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Abstract. Proper cooperation the current collectors and the overhead line is a pre-requisite for reliable and safe op-
eration of railway transport. Instances of maladjustment and, in some cases, damage to the current collectors, occur 
between periodic inspections of the rolling stock. In order to detect such anomalies quickly, the test stand was devel-
oped, with the aim of monitoring the technical state of the current collectors under operating conditions. The detection 
procedure is based on the monitoring and analysis of contact wire uplift caused by the pressure of the current collector, 
as the train passes through the measuring point located on the railway line and is designed with the aim of detecting 
collectors with incorrect values of a contact force.
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Introduction

The catenary is still the most effective way of supplying 
power to electric railway vehicles. Increase in a vehicle’s 
speed, raises the power consumption and thus, requires 
proper cooperation between the current collectors of ve-
hicles and the overhead contact line (Szeląg, Maciołek 
2013). Even under normal operating conditions, moni-
toring of the contact force of the pantograph head and the 
wire, is required, to facilitate longer maintenance cycles 
and improved reliability of systems (Mizan et al. 2013). 

Various resources contain a large number of papers, 
which focus on studies of catenary–pantograph inter-
actions. Research papers, which have been released re-
cently, concern the modelling of these interactions – es-
pecially in the context of high-speed trains (Facchinetti, 
Bruni 2012; Pombo, Ambrósio 2013; Pombo et al. 2009; 
Zhou, Shen 2011). They treat the catenary contact wire 
with finite elements, based on the absolute nodal co-or-
dinate formulation, while the pantograph is approached 
as a full 3D multi-body model (Benet et al. 2013).

Due to complex challenges involved in the model-
ling of a catenary–pantograph system, many research-
ers suggest an approach involving a co-simulation be-
tween the finite discretization of the catenary, and the 
multi-body representation of the pantograph (Ambró-
sio et  al. 2012; Rauter et  al. 2007). This demonstrates 
how the coupling between finite element software and 
multi-body software can be efficiently achieved, in or-

der to simulate the interaction in catenary–pantograph 
systems.

The dynamic performance of the simple catenary 
and pantograph structure was simulated by Zhou and 
Zhang (2011). It was determined that the structural 
parameters, including the stiffness and damping, static 
force of the pantograph, and the tension of the contact 
wire, all, have a strong influence on interactions between 
the pantograph and catenary system. Several important 
efforts made, have commented on the quality of the ca-
tenary–pantograph contact by Pombo and Ambrósio 
(2012, 2013).

Another deterministic factor seems to involve the 
evaluation of the technical state of individual panto-
graphs on the railway line (Bucca et al. 2011). Although 
the state of current collectors is regularly checked by rail-
way companies, cases of maladjustment or even damage, 
has been known to occur – occasionally and unpredict-
ably – between periodic inspections of the rolling stock. 
The quick detection of such anomalies helps to avoid the 
major damage of components of the overhead line, and 
in some critical cases, may even prove to prevent train 
accidents. Failures of the catenary or collectors are rare. 
However, costs associated with repairing damages and 
associated costs involving delayed trains, are relatively 
high (Kiessling et al. 2009; Tanarro, Fuerte 2011).

A few publications have been published in the con-
text of the measurement systems for monitoring cate-
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nary–pantograph interactions (Bocciolone et al. 2013). 
For instance, the non-contact sensor for monitoring 
catenary–pantograph interaction system  – described 
in (Luna Vázquez et al. 2010) – bases its operation on 
optical devices. The system measures the vertical posi-
tion of the contact wire, by use of a line-scan camera, 
focused on the contact wire in conjunction with a refer-
ence background screen.

One possible – and relatively easy-to-determine – 
indicator of a faulty collector may be the value of the 
contact wire uplift, as a train passes a measurement 
point. The uplift value depends on the elasticity of the 
contact line and the contact force. The main component 
of the contact force is the pantograph static force, which 
is adjustable during maintenance and repairs performed 
at the depot. The aerodynamic component of the contact 
force depends on speed. It facilitates the reliable eval-
uation of the collector’s state and is also necessary to 
measure the train velocity. The evaluation criteria for the 
measurement at a particular point of the catenary, is de-
termined by analysing the waveform of contact wire up-
lift in relation to the speed, based on simulations and a 
series of experimental results. Of particular importance 
here, is the estimation of the static force of the collector. 
This value can easily be measured during the technical 
inspection of rolling stock. Based on the monitored re-
sults, it is possible to detect faulty or incorrectly adjusted 
current collectors. This paper presents the method of de-
tecting such collectors, which is depicted in Fig. 1. Based 
on these assumptions, the measuring station for perma-
nent monitoring of traction current collectors has been 
developed and implemented on selected railway line in 
Poland.

