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The effect of two common types of short-wavelength irregularities (local imperfections
and periodic short-wavelength irregularities) of the railway catenary on the pantograph-
catenary interaction performance are studied and their potential identification approaches
are explored in this paper. The analysis of the intrinsic mode functions of panhead accel-
eration indicates that the effect of local imperfection can be reflected in the high-order
deformation mode of the contact wire. The cut-off frequency is suggested to cover the
wavelength smaller than 1/8 of the dropper to dropper distance, which can be used to
identify the local imperfection. The instantaneous energy obtained by the Hilbert trans-
form is used to localise the local imperfection. The effect of periodic short-wavelength ir-
regularities can be recognised as the introduction of non-Gaussian behaviour in the contact
force at specific wavelengths. Thus, spectral kurtosis is utilised to identify the deviating
wavelength. The short-wavelength irregularity can be localised by the time-frequency anal-
ysis of the intrinsic mode function containing the identified deviating wavelength. The ex-
amples with measurement data indicate the validation of the present methods with some
improvements to the current equipment.

© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license
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1. Introduction

Pantograph-catenary systems are widely used in the modern electrified railway to power the electric train via the sliding
contact between the registration strip of the pantograph and the contact wire of the catenary, as shown in Fig. 1. The
contact quality of pantograph-catenary is of great importance as it directly determines the reliability and safety of electric
transmission [1]. Generally, the catenary suffers long-term impacts from the pantographs and various disturbances from
environmental conditions. These factors, together with mounting imprecisions and inadequate maintenance, present the
primary source of contact wire irregularity (CWI), which is the common early fault in the catenary and directly affects the
interaction performance between the pantograph collector and the contact wire.
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Fig. 1. Schematic of a pantograph-catenary system.

1.1. Problem description

Generally, CWIs can be divided into three types. The first is the geometrical distortion, as shown in Fig. 2(a),
which is normally caused by the deformation of messenger, contact and dropper wires. The second one is the periodic
short-wavelength CWI (PSW-CWI) caused by wear and manufacturing defect in the contact wire as shown in Fig. 2(b). The
last one is the local imperfection caused by the wire kinks as shown in Fig. 2(c). The first type of CWI has a long wave-
length and mainly affects the low-frequency performance of pantograph-catenary interaction. In contrast, the second and
third ones present the main source of short-wavelength disturbance to the pantograph-catenary interaction, which directly
causes hard-spot and contact loss. The CWIs are desired to identify and correct before they develop into severe faults and
result in catastrophic consequences. The current standard [2] specifies that main statistics (such as the mean value, maxi-
mum value and standard deviation) of the contact force of pantograph-catenary can be used to assess the contact quality.
The previous researches [3] indicate that the contact force filtered at 0-20 Hz can reflect the geometrical deformation of
the catenary. Apart from the conventional dynamic inspection, some railway operators also use diesel train to regularly
monitor the variation of the contact wire height. But the effect of the short-wavelength irregularities is not distinct in the
time-history of contact force or the contact wire height and challenging to be identified by the regular inspection [4].

1.2. Literature review

The study of the pantograph-catenary interaction has attracted ever-increasing interest from both the scientific commu-
nity and the industry, as it has been recognised as the most vulnerable part of the traction power system [5,6]. Due to
the considerable expense of field experiment, various types of mathematical models of catenary were developed based on
the mode superposition [7], the finite element method [8-10] and the analytical expression [11,12]. The pantograph was
normally assumed as a lumped mass model which could describe several critical modes of real one [13]. The modelling
of 3D pantograph has been state-of-the-art, as it can fully describe the real configuration, which is essential for the opti-
misation of parameters [14], the inclusion of spatial vehicle vibration [15] and the development of controllers [16,17]. The
pantograph-catenary system works under complex service conditions resultant from the high-speed airflow, wind loads,
temperature variations, snow and ice coating, electromagnetic forces, vehicle excitations, catenary defects and anomalies.
The mathematical descriptions of these factors’ effect on pantograph-catenary interaction have been developed by many
researchers. The aerodynamic forces applied to the pantograph and their impact on the contact force were evaluated by
Pombo et al. [18]. Different from the traditional vortex-induced vibration [19,20], the wind load normally causes the buf-
feting of the catenary and affects its interaction with pantographs, which was investigated in [21,22]. The aerodynamic
instability of the catenary in extreme conditions was also investigated in [23]. The locomotive excitation responses eval-
uated by vehicle-track interaction simulation [24]| and experimental test [25] were introduced to evaluate their influence
on pantograph-catenary interaction performance [26]. The multiple pantograph interaction with a high-speed catenary was
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Fig. 2. Three types of contact wire irregularity.
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analysed by Xu et al. [27] and Liu et al. [28], and two formulas for the optimal pantograph interval were proposed. The
real anomalies of the catenary, including the defective dropper [29] and tension loss [30] were added in the assessment of
the pantograph-catenary interaction. For the perspective of accident prevention, some researchers devoted their attention
to the improvement of monitoring and detection technique for the pantograph-catenary system. Except using the contact
force, Navik et al. [31] proposed an acceleration-based index to identify the pantograph fault. Jiang et al. [32] proposed a
robust line-tracking photogrammetry method for monitoring the uplift of contact wire in complex backgrounds. Liu et al.
[33] developed a detection method for structure parameters of the catenary cantilever using 3D point cloud data.

