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ARTICLE INFO ABSTRACT
Keywords: Smooth pantograph-catenary contact is essential for regular train operation. However, catenary
Railway catenary system section overlaps are locations where peak contact forces occur, which significantly affects current

Pantograph-catenary interaction
Section overlap

Computer vision

Displacement measurement

collection quality. This work studies pantograph-catenary interaction and transition at an existing
overlap span by using a novel optical-based measuring method. Image sequences of eleven single-
and two double-pantograph train passages were processed to obtain wire displacement responses.
The unsynchronised vibration of two contact wires was found, and the first contact wire exhibits
different modal responses. The spatial motion paths of contact wires were obtained to estimate
the pantograph-catenary interaction. Dynamic effects rendering high contact forces, contact loss
and arcing were investigated. The results show that pantographs with a long transition distance
and a high intersection gradient cause a serve impulse with the second contact wire, resulting in
contact loss and arcing. Finally, this study successfully estimated the transition distance and
found it has a strong positive correlation with peak contact forces and train speeds. The transition
distance exhibits an increasing tendency with increasing train speed. The longer transition dis-
tance results in a higher peak contact force.

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 [1]. Electricity is delivered through the pantograph-catenary system, composed of pantographs and
flexible catenary wires [2]. The pantograph mounted atop a train occurs in sliding contact with a contact wire to collect an electrical
current [3]. The main structural components of the catenary system include contact and messenger wires, droppers and occasionally
stitch wires [4]. The messenger wire is suspended by cantilevers from poles at regular intervals. The main task of the messenger wire is
to hang the contact wire to the required design height from the track, achieved by droppers clamped onto the messenger and contact
wires [5]. 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 [6].

High speeds increase the dynamic response of the catenary system due to higher interaction forces. A smooth contact between the
contact wires and pantograph is essential for regular train operation [7]. A good pantograph-catenary contact improves the current
collection quality, minimises contact loss and reduces wear. However, contact loss is a significant issue in pantograph-catenary
interaction since it interrupts the power supply and increases wear [8].

Overlapping sections are considered one of the most critical parts of ensuring the current collection quality [9-11]. Each catenary
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Nomenclature
a acceleration of the contact wire
CMOS  complementary metal-oxide-semiconductor sensor
Dy, object distance between the camera and objects
Dy, the horizontal distance between the camera and objects
F the magnitude of the contact force
f the focal length of the optical lens
H height of measuring points from the rail surface
b static height of the tracking point j on the first contact wire
hs; static height of the tracking point j on the second contact wire
i image serial number
j tracking point number
L longitudinal distance from each tracking point to the first tracking point
I longitudinal distance of the tracking point j
LiDAR light detection and ranging
m mass of the catenary system
Py the measuring point at the contact wire
P, the measuring point at the rail
ROI region of interest
Se the physical pixel size of the image sensor
SSD solid-state drive
t the time moment of each image
VIBLITE a vision-based line-tracking system
X x- image coordinate of objects
y y- image coordinate of objects
a the pitch angle of the camera optical axis
B angle 2P[P"™0I,
7 pitch angle from the optical centre to the rail
At the time interval between each image
0 pitch angle from the optical centre to the contact wire
1 p- image coordinate of the crossing point
oi o- image coordinate of the crossing point
iFj uplift response of the tracking point j at the image i on the first contact wire
quj uplift response of the tracking point j at the image i on the second contact wire
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Fig. 1. A three-span overlap section of a railway catenary system. (a) Top view of the overlap section. (b) Horizontal view.
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section exhibits a limited length of approximately 1-1.5 km due to the thermal expansion and tension decrease at each cantilever [12].
Tensioning devices consist of weights and pulleys to guarantee a constant mechanical tension in the catenaries. Overlap spans are
designed to raise the first-section contact wire while lowering that of the second section to the nominal heigh to ensure pantograph
transit between consecutive sections. A three-span overlap section is shown in Fig. 1, where the contact wires exhibit a parabolic shape
at the overlap spans. Conventional overlap sections also include four- and five-span sections [9]. The transition segment between two
catenary sections occurs in the middle of the central span for three- and five-span overlap sections (Fig. 1). The first and second contact
wires are parallel in the transition segment, as shown in Fig. 2. For a four-span overlap section, the transition occurs at the pole, which
is a hard point and thus may yield high contact forces.