1. Simulation Research

In order to determine the typical waveform of the uplift 
of contact wire, during the trains’ passage through the 
measurement point, simulations were performed. Rela-
tions between the static force and the maximum value 
of the contact wire uplift have now been identified. The 
purpose of these studies was the implementation of 
guidelines for the selection of the measuring equipment 
parameters and the preliminary design of algorithms, to 
aid with the evaluation of the collectors’ technical states. 
One of the important issues was to investigate the uplift 
effects caused by the presence of two elevated train col-
lectors, placed within a short distance of each other. On 
a standard railway line, trains are often operated by dou-
ble locomotive or suburban electric multiple units, with 
several raised collectors – with the trains operating at a 

fairly low speed. For that reason, it was recommended 
to check the impact of such conditions, on the results of 
wire uplift caused by the second and subsequent collec-
tors in the train.

In other systems, this type of monitoring can only 
be realized for the first collector on the train (Schorno 
et al. 2011). Performed simulations have established the 
critical ranges of distance between the current collectors 
on the train – in relation to speed – that allow for their 
correct assessments. 

Overhead contact lines with moving current col-
lectors, is a very complex mechanical system. In order 
to simulate the uplift of the wire at a network specific 
location, simplified models of catenary lines and current 
collectors, that consist of composed elements of a cer-
tain mass, elasticity and damping factors, are generally 
utilized (Zhou, Zhang 2011).

A pantograph itself is most often modelled as a sys-
tem of one, two or three mass. In this context, in order 
to simulate dynamic vertical displacement of the con-
tact wire, the simplified three-mass model consisting of 
a set of current collectors and catenary, was created. The 
structure of the model is presented in Fig. 2, where:

ml – equivalent mass of line section; 
mh – mass of pantograph head; 
ma – mass of pantograph arms; 

cl, ch, ca – damping of traction line, pantograph head 
and arms; 

kl, kh, ka – spring constant of line, pantograph head and 
arms; 

yl, yp – position (in vertical direction) of contact 
wire and of the upper end of the pantograph 
arms; 

Fu – equivalent force component that causes the 
up-lift of contact wire at the measurement 
point; 

Ff – friction in the joints of the pantograph arms; 
v – train velocity;

tun – time duration of exertion of the force Fu; 
l1–2 – distance between two raised pantograph p1 

and p2 in a train;
tmax 1–2 – time between occurrence of peaks of the 

forces Fu1 and Fu2.
The model for a single current collector is described 

by equations:
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Fig. 1. Concept of monitoring station for detection  
of faulty current collectors on railway line
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Eq. (1) relates to a set: pantograph head and over-
head catenary; Eq. (2) applies to the arms of the panto-
graph. The parameter values used in the model are given 
in Table 1.

The model maps change in the position of the con-
tact wire and pantograph in a vertical direction only. 
To simplify the model, changes in the force lifting the 
contact wire at the point of uplift measurement, are 
modelled through a special time-distribution of hypo-
thetically equivalent force component Fu. The source of 
the force component is the pressure of the pantograph 
exerted on the contact wire, at a certain distance from 
this point. This force increases when the pantograph ap-
proaches the point of measurement, and decreases as it 
moves away. It also includes the aerodynamic force com-
ponent that is dependent on train velocity v. 