The effect of long-wavelength CWI and its detection technique has been widely studied and reported in exiting litera-
ture. Song et al. [34] proposed a TCUD (Target Configuration Under Dead Loads)-based method to model the catenary with
realistic CWIs, and investigated the stochastic effect of contact wire height variation on the contact force [3]. Wang et al.
[4] presented a time-frequency representation (TFR) to identify and localise CWIs from the contact force based on the Zhao-
Atlas-Marks distribution. As for the short-wavelength CWI, the following works deserves to be mentioned.

The first one was performed by Wang et al. [35]. The real contact wire wear was included in the numerical simulation to
evaluate the interaction performance of the pantograph-catenary. The results indicated that the standard deviation of low-
frequency contact force was not significantly changed by the slight wear, which pointed out that the traditional assessment
indicators might be invalid to evaluate the contribution of the short-wavelength CWI. The second [36] proposed the concept
of catenary structural wavelength (CSW) to quantify the contribution of CWIs to interaction performance. The CSW was
defined according to the catenary geometry (including the span length, half span length and dropper interval). The effect of
CWIs could be extracted by removing the CSW from the measured acceleration or contact force using ensemble empirical
mode decomposition (EEMD). However, it is difficult to define a CSW in actual operation for the following three reasons.
Firstly, the catenary modes are dependent on the geometrical information and the deformation of the tensioned wires [37].
It is insufficient to only include the geometrical structural wavelengths (namely the dropper interval and span length) in
the CSW without deformation modes. Secondly, there is an inherent variation of the catenary geometry in actual operation,
which results in a wide-band structural wavelength and poses a challenge to define the CSW. Thirdly, the CWI may have the
same wavelength as the contact force since most short-wavelength CWIs are the direct consequence of the contact force’s
long-term impact. The contribution of CWIs cannot be evaluated by merely removing the CSW from the measurement signal.
In [38], the high-frequency acceleration of the pantograph head was utilised to identify the local imperfection employing
RMS (Root Mean Square). In this work, the acceleration signal was measured at up to 200 Hz using a sensitive accelerometer.
This solution may not be suitable for all the countries, as most railway operators only measure the dynamic parameters (e.g.
stagger, contact force, acceleration and height) with a sparse distance step (e.g. 0.5 m for most countries like China, Norway
and the UK). Therefore, the current issue is whether it is possible to make the best use of the current sparse measurement
data to identify the local imperfection. Another problem is that the RMS is not reliable to detect the imperfection, and more
sensitive indices should be investigated.

1.3. Scope and contribution

As shown in the above literature review, the local imperfection can be identified through the panhead acceleration with
extremely high cut-off frequencies. If a high cut-off frequency cannot be reached, the effectiveness of the existing identi-
fication method for the short-wavelength irregularity should be re-evaluated. The main objective of this work is to study
potential identification methods for the short-wavelength irregularities and the local imperfection from the measurement
contact force and panhead acceleration respectively. The scope and contribution can be summarised as follows:

1) Explore the possibility to identify the local imperfection from the panhead acceleration with limited cut-off frequency,
and investigate a sensitive index better to represent the local imperfection from the pantograph head acceleration.

2) Evaluate the effect of PSW-CWI on the contact force, and seek a valid index to represent the contribution of CWI with a
specific wavelength.

To achieve the main goals, this paper presents a mathematical model of the pantograph-catenary interaction based on
the absolute coordinate nodal formulation (ANCF), which has been proven to be an effective method to describe the ge-
ometrical nonlinearity in railway dynamics [39]. The short-wavelength CWI is properly included in the catenary model.
EEMD is utilised to analyse the implication of short-wavelength CWI in each IMF. Addressing the feature of each type of
short-wavelength CWI, the potential solutions are discussed. For the local imperfection, the minimum cut-off frequency of
the pantograph head acceleration which can reflect the effect of local imperfection is investigated. The Hilbert spectrum
is utilised to identify and localise the local imperfection. For the PSW-CWI, the spectral kurtosis [40] is adopted to indi-
cate the non-Gaussian behaviour of contact force with a specific wavelength caused by the PSW-CWI. The time-frequency
analysis is performed to localise the PSW-CWI from the corresponding IMF containing the identified deviating wavelength.
Using both numerical and measurement data, the validations of the proposed identification approaches for two types of
short-wavelength CWI are verified.
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Fig. 3. Catenary model based on ANCF beam and cable elements.

1.4. Paper organization

The outline of this paper is as follows. A background description and literature review are given in Section 1. The math-
ematical model of the pantograph-catenary system to generate the data for subsequent analyses is described in Section 2.
Section 3 discusses the potential solutions for the two types of short-wavelength CWI. The identification approach for local
imperfection is proposed in Section 4 with applications to both numerical and measurement data. Section 5 presents the
identification approach for PSW-CWI. Section 6 concludes this paper.

2. Numerical modelling of pantograph-catenary

In this section, a mathematical model of the pantograph-catenary system is built to generate numerical data for subse-
quent analyses. The catenary is modelled by ANCF. The TCUD method presented in [41] is employed to calculate the initial
configuration of the catenary. The pantograph is considered as a lumped mass model. The validation of the present model
is verified according to the benchmark [42] and the measurement data is collected from the Norwegian rail network.

