coordinate (x., y.) of the centre point of
the image plane, and the initial and current coordinates (xo, o) and (x, y) of the tracking
point, respectively. All parameters for this case are listed in Table 3.4. The pitch angle
6 and the horizontal distance Ly are measured by the laser rangefinder in the field. If the
camera location changes, 8 and Ly will also change and need to be measured again.
Therefore, there are eight sets of 8 and Ly for eight camera measuring locations. For
example, & = 14.8 ° and Ly = 13.122 m for one of the measuring locations. The image
coordinates (xc, yc), (xo, yo) and (x, y) can be obtained from the above line-tracking
technique. After the calibration by Eq. (3.4), the displacement in millimetres can be

obtained.
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Table 3.4. Parameters of the pinhole camera calibration model.

Sc f 9 LH (xc, y0) (XO, y0) (x’ y)

5.5 um 105 mm Measured from field Obtained from line-tracking technique

(@) (b)

Tracking point
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Fig. 3.11. Obtained images. (a) The messenger wire and its detection results; (b) the contact
wire and its detection results. Photography: NTNU/Tengjiao Jiang.

3.5 Response assessment

3.5.1 Uplift assessment

The displacement results at all measuring points are shown in Fig. 3.12. A
displacement comparison between the contact and messenger wires (or between the
contact and stitch wires for droppers 1 and 6) is shown in Fig. 3.13. The comparison
results reveal a good synchronisation between the contact and messenger wires or the
stitch wire. In regard to droppers 2 — 5 and the midspan point, the maximum
displacement of the contact wire was larger than that of the messenger wire. The
maximum uplift of the contact wire at the steady arm point should not exceed the safety
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value of 120 mm at train speeds exceeding 200 km/h, according to the Norwegian
National Rail Administration [20]. The maximum uplift was 53.90 mm at the steady
arm in all investigated cases, which is within the safe range.
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Fig. 3.12. Displacement results at all measuring points.
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Table 3.5. Statistics of the maximum uplift for all passages.

Standard deviation =~ Maximum (mm) Minimum
Mean (mm)
(mm) (mm)
ooy | W s128 495 S8I5_ 4451
pper SW 52.45 5.61 58.81 4381
CcwW 54.20 4.65 59.05 46.34
Dropper 2 -7 T TS oo o Toooooooooooooooooooooos
MW 47.80 2.49 52.00 43.60
CwW 52.32 7.11 62.63 41.20
Dropper 3 - oot oo oo oooooooooe oo
MW 50.58 6.74 59.73 39.84
CwW 55.83 9.69 70.36 47.76
Dropper 4  -om oot oo oooooooooooooooosooooo-
MW 52.73 8.10 64.22 45.68
CcwW 52.51 6.16 63.28 42.78
Dropper 5  com oot oo oo oooooooooooooooootooooo-
MW 48.56 4.27 54.88 41.66
bronoer g W 4d2 4775428 392
PP SW 4731 451 57.26 42.08
Midspan ~ CW_ 5175 . 532 6640 4971
point MW 49.87 4.59 56.35 41.81
Steady arm CcwW 47.62 4.41 53.90 41.12
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Fig. 3.14. Mean and standard deviation of the maximum displacement. MW-messenger wire,
SW-stitch wire, CW-contact wire.

A minimum of five single-pantograph train passages was included for every
measuring point to determine the mean, standard deviation, maximum and minimum
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values of the maximum uplift. All results at the investigated positions are listed in Table
3.5 and Fig. 3.14. The midpoints in Fig. 3.14 are the mean values, and the upper and
lower caps indicate the standard deviations. CW and MW/SW are the contact wire and
messenger wire/stitch wire, respectively. D1 - D6, MP and SA are droppers 1 — 6,
midspan point and the steady arm, respectively. The displacement of the steady arm,
used to determine the safety level, is relatively small compared to other measuring points
on the contact wire. The midspan point and droppers 3 and 4 usually exhibit a relatively
substantial uplift over the whole span, and dropper 6 attains the minimum uplift, as
expected from the design of the system. Compared to droppers 1 and 6, a small but clear
train direction dependency of the uplift is observed over the span.

3.5.2 Acceleration response

The acceleration was estimated from the displacement signal by using numerical
differentiation, as shown in Fig. 3.15. Numerical differentiation necessarily suffers from
the magnification of small errors (or noises) [119]. Therefore, high-frequency noises
might be induced when converting the displacement signal to acceleration using
numerical differentiation [118]. Smoothing and filtering are two methods for removing
this error. In smoothing, the estimated error is removed by creating an approximating
function that attempts to follow the critical trend of the data and replaces the observed
values with the expected or "smoothed" values. In filtering, the critical trend is modelled
as a high-amplitude and low-frequency component of the data, and the error or noise is
removed by filtering out the low-amplitude and high-frequency components. Filters are
widely used in engineering for signal processing [119]. The original sampling rate was
200 Hz, and a low-pass filter at 80% of the Nyquist frequency, i.e., 80 Hz, suggested in
[24], was used to process the catenary acceleration data.

The pre-passage, passing, and post-passage stages are shown in the green, red and
blue in Fig. 3.15, respectively. For the pre-passage stage, i.e., before the pantograph
passage, the catenary wires are excited by the forward wave causing oscillations. The
closer the pantograph runs to the measured span, the greater the oscillations are. The
passing stage is the pantograph passing through the measured span from one steady arm
to another. The acceleration reaches its maximum value first before the displacement
reaches its maximum value. The displacement reaches the maximum when the
pantograph passes the measuring point, and then it drops rapidly. The time for passing
the span is approximately 0.88 s with the average train speed of 203.24 km/h and the
span length 49.8 m.

The post-passage response is mainly caused by the excitation of the pantograph
uplift, i.e., the short impulse, and following decaying response are dominated by the
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fundamental frequencies [25,95]. Once the pantograph leaves the measuring span, there
will be no contact force on the catenary wire, and it will freely vibrate. The post-passage
acceleration data were used for the later operational modal analysis.

60

@ Pre-passage
Passing the span
Post-passage

»
o
L

Displacement [mm]
N
o o

|
N
o

280 290 300 310 320 330 340 350

270
40
- (b]
@Q
g 201
5
= 0
o
o
8 —20
Q
<C
—40 . . . . . . .
270 280 290 300 310 320 330 340 350

Time [s]

Fig. 3.15. A vibration-response example of a train passage at a measuring point. (a)
Displacement; (b) corresponding acceleration.

