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Abstract: Catenary–pantograph contact force is generally used for assessment of the current collection
quality. A good current collection quality not only increases catenary lifetime but also keeps a stable
electric supply and helps to avoid accidents. Low contact forces lead to electric arcs that degrade
the catenary, and high contact forces generate excessive wear on the sliding surfaces. Railway
track operators require track tests to ensure that catenary–pantograph force remains between safe
values. However, a direct measure of the contact force requires an instrumented pantograph which
is generally costly and complicated. This paper presents a test bench that allows testing virtual
catenaries over real pantographs. Therefore, the contact point force behavior can be tested before the
track test to guarantee that the test is passed. Moreover, due to its flexibility, the system can be used
for model identification and validation, catenary testing, or contact loss simulation. The test bench
also explores using computer vision as an additional sensor for each application. Results show that
the system has high precision and flexibility in the available tests.
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1. Introduction

According to the Eurostat report: “Key Figures on Europe: 2021 Edition”, transport
has been the primary energy consumption sector in the European Union (EU) since 1996.
In 2019, transport consumed over 130 tons of oil equivalent. That represents 30.9% percent
of the overall energy consumed in the EU [1]. The European Green Deal calls for a 90%
reduction in transport emissions by 2050, which necessarily involves an impulse of electric
railway transport.

Electric railway trains and trams need a continuous electric flow, usually provided
by the overhead line equipment commonly known as a catenary. A conductor mechanical
device (a pantograph) is often attached to the locomotive’s roof to collect electricity from
the catenary. The catenary–pantograph interaction (CPI) force is essential for appropriate
current collection and catenary maintenance. If the contact force is too high, excessive
friction will cause wear on the sliding components (catenary contact wire and pantograph
collector strips). On the other side, if the contact force is too low, the contact can be
occasionally lost, which generates poor electrical collection and arcs (also leading to wire
degradation). Therefore, each electric locomotive must meet requirements according to
standard UNE-EN 50317 [2] to get permission to circulate on an EU railroad.

In view of the CPI significance, much research has been done in recent years. Advanced
mathematical models [3–10] have realistically allowed the study of CPI. These models have
been used for simulation and exploring several problems affecting CPI, such as wire
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irregularities, track deficiencies, catenary mounting errors, or aerodynamic loads caused by
the wind or by the incoming flow due to train speed. Contact irregularities are explored
in [5]. The authors investigate the effect of contact wire irregularities on the CPI force and
conclude that these irregularities directly impact the CPI. The influence of vehicle body
vibrations due to track irregularities on CPI is described in [11,12]. Installation errors on the
catenary and their effect on CPI are presented in [10,13]. An assessment of the catenary’s
wind deflection is shown in [14]. The effects of aerodynamic forces over CPI are intensely
studied in [15].

Trains must pass costly on-track tests to gain a registration certificate, so it is important
to ensure that the current design fulfills the requirements. Recent advances in catenary
models and mechatronics have allowed the development of test benches for realistic off-
track pantograph testing. The approach used to design those test benches is the so-called
hardware-in-the-loop (HIL) simulation. In the HIL approach, an experiment over a system
is performed by a hybrid simulation where one part of the system is real, and the other is
simulated. HIL is a technique used in many fields, such as automotive, energy, or electrical
systems. There are a few HIL test benches reported all over the world to test the CPI. Test
benches differ in the type of catenary models they can run, the technology used to simulate
the CPI, and the kind of simulations they can perform: open-loop or closed-loop. The
open-loop approach generates a force pattern on the pantograph to test the response. On
the contrary, the closed-loop approach measures the force on the contact point to provide
feedback to a catenary model that generates the movement at each sample time.

Regarding open-loop proposals, this kind of testing allows verifying the wearing
and basic performance of the pantographs, but they do not test the real response of the
pantograph against changing conditions. The test bench developed by MTS [16] (Eden
Prairie, MN, USA) can reproduce a catenary load over a pantograph in open-loop mode.
Therefore, it cannot perform HIL simulations but reproduces movements over the top and
bottom of the pantograph. The actuator of the top of the pantograph constantly turns, thus
simulating the train movement. This system performs vertical movements up to 10 Hz and
can transmit power through the contact point (up to 2 kA).