2.1. Finite element model of catenary

The ANCF is a nonlinear finite element approach to describe the geometrical nonlinearity of large deformation. As shown
in Fig. 3, the ANCF beam element is utilised to model the tensioned wires (including contact wire, messenger wire and stitch
wire). The ANCF cable element is adopted to model the dropper wire. The steady arm is modelled by the truss element. The
claws and clamps on the wire are assumed as lumped masses. For an ANCF beam element, the nodal degree of freedom
(DOF) vector that contains the displacements and the gradients are defined as:

T
— . x; ay; 0z; ) . ) X ay; 9z;
€= [Xi Yi Zj x x x X] y] Z] ﬁ TXJ T)é ] (1)
in which, x is the local coordinate in the undeformed configuration ranging from 0 to the element length Ly. The position
vector in the deformed configuration r is interpolated using the shape function matrix S as

r =Se (2)
S can be defined as follows:
S1 $2 S3 S4
S= Si S, S3 Sa4
S $2 S3 S4
Si1(€)=1-382 4263 3)

S2(6) = lo(& + & — 2£2)
S3(€) = 382 — 283
S4(€) = lo(£3 — £2)
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Fig. 4. Lumped mass model of pantograph with flexible collectors.

The strain energy obtained from the contribution of axial and bending deformation is expressed by
1 [
U= 7/ (EAe? + Elic?)dx (4)
2 Jo

in which, E is Young’s modulus, A is the section area, I is the moment inertial of the wire, ¢, is the longitudinal strain and
k is the curvature. The generalised elastic forces can be defined as

v\’
Q= (ae> — Kee (5)

In this way, the element stiffness matrix Ke is obtained. In the shape-finding procedure, the tangent stiffness matrix
is used to calculate the incremental nodal DOF vector Ae and the incremental unstrained length ALj. The corresponding
tangent stiffness matrices Ky and K; can be obtained as follows:

a ad
AF= 9%pe 1 IQ AL — KrAe + K AL (6)
de aL()

Similarly, the tangent stiffness matrices of the ANCF cable element can also be derived. It should be noted that the
cable element used to model the dropper can only withstand tension but not compression. The axial stiffness changes to
zero when the dropper works in compression. Assembling the element matrices yields the global incremental equilibrium
equation for the whole catenary as follows:

AF¢ = K$AUC + KP AL, (7)

where AFC is the global unbalanced force vector. 1(1@ and l(f are the global stiffness matrices related to the incremental
nodal displacement vector AUc and the incremental unstrained length vector AL, respectively. It is seen that [I(% l(f]
is not a square matrix. The total number of unknowns in Eq. (7) exceeds the total number of equations, which leads to
undetermined solutions. Hence, additional constraint conditions are provided to suppress undesired movements, according
to the design specifications. Thus, the following additional constraint conditions are defined.

» The vertical positions of the dropper point in the contact wire are restricted to describe the reserved pre-sag.
o The longitudinal direction of each node is restricted to suppress the longitudinal movement.
o The tensions are applied to stitch wires and the endpoints of messenger and contact wires.

With the help of the above three types of constraints, [l(% Kf] is reduced to a square matrix. The strained and un-
strained lengths of all the elements can be calculated by solving Eq. (7). In this way, the initial configuration of the catenary
is determined. Introducing a consistent mass matrix and Rayleigh damping, the equation of motion for the catenary system
is written by

MEUC (1) + CE0C(t) + KE()Uc (1) = FE (1) (8)
2.2. Pantograph model

The pantograph is modelled as a lumped mass model with flexible collectors as shown in Fig. 4. Each collector is dis-
cretized into several Euler-Bernoulli beam elements. The mass of the pantograph head is evenly distributed along the collec-
tor. Generally, the collector is made of two types of materials, namely Graphite and Aluminium. The bending stiffness of the
collector is calculated based on the mixture theory [43]. Apart from the pantograph aerodynamics [44,45], the flexibility of
the framework does not have a significant contribution to the response within the frequency range of interest in this work.
Therefore, the pantograph framework is treated as a lumped mass here. A penalty function method is utilised to couple the
two systems. Based on the assumption of the relative penetration generated between the two contact surfaces, the contact
force f. can be calculated by:

ks if§>0
fe= { 0 if6<0 ®)
in which, the penetration § can be evaluated by
=2y —2c— % (10)
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Table 1
Static validation of the present model against benchmark.

Dropper Pre-sag Elasticity
No.

Benchmark (mm) Present (mm) Error (%) Benchmark (mm/N) Present (mm/N) Error (%)
Sup 0 0 0 0.206 0.19257 6.52
1 0 0 0 0.165 0.15647 5.17
2 24 24 0 0.273 0.26774 1.93
3 41 41 0 0.345 0.3268 5.28
4 52 52 0 0.388 0.36832 5.07
5 55 55 0 0.4 0.37509 6.23
6 52 52 0 0.388 0.36832 5.07
7 41 41 0 0.345 0.3268 5.28
8 24 24 0 0.273 0.26774 1.93
9 0 0 0 0.165 0.15647 517
Sup 0 0 0 0.206 0.19257 6.52

Table 2
Dynamic validation of the present model against benchmark.
Benchmark Present model Error

Mean [N] 169 169.15 0.09%

Std. (0-20 Hz) [N] 53.91 52.59 2.45%

Std. ed. (0-2 Hz) [N] 38.27 38.25 0.05%

tStd. d. (0-5 Hz) [N] 41.04 41.00 0.10%

(Std. 5-20 Hz) [N] 34.80 32.99 5.20%

Max. [N] 313.22 305.85 2.35%

Min. [N] 60.40 56.22 6.9%

where zp, zc and z; are the vertical displacements of the pantograph head, the contact wire and the irregularity. Using
Eq. (9), the equation of motion for the pantograph-catenary system can be written by

MCU(t) + COU(t) + KC(H)U() = FO(t) (11)

in which MS, €& and KS(t) are the mass, damping and stiffness matrices for the whole system, respectively. FC(t) is the
external force vector. A Newmark integration scheme is adopted to solve Eq. (11). The stiffness matrix K¢(t) is updated
according to the catenary deformation in each time step to fully describe the geometrical nonlinearity and the slackness of
droppers.

