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Abstract— For the condition monitoring of railway catenaries, 

the potential utilization of pantograph head (pan-head) vertical 

acceleration instead of pantograph-catenary contact force is 

discussed in this paper. In order to establish a baseline of the 

pan-head acceleration before it can be used for health condition 

monitoring, one of the essential frequency components, namely 

the catenary structure wavelength (CSW) is studied. Based on in-

situ measurements and feature analysis of the pan-head 

acceleration signal, an adaptive signal filtering approach is 

proposed to realize the identification of the CSWs. Preliminary 

results suggest that the CSWs contained in the pan-head 

acceleration can be reliably identified by the proposed filtering 
approach. 

Keywords— catenary health condition monitoring; pantograph 

head acceleration; catenary structure wavelength; in-situ 

measurements; adaptive signal filtering; identification 

I.  INTRODUCTION

In most of the electrified railways, vehicles receive traction 
current through the sliding contact between pantograph and 
catenary above the roof. Due to the intrinsic characteristics of 
the pantograph-catenary system and various environmental 
disturbances [1], the contact force between pantograph and 
catenary fluctuates during operation and determines the 
current collection quality. Therefore, even expensive, a 
reliable health condition monitoring technology for the 
pantograph-catenary system often adopts the contact force as 
the key measurement parameter to assess the dynamic 
interaction and eventually the current collection quality [2].  

To unify the measurement of contact force in industrial 
applications, the European Standard EN 50317 specifies the 
technical requirements [3]. In the standard, the contact force is 

considered to be composed of the measured contact force mF , 

the correction of inertia force ciF and the correction of

aerodynamic force caF . Thus, the final contact force CF can 

be calculated by 

 C m ci caF F F F     

Consequently, the implementation of the force measurement 

system requires multiple pressure and acceleration sensors 
installed on the pantograph. In consideration of the inevitable 
interferences caused by strong current transmission, 
pantograph vibration and environmental noise, the technical 
difficulty and financial cost of the system configuration are 
both high. As a result, the contact force measurement system 
is only implemented on a limited number of railway 
measurement coaches for academic studies and sporadic in-
situ tests. For most railway operation companies in the 
Netherlands only wear and other static parameters are used 
because to measure the contact force is considered a high 
investment with low return.  

Addressing this cost issue, the pantograph head (pan-head) 
vertical acceleration has been pointed out to be feasible for 
catenary condition monitoring as a substitution to the contact 
force measurement [4]. The pan-head vertical acceleration can 
reflect the catenary condition for the following two reasons: 

1) The inertia force, namely the product of pantograph

vertical acceleration and mass, contributes mostly to the 

fluctuation of contact force. Especially when the train speed is 

almost constant, the mean contact force and the aerodynamic 

force will be relatively constant as well. Hence, if the 

accelerometer is mounted under the pan-head, the measured 

acceleration will have a correlation with the contact force 

amplitude [5]. In other words, it preserves the features of the 

contact force to a certain degree.  

2) It is theoretically proven that the pan-head vertical

acceleration can reflect the span-passing and dropper-passing 

frequencies [4], namely the concept of catenary structure 

wavelengths (CSWs) proposed in [6] that are the dominant 

and concerned frequencies in the contact force. Hence, the 

pan-head vertical acceleration can substitute the contact force 

in similar methodologies for condition monitoring, in which 

the frequency components are frequently adopted as the 

indicator of anomalies. 

Considering the potential reductions of development cost 
and technical difficulty, it is promising to employ the pan-
head acceleration instead of the contact force in catenary 
condition monitoring. Hence, in order to accurately apply the 
pan-head acceleration into practice, basic features of the 
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Fig. 1.  Example of measurement data set. 

acceleration signal must be grasped firstly. Afterwards, the 
baseline of a specific couple of pantograph-catenary 
interaction can be established for developing the 
corresponding detection and diagnosis methods, making 
possible to facilitate and support the decision of condition-
based maintenance. To this end, based on in-situ 
measurements in the China railway lines, this paper mainly 
focuses on the analysis and identification of the CSW 
contained in the pan-head vertical acceleration and presents 
some preliminary results. 