Another example is the test developed at the Railway Technical Research Institute [17]
(Hino-shi, Tokyo, Japan). The working principles are very similar to the test bench by
MTS, but this device can achieve higher speeds in rotation and up to 1 kA of current.
These authors are currently developing a dynamically substructured test bench to perform
closed-loop CPI testing [18,19]. This test bench uses an outer-loop substructured controller
to minimize the difference between the predicted and measured contact points. Preliminary
results point to good performance on error reduction, but the hydraulic actuator limits the
speed of the tests.

In the case of closed-loop test benches, the first proposals [20,21] used a truncated
modal approach to simulate the virtual catenary and two servo-hydraulic actuators to
interact with the real pantograph. The lower actuator was used to generate the locomotive
motion on the bottom of the pantograph. According to the virtual catenary simulation, the
upper actuator moves the pantograph collector head. The response time of the actuators
was 20 ms (up to 50 Hz). Another HIL simulator and its improvements are presented
in [22,23]. This test bench generates the movement of the CPI on the contact strips of the
pantograph using an electrohydraulic actuator. This actuator guarantees a bandwidth of
25 Hz. The simulation of the catenary runs on a real-time platform and includes non-linear
dropper behavior. More recently, [24] presented a more advanced catenary model with 3D
Euler-Bernoulli beams. The catenary gives the position and velocity references to a robot
arm, generating the CPI movement on the pantograph. This system includes a controller
to guarantee HIL simulation stability at the cost of generating fake force to counteract the
effect of high frequencies in the variables. Because the robot consists of electric actuators,
this system can work faster than the others reaching frequencies up to kHz.

The test bench at the University of Huddersfield [25] is the biggest of the reported
closed-loop HIL test benches. It includes the capability of open and closed-loop HIL
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simulations, simulation rates up to 100 Hz, lateral movement to simulate catenary stagger,
and bottom inclination of the pantograph (up to 5◦).

The Universitat Politècnica de València in Spain has developed a test bench [26,27]
capable of real-time simulating finite element catenaries with sample times up to 2 ms. A
detailed description of this test bench and its improvements is shown in Section 2.

Another trend in CPI assessment that has been developed recently is the use of
computer vision [28–36]. Cameras give contactless information about CPI that can be used
for many purposes. Examples of applications are identifying catenary characteristics [30]
or anomalies [31]. The main application of computer vision techniques is non-contact
detection in CPI [29]. In this field, electric arc detection is a research hotspot [32] due to
its direct application to condition monitoring [33]. Primary efforts in CPI computer vision
assessments are oriented to deal with complex backgrounds [35], which complicates the
labeling and processing of the images. Works in this direction take advantage of the modern
high-capacity processors that run complex deep-learning tools [29,36].

Besides CPI monitoring, computer vision is gaining prominence as a condition-monitoring
basic tool in the railway industry. Many commercial solutions analyze the pantograph when
the train reaches the position of the camera. Examples of these solutions are Pantobot 3D [37]
by Camlin Rail (Lisburn, N. Ireland) or Pantoinspect [38] (Copenhagen, Denmark).

This work presents a test bench to perform HIL simulations of virtual catenaries with
real pantographs and explores the synchronization of the CPI simulation with computer
vision. The HIL test bench simulates the CPI over a train at different speeds and can
make real-time measures of the contact force. A synchronized linear camera will take
images of the CPI that can be analyzed offline. This research will prove the feasibility of
using contactless sensors in pantographs for performing the on-track homologation train
tests. It is important to note that this work does not pursue developing a computer vision
application directly applicable to real trains but to prove the technique’s feasibility in a
laboratory environment.

After this introduction, Section 2 is devoted to describing all the components that form
the test bench and the processes required to perform a HIL test. The results are presented
in Section 3, which includes a validation of the HIL setup, an example of a HIL test, the
calibration of the linear camera, an experiment with contact loss, and some words about
pantograph identification. Finally, discussion and future work are addressed in Section 4.

2. Materials and Methods

The HIL CPI simulation takes place on the system shown in Figure 1.
The system consists of several elements capable of precisely simulating the move-

ment of the contact point between a catenary and a pantograph. A scheme of the main
components and their interactions is shown in Figure 2.