2.3. Model validation

Two numerical simulations are presented to validate the present model of pantograph-catenary interaction. The first one
is to use the reference model in the benchmark [42] and compare the results with the mean values of the results obtained
by ten mainstream software. The second one is to use the design data in the Norwegian network to model a realistic
pantograph-catenary system and compare the results with the measurement data collected by a regular inspection vehicle.

The benchmark provides the results for both static and dynamic validations [46]. In the static validation, the pre-sag and
elasticity of the contact wire obtained by the present model are compared with the benchmark in Table 1. It shows that
the pre-sag obtained by the present method is exactly the same as the benchmark. The maximum error of the elasticity is
just 6.52%. The dynamic validation is implemented by comparing the key contact force statistics with the benchmark. As
shown in Table 2, the results of the present model show good consistency with the benchmark. The most significant error
only reaches 6.9% for the minimum contact force.

Another numerical example is implemented by comparison with the measurement data from the “Gardermobanen” rail
line in Norway, going from Oslo to Eidsvoll. The property parameters of the catenary for the analysis section is presented
in Table 3. The inspection vehicle regularly runs at 160 km/h. This speed is adopted in this validation and the subsequent
analyses. The pantograph on the roof of an inspection train is WBL 85, of which the lumped-mass parameters can be found
in Table 4. In this case, the pantograph head is modelled by two deformable collectors. The first-order natural frequency of
the collector is calculated as 65 Hz, which is consistent with the experimental results in [47]. Based on the TCUD method,
the initial configuration of the catenary is calculated and presented in Fig. 5. The comparison with the measurement data
is presented in Table 5. It is seen that the maximum error of the simulation result against the measurement data reaches
12.18%, which is still lower than the acceptance threshold of 20% specified in the standard [46].

3. Potential solutions

In this section, the potential solutions for identifying the two classic types of short-wavelength CWIs are discussed based
on the simulation results. The local imperfection with 2 mm amplitude is added to the position of 620 m in the contact
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Table 3

Catenary property parameters.
Total Length 1.012 km
Contact Wire Tension 15 kN
Messenger Wire Tension 15 kN
Stitch Wire Tension 2.8 kN
Contact Wire Area 120 mm?
Messenger Wire Area 65.8 mm?
Stitch Wire Area 3.44 mm?
Contact Wire Linear Density 1.07 kg/m
Messenger Wire Linear Density 0.596 kg/m
Number of spans in contact with pantograph 18

Table 4

Pantograph parameters.
Mass of panhead 5.2 kg
Mass of frame 15.2 kg
Contact spring 100,000 N/m
Spring between panhead and frame 5400 N/m
Spring between frame and train roof 0 N/m
Damping between panhead and frame 40 N s/m
Damping between frame and train roof up 63.5 N s/m
Damping between frame and train roof down 63.5 N s/m
Friction between frame and train roof 7N
Static uplift force 50 N
Aerodynamic uplift force 0.0068v?

L

0 100 200 300 400
X [m]

800 900 1000

Fig. 5. Initial configuration of catenary.

wire. The PSW-CWI is represented by a sinusoidal function with a 3.3 m wavelength and 0.5 m amplitude, which is applied
to the effective range from 625.9 m to 643.46 m.

3.1. Potential solution for local imperfection

The numerical simulation is performed with the abovementioned classic local imperfection in the catenary. An ac-
celerometer is placed on the edge of each collector [38]. In this work, the acceleration of the front collector is taken as
the analysis object. The resulting panhead acceleration with 200 Hz cut-off frequency is presented in Fig. 6. It is seen that
the panhead acceleration experiences a significant peak when the pantograph passes the local imperfection. According to
[38], the effect of local imperfection can be fully described by the panhead acceleration when the cut-off frequency reaches
200 Hz. However, most railway operators around the world do not equip the instrumented pantograph with high-sensitive
accelerometers. This section investigates the potential of using low-frequency acceleration to identify the local imperfection.
EEMD is a data-driven algorithm which has been used in various industrial backgrounds [48,49] to decompose a signal into
several IMFs. In this work, EEMD is used to investigate the effect of local imperfection on each IMF of the acceleration signal.
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Fig. 6. Acceleration of front collector with 200 Hz cut-off frequency.