The rest of the paper is organized as follows. The CSW in 
pan-head vertical acceleration and its relevance with the CSW 
in contact force are discussed in Section II. The measurement 
and pre-processing procedures of the pan-head acceleration 
are introduced in Section III. Section IV illustrates the 
proposed signal filtering approach that facilitates the 
identification of CSWs in pan-head acceleration. Finally, 
conclusions and some future developments are summarized in 
Section V. 

II. THE CSW IN PAN-HEAD ACCELERATION 

 The CSW is defined as the frequency components that are 
caused by the cyclic parameter variation of the catenary 
structure and contained in the pantograph-catenary contact 
force [6]. As the dominant components in contact force, it 
plays an important role in the evaluation of current collection 
quality and anomaly detection. Similarly, because the pan-
head acceleration is excited by the catenary structure during 
the sliding contact with catenary, it is likely to contain the 
same frequency components. However, since the physical 
concepts of force and acceleration are by definition different, 
the CSWs contained in the contact force and the pan-head 
acceleration are essentially different. In this case, the inertia 
force, which is proportional to the pan-head acceleration, is 
actually a part of the contact force. It indicates that there must 
be a correlation between the contact force and the pan-head 
acceleration. 

Theoretically, at the low-frequency range that contains 
span-passing and dropper-passing frequencies, the pantograph 
motion as a whole can be simply described as 


2

0 02

d

d
C

y
F F m F ma

t
     

where 0F  is the sum of static contact force and aerodynamic 

upward force exerting from the pantograph on the contact wire, 

t  is the time, y  is the pantograph vertical displacement and 

a  is the pantograph acceleration as a whole. Assuming under 
the ideal condition that there is no contact loss in operation, 
which is true most of the time, the pantograph will always be 
attached to the contact wire. Although the contact wire height 
at the contact point, namely the contact point height, is bound 
to be uplifted by the pantograph sliding contact, the 
pantograph vertical displacement can still show variations 
similar to the contact wire height. This is because the stiffness 
of contact wire changes periodically based on the contact wire 
height [7]. It can also be seen in in-situ measurement data [8] 

that the pantograph height actually follows the static contact 
wire height. Fig. 1 depicts a set of measurement data from a 
certain railway line in China. Comparing the contact wire 
height with the contact point height, the wire is clearly uplifted 
but the height variation remains highly alike. In addition, 

when the variation of operation speed is small, the term 
0F  in 

(2) also has a small variation effected by the aerodynamic 

force only. Since the contact force 
CF  contains CSWs, the 

pantograph acceleration a  also has the same frequency 
components but with a phase difference according to the 
minus sign in (2). 

In in-situ measurements, as given in (1), the measured 

contact force must be corrected by the inertia force 
ciF  that is 

calculated by 

 above

,

1

aN

ci sensor i

ia

m
F a

N 

   

where 
abovem  is the mass between contact point and sensors, 

aN  is the number of acceleration sensors and ,sensor ia  is the 

acceleration from the thi sensor. In the case that sensors are 

mounted under the pan-head, abovem  refers to the mass of pan-

head. The pan-head acceleration is the averaged value of all 
simultaneous measurements when multiple sensors are 
adopted to reduce errors. It can be seen that the pan-head 

acceleration is proportional to the inertia force ciF , which 

directly contributes to the final contact force. Although the 
amplitude of inertia force may be smaller than the other terms 
in (1), the variation of inertia force could be considered as an 
indicator of the contact force variation. 

In summary, because the pan-head is excited by the 
catenary structure in operation, the pan-head acceleration 
contains frequency components that can reflect the structural 
parameters. Since these frequencies share the same causes and 
are similar to the CSWs in contact force, they are hereafter 
referred as the CSWs in pan-head acceleration. 