3.5.3 Power spectral density (PSD) estimation

PSD estimation at all measuring points based on the obtained post-passage
displacement data was performed. There are several PSD estimation methods, and
Welch's average periodogram method [120] was chosen to estimate the PSDs of the
catenary wires. Welch's method has been commonly used in the PSD estimation in
railways [121-124], bridges [125-131] or other engineering fields. The time series of
each component was divided into eight segments with a 50% overlap. The PSDs were
then calculated for each segment using the fast Fourier transform (FFT) method and
averaged after applying a Hamming window. The length of the applied window controls
the trade-off between bias and variance of the resulting PSDs [132]. A good agreement
between the PSDs of the contact, messenger and stitch wires was observed for droppers
1 — 6, as shown in Fig. 3.16 (a) — (f). This implies that the catenary wires have similar
modal properties at the same dropper location. The largest difference between the PSD
curves occurred at the midspan point, as shown in Fig. 3.16 (g), which is a part without
a dropper.
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Fig. 3.16. Power spectral density of the response. (a)-(f) Droppers 1-6; (g) midspan point; (h)
steady arm.

Table 3.6. Modal frequencies

Modal Dropper Dropper Dropper Dropper Dropper Dropper Midspan  Steady

Frequency 1 2 3 4 5 6 point arm
(Hz)
1% mode 0.84 0.84 0.83 0.83 0.83 0.83 0.85 0.82
2" mode / 1.21 1.21 1.23 1.21 / 1.22 /
3" mode 1.53 1.51 1.50 1.54 1.56 1.52 1.55 1.50

The frequencies at the peaks of the PSD curves are the modal frequencies. Table 3.6
lists the 1% — 3™ modal frequencies obtained at droppers 1 — 6, midspan point and steady
arm. It is observed that the 1" and 3" modes occur at all measuring points, but the 2™
mode is not detected at droppers 1, 6 and the steady arm point, which occur along the
segment with the dropper connected to the stitch wire instead of the messenger wire. To
reveal this difference more clearly, the PSDs of the contact wire at all measuring
locations from 0 to 10 Hz are compared and plotted in Fig. 3.17. The absence of the 2™
mode is clearly observed for droppers 1 and 6 and the steady arm point. The 2" modal
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frequency reflects the related mode of the normal droppers, i.e., droppers 2-5. However,
the elastic droppers, i.e., droppers 1 and 6, connected to the stitch wire, are insensitive
to the 2" mode.

o
L

PSD [dB/Hz]

—40

Frequency [Hz]

PSD [dB/Hz]

Frequency [Hz]

Fig. 3.17. Comparison of the power spectral densities.

3.6 Damping assessment

Damping is an important property in the simulation of pantograph-catenary
dynamics, but it is equally challenging to estimate and simulate [12,22]. Damping
describes the energy dissipation features of catenary oscillation, and the damping ratio
reflects the speed of oscillation attenuation. To describe catenary damping, Rayleigh
damping was selected, which is proportional to the linear combination of mass and
stiffness. Rayleigh damping has been widely adopted to represent damping in
pantograph-catenary interaction studies [16,24,33,98,133]. Classical Rayleigh damping
is defined as:

[Cl=aM]+AK] (3.5)

where [C] is the damping matrix of the object system; [M] and [K] are the mass and
stiffness matrices, respectively, of the system; and a and f are the mass and stiffness
damping coefficients, respectively, known as the Rayleigh damping coefficients.
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For a system with multiple degrees of freedom, o and f can be estimated as:
G =(alo+p-w) 2 k=12,.,N (3.6)

where @), is the natural frequency in rad/s; @, =27-f,, f, is the natural
frequency in Hz; and &, is the corresponding damping ratio. Based on Eq. (3.6), it is
observed that the damping ratio £, is proportional to the natural frequency @), .

The covariance-driven stochastic subspace identification (Cov-SSI) method [35] was
adopted to determine the modal frequencies and damping ratios. KOMA, developed by
Kvéle et al. [127,134], is a package suitable for operational modal analysis, including
the Cov-SSI method, and has been employed in the article.

The Cov-SSI method uses post-passage acceleration data, i.e., after the passage of
the pantograph, as output-only data to identify a stochastic state-space model for each
measuring point. The damping ratio and corresponding frequency were extracted
through the Cov-SSI method with stable poles up to 20 Hz. The stability diagram,
consisting of the PSD and stable poles, is shown in Fig. 3.18. It is observed that the PSD
and Cov-SSI methods attain a good agreement in terms of the modal frequencies, i.¢.,
the peaks of the PSD curve. Closely spaced modal frequencies of the catenary wire
[24,33] are also shown in Fig. 3.18.
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Fig. 3.18. Stability diagram constructed with the Cov-SSI method.
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Fig. 3.19. Damping extraction and Rayleigh damping curve fitting from the measurements.

Different extracted parameters, i.e., the damping ratio and corresponding frequency,
are applied to estimate the Rayleigh damping coefficients, as shown by the blue points
in Fig. 3.19. For the sake of clarity, the frequency in rad/s is converted into Hz. Rayleigh
curve fitting was performed to estimate the damping coefficients a and . The estimated
coefficients a and f, the corresponding Rayleigh curves and the extracted parameters
are shown in Fig. 3.19 for droppers 1 and 3 and the midspan point. In all cases, the
damping ratio is high at a low frequency, and it rapidly decreases with increasing
frequency as expected. This trend indicates that the damping matrix [C] of the catenary
wire is mainly determined by the mass-proportional part and only slightly influenced by
the stiffness-proportional part. The estimated coefficients at all measuring locations are
listed in Table 3.7.

Table 3.7. Rayleigh damping coefficients a and f at all measuring locations.

Measuring locations o B
bropper1 R W 010 1S0Es
SW 0.106 1.22 E-5
progperz TR W 00955 199ES
MW 0.0929 1.40 E-5
CW 0.0832 1.19E-5
Dropper3 oot ooooooooooo oot :
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roonrs TR oW 00751 LTLES
PP MW 0.0718 1.74 E-5
roonrs TR oW 0.0900 L60ES
PP MW 0.0848 1.59 E-5
Droboer 6 CW 0.102 9.59 E-6
ropper 6 e Be 220
PP SW 0.102 120 E-5
. CW 0.102 1.69 E-5
Midspan =~ cooT Tt moooooooooooooo oot :
MW 0.100 1.78 E-5
Steady arm CW 0.0841 1.70 E-5
Averagedoverall | cw 00929  134E5
locations MW/SW 0.0913 1.45 E-5
Rayleigh damping coefficient a 1e-5  Rayleigh damping coefficient B
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Fig. 3.20. Distribution of the Rayleigh damping coefficients o and 8, where CW and MW/SW
are the contact wire and messenger wire or stitch wire, respectively; D1 - D6, MP and SA are
droppers 1 — 6, midspan point and steady arm, respectively.

Fig. 3.20 shows a comparison of coefficients o and f of the contact, messenger and
stitch wires. The upper wires are the stitch wires for droppers 1 and 6, but in regard to
the centre droppers 2 — 5, the upper wires are the messenger wires. Table 3.7 and Fig.
3.20 reveal that coefficient o of the contact wire is generally larger than that of the
messenger or stitch wire. Coefficient  is roughly equal but randomly distributed across
all droppers.