The empirical mode decomposition (EMD) can decompose a given signal x(tf) into a number N of IMFs d;(t), j=
1,2,---,N and a residual r(t) through an iterative procedure. The sum of all the IMFs and the residual precisely yields
the original signal. However, mode mixing is an urgent issue for traditional EMD, which largely restricts the use of this
method [50]. To resolve this problem, EEMD is proposed based on the dyadic property of EMD when dealing with white
noise. EEMD utilises additional white noise to ensure the full physical meaning of the IMFs. Fig. 7 shows the IMFs of the
panhead acceleration and their spectrums over the wavelength. It is seen that the effect of the local imperfection is only
observed from the first three IMFs but not significant in other IMFs. The physical meaning of each IMF can be revealed
by observing its spectrum. It is seen IMFs 6 and 7 in Figs. 7 (h-i) are related to the span length of the catenary. IMF 5
in Fig. 7 (f-g) denotes the dropper to dropper (DD) interval. The first four IMFs represent the deformation mode of the
contact wire related to the 1/16, 1/8, 1/4 and 1/2 of DD, respectively. It is seen that the effect of the local imperfection
is reflected from the mode which has a corresponding wavelength smaller than 1/4 of DD. If the cut-off frequency can
cover the wavelength of 1/8 of DD, the local imperfection can be significantly reflected in the panhead acceleration. For the
given case, the dropper intervals are 8-12 m, and the minimum 1/8 of DD is around 1 m. Assuming that the train speed is
160 km/h, the cut-off frequency should be improved to 45 Hz to fully cover the wavelength of 1/8 of DD. Considering the
intrinsic nonlinearity of catenary and the loss of information in the filter, a higher cut-off frequency is desired in practice.
The identification effectiveness is discussed in the next Section with different cut-off frequencies. It should be noted that
the Norwegian railway operator implements the regular inspection vehicles with a measurement distance step of 0.5 m,
which is close to the Nyquist frequency and cannot fully cover the contribution of 1/8 of DD in the real measurement. But it
may have the potential to be improved to cover a part of the 1/8 of DD without a significant effort. Based on this idea, the
EEMD can be used to decompose the signal and extract the IMF related to 1/8 of DD. The whole identification procedure is
given in Section 4 with the application to the numerical and measurement data.

3.2. Potential solution for psw-cwi

The numerical simulations are performed with and without the abovementioned PSW-CWI. The resulting contact forces
filtered within 0-20 Hz are presented in Fig. 8. It is seen that the early PSW-CWI only causes a slight disturbance to the
contact force time-history. The contact force standard deviation increases by 1.04% when the PSW-CWI is introduced. The
traditional indices specified in the standard [2] are not allowed to quantify the effect of PSW-CWI on the contact force.
Through the frequency analysis in Fig. 9, it is seen that the PSW-CWI wavelength is the same as one of the original contact
force wavelength components. The PSW-CWI only leads to a slight difference in the energy at a wavelength of 3.3 m. The

Table 5
Dynamic validation of present model against measurement data.
Measurement Present model Error

Mean [N] 92.14 92.34 0.22%
Std. (0-20 Hz) [N] 11.53 10.59 8.15%
Std. (0-5 Hz) [N] 9.01 8.86 1.66%
Std. (5-20 Hz) [N] 6.33 5.72 9.64%
Max. [N] 126.64 125.44 0.95%
Min. [N] 52.85 57.14 8.12%
Range of vertical position of the point of contact [mm] 78 68.5 12.18%




Y. Song, A. Rennquist, T. Jiang et al.

method proposed in [36] is not allowed to identify this type of CWIL In this work, a new approach is proposed to solve
this problem. The PSW-CWI can be regarded as a series of local sinusoidal disturbances with a specific wavelength to the
contact force. The presence of such disturbance can affect the Gaussian distribution of the signal at specific frequencies. This
feature can be utilised to evaluate the effect of PSW-CWI and identify the deviating wavelength. The common indicator that
can indicate the non-Gaussian behaviour in the frequency domain is the spectral kurtosis (SK) [40]. The SK of a given signal
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can be calculated according to the following mathematical procedure.
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Fig. 7. IMFs of panhead acceleration and their frequency spectrums: a) original signal and its spectrum; b) IMF 1 and its spectrum; c) IMF 2 and its
spectrum; d) IMF 3 and its spectrum; e) IMF 4 and its spectrum; f) IMF 5 and its spectrum; g) IMF 6 and its spectrum; h) IMF 7 and its spectrum; i) IMF
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For a given signal x(t), the short-time Fourier transform (STFT) S(t, f) can be calculated by

+o0
St f) = / x(Ow(t — 1)e 27 ftdt (12)
in which, w(t — ) is the window function used in STFT, and t is the window length. The SK can be calculated as:
st HI*
k(= ECDD 5 fa0 (13)
(1S HI)

where (.) is the time-average operator.

Through the above procedure, the SKs of contact force with and without PSW-CWI are presented in Fig. 10. It is seen
that the SK undergoes a significant increase at the wavelength of 3.3 m, which indicates that the Gaussian behaviour of the
contact force at this specific wavelength deteriorates. In this way, the deviating wavelength can be determined. However,
it should be noted that an SK benchmark to represent the healthy statues should be provided for the comparison. As for
the measurement data, multiple inspections can be used to compare their SKs and determine the deviating wavelength.
Then EEMD can be used to extract the IMF containing the deviating wavelength. The PSW-CWI can be localised by the
time-frequency analysis. The whole identification procedure is given in Section 5 with the application to numerical and
measurement data.



Y. Song, A. Rennquist, T. Jiang et al. Mechanism and Machine Theory 162 (2021) 104338

1 T T T T T T T T

————— Without PSW-CWI
With PSW-CWI 4

-1 1 1 1 1 1 1 1 1

2 4 6 8 10 12 14 16 18 20
Wavelength [m]

Fig. 10. Spectral kurtosis of contact force with and without PSW-CWIL.