III. DATA MEASUREMENT AND PRE-PROCESSING 

According to the specification in EN 50317 [3] and the 
majority of previous studies [9-11], a low-pass filter with 
20Hz cut-off frequency is prescribed to process the 
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Fig. 2.  Sketch of pantograph structure and module locations. 

TABLE I 

Sensor Parameters 

Parameter type 
Pressure 

sensor 

Acceleration 

sensor 

Measurement range 0.0~500.0N ±15.00g 

Natural frequency >500Hz >2000Hz 

Measurement accuracy 1%FS 0.2%FS 

Maximum overload 1000N 1000g 

Maximum sampling 

frequency 
1000Hz 1000Hz 

 

 

 

Fig. 3.  PSDs of contact force (above) and pan-head acceleration 

(below). 

 

pantograph-catenary contact force data. However, some recent 
studies noticed that the cut-off frequency is sometimes too low 
for the purpose of defect detection [4, 12, 13].  Catenary 
defects such as contact wire irregularity that can excite high 
frequency response of pantograph can be overlooked by the 
conventional treatment. Thus, this paper extends the 
measurement frequency to a fixed sampling interval of 0.5m, 
i.e. frequencies from 55.6Hz to 166.7Hz under the 
100~300km/h range of operation speed.  

The different types of data are measured simultaneously by 
the integrated system configured on a measurement train. 
Most importantly, there is a pair of integrated sensors, which 
can measure both pressure and acceleration, attached under 
each collector on the pan-head. As schematically depicted in 
Fig.2, the integrated sensor modules are located under both 
ends of the collectors. Basic parameters of the adopted sensors 
are described in Table I, where FS denotes the sensor full 

scale and g  is the gravitational acceleration. The results of 

contact force are corrected as required by (1). 

The data set shown in Fig. 1 is measured under the 
operation speed, about 125 km/h, and de-noised based on 
tested noise conditions. As mentioned before, the measured 
signal frequency above 20Hz is expected to be preserved for 
the benefit of further analysis. Thus, the pan-head acceleration 
and contact force signals should not be low-pass filtered 
before they are utilized for specific purposes. To facilitate the 
identification of CSWs in pan-head acceleration, there are two 
basic procedures that are to be performed beforehand. The 
first one is signal segmentation, which ensures that the 
analysed signal is neither too short to identify the CSWs, nor 
too long to be frequency-aliasing and time-consuming. The 
suggested signal length is between 3 and 10 spans of the 
measured railway line. The second one is removing the mean 
of signal segment so that frequency identification will not be 
affected by the non-zero mean. Note that the order of the two 

procedures cannot be altered; otherwise, the mean of signal 
segment cannot be correctly eliminated. 

IV. IDENTIFICATION OF CSWS IN PAN-HEAD 

ACCELERATION 

Aside from the CSWs, other frequency components 
contained in the pan-head acceleration are certainly different 
from those in the contact force. The pantograph-head vibration 
contains much complex high-frequency components that can 
hardly be reflected by the contact force. In particular, the 
deformable modes of the collector normally occupy a 
considerable portion of energy in pantograph vibrations [13]. 
In some cases, they are observed as the dominant frequencies 
in pan-head acceleration instead of the CSWs [4]. This brings 
up a major challenge for the identification of CSWs that is 
avoiding the submergence and contamination of other 
frequencies.  

Concretely, Fig. 3 depicts the power spectral densities 
(PSDs) of the pan-head acceleration and contact force signals 
presented in Fig. 1. The length of the signals is about 8 spans, 
which meets the aforementioned requirement. It can be seen 
that the PSD of contact force is relatively smooth with only 
two peaks at span-passing and dropper-passing frequencies, 
namely the CSWs. Meanwhile, the PSD of pan-head 
acceleration clearly reflects multiple frequency components, 
including the CSWs as indicated by the dashed lines in Fig. 3. 
However, the other components with high spectral amplitude 
and adjacent frequency could disturb the identification of 
CSWs. Especially the components with spatial frequency 
close to 0.2m-1, they can easily be mixed with the dropper-
passing frequency that commonly lies between 0.1m-1 and 
0.2m

-1
.
 