Although a smooth contact is the design goal for the overlap span, the maximum contact force often occurs in the transition [9]. In
particular, a smooth transition in overlap spans is only partially achieved in regular traffic. Thus, this work aims to study the
pantograph-catenary interaction in an existing overlap span to investigate why the peak contact force occurs.

Studies of pantograph-catenary interaction mostly concern conventional spans, such as modelling methodology [1,12-15], cate-
nary wire irregularity [16,17], wave propagation analysis [18], and catenary uplift and damping measurements [19,20]. However,
only a few publications focus on the overlap spans. Shimizu et al. [21] measured the contact wire height and wear to optimise the
overlap section structure for high-speed Shinkansen lines. Harell et al. [22] 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. [23] studied various contact wire configurations in overlap sections with the aim of contact wire
wear reduction. An improved contact wire height was found to reduce the wear by comparing simulation results and inspection vehicle
data. Vesali et al. [10] designed novel control approaches for catenary systems to prevent pantograph wear and improve the contact
quality at conventional spans and overlap sections. The most systematic work was performed by Gregori et al. [9]. Their work
described a 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.

To our best knowledge, no publications have measured and investigated the pantograph-catenary interaction and transition at an
existing overlap span. The unsynchronised vibration of two contact wires and contact-wire height variation put an additional challenge
to the stable contact of the pantograph-catenary. Thus, our work aims to study the dynamic pantograph-catenary interaction under
scheduled train operations at an existing overlap span. Computer vision techniques have been implemented in many fields, e.g., bridge
engineering [24-28], mechanical engineering [29-34], and railway engineering [19,35,36]. A novel vision-based measuring method
is presented and implemented to simultaneously measure the dynamic response of two contact wires to study the pantograph-catenary
interaction. Eleven single- and two double-pantograph train passages were acquired from field tests with train speeds. The dynamic
interaction and transition of the pantograph-catenary at the overlap span are obtained and illustrated in detail. The dynamic effects
rendering high contact forces, contact loss and arcing at the overlap spans were investigated. The results show that the pantograph
typically contacts the second contact wire at a distance before reaching the static crossing point. The longer distance results in a larger
intersection gradient of two contact wires, and the pantograph is more likely to have a larger impulse with the second contact wire.

Fig. 2. Parallel contact wires in overlap spans.
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This phenomenon causes contact loss and arcing. In double-pantograph train passages, the rear pantograph causes a more severe
dynamic interaction than that caused by the front pantograph because of the longer transition distance, i.e., the length where the
pantograph contacts with both contact wires. Finally, the transition distance was determined and assessed, and the correlation be-
tween the train speed, the transition distance and contact force was studied. The results show that they have a strong correlation, and
the faster train speed would significantly increase the transition distance and apply a larger impulsive force to the second contact wire.

2. Overlap-span measurement strategy

Measuring the pantograph-catenary interaction and transition at an overlap span is a new challenge for field tests. A novel vision-
based measuring method was proposed and implemented to synchronously collect the dynamic response of both contact wires and
evaluate the transition. Section 2.1 details the framework of the whole measurement strategy, including static height measurement and
uplift estimation, which are introduced in Sections 2.2 and 2.3, respectively.

2.1. The framework

The challenges to evaluating the pantograph-catenary interaction at the transition segment are to 1) estimate the moment when the
pantograph contacts the second contact wire, 2) determine the transition segment where the pantograph contacts both contact wires
and 3) measure the catenary response during the pantograph passage.

This study proposed and implemented a novel method to address the above challenges. The main idea is to 1) measure the vibration
response of two contact wires simultaneously by using a vision-based system, 2) calculate the spatial motion paths of two contact wires
in a world coordinate system, 3) estimate the dynamic intersection of both wires and 4) illustrate and analyse the wires’ motion and the
moving path of the intersection point (i.e., dynamic crossing point) in time series. Because when the pantograph contacts both wires,
two contact wires will intersect at the panhead, and the contact point is also the two wires’ crossing point. The motion path of the
crossing point could help analyse pantograph-catenary interaction and transition.