Table 1. Values of a model main parameters

Symbol Unit Value Designation

ml kg 130.4 equivalent mass of line section
mh kg 18.4 mass of pantograph head
ma kg 17.0 mass of pantograph arms
kl N/m 2300 spring constant of traction line

kh N/m 600 spring constant of pantograph 
head

ka N/m 280 spring constant of pantograph 
arms

cl Ns/m 1 damping of traction line
ch Ns/m 4 damping of pantograph head
ca Ns/m 300 damping of pantograph arms

Fu(max) N 70–140 equivalent static force 
component (maximum value)

Ff N 6–10 friction in the joints of the 
pantograph arms

The waveform of force Fu is determined in accord-
ance with a predetermined vehicle velocity. The tun is 
a time period during the exertion of the pressure of 
pantograph n is noticeable at the measurement point. It 
depends on v and on the known length of the adjacent 
sections of catenary. In order to determine the waveform 
of force Fu, a series of experiment results carried out on 
the overhead line of a very similar construction – and 
their results  – were taken into account. For the train 
with two or more raised pantographs, the part of the 
model related to the current collector is duplicated, and 
the waveforms of Fun for the subsequent pantographs are 
respectively shifted in time. The time tmax 1–2 between 
the occurrence of peaks on the waveforms Fu1 and Fu2 
is dependent on a train’s velocity v and on a distance l1–2 
between pantographs p1 and p2. Other parameters like 
the force Fu2 can be set independently. 

The constructed model is easy to implement in 
MatLab. The aim of simulation research was to deter-
mine the expected range and slew rate of the contact 
wire uplift, under varying operating conditions on track. 
Diversely adjusting static forces of current collectors, and 
the inclusion of values that significantly deviate from 
normative requirements – at different train speeds – are 
of particular significance, in this respect. This allows 
for the selection of requisite measuring instruments, 
based on the required dynamics, range and resolution. 
The second objective was to examine the possibility of 
evaluating the forces separately, based on various sets of 
pantographs raised together in the train – according to 
their mutual distance and drive speed.

Fig. 3 shows the contact wire uplift waveforms for 
trains with very low speeds, with different adjusted pan-
tograph static force values, provided as input. Here, the 
near-linear relationship between the peak value of the 
uplift and the static force, is observable. The arrow on 

Fig. 2. Simplified model of a set of train pantographs and catenary – used to simulate contact wire uplift
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the graph indicates the moment in time in which the 
current collector passes the point of uplift measurement 
(Fig.  1). In addition, the simulated value of the static 
force is included in the illustration.

Fig. 4 depicts the influence of the train’s speed, on 
the waveform shape and on the maximum value of the 
uplift. Higher speeds result in the increase of the ampli-
tude of excited vibrations of the wire, but their impact 
on the uplift peak value remains small. There is an aero-
dynamic component of the contact force, which slightly 
increases the value of the uplift. The uplift waveforms for 
different trains have intentionally been shifted horizon-
tally (i.e. along the time axis), in order to increase the 
readability of graphs.

Fig.  5 shows the effects caused by interactions of 
two raised pantographs and the contact line. The cor-
relation between parameters such as driving speed, dis-
tance between pantographs and their force setting, hin-
ders the independent evaluation of each one. By driving 
at low speeds of up to 20 m/s and at distances greater 
than 30 m, the evaluation may be carried out in a similar 
manner to instances involving a single pantograph. In 
other cases, such results are not reliable. In particular, 
this can be seen in Fig. 5b, where at speed of 34.7 m/s 
and at distance of 24 m between raised pantographs, the 
uplift waveform does not show two separate peaks. In 

this case, the conclusion that can be deduced is the cu-
mulative total force of both pantographs.

Strong differences in pressure forces of the subse-
quent current collectors do not preclude their independ-
ent evaluation. Such an example is shown in Fig. 6. With 
extremely varying values of the force, the automatic lo-
calization of the passing point of collector with a smaller 
force may be difficult to determine, due to the lack of a 
conclusive peak value. However, the algorithm can then 
be adjusted manually by an operator, basing on observa-
tions obtained from the image recording.