The a change trend, depending on the operation direction of the train, is observed.
As shown in Fig. 3.20, a decreases from droppers 1 to 4 but increases from droppers 4
to 6. The middle dropper 4 attains the minimum « value. The train operation direction
is from droppers 1 to 6. The coefficient o of droppers 1 - 3 are larger than those of their
symmetrical droppers 4 - 6. However, these droppers and their symmetrical droppers
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have the same design parameters, i.e., the location, size and tension forces. It can be
concluded that the mass damping coefficient a is influenced by the operation direction
of the train. Compared to the a change trend, the f change trend is more random.
Because the f value is small, it is sensitive to noise, i.e., it is easily influenced by noise.

Compared to the displacement amplitude in Fig. 3.14 and the a change trend in Fig.
3.20, it is observed that the displacement amplitude and damping coefficient a are
correlated. Dropper 4 exhibits the largest displacement amplitude among the six
droppers, but it attains the smallest damping coefficient a or the lowest damping ratio.
The standard deviation of the amplitude of dropper 4 is also the largest among the six
droppers.

As shown in Fig. 3.20, the midspan point is independent of droppers 3 and 4. The
coefficients a of droppers 3 and 4 are the minimum across the whole span, but the o
value at the midspan point is close to the maximum value. This phenomenon indicates
that the dynamic behaviours of the parts without a dropper are different and amplitude-
dependent, as these measuring points all occur in the midspan segment. The above
phenomenon is also observed between dropper 6 and the steady arm point.

Based on the results of the Rayleigh damping coefficients o and £, the averages over
all locations, as listed in Table 3.7, are recommended when a similar catenary system is
simulated.

3.7 Conclusion

The present study aimed to investigate the damping and uplift of an existing railway
catenary span under scheduled train operation. A vision-based line-tracking system
(VIBLITE) was applied for remote, non-contact and non-marker uplift measurements.
A simplified pinhole camera model for camera calibration purposes was described in
detail. A detailed study was performed at critical locations along the span, including
dropper clamps (on the contact, messenger and stitch wires), midspan point, and steady
arm. Sixty-nine single/double-pantograph train passages were acquired during a three-
day measurement. The results reveal that the contact, messenger and stitch wires are
synchronous in terms of their vibration response over time. The uplift, for railways
important, shows a small but clear train direction dependency over the span.
Furthermore, all values are well within the maximum allowed uplift as expected.

The system damping was successfully estimated by the Cov-SSI method, and the
distribution and change trend of the Rayleigh damping coefficients over one span were
presented and analysed. The mass coefficients o are larger towards the poles than those
towards the midspan. A small but clear train direction dependency of the damping
distribution was also observed over the entire span. Thus, a fixed span damping ratio
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will include uncertainties from both spatial and directional variations. Therefore, this
influence should be considered in future numerical simulations, depending on the
problem investigated.

If the Rayleigh damping coefficients of similar catenary systems are unknown, it is
recommended to use the averages of the mass and stiffness damping coefficients o and
[ determined in this study. That is, for the contact wire use, a = 0.0929 and § =1.54 E-
5; for the messenger or stitch wire use, a = 0.0913 and £ =1.45 E-5. For the current
system, the damping ratios &, from the recommended Rayleigh damping coefficients
become 0.00884 and 0.00869 at the 1¥-mode frequency of 0.84 Hz for the contact wire
and messenger or stitch wire, respectively.
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Abstract

Catenary section overlaps are designed to provide a transition zone between two
consecutive catenary sections. The transition zone is several pole spans long, often three
or five spans. Smooth pantograph-catenary contact is essential for regular train
operation. However, under normal operation, these overlap spans are locations that are
prone to the occurrence of peak contact force, which greatly affects the current
collection quality. This work studies pantograph-catenary interaction and transition at
overlap spans via measurements. An optical-based measuring method and a post-
processing algorithm were developed and implemented under regular train operation to
estimate the dynamic spatial vibration in contact wires. Image sequences of eleven
single- and two double-pantograph train passages at a train speed of approximately 200
km/h were acquired. By analysing the motion path of the dynamic crossing point of the
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two contact wires, this paper details the whole process of dynamic pantograph-catenary
interaction and transition at overlap spans. The analyses reveal the reasons for the high
contact forces and the contact loss rendering arcing. Finally, the important transition
section distance, i.e., the length where the pantograph runs on both contact wires, was
obtained and assessed at varying train speeds to study correlations. The transition section
varied between 10 and 14 m at train speeds of approximately 200 km/h.

4.1 Introduction

Most high-speed trains in operation are powered by electricity because diesel
locomotives are essentially unable to generate enough energy to reach high speeds [10].
Electricity is delivered through the pantograph-catenary system, composed of rigid
pantographs and flexible catenary wires [99]. The pantograph mounted atop a train
occurs in sliding contact with a contact wire to collect an electrical current [94,135]. The
main structural components of the catenary system include contact and messenger wires,
droppers and occasionally stitch wires. The messenger wire is suspended by cantilevers
from poles at regular intervals. The main task of the messenger wire is to suspend the
contact wire to the required design contact wire height from the track, achieved by
droppers clamped onto the messenger and contact wires [13]. The contact wire follows
a zigzag pattern to ensure that the sliding contact point moves over the panhead from
side to side to distribute wear.

High speeds increase the dynamic response of the catenary system due to higher
interaction forces. However, a smooth contact between the contact wires and pantograph
is essential for regular train operation. A good pantograph-catenary contact improves
the current collection quality, minimises contact loss and reduces wear. Contact loss is
a major issue in pantograph-catenary interaction since it interrupts the power supply and
increases wear. Overlapping sections are considered one of the most critical parts to
ensure the current collection quality [1,136,137].

Each catenary section exhibits a limited length of approximately 1-1.5 km due to
thermal expansion and tension decrease at each cantilever [16]. Tensioning devices
consist of weights and pulleys to guarantee a constant mechanical tension in the
catenaries. To ensure pantograph transit between consecutive sections, overlap spans
are designed to raise the first section contact wire while lowering that of the second
section to the nominal height. A three-span overlap section is shown in Fig. 4.1, where
the contact wires exhibit a parabolic shape at the overlap spans. Conventional overlap
sections also include four- and five-span sections [136]. The transition between two
sections occurs in the middle of the central span for three- and five-span overlap
sections. However, for a four-span overlap section, transition occurs at the pole, which
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is a hard point and thus may yield high contact forces. The simulation results in [138§]
reveal that a three-span overlap usually suffers higher contact forces than those of a five-
span overlap with trains running at speeds between 100 and 160 km/h. Due to the more
expensive construction of a five-span overlap, the three-span overlap is often chosen for
low-speed lines. However, for high-speed lines, the five-span overlap is the preferred
design geometry.