A linear motor simulates the catenary position. As it moves, it pushes the pantograph,
which reactively pushes the motor slider. Two force sensors measure the reactivity to the
motor (acting as a catenary) and send the value to a mathematical model of the catenary
running in a virtual environment. The model uses the force as an input and computes the
next state of each point in the catenary. Considering the train’s speed, the model selects
the position of the following CPI point and sends it to the motor controller. Then the
motor moves to this position and closes the simulation loop. Additionally, a linear camera
takes images of the CPI point synchronized with the force measurements. The aim of the
linear camera is to measure the vertical displacements of the pantograph head and the
contact wire.

The main elements of the test bench are the linear motor, the real-time controller, the
virtual catenary, the sensors, the pantograph, and the linear camera.



Sensors 2023, 23, 1773 4 of 19Sensors 2022, 22, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Test bench developed for the HIL CPI simulation. 

The system consists of several elements capable of precisely simulating the move-
ment of the contact point between a catenary and a pantograph. A scheme of the main 
components and their interactions is shown in Figure 2. 

 
Figure 2. Scheme of the test bench components. 1. Linear motor and motor drive; 2. Real-time con-
troller; 3. Virtual catenary; 4. Sensors; 5. Pantograph; 6. Linear camera. 

A linear motor simulates the catenary position. As it moves, it pushes the pantograph, 
which reactively pushes the motor slider. Two force sensors measure the reactivity to the 
motor (acting as a catenary) and send the value to a mathematical model of the catenary 
running in a virtual environment. The model uses the force as an input and computes the 

Figure 1. Test bench developed for the HIL CPI simulation.

Sensors 2022, 22, x FOR PEER REVIEW 4 of 19 
 

 

 
Figure 1. Test bench developed for the HIL CPI simulation. 

The system consists of several elements capable of precisely simulating the move-
ment of the contact point between a catenary and a pantograph. A scheme of the main 
components and their interactions is shown in Figure 2. 

 
Figure 2. Scheme of the test bench components. 1. Linear motor and motor drive; 2. Real-time con-
troller; 3. Virtual catenary; 4. Sensors; 5. Pantograph; 6. Linear camera. 

A linear motor simulates the catenary position. As it moves, it pushes the pantograph, 
which reactively pushes the motor slider. Two force sensors measure the reactivity to the 
motor (acting as a catenary) and send the value to a mathematical model of the catenary 
running in a virtual environment. The model uses the force as an input and computes the 

Figure 2. Scheme of the test bench components. 1. Linear motor and motor drive; 2. Real-time
controller; 3. Virtual catenary; 4. Sensors; 5. Pantograph; 6. Linear camera.



Sensors 2023, 23, 1773 5 of 19

1. The linear motor

A motor drive (LINE1450) from LINMOT (Spreitenbach, Switzerland) controls a linear
motor (LINPS10-70x240U-BL-QJ), allowing a maximum velocity of 5.4 m/s and a maximum
force of 1650 N. It implements a closed-loop PID control strategy over the position of the
slider. The position reference for the motor can be changed through EtherCAT communica-
tions. The control command set for the drive includes several reference generation modes.
The selected working mode is position and velocity stream which is thought to be used in
high-precision machines. Therefore, the system avoids generating parasite frequencies and
discrete steps leading to instability.

2. The controller

A real-time device “CompactRIO 9040 (CRio) from National Instruments (Austin, TX,
USA), controls the flow of the application. It includes a Dual Core 1.30 GHz processor,
2 GB RAM, Ethernet and EtherCAT communications, and several IO modules. The tasks
assigned to the controller are: to guarantee the real-time flow of the application, receive the
computed contact point positions from the virtual catenary, generate the control commands
for the driver, measure and communicate the force on the pantograph to the virtual catenary,
and save the experiment results. This device includes a real-time internal clock signal to
generate real-time looped applications.

The controller can be set into four program modes. The Real-Time Mode allows the
easy development of real-time applications with control loops up to 5 kHz. The Real-Time
Scan Mode allows synchronous input-output updates with rates up to 1 kHz. It is thought
of as real-time application development, including multiple synchronized loops. The FPGA
Mode is thought to develop high-performance applications in the range of MHz, such as
analog streaming, high-speed control loops, or high-rate signal acquisition and processing.
The Hybrid Mode allows the use of the Real-Time Scan Mode for the main application
in the CRio core and the FPGA Mode in some modules. This programming mode helps
acquire and filter signals with high-speed requirements (such as acceleration) and integrate
the measures with a complex real-time application.