In our previous study, the identification of CSWs in 
contact force is realized based on the ensemble empirical 
mode decomposition (EEMD) [6]. For the CSWs in pan-head 
acceleration, considering the interferences caused by the non-
CSW part of the signal, some alterations are required to 
improve the identification results. The direct solution would 
be filtering out the frequencies outside of the potential 
frequency range of CSWs. Under the operation speed around 
125km/h, this frequency range lies between 0.014m-1 and 
0.025m-1 concerning the spans, and between 0.1m-1 and 0.2m-1 
concerning the interdropper distances. To identify the CSWs 
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Fig. 4.  IMFs of the pan-head acceleration (left) and the corresponding 

PSDs (right). 

 

while eliminating the influences of adjacent frequencies, the 
following method based on EEMD is proposed. 

A. EEMD 

The predecessor of EEMD, namely the empirical mode 
decomposition (EMD), has been noticed for its potential in 
signal filtering from a decade ago [14]. It adaptively 
decomposes a signal into several intrinsic mode functions 
(IMFs) that possess diminishing frequency bands. These IMFs 
are generated from the signal itself without introducing any 
additional basic signals. Thus the inherent physical 
significance of IMFs is considered as the major advantage of 
EMD algorithm.  

EEMD is basically the improved EMD with the physical 
significances enhanced by resolving the mode mixing problem 
[15]. This is particularly important for the identification of 
CSWs. As structure-induced frequencies, the CSWs are not 
constant in many cases. For various railway lines, the CSWs 
are different since the structural parameters of catenary are 
normally different. Even for the same railway line, the 
catenary structure may change along the entire line. 
Furthermore, if the operation speed changes during operation, 
the frequencies of CSWs will be different too. Theoretically, 
all the aforementioned issues can be addressed by the EEMD. 
No matter how the frequencies may deviate in different cases, 
EEMD can preserve these frequencies because it automatically 
adapts to the frequency deviations.  

The EEMD algorithm can be briefly described in four 
steps. 

Step 1: Add a white noise series to the original signal 

( )x t  to form a new and contaminated signal. 

Step 2: Perform the EMD [16] on the new signal and 
obtain a set of IMFs. 

Step 3: Repeat Step 1 and Step 2  M times. 

Step 4: Output the final IMFs by averaging the 
corresponding IMF in the M sets of IMFs. 

After the signal ( )x t  is decomposed into a number N  of 

IMFs ( )jd t , 1,2, ,j N   and a residual ( )r t by the EEMD, 

the signal can be reconstructed as 


1

( ) ( ) ( )
N

j

j

x t d t r t


   

B. EEMD-based Filtering and Identification 

As an example, the decomposed results of the pan-head 
acceleration in Fig. 1 are depicted in Fig. 4. There are nine 
IMFs extracted from the acceleration signal in total. From the 
corresponding PSDs of IMFs on the right of Fig. 4, it can be 
seen that the frequency band of IMFs declines from the first to 
the ninth one. Because the CSWs is normally lower than 0.2m-

1, the required signal filtering can simply be done by 
subtracting the IMFs with higher frequency. Judging from the 
PSDs, the frequency bands of the second and third IMFs have 
certain overlap with the spatial frequency 0.2m-1. To quantify 

the overlap and thus decide if the IMF should be included or 
excluded from the filtered signal, the following index is 
proposed 


( )

sgn( arg max[ ( )])
max[ ( )]

j c

j c j
f j

P f
I f P f

P f
    

where ( )jP f  is the PSD of the thj  IMF, cf  is the threshold 

for the identification of CSWs and typically 0.2m-1, 

arg max[ ( )]j
f

P f  denotes the arguments of the maximum 

( )jP f , sgn[ ]  is the sign function and max[ ]  is the maxima 

function.  