The detailed procedure is introduced as follows:

First, we build a world coordinate system HOL, where H is the height of measuring points from the rail surface, and L is the
longitudinal distance from each tracking point to the first tracking point (S1/F1), as shown in Fig 3.

Then, the static height of ten tracking points from the rail surface is measured by a vision-based system, expressed as hg; - hgs and
hs1 — hgs in Fig. 3(a). The longitudinal distance is also measured as I, - I5 for each tracking point. The tracking points are usually
selected as evenly distributed on both sides of the static crossing point. The measuring method based on a pinhole camera model is
introduced in Section 2.2.

Measure the dynamic uplift response of each tracking point, expressed as ¢f!-pf> and ¢§1-¢°, as shown in Fig. 3(b). i is the image

serial number. ¢f1-¢pf and @f'-¢f° represent the relative uplift of tracking points from the moment (image) i-1 to i. The
displacement measuring method is mentioned in detail in Section 2.3.
e After obtaining the static height (h - hps and hs1 — hss) and dynamic uplift (¢ -9 and ¢$!-¢$°), the dynamic spatial height H? of

1
each tracking point at the image i can be estimated in Eq. (1) as:

H =h,+> ¢, €Y

® Static/dynamic crossing point
~ < Second contact wire V'V Tracking points

v

4 . |
i L e hss | hss | hss !
' EhFl v oihe i ‘hpz ' ihgy i hes
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O ) L Rail surface O L Rail surface

Fig. 3. Illustration of (a) static height and (b) dynamic uplift measurement of contact wires at the transition segment.
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where p represents each tracking point (p = S1-S5 or F1-F5), and anzo(p‘,’n means the sum of uplift response before the image i.

The coordinates could be obtained as (Ip,H )for each tracking point. Based on these coordinates, two fitting curves are used to fit the
parabolic shape of two contact wires, as shown in Fig. 3(b). The spatial motion paths of both contact wires are then obtained. The
dynamic crossing point of two contact wires is estimated at each image i, while the crossing-point coordinates (4;, o;) are variables in a
time series. Finally, the motion path of the crossing point with the corresponding time t could be collected.

2.2. Geometric measurement

A pinhole camera model is adopted to measure the static height of the tracking points from the rail, as shown in Fig 4. 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.

The measuring points, i.e., Py at the contact wires and P; at the rail, are projected as P’y and P’1, respectively, in the image plane.
The height PyP; can be estimated as:

PyP, = PyH + P\H = Dy, - [tanf + tany] = D,, - cos@ - [tand + tany] )

Overlap section

Virtual image plane

Contact wire height

(a) Setup of the vision-based measuring system.

Contact wire

Po“\\
! RN
! Tl
! \“~
! Tl
| D,
! .
1 Tl Virtual image plane
i S~ ¥
| \‘\\ “ 0 Optical centre
! P'y (X0,¥0) S~ol —
1 B |
. D ____ Loy 41 |
| o
! Py (py)f - H
| - |
| —’_,_——" _—
! -
| _‘_,—“"" v N3
. P T
Ril_l _____ ‘+-_—_'__-_1

(b) Pinhole camera model for wire height measurement.

Fig. 4. Measuring method of the catenary wire height.
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where D, is the distance OP, between the contact wire and camera, and Dy, is the horizontal projection OH of D,,. £Py,OHis the pitch
angle 0 from the optical centre O to the contact wire Py, and «P; OH is the pitch angle y between the optical centre O and the rail.
Because D,, and 0 are measured in the field with the aid of a laser rangefinder, y is the only unknown parameter to be estimated in Eq.
(4) with the pinhole camera model, starting with:

V100 —x) + (0 — 3] 5.
f

/

ZP,OI. = f an (L0l t
e = = arctan| —— = arctan
0 oI

c

V160 =" + 00 — 3] - 5.
f

(3)

a =6 — =6 — arctan

/

V6 =5 + = 50)] -5
f

c

, P 1
4P 0l = a + y = arctan (01—1) = arctan

c

where « is the pitch angle of the optical axis, and O is the focal length f of the optical lens, which is 25 mm in this case. 2P,0I, is