Pantographs transition between adjacent catenary sections within a transition section,
i.e., the section between initial and end contact points. The initial contact point is a point
where the pantograph starts to contact the second contact wire, and the end contact point
is a point where the pantograph leaves the first contact wire. A static crossing point is
the intersection of the two static contact wires on the vertical plane. The pantograph
remains in contact with both wires for a certain distance until leaving the first contact
wire, and this distance is referred to as the transition section distance, as shown in Fig.
4.2.

@ Overlap spans

ST
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[ I O W B N I N SN S|

Catenary wires 1 Poles Rail  Z&=" Tension pulleys g‘f Pantograph ]

Fig. 4.1. Overlap spans of the catenary system. (a) Top view of the overlap section. (b) Horizontal
view.
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Fig. 4.2. Transition section within the overlap span.

Although a smooth contact is the design goal for the overlap span, the maximum
contact force often occurs at the overlap span [136]. In particular, in regular traffic, a
smooth transition in overlap spans is only partially achieved.

There are several studies of pantograph-catenary interaction in the literature, such as
[10,16,18,139,140], which focus on dynamic behaviour in the conventional spans of the
catenary section. However, there are only a few publications regarding the dynamic
behaviour of overlap sections. Shimizu et al. [141] measured the contact wire height and
wear to optimise the overlap section structure for high-speed Shinkansen lines. Harell
et al. [142] carried out simulations of a five-span overlap section under multiple-
pantograph train operation. Their results indicated that the overlap section dynamic
performance improved by lowering the lift at the support poles. Kuraoka et al. [143]
studied various contact wire configurations in overlap sections with the aim of contact
wire wear reduction. By comparing simulation results and inspection vehicle data, an
improved contact wire height was found to reduce wear. Vesali et al. [137] designed
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novel control approaches for catenary systems to prevent pantograph wear and improve
the contact quality at conventional spans and overlap sections. Gregori et al. [136]
described a detailed simulation analysis of pantograph-catenary dynamic interaction in
overlap sections under double-pantograph operation. A catenary section was optimised
via the application of Bayesian optimisation techniques to reduce the contact force
standard deviation, including the overlap section.

In the current study, no publications are identified on field experiments in regular
traffic that successfully measured and mapped the dynamic behaviour of the crossing
point of section overlaps. Thus, this work aims to study the dynamic pantograph-
catenary interaction of an existing overlap span under scheduled train operations.
Computer vision technologies have been implemented in many engineering, e.g., bridge
engineering [36,118], mechanical engineering [111,117,144,145], railway engineering
[39,146]. A vision-based line-tracking system (VIBLITE) [37] was adopted in this case.
A novel overlap measuring method is presented and implemented to estimate the
dynamic crossing point spatial motion of the contact wires. Image sequences of eleven
single- and two double-pantograph train passages were acquired, including the train
speed. The dynamic interaction and transition of the pantograph-catenary at the overlap
span are introduced in detail. The dynamic effects rendering high contact forces and a
high probability of contact loss and arcing at the overlap spans were investigated. The
pantograph typically contacts the second contact wire at a certain distance before
reaching the static crossing point. The rear pantograph causes a more severe dynamic
interaction than that caused by the front pantograph in double-pantograph train passages.
Finally, the transition section distance, i.e., the length where the pantograph runs on both
contact wires at the overlap span, was determined and assessed at various train speeds
to study correlations, which are basically positive in this investigation.

4.2 Vision-based line-tracking system, configuration and
calibration

A vision-based line-tracking system (VIBLITE) [37] was adopted in the field
measurements. In contrast to tests conducted on conventional spans [140], the crossing
catenary wires at the overlap span yield new challenges in uplift measurement.
Therefore, a new method for the measurement of the crossing contact wires was
proposed and implemented.

The method first measures the height of the two contact wires, secondly obtains the
dynamic uplift of the contact wires under train passage, and finally estimates the
dynamic spatial intersection of the contact wires. An optical-based height measuring
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method is introduced in Section 4.2.2, and the general procedure of dynamic intersection
estimation is introduced in detail in Section 4.4.3.

4.2.1 System configuration

The VIBLITE consists of two area scan cameras (Basler ACA2000-165 pum), two
optical lenses with a fixed focal length (Edmund Optics 25 mm C-series), a trigger
(National Instruments NI USB-6210), a solid-state drive (Samsung T7 Portable SSD
2TB), a laptop (DELL Latitude 7490) and a laser rangefinder (Leica DISTO™ DS), all
shown in Fig. 4.5. The camera contains a complementary metal-oxide-semiconductor
(CMOS) sensor with a 2048%1088-pixel resolution. The dynamic range of the CMOS
sensor is 8 bits, and the intensity value of each pixel is within the interval of [0-255].
The sensor format is 2/3 inches, and the physical sensor size is 11.3x6 mm, and the
physical pixel size is 5.5%5.5 um. The camera is connected to the laptop via a USB 3.0
wire for image data transmission and power supply purposes. The focal length of the
lens, i.e., 25 mm, is adopted in this case. The optical distortion of the lens is lower than
0.7%, and the aperture ranges from /1.4 to f/16. The laser rangefinder measures the
catenary-wire distance D,, and pitch angle 6, both essential calibration parameters for
the measured height. The laptop controls the camera sampling rate and exposure time
and transfers the obtained images from the camera to the external SSD.

4.2.2 Height measuring model

The measurement of wire motion at overlap spans is different from that at normal
spans. Thus, a modified measuring method is developed for the section overlap where
the contact wires cross. The camera setup location is usually lower than the contact wire
height, which makes the estimation of the real crossing point of the contact wires via the
tilt shooting more challenging. Thus, a novel method to estimate the spatial position of
the crossing point by measuring the height of both contact wires is proposed, as shown
in Fig. 4.3 (a).

A pinhole camera model is adopted to measure the height from the rail to the wire,
as shown in Fig. 4.3 (b). The image plane is the surface of the digital image sensor.
However, the resultant perspective projection of the object is inverted in the image
plane. To simplify the subsequent geometric analysis, a virtual image plane is generated,
which is located far from the optical centre O at focal length f. The camera pitch angle
o, which always occurs after camera setup in field tests, is considered in the pinhole
model to enhance the applicability.
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(b) Pinhole camera model for wire height measurement.

Fig. 4.3. Measuring method of the catenary wire height.