Acceleration Extract IMFs Hilbert Localisation by
. related to 1/8 .
signal of DD transform 1nstantaneous energy

Fig. 11. Identification procedure for local impact.

4. Identification of local imperfection

Through the analysis in Section 3.1, this section proposes the identification procedure for the local imperfection using
the acceleration with the cut-off frequency covering a 1/8 of DD wavelength. Then the numerical and measurement data are
adopted to validate the proposed method.

4.1. Identification procedure

The identification procedure for the local imperfection from the panhead acceleration is proposed in Fig. 11. The IMF
related to 1/8 of DD is extracted from the acceleration signal through the EEMD. Different to the previous mobile RMS [38],
a more sensitive indicator, instantaneous energy obtained by the Hilbert transform is used here to indicate the position of
local imperfection. The local imperfection is localised by searching the extremely large peak of the instantaneous energy.
The mathematical procedure for the Hilbert transform is given as follows.

For a given time series x(t), an analytical signal z(t) can be formulated as

Z(t) = x(t) +iy(t) (14)
in which, i is the imaginary unit, y(t) is the Hilbert transform of x(t), which can be calculated by
1 [T x(s)
ty=— —=d 15
v = [ s (15)

In this way, the analytical signal can be re-written in the following form:
z(t) = a(t)e?® (16)

in which, a(t) is the instantaneous amplitude and 6 (t) is the instantaneous phase. The instantaneous energy can be calcu-
lated by |a(t)|2, and the instantaneous frequency is defined by %.

4.2. Application to numerical results

The validation of the present identification procedure is demonstrated through several numerical simulations. The train
speed in these numerical examples is set as same as the inspection vehicle speed 160 km/h. The local imperfections with
different amplitudes and positions are included in the catenary to perform the numerical simulations.

1) With different cut-off frequencies

The obtained signal in Fig. 6 is adopted here to analyse the identification effectiveness and feasibility. The accelera-
tions filtered with 40 Hz, 50 Hz, 60 Hz and 70 Hz cut-off frequencies are presented in Fig. 12. When the cut-off fre-
quency moves up to 60 Hz, the impact of local imperfection can be significantly observed from the acceleration, which
is not difficult to be identified through a traditional mobile RMS [38]. When the cut-off frequency is just over the crit-
ical value (45 Hz) to cover the wavelength of 1/8 of DD, the effect of local imperfection is not distinct in the accel-
eration (see Fig. 12(b)), and the mobile RMS may lose its effectiveness. The EEMD is used to decompose the accel-
eration, and the IMFs’ related to the 1/8 of DD with different cut-off frequencies are presented in Fig. 13. The cor-
responding instantaneous energies are presented in Fig. 14. It is seen that the local imperfection cannot be identified
when the cut-off frequency is 40 Hz, which is lower than the critical value (45 Hz) to cover the wavelength of 1/8 of

1



Y. Song, A. Rennquist, T. Jiang et al. Mechanism and Machine Theory 162 (2021) 104338

@ 5 ®) 20
~N N
L @
£ 10 E
c ' c 0
i) kel
g 0 ©
Q< L 55l
& -10 g 20
o o
< <
-20 s L s L L E -40 L L L L L
400 500 600 700 800 400 500 600 700 800
Distance [m] Distance [m]
) 50— : : : — (@
o~ o~
o °
E E
c c
.0 i)
© ©
[0} [0
© ©
|8} |8}
s} s}
< <
400 500 600 700 800 400 500 600 700 800
Distance [m] Distance [m]
Fig. 12. Panhead accelerations with different cut-off frequencies: (a) 40 Hz; (b) 50 Hz; (c) 60 Hz; (d) 70 Hz.
(a) 20 (b) 20
o 10} & 10
@ “
E 0 E 0
= =
= -10¢ = -10
20— ‘ : : ' 20 b— : : : :
400 500 600 700 800 400 500 600 700 800
Distance [m] Distance [m]
(c) (d) 50t
NN &
@ “
E E 0
L L
= =
-50
-40 b— : : : ' ‘ : - : ‘
400 500 600 700 800 400 500 600 700 800

Distance [m] Distance [m]

Fig. 13. IMFs related to 1/8 of DD with different cut-off frequencies: (a) 40 Hz; (b) 50 Hz; (c) 60 Hz; (d) 70 Hz.

DD. Even though the local imperfection effect cannot be distinctly seen in the panhead acceleration time-history with
50 Hz cut-off frequency, it can still be accurately identified and localised by the present method. The increase of the
cut-off frequency makes the identification results more significant, which provides the feasibility to identify smaller local

imperfections.
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2) With different positions

Three local imperfections are added to the positions at 440 m and 520 m in the contact wire to perform the numerical
simulations. Using a 50 Hz cut-off frequency, the resulting accelerations are presented in Fig. 15(a). The corresponding IMF
for each case is extracted and presented in Fig. 15(b), which is related to the 1/8 of DD wavelength component. Employing
the Hilbert transform, the instantaneous energies are presented in Fig. 15(c). It is seen that some significant peaks can be
observed at the positions of local imperfection. Apart from the ones caused by the local imperfection, some other peaks
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can also be observed in the instantaneous energy, which may be attributed to the implication of elasticity discontinuity,
wave reflection and lumped mass in the contact wire. The best solution is to increase the cut-off frequency to cover more
deformable modes. The identification results with 60 Hz cut-off frequency are presented in Fig. 16. It is seen that the identi-
fication approach provides more reliable results with a higher cut-off frequency. If the cut-off frequency cannot be reached,
some potential solutions are discussed in Section 6.