3. Virtual catenary

It is essential to have some flexibility over the code to test different settings of the
same catenary in different experiments. Moreover, it is also mandatory to consider a
catenary model as realistic and efficient as possible to be solved in real-time. To fulfill
these requirements, we use the analytic catenary model proposed in [8] and a periodic
catenary finite element model [27]. The code of the catenary model runs on an (Intel® Core™
i9-9900K CPU, 3.6 GHz, 64 GB RAM) PC that allows high-speed processing. Although
these models are very suitable for dealing with delays in the HIL experiment, they only
account for the steady-state response of the system and need to be combined with the
iterative strategy developed in [26] to achieve convergence in a HIL test. However, the
current work is focused on using a complete catenary finite element model, solved by the
real-time numerical strategy proposed in [39], that will consider more realistic features
such as overlaps or span length and dropper arrangement variability in a catenary section.

4. Sensors

Besides the camera, the system collects position, force in the contact point, and ac-
celeration. The motor position sensor is built into the motor casing and has a precision
of 0.005 mm. The force is measured with two force transducers (HBM C9C, Darmstadt,
Germany) located in the two contact strips of the pantograph. Three accelerometers (Ky-
owa AS-5GA, Tokyo, Japan) can be located at different points of the pantograph and are
measured via high-speed sampling modules in the CRio. When using the accelerometers,
the CRio is set into the Hybrid Mode to allow FPGA filtering of the accelerations.
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5. Pantograph

The pantograph is an Einholm DSA® 380.03 from Stemman-Technik GmbH (Schüttorf,
Germany). It has a single-arm and allows train speeds up to 380 km/h. A pneumatic system
allows adjusting the static force on the CPI with the pressure of the compressed air intake.
Table 1 shows its main characteristics.

Table 1. Main characteristics of the pantograph.

Parameter Value

Max voltage 25 kV
Max current 1000 A

Compressed air supply 4–10 bar
Spring stroke 60 mm

6. Linear camera

The computer vision system includes a linear camera, a lens, and a frame grabber to
speed up image acquisition. From the framing point of view, the approximate working
area will be 100 mm separating the pantograph’s upper part from the lower part of the
catenary, where the direct LED light sources have been installed. It is essential to consider
the image capture speed in frames per second, which is decisive since it must satisfy the
restrictions imposed by the system’s working frequency of 500 Hz.

Once the measurement characteristics have been defined, the camera and lens require-
ments can be determined. Assuming that it is necessary to detect movements of the order
of 0.015 mm in a 100 mm frame, the resolution required for the camera can be established
as follows:

Resolution ≥ 100
0.015

= 6666.7 pixels (1)

From the point of view of capture speed, the camera-to-computer connection is an
important aspect. Each pixel is stored in one byte, and it is necessary to send at least
6667 pixels in 1 ms. Therefore, the connection speed between the camera and the processing
equipment must be at least 6.7 Mb/s.

With all these parameters in mind, it is possible to decide which camera to use. From
the point of view of the sensor format, we can use area or linear cameras. The area camera
acquires two-dimensional image information during the capture time of a frame. The linear
camera has a sensor with a single line of sensitive elements and requires movement relative
to the scene to obtain a 2D image. The linear camera has a higher resolution and lower
cost, which makes them suitable for measurement applications. Area cameras have a lower
resolution per column than linear cameras.

The selected camera is an Aviiva from Teledynedalsa (Waterloo, ON, Canada). The
camera has a resolution of 8192 pixels. Moreover, two direct light sources are installed in
the pantograph and the motor (acting as the catenary), which will be used as markers to
facilitate image processing.

The direct lights installed on the pantograph and in the motor are framed to project
the light on the sensitive element’s column, as shown in Figure 3. A frame grabber allows
Camera Link communication and ensures the system is deterministic regardless of the
operating system used to guarantee the necessary frame rate. Moreover, a 50 mm F2.8 lens
has been installed to illuminate the sensor correctly. With this lens, the camera can be
placed at 200 mm of the setup, as shown in Figure 3, so it generates a minimum distortion
in the image.
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The control application includes a graphical interface allowing the complete tracing of
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and data saving. Figure 4 shows the interface.
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2.1. HIL Process