The measuring points, i.e., Py at the contact wires and P, at the rail, are projected as
P'y and P';, respectively, in the image plane. The height PoP; can be estimated as:

PP, =FH+PFH=D,-[tanf+tany]=D, -cos@-[tan § + tan y | @.1)
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where D,, is the distance OPy between the contact wire and camera, and D; is the
horizontal projection OH of D,,. ZF,OH is the pitch angle 6 from the optical centre O
to the contact wire Po, and ZFOH is the pitch angle y between the optical centre O and
the rail. Because D,, and & are measured in the field with the aid of a laser rangefinder,
y is the only unknown parameter to be estimated in Eq. (4.3) with the pinhole camera
model, starting with:

o a o BL Al —x) (=215,
ZP,0I , = B = arctan( ol ) = arctan( F; )
o 0§ 0 arctan UL %) +;yo—yc> IS, )

)

, ' -x)+0,-v.)’1-S
/POl =a+y= arctan(%) = arctan( \/[(x‘ x) ;yl ) 1S,

where o is the pitch angle of the optical axis, and Ol is the focal length f of the
optical lens, which is 25 mm in this case. 417-’0'01C is represented as £, and f(’) (x0, 0)
and P1 (1, y1) are the image coordinates of the catenary wire and rail, respectively. 1,
(xc, ye) is the centre point of the image plane, and S is the physical pixel size of the
image sensor, which is 5.5 um for the adopted camera (Basler ACA2000-165 pum).
Hence, the pitch angle y can be written as:

y=ZPOI —a

JI6s =5+ (-3, 1S\ 4 arctan(

f f

After obtaining the pitch angle y, the catenary wire height PoP; can be estimated
according to Eq. (4.1). In this case, the scale factor of the height estimation depends on

MG =P+ 00 =018, @)

= arctan(

various parameters, including the catenary-wire distance D,, pitch angle 6, image
coordinates (xo, yo), (x1, ¥1) and (x., y.), focal length f of the optical lens, and physical
pixel size S. of the image sensor.

Through this height estimation method, two parameters must be measured in the field
tests, i.e., the catenary-wire distance D, and pitch angle 8. The distance D,, can be
measured from 0.05 to 200 m with the Leica DISTO™ D8 laser rangefinder, and the
measurement accuracy, which varies between 10 and 30 m, can be controlled within 0.1
mm. Moreover, the measurement accuracy of the pitch angle 4 is controlled within 0.1°.
Hence, the effect of any measurement errors in these two parameters on the
measurement accuracy is small enough to be neglected.
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4.2.3 Camera configurations

The exposure mode and shutter type are two essential features in camera selection.
Before the adoption of multiple cameras, camera synchronisation should be considered
to synchronise the camera exposure. In the current setup, a hardware trigger (National
Instruments NI USB-6210) was applied to send a logic voltage signal to synchronise the
cameras. Logic gate circuits are designed to input and output only two signal types, i.¢.,
high (logic 1) and low (logic 0) signals, as representing a high and low voltage,
respectively.

The timed and trigger width modes are two different exposure modes (Fig. 4.4).
Under the timed exposure mode, exposure is initiated when a high-voltage signal is
detected and is maintained until the exposure time has expired. However, under the
trigger width exposure mode, the exposure time is defined by the width of the high-
voltage signal. This indicates that exposure is also initiated when a high-voltage signal
is detected, which is only maintained until the signal falls [116]. The timed mode was
employed in this case due to its advantage of controlling the exposure of each camera
individually.

The shutter type is an important feature of a digital image sensor. Global and rolling
shutters are two main electronic shutter types. These two shutter types entail different
exposure processes and final image results, especially in regard to fast-moving objects
[116].

Regarding the global shutter, the exposure of all pixels starts and ends at the same
time, but readout occurs row by row. Global shutter provides non-distorted images
without wobbles or skewing and is suitable for fast-moving objects, e.g., high-speed
trains and vibrating catenary wires. Regarding the rolling shutter, however, exposure
occurs row by row at shifted times. Thus, the rolling shutter produces image distortion
for fast-moving objects.

The adopted camera (Basler ACA2000-165 pum) contains a global shutter sensor,
which is suitable for the measurement of the intense vibration of the catenary wires.
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Fig. 4.4. Camera exposure modes.

4.3 Measurement arrangement of the overlap span in traffic

4.3.1 Measurement setup

The railway catenary system is a cable system, which is responsible for the
uninterrupted supply of electricity to power trains. In this case, the main objective is to
study pantograph-catenary interaction at the overlap span.

Different catenary systems are implemented in Norway, ranging from outdated
systems as Tabell 54, to newer systems, from System 35 (130 km/h) to Systems 20 and
25 (200 km/h and 250 km/h, respectively) [15]. The current field measurements were
conducted in section overlap spans along the Oslo airport line between Oslo Airport
(OSL) and Oslo central station, i.e., System 25. This catenary system is a new system
built and designed to accommodate trains operating at a maximum speed of 250 km/h.
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Two types of high-speed trains, i.e., Stadler FLIRT Class 74 and GMB Class 71 trains,
run along the airport line at train speeds of 200 and 210 km/h, respectively, as shown in
Fig. 4.5.

The five-span section overlap is the standard design geometry of the Oslo airport
line. The transition occurs at the midspan of the central span of the five-span section,
where the pantograph contacts both contact wires. Thus, the uplift measurement was
performed at the midspan of the central overlap span, as shown in Fig. 4.6. Both catenary
sections contain 21 spans, and the length of the measured overlap span is 49 m.

> :-) o l \ I \&( S : — Train type:

Stadler FLIRT Class 74

GMB Class 71

Portable SSD

Fig. 4.5. Oslo airport line. Photography: Tengjiao Jiang/NTNU. Maps courtesy of Kartverket©.
Photos of the FLIRT train type courtesy of Norske tog© and the GMB train type courtesy of
Flytoget©.

The VIBLITE was positioned outside the railway safety fence without any the
scheduled train operation interference. Two cameras were applied in the field
measurement to increase the shooting area, indicated by the blue and orange regions in
Fig. 4.6. A hardware trigger synchronised these two cameras at a sampling frequency of
200 Hz.
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Catenary overlap

Fig. 4.6. Measurement schematic.

The exposure time of the cameras was limited by the sampling frequency and the
time for the transferral of the obtained images to the laptop, e.g., less than 5 ms at the
200-Hz sampling frequency. Due to the limitation of the USB cable transfer speed at
200 Hz, each frame was cropped, and the pixel resolution was reduced to 2048x400
pixels.

Image sequences of the contact wires were measured up to 300 s (60000 frames) for
each train passage. The image sequence started before train arrival at the measured span
and ended when catenary wire vibration ceased. With the VIBLITE, 11 single- and 2
double-pantograph train passages were recorded in total.
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4.3.2 Train-speed measuring method

Fig. 4.7. Measuring method of train speeds. Photography: Tengjiao Jiang/NTNU.

A Stalker LIDAR XLR instrument was applied to measure the train speed, as shown
in Fig. 4.7. This instrument is a small and light hand-held gun-type LiDAR and achieves
a good measuring range, high accuracy, and short acquisition time. It measures targets
up to 1200 m away, and speeds ranging from 2-481 km/h can be measured at an accuracy
of £1 km/h. Thus, the train speeds of both Classes 71 and 74 (210 and 200 km/h) are
well within the measuring range, and the train speed was included as a variable in the
following data analysis.
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4.3.3 Displacement acquisition via post image processing

Detected wire

‘ ° Tracking point

Fig. 4.8. Line-tracking image processing. The detected contact wires and tracking points of
camera 1 (a) and camera 2 (b).