Fig. 3. Simulation result of contact wire uplift waveform 
for three trains of speed v = 3.6 m/s, each with one raised 

pantograph with different adjusted static forces

Fig. 4. Simulation result of contact wire uplift waveform  
for three trains, each with one raised pantograph of static 
force Fu = 130 N, distinguished by different train speeds

Fig. 5. Simulation results of contact wire uplift waveform for: 
a – two trains, with raised pantographs p1, p2 spaced at l1–2 = 
70 m, of static force Fu1 = Fu2 = 100 N; b – four trains, with 

raised pantographs p1, p2 spaced at l1–2 = 24 m of static force 
Fu1 = Fu2 = 130 N

Fig. 6. Simulation results of contact wire uplift waveform for 
four trains, each with two raised pantographs p1, p2 spaced at 
l1–2 = 24 m of strongly differing static forces: Fu1–A = Fu2–B = 
Fu1–C = Fu2–D = 130 N and Fu2–A = Fu1–B = Fu2–C = Fu1–D = 70 N
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2. Monitoring Station on the Railway Line

The practical implementation of the monitoring station 
on the railway line  – in accordance with the concept 
shown in Fig. 1 – is illustrated in Fig. 7.

Measuring of the uplift is realized via a laser dis-
placement meter and the reflective plate fixed to the 
contact wire. The laser meter is mounted to the support 
structure of the catenary. The dimensions of the reflec-
tive plate result from the thermal length change of the 
wire and the amplitude of its horizontal vibrations. The 
detection of a train and measurement of its speed is real-
ized using a laser range finder. It enables the tracking of 
a moving train within a range of approximately 60 m to 
200 m from the measurement point. The laser distance 
meters, the control computer and other electronic devic-
es – including elements of the power supply – are placed 
in distribution boxes, to protect against environmental 
conditions. By using high resolution IP camera directed 
along the track, three photographs of an oncoming train 
are being automatically taken, so as to enable easy iden-
tification of the type of the vehicle and recognition of the 
raised pantograph. Example of photos from the camera 
is shown in Fig. 8.

The measurements and data acquisition process 
is continuously controlled by the local computer. The 
software of this computer was created using the Lab-
View programming environment. It is note-worthy, that 
data acquisition of the contact wire uplift value occurs 
only when a train passes a measurement station area. 
The program creates and formats the measurement data 
files along with other related image files (including train 

photos), and then sends them – via a WLAN – to the 
cloud storage. This facilitates the tracking and analysis of 
the results obtained from monitoring, from any remote 
location and a computer with internet access.

The specialized software was created, to aid with 
the monitoring and evaluation of the current collector 
force. This software has two basic modes of operation. By 
continuously monitoring of current collectors – as new 
data is received – the software automatically initiates the 
processing and analysis of the results. During the first 
pass, the program detects and locates raised collectors 
on the train, based on the waveform of contact wire up-
lift. During the second pass, the program calculates the 
estimated value of static force of each pantograph, taking 
into account the speed of the train, and the cumulative 
effects of the impact of several current collectors.

If the calculated value does not exceed the permit-
ted range, the force estimation results are appended to 
the data file and the program waits for new data from 
the next passing of a train. Otherwise, the alarm sounds, 
indicating the detection of an incorrectly adjusted or 
faulty current collector. The alarm needs to be acknowl-
edged by the user. Thus, the program can be executed in 
the background, needing user input, only in the case of 
detection of a malfunction of the pantograph – allowing 
its immediate response. 

The second mode involves manually opening and 
processing the data file, at any time and in any order. 
The results of the simulation tests were the basis of the 
preliminary design of the algorithm, used to calculate 
the pantographs static forces. In most cases, results of 
real measurements, display a high degree of consist-
ency with the simulation results yielded. This applies 
especially to scenarios involving trains with one raised 
pantograph; but also applies to cases involving multi-
ple raised pantographs, where velocity is relatively low. 
Comparison of contact wire uplift waveforms in such 
cases – obtained from the model and measurements, are 
shown in Fig. 9.

Due to the complex relationship between many 
factors and their influence – some of which are related 
to the specific location of the measurement – the final 
formulae of the calculation algorithm implemented in 
the program, is based to a large degree, on results of 
experimental trials. During the implementation of the 
monitoring station, a number of scaling runs were car-
ried out, using a specially prepared locomotive with 
varyingly adjusted static force values for pantographs. 
In addition, for a dozen locomotives being in continu-
ous traffic, the measurements of static characteristics of 
the current collectors were carried out in the depot, and 
the obtained data was compared with estimated results 
generated by the monitoring station; which helped with 
the correction and improvement of the program algo-
rithm. It should be emphasized, that due to the impact 
of a number of partially non-deterministic factors, on 
the waveform of contact wires uplift, the estimated value 
of the collector static force is always likely to be approxi-
mate. Consequently, a practical approach to evaluation 
of the current collector was introduced as a four-level 