The CRio is a real-time device capable of generating multiple synchronized loops. Its
internal clock has an accuracy of 200 ppm (parts per million). Therefore, this device is used
as the core of the HIL simulation. The CRio launches three loops simultaneously (Figure 5).
The first loop interacts with the virtual catenary, the second loop generates a trigger signal
to synchronize the camera images, and the third loop communicates with the motor drive.
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The first loop starts the experiment by measuring the current force. Then it sends the
force to the VC through an ethernet UDP message. The PC computes the following contact
point position and sends it back to the CRio. The third loop starts simultaneously and sends
the current recorded CP as a position reference to the motor drive so that the motor moves
to that height. As shown in Figure 5, the contact point sent to the motor corresponds with
the computation of the VC model’s previous iteration. The motor movement generates a
force over the pantograph, which is measured, thus repeating the loop.

The CRio implements UDP stable real-time communications with the VC with one
millisecond or higher sample time. The driver communicates with EtherCAT in real-time,
but it takes two milliseconds to update the internal variables. Because shorter sample
times increase VC stability, the communication process is split into two synchronized
tasks. Therefore, the CRio generates two synchronized real-time loops for each side of the
experiment: a 2 ms loop for the VC and a 2 ms loop for the drive.

2.2. Virtual Catenary Computing

The VC side of the controller is executed each 2 ms deterministically. Although ideally,
the system reacts to the force immediately, in the HIL simulation, some delays must be
considered. The Virtual Catenary algorithm considers the system’s delays to compute
the CP to be set as a reference for the motor drive (see for example [27] for details of the
algorithm). The force signal is conditioned with an amplifier (NEC AS1201 AC Strain)
that filters and increases the voltage levels. The hardware filter can be set to 10 Hz, 30 Hz,
100 Hz, 300 Hz, or no filtering to avoid high-frequency components in the force. This
filtering process delays the force signal ranging from 20 ms to 0 ms, depending on the
selected filter. This force measure gets into the VC algorithm, which computes the dynamic
response of all the points in the catenary domain. Then, the catenary sends the appropriate
CP position within the application period (2 ms) to guarantee delay compensation; see
Figure 3. In the next application cycle, the CRio performs an EtherCAT writing in the motor
drive to change the reference position of the motor. The motor moves to that position at that
moment with a settling time of 3 ms. Therefore, the pantograph would meet the computed
position three steps after measuring the force if the filter is set to 300 Hz or above.
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2.3. Computer Vision System Configuration and Image Processing

The computer vision system consists of optics and a linear camera. Light goes through
the lens and projects into the camera sensor for acquisition. The captured image allows for
measuring the desired parameters of the pantograph experiment. The camera is chosen
according to the characteristics needed to satisfy the measurements. In this case, the chosen
camera described previously has 8192 pixels because the aim is to detect small movements
in the order of tenths of millimeters. Since the camera framing is 100 mm, the range of
small movements that it is able to detect is 0.012 mm.

Detecting the pantograph and wire in the image is done with markers to increase the
efficiency of the computer vision-based measuring system. In this case, two direct light
sources are installed, one in the pantograph and the other in the motor representing the
catenary contact wire, as shown in Figure 3. Direct light saturates the pixel where it points;
consequently, a grayscale value (0–255) is enough to measure the position of the lights in
the frame. Using a grayscale image drastically reduces the data per frame and the image
processing time.

With this setup, each experiment consists of a set of linear frames representing the
position of the pantograph and the wire in a grayscale linear image at each HIL simulation
step. Linear image frames are arranged in columns to build a 2D image that represents the
experiment’s performance, as shown in Figure 6.
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performance of the experiment.

The computer vision algorithm that extracts information from the image is crucial to
obtain the measurement of the pantograph and the wire in each HIL simulation step. Each
linear frame is processed as follows:

1. Pixels belonging to pantograph and wire are detected using image thresholding. The
result is a boolean image.

2. Selected pixels are grouped into blobs to analyze their features. Two blobs are detected
that represent the pantograph and the wire.

3. In this case, the centroids of both blobs are computed to determine their location in
the frame.
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2.4. Additional Experimental Capabilities

The test bench is thought to simulate virtual catenaries over a pantograph. Neverthe-
less, the application architecture offers the possibility of performing other experiments.
The VC module can be changed to generate any signal, and the sensors will measure
the response of the pantograph with the same application flow shown in Figure 5. Some
experiment possibilities are pantograph identification, HIL simulation validation, data
generation for artificial intelligence training, camera calibration, or contact loss simulation.