This section primarily focuses on the post-processing of the recorded image
sequences for each train passage to obtain uplift data of the contact wires. The image
sequences were processed with line-tracking technology, and the detection results are
shown in Fig. 4.8. The yellow dashed lines indicate the detected catenary wires, and the
red points indicate the tracking points.

For completeness, the line-tracking technique is briefly introduced. More detailed
descriptions have been provided in a previous study [37], and the open-source code has
been made available in [115]. In general, trees often occur along railways, yielding a
non-uniform or noisy background of the catenary wire, which makes wire identification
and tracking challenging. The line-tracking technique was developed to address the
essential challenge of tracking slender wires without markers against noisy
backgrounds. The accuracy and robustness of the line-tracking technique has been
verified in [37]. The main idea of the line-tracking technique is to employ a sliding
subset to search candidate parts of catenary wires along user-selected columns by
comparing pixel intensity values. Subpixel centreline detection or subpixel edge
detection is then performed to accurately calculate the centreline or edge through bicubic
interpolation.
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In this case, each image was defined with three searching columns encompassing
three tracking points of each contact wire. The shooting areas of the two cameras
contained a common area. Thus, after ignoring any repeated tracking points in the
common shooting area, there were five independent tracking points for each contact
wire. The yellow dashed lines are the detected centrelines between the adjacent tracking
points.

At every tracking point, the wire displacement response in pixels before and after
train passage was obtained. Then, the pixel displacement was converted into physical
units (millimetres) through a pinhole camera calibration model in a previous study [140].
The scale factor for the conversion from pixel units into physical units depends on
various parameters. These include the image coordinates of the tracking points and
centre point of the image plane, the physical pixel size, the camera pitch angle, the focal
length f of the optical lens, and the distance from the optical centre to the object, as
described in detail in [140]. Except for the contact-wire distance D,, and pitch angle 6
measured in the field, the other parameters are related to the adopted camera and optical
lens. The hardware trigger synchronised the two adopted cameras to facilitate camera
image sequence correspondence, which ensured the time synchronisation of the
displacement data at a time interval of 0.005 s.

4.4 Vibration response and dynamic crossing point assessment

The excitation due to pantograph uplift mainly causes a dynamic response of the
contact wires, i.e., the short impulse and the subsequent decaying response are
dominated by their fundamental frequencies [25]. Excessive vibration of the catenary
system causes contact loss and interrupts the train power supply [60]. Thus, it is essential
to capture the spatial motion and study the dynamic response of the contact wires to
control the maximum uplift and wear.
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4.4.1 Uplift response under single-pantograph train passage
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Fig. 4.9. Uplift of the first and second contact wires under single-pantograph train passage.

The uplift time series of the first and second contact wires at the static crossing point
is shown in Fig. 4.9 under single-pantograph train passage. The grey and orange regions
indicate the times when the pantograph passes the measured overlap span and camera
shooting area, respectively.

The first contact wire reaches its maximum uplift value before the pantograph arrives
at the static crossing location. However, the second contact wire reaches its maximum
uplift value after the pantograph passed the static crossing location. This phenomenon
reveals that the first wire starts to descend, and the second wire is uplifted when the
pantograph passes the overlap span, as expected from the design of the system.

The maximum uplift of the second contact wire is larger than that of the first contact
wire. It should also be noted that the first trough of the first contact wire, after the
maximum uplift, is much lower than that of the second wire.

After the pantograph passes the measured overlap span, the first wire exhibits free
vibration, and the amplitude decays. It is further analysed below to determine the
distance before the static crossing location where a single pantograph interacts with the
second wire.
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4.4.2 Uplift response under double-pantograph train passage

Fig. 4.10 shows the uplift response under double-pantograph passage, which is
compared to that under single-pantograph passage. Naturally, the first uplift peaks of
the first and second contact wires are caused by the front pantograph, and the second
peaks are caused by the rear pantograph. Similar to single-pantograph passage, the
maximum uplift of the second contact wire is larger than that of the first contact wire,
for both the front and rear pantographs.

Passage of the front pantograph causes a large vibration in the contact wires, which
could affect the contact quality of the rear pantograph. The maximum uplift when the
rear pantograph passes is larger than that when the front pantograph passes. The front
and rear pantographs both interact with the second wire before reaching the static
crossing point, which is further studied below.
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Fig. 4.10. Uplift of the contact wires under double-pantograph train passage.
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4.4.3 Contact wire configuration and dynamic crossing point

Level intersection Higher intersection

Train direction =) Train direction =)
Higher first wire (D) Higher second wire
Train direction |:|'> Train direction |:{>

First contact wire ------- Second contact wire

[

Fig. 4.11. Intersection configuration types of the contact wires in the overlap sections.

Intersection gradient ]

The design goal of the overlap section is to ensure that a given pantograph smoothly
contacts and transits between adjacent sections. The intersection configuration of the
contact wires has been classified into four types in the literature [141,143], as shown in
Fig. 4.11. Type A is a level intersection where the intersection gradient is level with the
contact wire, and type B is a higher intersection, i.e., the crossing point is higher than
the contact wire height. Type C is the higher first wire type, i.e., the height of the first
contact wire is higher than that of the second wire, and the opposite applies to type D.

In construction, the static crossing point is either raised or lowered as part of the
design geometry. To reduce the transition section distance when the pantograph contacts
both contact wires under type A, the crossing point is elevated 40 to 60 mm above the
contact wire height, rendering the type B design geometry.

The literature [143] has indicated that wire wear under types B and C exceeds that
under types A and D. In Norway, most railways are two-direction tracks, i.e., trains run
along with both directions on a single track, and only a few railway tracks in Oslo are
one-directional. Catenary type D is only suitable for one-direction tracks and not for
two-direction tracks. Moreover, two-directional running results in more wear under type
D, similar to type C. Due to the shortcomings of the long transition section distance of
type A, type B has become the conventional design geometry for two-direction railway
tracks in Norway.

The spatial motion path of the dynamic crossing point was analysed to study the
dynamic interaction between the pantograph and contact wires at the section overlap.
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The dynamic crossing point is the intersection of the two contact wires during vibration,
which was measured with the VIBLITE as follows:

)
2)
3)
4)

5)

6)

Measure the static height of ten contact wire tracking points from the rail, as
described in Section 4.2.2.

Estimate the uplift response of the tracking points, as mentioned in Section
4.3.3.

Calculate the dynamic height of the tracking points during vibration by adding
the static height and uplift response.

Create lines between each tracking point on the same wire to fit the shape of the
real contact wire.

Estimate the dynamic crossing point by calculating the line intersection at each
moment. The spatial location and corresponding time of the dynamic crossing
point can be thusly obtained.