represented as 4, and P,y (xo, o) and P| (x1, y1) are the image coordinates of the catenary wire and rail, respectively. I. (x,, y.) is the
centre point of the image plane. Points P’¢, P’y and I. are in a straight line. S is the physical pixel size of the image sensor, which is 5.5
um for the adopted camera (Basler ACA2000-165 um). Hence, the pitch angle y can be written as:

y=<P,0I — a

VI =3 + 0= 3] -5 V0o = x)? + 0 =30 - 5. @
7 -+ arctan 7

— arctan

After obtaining the pitch angle y, the catenary wire height PyP; can be estimated according to Eq. (2). In this case, the scale factor of
the height estimation depends on various parameters, including the catenary-wire distance D,, pitch angle 0, image coordinates (xo,
Yo), (x1, ¥1) and (xc, Yc), focal length f of the optical lens, and physical pixel size S. of the image sensor.

Fig. 5. Wire detection challenge caused by noisy background.
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Through this height estimation method, two parameters must be measured in the field tests, i.e., the catenary-wire distance D,, and
pitch angle 6. 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
6 is controlled within 0.1°. In this measurement, a 0.1 mm measuring error in D), will cause a 1 mm error in the final height, which
accounts for 0.019% of the static height of approximately 5340mm. 0.1° measuring error in 6 will cause a 0.04 mm error in the final
height, which is 0.00075% of the static height. Hence, the effect of any measurement errors in these two parameters on the mea-
surement accuracy is small enough to be neglected.

2.3. Uplift measurement

A line-tracking technique [19] was adopted to identify and track wire motion from noisy backgrounds at a high sampling fre-
quency. The open-source code has been made available in [37]. The line-tracking technique is briefly introduced in this section for
completeness, and more detailed descriptions have been provided in our previous study [19].

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, as shown in Fig. 5. The line-tracking technique was developed to address the essential
challenge of tracking slender wires without markers against noisy backgrounds.

The line-tracking technique consists of coarse search and subpixel centreline detection. The main idea of coarse search is to employ
a sliding subset to search candidate endpoints of catenary wires along with user-selected columns by comparing pixel intensity values.
Blue dashed rectangles in Fig. 6 (a) represent the sliding subsets, and the left and right sides are selected as searching columns. Then, a
line search is used to find the wire objects between candidate points by using another subset, shown as a red dashed rectangle in Fig. 6
().

Subpixel centreline detection is then performed to estimate the wire centreline through the bicubic interpolation, as shown in Fig. 6
(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 centreline is estimated and marked as a yellow dashed line. Finally, points on the centreline can be chosen by users to
be tracking points, shown as the point Py, in Fig. 6 (b).

The accuracy and robustness of the line-tracking technique have been verified in [19]. The 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. The measuring error
accounts for around + 1% of the maximum uplift of 60 mm.

3. Field tests
3.1. System configuration

A vision-based line-tracking system (VIBLITE) was adopted in the field tests, consists of two area scan cameras (Basler ACA2000-
165 pm), 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™ D8), all shown
in Fig. 7. The camera contains a complementary metal-oxide-semiconductor (CMOS) sensor with a 2048 x 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, the physical sensor size is 11.3 x 6 mm, and the physical pixel size is 5.5 x 5.5 um. The camera is connected to the laptop

(a) Coarse search (b) Subpixel centreline detection
O Subset Back,ground Subset X o Back(gmund X
! p, ! X
H H
H 1
1 ' = =
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Fig. 6. The line-tracking technique consists of (a) coarse search and (b) subpixel centreline detection.
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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 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. For completeness, the weather conditions are supplemented. During the measurement, the weather was sunny, and
the temperature ranged from 1-4 °C. The air humidity was approximately 75%, the wind speed was 1 m/s, and the visibility was 12.9
km.

Different catenary systems are implemented in Norway, ranging from outdated systems such 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) [38]. The current field measurements were
conducted in the 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. 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. 7.

The five-span overlap is the standard design geometry of the Oslo airport line. The transition occurs at the midspan, where the
pantograph contacts both contact wires, as shown in Fig. 1. Thus, VIBLITE was set up at the midspan to measure the transition segment,
as shown in Fig. 8. Two cameras were applied to increase the longitudinal distance of the shooting regions, indicated by the blue and
orange regions in Fig. 8.