Fig. 7. Measuring station on catenary support structure

Fig. 8. Set of three camera images taken, for identification  
of vehicle and raised pantograph
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score, ranging from 0 to 3 (level 0 – very good techni-
cal condition, 1 – satisfactory condition, 2 – requires a 
thorough check and adjustment at the next inspection in 
depot, 3 – needs an urgent inspection). This simplifies 
and assists with the decision on possible further actions 
to be taken by the user.

As a final result of the software development, the 
multi-criteria algorithm was created. It is partly based 
on the experimentally determined parameters of the 
decision-making process included in the look-up tables. 
This is applicable to both to the detection and location 
of the raised current collectors, as well as the calculated 
estimation of the value of the adjusted static force.

The program works interactively. Occasionally, in 
scenarios involving complex configurations of raised 
pantographs on a train, it may be necessary to manu-
ally correct the locations of current collector markers. 
The recorded images from the camera form the basis for 
this correction. After each manual change of a number 
of pantographs or their location in a train, the program 
automatically re-calculates the static forces and updates 
the score accordingly. An example of the results output 
(as a graph), generated by the data processing program, 
is shown in Fig. 10.

During the trial operation of the monitoring sta-
tion, the calculation of the same pantograph static force 

was repeated successively, on several days. Fig. 11 shows 
an example of the results for two trains – with one and 
two raised pantographs, registered in similar environ-
mental conditions and at similar speeds. The differences 
between the calculated force values for each pantograph 
did not exceed 4 N.

It was discovered that neither the ambient tem-
perature, levels of sunlight, very heavy rain nor snow, 
impaired the accuracy of the measurement. On the other 
hand, strong gusts of wind were noted to cause a signifi-
cant impact on the accuracy of estimation of the static 
force.

0 5 10 15 20 25 30 35 40
Time [s]

v = 3.6 m/s

measured

simulated

p
100 N

a)

b)

0 5 10 15 20 25 30
Time [s]

measured simulated

p1
p2

v = 11.4 m/s

–20
–10
0

20
30
40
50
60
70

y
[m

m
]

l

80

10

–20
–10
0

20
30
40
50
60
70

y
[m

m
]

l

80

10

Fig. 9. Comparison of simulation and measurement results 
of contact wire uplift waveform for: a – train with one raised 
pantograph p of static force Fu = 100 N; b – train with two 

raised pantographs p1, p2 spaced at l1–2 = 24 m of static force 
Fu1 = Fu2 = 130 N

Fig. 10. Results output by program

Fig. 11. Comparison of measurement results of contact wire 
uplift waveform for: a  – locomotive with the same raised 
pantograph p with small variations in speeds, registered in 
subsequent days; b – suburban train with two the same raised 
pantographs p1, p2 spaced at l1–2 = 24 m, with equal speeds, 

registered twice on the same day
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3. Examples of Original Uplift Waveforms

During more than two years of operation of the moni-
toring system, there were registered trains utilized, with 
different configurations of raised current collectors, in-
cluding many unusual combinations. It was detected, 
that a number of pantographs displayed significant de-
viations in static force, compared to normative values. 
Fig.  12 illustrates waveforms deviating well above the 
high and low thresholds. Such results, when obtained, 
qualify the pantograph to be assigned for urgent adjust-
ment or repair in depot, as the calculated deviation in 
the setting of a static force, exceeds 30%.

Fig. 13 shows examples of results obtained for non-
typical configurations of pantographs in the train. The 
set of two locomotives with three or four raised pan-
tographs  – placed short distances apart  – causes the 
accumulation of pressure forces on the short section 
of catenary, which leads to higher values of the uplift. 
Despite the low velocity (in cases Fig. 13a and Fig. 13b), 
the estimated values of the static force for all current 
collectors should be considered to be non-deterministic, 
because the scaling procedure of calculation algorithms 
has not been tested for such pantograph configurations. 