3. Results

This section shows some results of experiments performed with the system.

3.1. HIL Simulation Validation

Catenary models should be tested for stability before they can be used for HIL simula-
tions. To verify the performance of each catenary, we test them offline at different speeds
interacting with several pantograph models. If the VC has stable performance, it can
be tested on the test bench. It is essential to verify if the simulated VC behavior will be
reproduced on the test bench. Therefore, the VC can be used with other simple models
besides the pantograph for validation purposes. A simple way of validating is placing
a well-known system to interact with the VC and study the simulated and real curves.
Figure 7 shows a single mass system attached to the motor instead of the pantograph.
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For example, the periodic finite element model catenary presented in [27] was tested
as explained, showing low error and, thus, validating the HIL simulation setup. Figure 8
shows a comparison of the contact force for a span between the simulation and the test.

Figure 9 shows the simulation of the same catenary with a lumped-mass pantograph
model compared to the data obtained from the HIL simulation. Because of the validation
of the HIL procedure shown in Figure 8, the pantograph model does not match perfectly
with the real pantograph dynamic behavior. Pantograph modeling is a challenging task
due to the non-linearity of several components and is a topic of ongoing research.
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Figure 9. HIL simulation of a periodic catenary with a pantograph.

3.2. Virtual Catenary Simulation

Stable VC can be HIL simulated in the test bench. Figure 10 shows the HIL simula-
tion of a periodic catenary model with the pantograph until the stabilization of the HIL
iterative process.

The models are sensitive to high contact force changes at the start. Therefore, the
amplitude of the catenary movement is only partially generated from the beginning. As
shown in Figure 10a, the VC linearly increases the amplitude of the contact point position
to guarantee a safe HIL simulation.

The real-time controller generates a trigger signal that synchronizes the contact point
generation with the camera firing to obtain a set of grayscale values for each pixel and
simulation time. Figure 11a shows the image of a HIL catenary simulation on its rising
process. Figure 11b zooms into a section of an experiment where the HIL simulation steady
state was established.
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3.3. Camera Calibration

The camera is calibrated to obtain measurements in the image in millimeters. For
this purpose, the system generates a 600 mm ramp to move the pantograph and to study
this movement in the acquired images. The aim is to establish the ratio between pixels
and millimeters in each frame. Figure 12a shows the generated pattern, and Figure 12b
the acquired image. Each column represents one step of the calibration process, and the
two white areas represent the position of the pantograph and the wire in the image. As
mentioned before, each blob’s centroid defines the pantograph and the wire positions
in the image. The red line in Figure 12b shows computed values in the image. Since
we are measuring the distance between the pantograph and the wire, the calibration
process computes the ratio pixel/mm. Moreover, the variation of this ratio over the length
of the pixels line is also studied. Some optics distort the image, and this effect should
be considered to obtain accurate measurements. In this case, the ratio has proved to
be constant.
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3.4. Contact Loss Simulation

Contact loss [28,40–42] is a well-known cause of catenary wear and can cause severe
problems with the power supply and the safe running of trains. Because of the arcing
phenomenon, cameras quickly detect the contact loss effect on the current transmission
through the pantograph [43,44].

The test bench allows the HIL simulation of catenaries at different speeds and con-
figurations, thus allowing the simulation of mounting errors, low pantograph pressure,
and other effects that might lead to contact loss. Because the system is not electrified, the
arcing phenomenon will not be produced. Therefore, the study of contact loss is restricted
to any mechanical observation. The studies that can be performed will be oriented to the
prognosis of contact loss by monitoring the movement of several parts of the pantograph.
According to the standard EN 50367 [45], a contact loss will be considered if the electric arc
is longer than 5 ms. Thus, a sampling rate of 2 ms is enough to capture this phenomenon.
Figure 13a shows a part of an experiment where contact loss occurs. Contact loss can be
detected by the force sensors when the interaction force reaches 0 N (Figure 13b). The
complete experiment is shown in Figure 14, where the centroids of the two light beams
detected by the camera are recorded to match the contact loss times.
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3.5. Pantograph Identification