4.3. Application to measurement data

The present identification procedure is implemented with the measurement panhead acceleration of two tensile sections
(from 41.47 to 43.36 km) in the “Gardermobanen” railway line. The distance step for this measurement is 0.5 m. The panhead
acceleration and its spectrum are presented in Fig. 17(a) and (b), respectively. It should be noticed that the measurement
data are filtered with 20 Hz cut-off frequency according to the assessment standard [2], which cannot even fully describe
the 1/4 of DD wavelengths. Through EEMD, the first five IMFs and their spectrums are presented in Fig. 17 (b-f). It is seen
that the first one represents the intrinsic mode related to the wavelength of 1/4 of DD. Through the Hilbert transform to
the first IMF, the instantaneous energy versus the distance is presented in Fig. 18. It is seen that the maximum peak of
instantaneous energy appears at around 42.37 km, which is the overlap transition of the two tensile sections (according
to the design specification). The variation of the contact wire height in the transition of two tensile sections presents the
common local imperfection for the pantograph-catenary interaction. The smaller local imperfection, which affects the higher-
order deformation mode of the contact wire cannot be identified by the low cut-off frequency. The cut-off frequency is
desired to move up to cover the double sampling step, which can describe wavelengths down to 1/8 of DD and have the
potential to identify smaller local imperfection.

5. Identification of PSW-CWI

According to the analysis in Section 3.2, this section proposes the identification procedure for the PSW-CWI. The numer-
ical and measurement data are adopted to validate the proposed method.

5.1. Identification procedure

The identification procedure for the PSW-CWI from the contact force is proposed in Fig. 19. The SK of contact force is
utilised to identify the deviating wavelength. Then EEMD is used to extract the IMF containing the deviating wavelength.
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The time-frequency analysis is performed to localise the PSW-CWI based on the smoothed pseudo-Wigner-Ville distribution
(SPWD). The generalised quadratic TFR C(t, w; ¢) of the corresponding IMF series f(t) with the kernel ¢(t, v) is defined as
[51]

Ct,w;9) = 4717 fff(l)(t, p)e—joTe—iv(t-u) -
fw+35)f*(u—- %)dudrdy

where the f* denotes complex conjugation of f. t and w are the instantaneous time and angular frequency respectively. u, T
and v are the running positions, time and frequency variables in the integration respectively. The quadratic TFR is obtained
through a triple integral, including dual Fourier transform in time (t-u) and T with the autocorrelation of f(t). Mainly
C(t, w; ¢) describes the signal energy distribution in the time-frequency domain. When the kernel ¢ (t,v) =1, C(t, w; ¢)
is a WVD (Wigner-Ville Distribution), which is the basic form of the quadratic class. According to [4], the basic form does
not have an excellent performance to describe the time-frequency characteristics of contact forces, as the WVD’s variants
suffer from severe interference of cross-term. In this paper, the smoothed pseudo-WVD (SPWD) is employed to reduce the
interference of cross-term. The kernel of this typical quadratic TFR is expressed as follows:

pev)=n(5)n+(-3)6m (19)

where 7(t) is the time window. G(v) is a frequency window. Compared to the basic WVD kernel, the SPWD kernel acts
as a filter of the WVD for the purpose to suppress the cross-term. The SPWD applies window functions independently on
both the time and frequency domains of the WVD, which strongly depends on the prior information of the target signal to
suppress the cross-terms correctly.

5.2. Application to numerical results

The validation of the present identification procedure is demonstrated through several numerical simulations. The PSW-
CWIs with different amplitudes and wavelengths are included in the catenary to perform the numerical simulations.

1) With different amplitudes

Three types of PSW-CWI with a wavelength of 3.3 m and the amplitudes of 0.4 mm, 0.5 mm and 0.6 mm are added
to the contact wire. The amplitudes of CWI are slight with respect to the contact wire diameter (which is 6.15 mm) and
represent the early wear. The effective range of PSW-CWI is set from 626 m to 643.5 m. The resulting contact forces filtered
with the 20 Hz cut-off frequency are presented in Fig. 20(a). The SKs for these three cases are calculated and presented
in Fig. 20(b). To facilitate the comparison, the SKs without PSW-CWI are also presented as the benchmark. The deviating
wavelengths for these three cases can be identified by searching for the significant increase of SK against its original value.
Then EEMD is applied to extract the corresponding IMF containing the deviating wavelength. The extracted IMFs and their
spectrums are shown in Fig. 20(c). It is seen that the deviating wavelength of 3.3 m can be observed in the spectrum for
each case. The time history of the extracted IMF undergoes a swell in the effective range of the PSW-CWI. Employing the
SPWD, the TER for each case is presented in Fig. 20(d). Looking at the deviating spatial frequency of 0.303 m~, the energy
of the extracted IMF shows a sudden increase in the effective range of the PSW-CWI.