Determine the motion path of the crossing point as a time series.

The general procedure is shown in Fig. 4.12.

Static height
measurement

Uplift
response
measurement

Dynamic height Crossing point
calculation estimation

Fig. 4.12. General procedure of dynamic crossing-point estimation.

4.4.4 Dynamic crossing point under single-pantograph train passage
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Fig. 4.13. Motion path of the dynamic crossing point and its corresponding sketch under

pantograph passage.
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Fig. 4.14. Motion path of the dynamic crossing point as a time series viewed from above.

Under single-pantograph train passage, the spatial path of the crossing point is
visualised to reveal the pantograph-catenary interaction at the overlap section in detail.

One section of the motion path and the corresponding sketch during pantograph passage

are shown in Fig. 4.13. The x-axis is the longitudinal distance from the camera setup

location along the rail. The y-axis is the height from the rail along the vertical direction.

Fig. 4.14 shows the motion path of the dynamic crossing point as a time series viewed

from ab

ove. The y-axis is the longitudinal distance, and the train running direction is

from top to bottom. The whole motion path can be interpreted as follows:

1)
2)
3)

4)

5)

The red point, a, i.e., the starting point, indicates when the pantograph reaches
the previous span before the measured span.

As the pantograph approaches, the first contact wire starts to vibrate, and the
uplift increases. This moves the crossing point towards the train.

When the pantograph starts to contact the second wire, the crossing point now
occurs at point b (the initial contact point).

The pantograph then comes into contact with both wires within the transition
section, and the crossing point follows the pantograph motion to point ¢ at the
midspan.

The pantograph remains in contact with both wires until point d, when the first
wire descends and the second wire is lifted. Point d is the moment when the
pantograph loses contact with the first wire, i.e., the end contact point.
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6) Thereafter, the pantograph successfully transitions to the consecutive catenary
section. Without the pantograph contact force, the vibration in the first wire
decays, and the crossing point moves to point e.

The pantograph starts to contact the second wire at the initial contact point b, where
the intersection gradient is high. This produces a large impulse instead of a smooth
contact between the pantograph and second wire. This contact situation is similar to type
C in Fig. 4.11, and type C results in high wear of the contact wires. Gregori et al. [136]
found through numerical simulations that the peak force occurs when the pantograph
starts interacting with the second wire some metres before reaching the static crossing
point. Thus, this could be the reason why the maximum contact force appears at the
overlap span. The impulse generally increases contact wire wear and may induce contact
loss and arcing. Arcing was recorded by the camera at a distance of 6.72 m before the
static crossing point during the measurement, as shown in Fig. 4.15, which supports the
above statement.

_

aeeun @%

Fig. 4.15. Arcing at the overlap span during the measurement.

4.4.5 Dynamic crossing point under double-pantograph train passage

To determine why the rear pantograph attains a higher probability of contact loss and
arcing in overlap spans, the motion path of the dynamic crossing point was studied under
the double-pantograph passages.
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Two sections of the motion path of the dynamic crossing during the front and rear
pantographs passing are shown in Fig. 4.16, represented as a solid orange line and a
dashed blue line, respectively. Fig. 4.17 shows the motion path of the dynamic crossing
point from the above view as a time series.

The two motion paths start from points a; and a», which are close to the static crossing
point location. These dynamic crossing points move to the initial contact points b; and
b, respectively, while both pantographs start interacting with the second contact wire.
However, for the rear pantograph, point b, moves more along the longitudinal direction
towards the span pole than does point by, representing the front pantograph. This may
cause a higher intersection gradient of the contact wires for the rear pantograph, as
shown in Fig. 4.18.

The front and rear pantographs stay in contact with both wires, similar to the single
pantograph. The crossing points b; and b, follow the pantograph movement to points c;
and c, respectively. The uplift of the rear pantograph is larger than that of the front
pantograph. Fig. 4.10 also shows that the maximum uplift of the rear pantograph passage
is greater than that of the front pantograph passage.

The front and rear pantographs stay in contact with both wires until they reach the
points d; and d,, respectively. Points d; and d, are close in height and longitudinal
location, in contrast to points b; and by, which greatly differ along the longitudinal
direction. Points d; and d, are the moments when the pantographs lose contact with the
first wire, i.e., the end contact points. Finally, the crossing points move to e; and e,

respectively.
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Fig. 4.16. Motion path comparison of the crossing point when the first and second pantographs
pass.
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Fig. 4.17. Motion path of the dynamic crossing point as a time series viewed from above.
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Fig. 4.18. Greater longitudinal distance and intersection gradient for the rear pantograph.

In summary, the rear pantograph achieves a greater longitudinal distance and
intersection gradient (point by) and a higher uplift (point c;) than those of the front
pantograph. This occurs because the rear pantograph enters the catenary system that is
already in motion due to the front pantograph, resulting in a higher dynamic response.
Thus, the rear pantograph could experience a more severe impulse and a higher risk of
contact loss and arcing within the overlap span than those experienced by the front
pantograph. The more severe impulse could induce the rear pantograph to attain a higher
peak force. This verifies and demonstrates the similar findings of the higher contact
force produced by the rear pantograph in numerical simulations [136,142].
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4.4.6 Train speed effect on the transition section distance

This section aims to determine the train speed effect on the transition section distance
within the overlap span. A higher train speed imposes a negative effect on the contact
quality of pantograph-catenary interaction [147,148].

The transition section distance should be limited due to the power supply switch of
catenary sections. The transition section distance was estimated as 13.4 m via a
numerical simulation of a single pantograph operating at 300 km/h in the literature
[136]. No field measurement has been found in the literature of the transition section
distance in existing overlap sections during operation.
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Fig. 4.19. Variation of the transition section distance.

The transition section distance of eleven train passages is estimated based on the
dynamic crossing point spatial path, i.e., the distance between the initial and end contact
points. The transition section distances and corresponding train speeds are shown in Fig.
4.19. The transition section distance exhibits an increasing tendency with increasing
train speed. The measured transition section distances are approximately 14 and 10 m at
train speeds of 210 and 179 km/h, respectively. This variation clearly shows a significant
train speed dependency. However, there is also a variation of the transition section
distance at similar train speeds, e.g., at 210 km/h, there is a registered variation of
approximately 1.5m where one out of five measurement stands out. This finding
indicates that the transition section distance not only affected by the train speed, but also
by other factors, such as individual pantograph settings. To optimise and limit the
maximum transition section distance for new catenaries, numerical simulations should
be carried out considering the maximum allowable train speed on a given line.
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4.5 Conclusion

This experimental study under regular traffic conditions evaluates the dynamic
behaviour of pantograph-catenary interaction at an existing overlap span. A novel
overlap measuring method was proposed and implemented at the midspan of a five-span
overlap. Image sequences of eleven single- and two double-pantograph train passages
were acquired with the VIBLITE, and a hand-held gun-type LiDAR was employed to
measure the train speed. The dynamic crossing point of the two contact wires was
estimated, and their spatial dynamic response was compared in detail under single- and
double-pantograph passage conditions. This investigation studied the correlation
between the train speed and transition section distance. The main conclusions are
summarised as follows:

1) The results reveal that the pantograph contacts the second wire at a certain
distance before reaching the static crossing point, which could cause a
significant impulse in the contact wire and a high contact force.