Section 3.1. showed that pantograph model identification is an interesting topic to
be researched. The problem can be approached from different perspectives [46]. The test
bench can generate any contact signal to study the response of the pantograph and fit a
model, for example, chirp signals, including wide frequency content. Figure 15a shows a
chirp signal, and Figure 15b the force response.
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4. Discussion and Future Work

As a key sector within the transport business, the railroad industry is constantly
modernizing its elements and systems. The rising requirements in passenger and freight
transport lead to increments in train speed, which must be achieved together with the safe
operation of both the train and facilities. As it has been proved to be a recent trend in the
general industry, HIL simulation is being introduced in the railroad sector. HIL simulation
allows the realistic testing of elements in a safe environment. Therefore, the development
of systems and their commissioning is faster and safer.

In this context, this paper presents a test bench to perform HIL simulations of CPI that
can be used for several lines of research, and it improves some aspects of facilities with
the same purpose worldwide. The test bench allows the safe operation of the VC with
sampling times up to 2 ms (500 Hz), which significantly improves the reported sampling
times in other HIL test benches. Moreover, the electric actuator allows faster dynamics
generation than hydraulic actuator devices [21,23].

One of the potential problems of HIL tests is the lack of stability in closed-loop. The
interaction between VC models and real pantographs excites the pantograph in frequencies
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that can destabilize the catenary model [23]. The generation of high displacements produces
high forces dangerous for the system’s safety. The frequencies that can destabilize the HIL
simulation depend on the actuator technology, the VC model, and the sampling rate. Some
of the reported test benches have solved the problem with external control. The goal is
to stabilize the HIL process by adding an external actuation that modifies the CP forces.
That action can be physical [23] or virtual [24]. From the authors’ point of view, this kind
of control helps in the simulation stability but includes a force not present in the natural
operation of the CPI. Because the main objective of a HIL simulation is to reproduce the
CPI, adding forces that are not present in the real operation forces the VC to operate in
a distinct way from what the real catenary will do. To validate the HIL simulation with
external actuation, the actuation must trend to zero or remain in low values compared to
measured force values.

Regarding flexibility in experimentation, the test bench at the University of Hud-
dersfield [25] also has the capability of CPI HIL closed-loop simulation and pantograph
identification. Moreover, it includes lateral movement to reproduce the catenary stagger
and actuators at the bottom of the pantograph to simulate the railway configuration. Nev-
ertheless, the actuators of the test bench are limited to the maximum frequency of the
hydraulic system.

Therefore, the designed test bench allows the HIL closed-loop simulation of catenaries
with a bandwidth of 500 Hz. It also allows catenary validation and pantograph identifi-
cation. The test bench integrates computer vision as a sensor in the system, which allows
the exploration of this kind of technology in HIL CPI testing. To improve the experimental
capabilities, future work will address the implementation of some improvements. The
lateral movement of the vertical actuator is important to reproduce the catenary stagger
and study its effect over the pantograph dynamic. Therefore, a lateral actuator will be
included. Another interesting research topic is the system behavior in curved paths. A
bottom actuator will be placed to include car-body movement in the HIL process. The
linear camera has proved to give interesting information. Therefore, a 2D camera will be
placed to study the overall behavior of the pantograph. This new system will extend the
CPI monitoring to other pantograph areas.

Finally, delays have also been detected as an important cause of instability. Thus, a
more robust VC real-time simulator will be placed with data acquisition and generation
capability to reduce as much as possible measure delays.

Author Contributions: Conceptualization, A.C.; methodology, M.T. and A.C.; software, A.C., M.S.-M.
and C.R.-V.; validation, J.G., F.J.F. and S.G.; formal analysis, A.M.P., M.T., J.G. and S.G.; investiga-
tion, C.R.-V., A.C., M.T. and S.G.; resources, M.T., C.R.-V. and A.C.; data curation, J.G. and S.G.;
writing—original draft preparation, A.C.; writing—review and editing, A.C., M.T., S.G. and C.R.-
V.; visualization, A.C.; supervision, S.G., F.J.F. and A.M.P.; project administration, M.T. and A.C.;
funding acquisition, A.C. and M.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by grants PID2020-113458RB-I00 funded by MCIN/AEI/
10.13039/501100011033 and PROMETEO/2021/046 by GVA.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Eurostat. Key Figures on Europe: 2021 Edition; Bietlot: Luxembourg, 2021.
2. UNE-EN 50317:2012/A1:2022; Railway Applications-Current Collection Systems-Requirements for and Validation of Measure-

ments of the Dynamic Interaction between Pantograph and Overhead Contact Line. European Committee for Electrotechnical
Standardization: Brussels, Belgium, 2022.