3.2. Camera configurations

Because of the stitched shooting regions, one challenge of this field test is synchronising two cameras to collect the uplift response
of two contact wires simultaneously, which is significant for final measuring accuracy. In the current setup, the hardware trigger
(National Instruments NI USB-6210) was applied to send a logic voltage signal to synchronise two cameras’ exposure to facilitate
image sequence correspondence. Logic gate circuits are designed to input and output only two signal types, i.e., high (logic 1) and low
(logic 0) signals, representing high and low voltage, respectively.

The exposure mode and shutter type are two essential features in camera selection. The timed and trigger-width modes are two
different exposure modes (Fig. 9). 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 [39]. 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 [39].

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 pm) contains a global shutter sensor, which is suitable for the measurement of the

Train type:

Real-time data monitoring

i Trigger

Portable SSD

Fig. 7. Overlap span measurement at 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©.
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Fig. 8. Measurement schematic at the transition segment.

intense vibration of the catenary wires. A sampling frequency of 200 Hz is adopted in this field test, and the time interval is 0.005 s. 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 2048 x 400 pixels.



T. Jiang et al. Mechanism and Machine Theory 177 (2022) 105045

Frame readout Frame transmission

| Trigger signal | @ | Frame exposure
Waiting for the next trigger signal

@ Timed Exposure Mode

Exposure start Exposure stop
v v

(&) ® (&)
B i i

Té Voltage Exposure time
) .
=  Highf-
ot
D
S0
2P
: Low
A -
| | Ti =
! t=1/framerate | Ime
(b) Trigger Width Exposure Mode
Exposure stim Ex;;osure stop
T'é Voltage Exposure time
) .
= High -
ot
D
S0
2
; Low
A -
»

| .
7l Time

f t = 1/frame rate

Fig. 9. Camera exposure modes.

3.3. Train-speed measuring method

A Stalker LIDAR XLR instrument was applied to measure the train speed, as shown in Fig. 10. 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.

Fig. 10. Measuring train speeds by using a LiDAR device. Photography: Tengjiao Jiang/NTNU.

10
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4. Data processing and vibration analysis

This section primarily focuses on the post-processing of the recorded image sequences, investigates the unsynchronised vibration of
two contact wires and performs the spectral analysis of the post-passage response.

4.1. Displacement acquisition via post-image processing

Eleven single- and two double-pantograph train passages were recorded in total from the field tests. Image sequences 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.

The image sequences were processed with the line-tracking technique mentioned in Section 2.3, and some examples of the image-
processing result are shown in Fig. 11. The yellow dashed lines indicate the detected catenary wires, and the red points indicate the
tracking points. t =ty + i - At, where t is the time moment for each image, ty is the time of the first image, i is the image serial number
and At is the time interval of 0.005 s.

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 two repeated tracking points in the common shooting
area, there were ten independent tracking points for two contact wires. The region of interest (ROI) is built to reduce the searching
region and improve image processing efficiency. After post-image processing, the displacement response of two wires was obtained in
subpixels. It should be noted that panhead would block small sections of contact wires at contact points. However, this problem does
not interrupt the wire identification and point tracking. The reason is that the image width is wide enough to ensure the panhead does
not entirely block the sight of the wires, which makes the algorithm successfully identify the wires. Then, the tracking points are
selected on the identified centerline of the wires, as shown in Fig. 11, which ensures the tracking points are tracked continuously even
if the panhead blocks the tracking points.

The scale factor is essential to convert displacement from pixels into physical units (e.g., millimetres). A pinhole camera calibration
model [20] was used to estimate the scale factor in this study. The scale factor depends on various parameters, including 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. Except for the contact-wire distance D,, and pitch angle 0
measured in the field (mentioned in Section 2.2), the other parameters are known and related to the adopted camera and optical lens.

(b)

Detected wire
° Tracking point

Fig. 11. Line-tracking image processing. The detected contact wires and tracking points of (a) camera 1 and (b) camera 2.
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4.2. Uplift response under single-pantograph train passage

The uplift response of the first and second contact wires is shown in Fig. 12 under a 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.

Fig. 12 reveals the unsynchronised vibration of two contact wires. The first contact wire reaches its maximum uplift value, around
41.7 mm, before the pantograph arrives at the static crossing location. However, the second contact wire reaches its maximum uplift
value, around 51.9 mm, after the pantograph passes the static crossing location.