Based on the index defined by (5), the thj  IMF can be 

considered as below 0.2m-1 in the frequency domain and 

included in the filtered signal if 0.1jI  . Specifically, the sign 

function in (5) is used to judge that, if the maximum energy of 

PSD is located at a frequency higher than the threshold cf , 

namely the sign function outputs -1, the IMF cannot be 
recognized as possible CSW; otherwise, it is possible that the 
IMF belongs to CSWs. The fraction part of (5) is actually 
constrained by the sign function and only contributing when 
the sign function outputs 1. It describes the proximity of the 

spectral energy at the threshold cf  to the maximum energy. 

When it is lower than 0.1, the corresponding IMF is 
considered as not significant enough to be the CSWs. To sum 
up, the procedures of proposed filtering approach for the 
purpose of CSWs identification are summarized in Fig. 5. 
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Fig. 5.  Procedures of the EEMD-based filtering approach. 

 

Fig. 6.  PSDs of the orginal pan-head acceleration and filtered signals. 

 According to the index and PSDs in Fig. 4, the filtered 

signal ( )cx t  in this case can be constructed excluding the first 

two IMFs as 


3

( ) ( ) ( )
N

c j

j

x t d t r t


   

From the frequency perspective, comparisons between the 
original signal and the filtered signals constructed by (4) when 

j  starts with 2 and 3 are respectively depicted in Fig. 6. The 

filtered signal determined by the index in (5) is drawn with 
dashed line, while the original signal is drawn with solid line 
and the other filtered signal is drawn with dotted line. It can be 
seen that comparing with the original signal, the CSWs 
indicated by arrows are revealed with the EEMD-based 

filtering. But, the filtering results in the case that j  starts with 

2 still contains significant spectral energy at spatial 
frequencies higher than 0.2m-1, which is beyond the reach of 

CSWs. Thus, the filtering result in the case that j  starts with 

3 should be adopted for the identification of CSWs in pan-
head acceleration. By means of the adaptive filtering approach, 
the CSWs can be clearly identified in the filtered signal. 
Comparing with the traditional low-passing filtering technique, 
the proposed filtering approach can realize the identification 
of CSWs in pan-head acceleration with the following two 
unique advantages: 

1) It automatically adapts to the common frequency 

deviations of CSWs in measurements. There is no need to 

adjust the filtering approach for different scenarios. 

2) All the information is contained in the original signal 

and it will not be damaged by filtering, because the signal is 

decomposed based on the physical components rather than be 

cut off with a fixed frequency boundary.  

V. CONCLUSION AND FUTURE WORK 

Aiming at establishing a baseline for the application of 
pan-head acceleration in catenary condition monitoring, this 

paper studies one of the basic features of pan-head 
acceleration. The CSWs in pan-head acceleration, which are 
the essential low-frequency response of pan-head, and its 
differences with the CSWs in contact force are introduced and 
discussed. The identification of CSWs is realized by the 
adaptive signal filtering that combines the EEMD algorithm 
with a new judgement index based on PSD. The identified 
CSWs in pan-head acceleration can be used as an indicator for 
the evaluation of current collection quality and the structural 
parameter deviation of catenary.  

Moreover, if the CSWs in pan-head acceleration can be 
properly eliminated, the residual of pan-head acceleration will 
be a better candidate for detecting and diagnosing the defects 
of catenary and anomalies existed in pantograph-catenary 
interaction. In the future, the frequency range for pan-head 
acceleration measurement should be further expanded to 
around 100Hz or higher. Thus, essential frequency 
components such as the deformable modes of pantograph 
collector can be treated in a similar manner to the CSWs, so 
that the baseline of pan-head acceleration can be established. 
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