2) With different wavelengths

The PSW-CWI may have the same wavelength components as the contact force, which poses the challenge to identify the
deviating wavelength from the contact force. In this section, another wavelength component of the contact force is adopted
to represent the dominant wavelength of PSW-CWI. According to the contact force spectrum in Fig. 8, the wavelength of
3.6 m is adopted, and the amplitude is chosen as 0.5 mm. The effective range is set as the same as the above analysis.
Though the numerical simulation, the resulting contact forces are presented in Fig. 21(a). The resulting SK as shown in
Fig. 21(b) indicates a non-Gaussian behaviour caused by the PSW-CWI at around the specific wavelength. Through EEMD,
the corresponding IMF containing the deviating wavelength is extracted. The TFR of the IMF indicates that a PSW-CWI with
a spatial frequency of about 0.28 m~! exists at around 630 m in the contact wire. The numerical example demonstrates the
validation of the present identification approach for the PSW-CWI with different wavelengths.
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5.3. Application with measurement data

presentations.

The present identification procedure is implemented using the measurement contact force. Through the above application
examples with numerical data, it is seen that the essential part of the identification procedure is to identify the deviating
wavelength, which requires a benchmark of SK for comparison. In the numerical simulation, the contact force without PSW-
CWI can be taken as the benchmark. In actual operation, the measurement data from multiple inspections can be used to
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compare their SKs to identify the deviating wavelength. The contact forces from two times of measurement in Oslo-Eidsvoll
railway are presented in Fig. 22(a). Due to the long interval between two measurements, they can describe the catenary
health status for different service periods. Through the comparison of their SKs as shown in Fig. 22(b), it is seen that the SK
of measurement 2 undergoes a significant increase at the wavelength of 3.23 m, which does not exist in measurement 1. It
can be expected that a deviating wavelength may exist in the contact force of measurement 2. The corresponding IMFs con-
taining the deviating wavelength, together with their spectrums, are presented in Fig. 22(c). It is seen that the spectrum of
measurement 2 is significantly higher than measurement 1 at around the deviating wavelength. To facilitate the comparison,
the TFRs of the IMF of two measurements at the deviating wavelength of 3.23 m are presented in Fig. 22(d). It is seen that
several TFR peaks of measurement 2 can be observed. The PSW-CWI with a 3.23 m wavelength is a common wavelength
of wear generated in long-term operations. The most serious PSW-CWI appears at around 42.9 km, which deserves special
attention in the maintenance following measurement 2.

6. Discussions

According to the above analysis results, some discussions are drawn here.

6.1. Local imperfection

The local imperfection contributes a transient impact to the acceleration. The previous researches mainly used high-
frequency acceleration to identify it. The numerical analysis results indicate that the cut-off frequency does not have to
reach an extremely high value. It is suggested to increase the cut-off frequency to cover the 1/8 of DD wavelength, in which
the effect of local imperfection can be reflected in the panhead acceleration. However, the current measurement acceleration
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obtained from the Norwegian railway network can only reflect a part of the 1/4 of DD wavelength. Only some significant
imperfections, such as the overlap section, can be identified with the current measurement response. The difference of
the identification approach in this work against the previous one [38] is that the EEMD is used to extract the high-order
deformation mode which is more sensitive to the transient impact instead of implementing RMS to the original signal. A
shortfall of the identification approach can be seen in Fig. 15. The elasticity discontinuity, wave reflection, lumped mass
in the contact wire, and even the errors in signal processing can also introduce peaks in the instantaneous energy, which
may disturb the identification results. The present method can only give potential positions of local imperfection with a low
cut-off frequency. The best solution is to improve the cut-off frequency, which allows for the identification of smaller local
imperfections. Another potential solution is to compare multiple measurement results and take the incidental peaks as the
suspect local imperfections. The physical meaning of these peaks deserves to be revealed in the future.

6.2. PSW-CWI

The time-frequency analysis method has been proven to effectively capture the PSW-CWI from the contact force [35].
However, the PSW-CWI may have the same wavelength as the contact force. An indicator is desired to identify the deviating
wavelength before implementing the time-frequency analysis to localise the PSW-CWI. The above numerical simulation has
demonstrated that the SK can be used to indicate the non-Gaussian behaviour caused by the PSW-CWI, which is a potential
indicator to determine the deviating wavelength. It can also be seen from Fig. 22 that the measurement data obtained in
different service periods show a significant change of the contact force SK at some certain wavelengths. The next step is to
collaborate with the maintenance department to validate the identification results.

7. Conclusions

This paper presents potential solutions for identifying two common types of short-wavelength irregularities. The present
identification approaches are validated with several numerical examples. The application examples with measurement data
indicate that present methods have the potential to be used in actual operation with some improvements in the current
monitoring trains. The main conclusions are summarised as follows:

1) The local imperfection can be detected from the panhead acceleration with higher orders of deformable modes. The
analysis results indicate that cut-off frequency should be improved to cover the 1/8 of DD wavelength. EEMD is utilised
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to extract the IMF containing the DD wavelength. The instantaneous energy of the corresponding IMF obtained by Hilbert
transform has the potential to indicate the local imperfection location.

2) The effect of PSW-CWI can be recognised as the introduction of non-Gaussian behaviour into the contact force at specific
wavelengths. The SK can be used to indicate the non-Gaussian behaviour and determine the deviating wavelength. The
location of the PSW-CWI can be determined by the time-frequency analysis of the IMF containing the identified deviat-
ing wavelength. In actual operation, the data from multiple measurements with long-term interval can be compared to
identify the deviating wavelength.
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