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 (-27.0 mm) of the first contact wire, after the maximum uplift, is much lower than that of the second wire (-10.8 mm).

After the pantograph passes the measured overlap span, the first wire exhibits free vibration, and the amplitude decays. It is further
analysed in Section 5.2 to determine the distance before the static crossing location where a single pantograph interacts with the
second wire.

4.3. Uplift response under double-pantograph train passage

Fig. 13 shows the uplift response under the double-pantograph passage, which is compared to that under the single-pantograph
passage. Naturally, the front pantograph causes the first uplift peaks of the first and second contact wires, and the rear pantograph
causes the second peaks. Similar to the single-pantograph passage, the maximum uplift of the second contact wire (53.0 and 48.3 mm,
respectively) is larger than that of the first contact wire (39.7 and 34.7 mm, respectively) 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 (53.0 mm) is larger than that when the front pantograph passes
(48.3 mm). The front and rear pantographs both interact with the second wire before reaching the static crossing point, which is further
studied in Section 5.3.

4.4. Spectral analysis

Spectral analysis [40] of the first and second contact wires perform on their post-passage displacement response. The post-passage
response is after the passage of the pantograph, which is mainly caused by the excitation of the pantograph uplift, and the following
decaying response is dominated by the fundamental frequencies.

Fig. 14 shows an example of train passage segments, divided into three parts, including pre-passage, passing the span and post-
passage. The pre-passage is before the pantograph passage at the measured span, and the catenary wires are excited by the forward
wave causing oscillations. The passing segment is the pantograph passing through the measured span from one steady arm to another.
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Fig. 12. Uplift response of the first and second contact wires under single-pantograph train passage.
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Fig. 13. Uplift response of the contact wires under double-pantograph train passage.
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Fig. 14. An example of train passage segments: pre-passage, passing the span and post-passage. (a) Single-pantograph train passage; (b) double-
pantograph train passage.

The spectral analysis results of single- and double-pantograph train passages are shown in Fig. 15. One interesting finding is the
dominant modal frequencies of the first contact wire (i.e., with high amplitude) are shifted from 1.27 Hz in Fig. 15 (a) to 0.98 Hz and
1.16 Hz in Fig. 15 (b) under the double-pantograph train passage. The dominant modal frequencies of the second contact wire remain
almost unchanged, whether under a single- or double-pantograph.

To verify the data was not contaminated, multiple tests are performed and finally obtain the same phenomenon of the shifted
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Fig. 15. Spectral analysis of post-passage response. (a) Single-pantograph train passage; (b) double-pantograph train passage.

dominant modal frequencies. One explanation is that the double-pantograph passage has a different excitation way, which can excite
the different modal responses of the catenary system at the overlap span. The first contact wire is at the end of the first catenary section,
which is close to the wave reflector source. However, the second contact wire is at the start of the second catenary section, and the
wave propagation occurs after the pantograph passage. Thus, the first wire is more susceptible to wave propagation than the second
wire, also shown in Fig. 14. The maximum uplift of the first wire (41.7 mm) when the pantograph passes through is smaller than that of
the second wire (51.9 mm) in Fig. 14 (a). However, in post-passage, the vibration amplitude of the first wire is generally larger than
that of the second wire for 15 ~ 40 seconds. This phenomenon is more evident under the double-pantograph passage in Fig. 14 (b).
Thus, the first wire is more likely to exhibit different modal responses under the dual impact of double-pantograph excitation and wave
propagation.
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Fig. 16. Intersection configuration types of the contact wires in the overlap sections.
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5. Assessment of pantograph-catenary interaction

This section aims to study the pantograph-catenary interaction in the overlap section by using the method proposed in Section 2.
The spatial motion path of the crossing point illustrates the contact situations under single- and double-pantograph train passages in
Sections 5.2 and 5.3, respectively. The correlation study between the train speed, transition distance and contact force is performed in
Section 5.4.

5.1. Contact wire configuration and transition segment

The intersection configuration of the contact wires has been classified into four types in the literature [21,23], as shown in Fig. 16.
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 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 [23] 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. Only a few railway tracks in Oslo are
one-directional. Catenary type D is only suitable for one-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 distance of type A, type B has become the conventional
design geometry for two-direction railway tracks in Norway.