The example presented in Fig. 14, concerns a single 
locomotive with both raised pantographs, which are in-
ter-spaced at relatively short distances, of approximately 
5 m. This fact, combined with the relatively high velocity 
factor, often leads to the production of only one clearly 
marked local maximum in the waveform of wire uplift. 
This prevents the fully reliable calculation of forces for 
each current collector, as the program only detects one 
pantograph. It is though possible, to manually correct 
the number and location of collectors by the operator 
(refer to the added markers labelled pne in Fig. 14); but 
the results of the evaluation of static forces still seem to 
remain uncertain and non-deterministic. It should be 
noted, however, that cases presented in Figs 13 and 14 
occurring in the normal traffic conditions, are extremely 
rare. 

Although the intended primary objective of the 
monitoring station is to detect the pantographs of im-
proper pressure force, the analysis of recorded wave-
forms also facilitates the possibility of detection of other 
hardware failures too. For instance, observations have 
been made, of the appearance of anomalously strong 
oscillations of the contact wire, excited by current col-
lectors passing through the measuring point. The oscilla-
tion amplitudes were much greater than ones produced 
by other trains running in similar weather conditions – 
at the same speed and with the same force value for 
the pantograph. Such an example is shown in Fig. 15a. 
Simulation studies were performed by changing selected 
parameters of the pantographs model. They showed that 
a similar effect is achieved when the damping factor in 
the pantograph arm system is considerably reduced. The 
obtained results are shown in Fig. 15b. However, the for-
mulation of appropriate criteria for the evaluation of this 
parameter – in this case – would necessitate long-term 
experimental comparative research.

Fig. 12. Comparison of measurement results of contact 
wire uplift waveform for two trains, each with one raised 

pantograph p: the first train of excessive static force of 
current collector and an insufficient value for the second

Fig. 13. Contact wire uplift waveform for trains with multiple 
raised pantographs p based on the following inter-spacing 

criteria: a – four pantographs inter-spaced at 42 m;  
b – three pantographs inter-spaced at 44 m;  
c – three pantographs inter-spaced at 27 m
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Conclusions

The presented monitoring system of current collectors, 
allows the detection of defective or wrongly adjusted 
pantographs, directly on the railway line, in operational 
conditions. Presented simulation pantograph – the over-
head contact line model has facilitated the development 
of the algorithm for estimating the collector static force. 
The average estimation error of this force is approxi-
mately 5%. Computer generated evaluation of the panto-
graph static force, is an estimate and gives a recommen-
dation for its thorough inspection at the depot, where 

static force should be accurately adjusted. The measure-
ment process is automated, with the maintenance-free 
measurement station. The processing of data is also au-
tomated, but some specific cases would have to be veri-
fied by the operator. By placing the results in a cloud 
storage, the analysis of those results can be conducted 
on any computer connected to the Internet. With the 
exception of trains with unusual configurations of raised 
pantographs, the system is characterized by the ability to 
produce results, regardless of the lighting conditions, the 
weather or the speed of the train.

Measuring of the contact wire uplift is realized on 
thermal compensated overhead catenary line. Therefore, 
the change of the wire length due to winter and summer 
has not decreased the accuracy of static force estima-
tion – it was experimentally verified.

By estimation of pantograph static force the influ-
ence of contact wire horizontal vibrations was neglected.

Statistical research has shown, that after more than 
two years of system operation, there has been some im-
provement in the technical conditions of the current col-
lectors. The percentage of poorly regulated pantographs 
detected in line traffic, declined during this period 
about 5%. This may be related to the direct use of the 
results of monitoring, which however, requires continu-
ous collaboration between infrastructure managers and 
rail operators – this cooperation allows to eliminate the 
pantographs with a large deviation of the static force on 
its normative value. To some extent, this improvement 
could be a contributory psychological factor; i.e., the 
awareness that the condition of the current collectors is 
still controlled on-line, increases the attention of tech-
nical staff, during periodic inspections of rolling stock.

It is planned to expand the system, to a network 
of several measurement stations, deployed in various 
places on railway lines, which will transmit results to 
a central server. Functions of the measurement stations 
have to be extended for fault detection of pantograph 
contact strips. Appropriate experimental studies in this 
field based on high-speed 3D cameras have been already 
carried out in field conditions (Jarzebowicz, Judek 2014). 
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