2) A clear difference in maximum uplift and transition section distance is observed
between single and double pantographs (i.e., the length where the pantograph
runs on both wires in the overlap span), which could be related to both the
contact forces and wear. The rear pantograph caused more severe dynamic
interactions than those caused by the front pantograph under the double-
pantograph train passage. The maximum uplifts under single- and double-
pantograph train passage conditions are 51.91 mm and 56.69 mm, respectively,
at a speed of 196 km/h, and there is a 9.21% increase under double-pantograph
train passage.

3) The transition section distance exhibits an increasing tendency with increasing
train speed. The measured transition section distances are approximately 14 and
10 m at train speeds of 210 and 179 km/h, respectively. The transition section
distances under single- and double-pantograph train passage conditions are
12.18 m and 13.79 m, respectively, at the same train speed of 196 km/h, with a
13.22% increase.






Chapter 5

Conclusions

5.1 Concluding remarks

A set of vision-based hardware equipment for measuring line-like structures

Section 2.2 detailed a first version configuration of a hardware system for the wires'
uplift measurement, and the system got updated in Section 4.2.1. The latest version
consists of area scan cameras, optical lenses with fixed focal length, tripods, a hardware
trigger, a solid-state drive, a laptop, a laser rangefinder and a LiDAR speed gun. This
hardware system does not require track access and marker installation on contact wires,
and it has good portability and robustness, rapid field deployment, easy operation, and
high accuracy.

An image-processing algorithm for addressing the essential challenge of tracking
slender wires without markers against noisy backgrounds

The challenge of a non-uniform or noisy background for identifying and tracking contact
wire is discussed in Section 2.2. A line-tracking algorithm consists of a coarse search
followed by a subpixel detection was proposed in Section 2.3. Section 2.3.1 detailed the
workflow and principle of the coarse search, which comprises a subset search and a line
search. Section 2.3.2 introduced a subpixel detection, and two different approaches were
applied, i.e. a centreline detection algorithm and an edge detection algorithm, for
different working conditions. The accuracy, robustness and applicability of the vision-
based tracking system are demonstrated through numerical experiments (Section 2.4),



114 CHAPTER 5. CONCLUSIONS

the field uplift measurement of the railway catenary system (Section 2.5.1) and the
identification of the contact wire in a diverse city environment (Section 2.5.2).

An uplift and damping investigation of an existing railway catenary span under
regular train operation

Chapter 3 estimates the spatially distributed damping of an existing catenary span
through uplift measurements under regular train operation. Section 3.1 discusses the
importance of uplift and damping estimation of an existing catenary span and
summarises the damping application in experiments and numerical simulations. The
synchronous dynamic uplift response of the contact, messenger and stitch wires is
revealed in Section 3.5. The spatially distributed damping of an existing catenary span
is successfully estimated in Section 3.6 by using a covariance-driven stochastic subspace
identification (Cov-SSI) method to analyse sixty-nine single/double-pantograph train
passages. A small but clear train direction dependency of the damping distribution is
observed over the entire span. Rayleigh damping coefficients are estimated and
recommended for numerical models.

An experimental study of pantograph-catenary interaction and transition at the
section overlap span

A measuring method for section overlap investigations is developed in Section 4.2.2 to
obtain the height, uplift and crossing point of contact wires. The dynamic spatial moving
paths of the crossing point under regular single- and double-pantograph train passages
are studied to detail the whole process of the pantograph-catenary interaction and
transition at the overlap span in Section 4.4.4 and 4.4.5. The analyses explore reasons
for the high contact forces and the contact loss rendering arcing at section overlap spans.
The correlation between the train speeds and transition section distance, i.e., the length
where the pantograph runs on both contact wires, is studied in Section 4.4.6. The
transition section distance was between 10 m and 14 m for train speeds around 200 km/h.

5.2 Suggestions for further work

Perform further data collection of the dynamic behaviour of railway catenary
systems

The intention is to explore further a vision-based system and its use in railway
measurements. The length of high-speed electric railways is increasing in the global
railway network. The catenary dynamic behaviour is critical to ensure a robust and
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steady current collection quality for electric trains [93]. The vision-based line-tracking
system (VIBLITE) has been extensively used to explore many railway catenary system
response sides. VIBLITE can obtain verified high-accuracy uplift at any chosen point
along the catenary, thus, beneficial for verification of numerical simulation and design
specifications on existing and new systems. The latter is essential as new built or
modified systems need to be approved according to contracted maximum specifications.

More case studies about the pantograph-catenary interaction will be performed to
study the dynamic behaviour further. VIBLITE hardware and software are necessary for
further improvement, e.g., increased sampling frequency up towards 800 Hz for high
train speeds and high accuracy needed in wear model verification.

Develop a camera vibration reduction system that includes hardware and software

When vision-based systems are performed in the field, environmental conditions
such as wind and foundation motions will make the camera devices vibrate. These
unwanted vibrations contribute as noise affects the measurement accuracy. Therefore,
camera vibration noise has been a concern when further improving field applications.
The transitional vibration reduction method tracks the background structures as a static
reference to roughly estimate the camera vibration [149]. However, it is difficult to find
static reference points in the camera field of view in most field situations. Thus, it is
necessary to develop a camera reduction system that can detect, record and calibrate the
camera motion.

Trials have been conducted using a tri-axis gyroscope and a tri-axis accelerometer to
calibrate the camera's spatial orientation change using a motion-processing unit (MPU).
This system shows good response and will be further pursued to increase time-instant
accuracy and response sensitivity. The challenge is to synchronise the camera and the
sensor system to achieve accurate calibration. Initial theoretical and experimental
studies are conducted to demonstrate the possibilities of increased accuracy and
robustness of the additional sensor system.

Study machine learning-based inspection systems to monitor railway
infrastructure properties and components

Visual inspection using machine learning has been widely applied in many
engineering fields, e.g., crack detection [150,151], bolt-loosening detection [152-154].
This technique can identify and analyse components for damage or possibly missing
members. Automated identification has been tested at Hell Bridge Test Arena and used
on inspection data from Bane NOR bridge inspections. Furthermore, automated
identification can also evaluate track and sleepers with fasteners, brackets and other
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components. Similarly, railway catenary systems can be inspected for issues with
isolators, registration arm position, dropper positions, stagger, and wear. The system can
also be used to monitor the catenary-pantograph interaction and other pantograph
actions, including raising and lowering mechanisms.
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