For the clarity of the following study, some definitions in this study are set and illustrated first. A transition segment, where
pantographs transition between adjacent catenary sections, is a section between initial and end contact points, as shown in Fig. 17. A

—

First contact wire Initial contact point
Second contact wire End contact point
®  Static crossing point

Fig. 17. Transition segment within the overlap span.
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transition distance is the distance of the transition segment where the pantograph remains in contact with both wires for a certain
distance until leaving the first contact wire. 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.

5.2. Dynamic crossing point under single-pantograph train passage

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. A segment of the motion path and corresponding situations of the pantograph-catenary
interaction are shown in Fig. 18 (a). 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. An illustration of the longitudinal distance and height is shown in Fig. 19.
Fig. 18 (b) shows the motion path of the dynamic crossing point in a time series from a top view. The y-axis is the longitudinal distance,

Mechanism and Machine Theory 177 (2022) 105045

and the train running direction is from top to bottom. The whole motion path can be interpreted as follows:
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(a) Motion path of the dynamic crossing point and its corresponding situations of pantograph-catenary
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(b) Motion path of the dynamic crossing point in a time series from a top view.

Fig. 18. Investigation of pantograph-catenary interaction in the transition segment under single-pantograph train passage.
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Fig. 19. Illustration of the longitudinal distance and height.

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

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

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

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

e 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.

e 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 results show that the pantograph starts to contact the second wire at the initial contact point b, where the intersection gradient
is high, similar to type C in Fig. 16. Thus, this would produce a large impulse instead of a smooth contact between the pantograph and
the second wire. The literature [23] proves type C results in high wear of the contact wires. Through numerical simulations, Gregori
et al. [10] also found that the peak force occurs when the pantograph starts interacting with the second wire some metres before
reaching the static crossing point.

Thus, the distant initial contact point with a high intersection gradient 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. The reason is that the
impulse would cause the second contact wire to bounce, resulting in a contact loss and a temporary air gap. The electrons shooting
through the gap turn the air into plasma and break down the air, which causes arcing. This study also recorded arcing by the camera at
an initial contact point with a distance of 6.72 m before the static crossing point, as shown in Fig. 20, which supports the above
statement. The correlation between the transition distance and the peak contact force is also studied in Section 5.4 to prove the above
statement.

5.3. Dynamic crossing point under double-pantograph train passage

The motion path of the dynamic crossing point was also studied under the double-pantograph passages to determine why the rear
pantograph attains a higher probability of contact loss and arcing in overlap spans. Two segments of the motion path of the dynamic
crossing during the front and rear pantographs passing are shown in Fig. 21 (a), represented as a solid orange line and a dashed blue
line, respectively. Fig. 21 (b) shows the motion path of the dynamic crossing point from a top view in a time series.

The two motion paths start from points a; and ap, which are close to the static crossing point location. These dynamic crossing
points move to the initial contact points b; and by, respectively, while both pantographs start interacting with the second contact wire.
However, for the rear pantograph, point by moves further along the longitudinal direction towards the span pole than does point
bi(representing the front pantograph). This may cause a higher intersection gradient of the contact wires for the rear pantograph, as
shown in Fig. 22.

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 ¢; and cy, respectively. The uplift of the rear pantograph is larger than that of the front
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HEEEEa

Fig. 20. Arcing occurred at the initial contact point during the measurement. Photography: Tengjiao Jiang/NTNU.

pantograph.

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 b, 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 ey, respectively.

Fig. 21 (b) shows that the crossing point is already in motion before the pantograph arrives, which is caused by wave propagation.
The increased motion magnitude of the crossing point in Fig. 21 (b) from 8 to 10 s is caused by the increased magnitude of wave
propagation as the pantograph gets closer. The pantograph lifts the first contact wire around 40 mm, making crossing points from a;
move to by.

In summary, the rear pantograph achieves a greater longitudinal distance and intersection gradient (point by) and a higher uplift
(point cp) than those of the front pantograph. One explanation is the unsynchronised vibration of two contact wires, observed in
Sections 4.2 and 4.3, would result in worse contact of the rear pantograph. The rear pantograph enters the catenary system that is
already in motion due to the front pantograph. 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 contact force. The higher contact force of the rear pantograph is also investigated in Section 5.4.

5.4. The correlation study between the train speed, transition distance and contact force

This section aims to study the correlation between the train speed, the transition distance and the contact force. A higher train
speed imposes a negative effect on the contact quality of pantograph-catenary interaction [41,42].

The transition distance was estimated as 13.4 m via a numerical simulation of a single pantograph operating at 300 km/h in the
literature [9]. However, no field measurement of the transition distance in existing overlap spans has been found in the literature.

The transition 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 in Sections 5.2 and 5.3. Fig. 23 (a) shows the transition distances and corresponding train
speeds. The result shows that the transition distance exhibits an increasing tendency with increasing train speed. The measured
transition 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.

According to Newton’s second law in Eq. (5), the acceleration a of the contact wire can be used to judge the magnitude F of the
contact force because the mass m is always the same for every train passage.

F=m-a 5)
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Fig. 21. Investigation of pantograph-catenary interaction in the transition segment under double-pantograph train passage.

where F is the contact force between the pantograph and the contact wire, and m is the mass of the contact wire.

Section 5.2 and 5.3 find that the longer transition distance results in a larger intersection gradient of two contact wires, and the
pantograph is more likely to have a larger impulse with the second contact wire. To certificate this finding, the relationship between
the transition distance and maximum acceleration of the second contact wire is studied in Fig. 23 (b). The acceleration was estimated
using a second-time derivative from the displacement data obtained from the vision-based system.

The result shows the maximum acceleration increases with the transition distance. The maximum acceleration happens when the
pantograph contacts the second contact wire (i.e., at the initial contact point). This finding demonstrates the peak contact force has a
strong correlation with the transition distance. The rear pantograph with a longer transition distance would have a higher contact
force.

It can be deduced that the higher static preload of pantographs (mean value of contact force) would also result in an earlier contact
between the panhead and the second contact wire and a larger transition distance. More field tests of correlation between the static
preload and the transition distance will perform in the future.

In summary, the transition distance exhibits an increasing tendency with increasing train speed. The longer transition distance

19



T. Jiang et al. Mechanism and Machine Theory 177 (2022) 105045

———_ First contact wire
Second contact wire
[ Static crossing point g
. . o
Initial contact point 3
2

Fig. 22. Greater longitudinal distance and intersection gradient for the rear pantograph.

30

(a) (b)

=
(64}

=
N
>
»
N
ul
[}

=
w
L
N
o
s

=
w
L

Transition distance [m]
[ -
= N
>
Maximum acceleration [m?/s]
)

=
o
L
»
=
o
L

175 180 185 190 195 200 205 210 10 11 12 13 14
Train speed [Km/h] Transition distance [m]

Fig. 23. Relationship between the train speed, transition distance and maximum acceleration.

could result in a higher peak contact force.
6. 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 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 spatial motion paths of two contact wires were obtained, and their dynamic crossing point
was estimated and compared in detail under single- and double-pantograph train passages. This investigation studied the correlation
between train speed, the transition distance and the contact force. The main conclusions are summarised as follows:

e The successful application of the optical-based measuring method proves its feasibility in studying pantograph-catenary interaction
and transition in catenary overlap spans.

e The unsynchronised vibration of two contact wires has been found in this study. The first contact wire exhibits different modal
responses under single- and double-pantograph train passages. A clear difference in maximum uplift and transition distance is
observed between single and double pantographs.

e This study investigated the dynamic effects rendering high contact forces, contact loss and arcing at overlap spans. The results
reveal that the pantograph contacts the second wire at a certain distance before reaching the static crossing point. The longer
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distance results in a larger intersection gradient of two contact wires, and the pantograph is prone to have a larger impulse with the
second contact wire. This phenomenon results in contact loss and arcing at the initial contact point, where peak contact force
occurs. Because of the longer transition distance, the rear pantograph causes a more severe dynamic interaction and higher contact

force with the catenary system.

o This study estimated the transition distance successfully and found that the peak contact force, the transition distance and the train
speed have a strong positive correlation. The transition distance exhibits an increasing tendency with increasing train speed. The
longer transition distance could result in a higher peak contact force.
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