Sensors 2023, 23, 1773 18 of 19

3. Song, Y.; Antunes, P.; Pombo, J.; Liu, Z. A Methodology to Study High-Speed Pantograph-Catenary Interaction with Realistic
Contact Wire Irregularities. Mech. Mach. Theory 2020, 152, 103940. [CrossRef]

4. Song, Y.; Liu, Z.; Xu, Z.; Zhang, J. Developed Moving Mesh Method for High-Speed Railway Pantograph-Catenary Interaction
Based on Nonlinear Finite Element Procedure. Int. J. Rail Transp. 2019, 7, 173–190. [CrossRef]

5. Song, Y.; Rønnquist, A.; Nåvik, P. Assessment of the High-Frequency Response in Railway Pantograph-Catenary Interaction
Based on Numerical Simulation. IEEE Trans. Veh. Technol. 2020, 69, 10596–10605. [CrossRef]

6. Zdziebko, P.; Martowicz, A.; Uhl, T. Multi-Domain Approach to Modeling Pantograph-Catenary Interaction. Eksploat. I Niezawodn.-
Maint. Reliab. 2022, 24, 130–139. [CrossRef]

7. Benet, J.; Cuartero, F.; Rojo, T.; Tendero, P.; Arias, E. A Dynamic Model for the Study and Simulation of the Pantograph–Rigid
Catenary Interaction with an Overlapping Span. Appl. Sci. 2021, 11, 7445. [CrossRef]

8. Gil, J.; Gregori, S.; Tur, M.; Fuenmayor, F.J. Analytical Model of the Pantograph–Catenary Dynamic Interaction and Comparison
with Numerical Simulations. Veh. Syst. Dyn. 2022, 60, 132–155. [CrossRef]

9. Vesali, F.; Rezvani, M.A.; Molatefi, H. Simulation of the Dynamic Interaction of Rail Vehicle Pantograph and Catenary through a
Modal Approach. Arch. Appl. Mech. 2020, 90, 1475–1496. [CrossRef]

10. Gregori, S.; Tur, M.; Tarancón, J.E.; Fuenmayor, F.J. Stochastic Monte Carlo Simulations of the Pantograph–Catenary Dynamic
Interaction to Allow for Uncertainties Introduced during Catenary Installation. Veh. Syst. Dyn. 2018, 57, 471–492. [CrossRef]

11. Song, Y.; Wang, Z.; Liu, Z.; Wang, R. A Spatial Coupling Model to Study Dynamic Performance of Pantograph-Catenary with
Vehicle-Track Excitation. Mech. Syst. Signal Process 2021, 151, 107336. [CrossRef]

12. Yao, Y.; Zou, D.; Zhou, N.; Mei, G.; Wang, J.; Zhang, W. A Study on the Mechanism of Vehicle Body Vibration Affecting the
Dynamic Interaction in the Pantograph–Catenary System. Veh. Syst. Dyn. 2021, 59, 1335–1354. [CrossRef]

13. Song, Y.; Liu, Z.; Lu, X. Dynamic Performance of High-Speed Railway Overhead Contact Line Interacting with Pantograph
Considering Local Dropper Defect. IEEE Trans. Veh. Technol. 2020, 69, 5958–5967. [CrossRef]

14. Song, Y.; Zhang, M.; Øiseth, O.; Rønnquist, A. Wind Deflection Analysis of Railway Catenary under Crosswind Based on
Nonlinear Finite Element Model and Wind Tunnel Test. Mech. Mach. Theory 2022, 168, 104608. [CrossRef]

15. Bocciolone, M.; Resta, F.; Rocchi, D.; Tosi, A.; Collina, A. Pantograph Aerodynamic Effects on the Pantograph–Catenary Interaction.
Veh. Syst. Dyn. 2006, 44, 560–570. [CrossRef]

16. MTS High-Performance Pantograph Testing. Available online: https://www.mts.com/en/articles/rail/high-performance-
pantograph (accessed on 28 December 2022).

17. Railway Technical Research Institute High-Speed Test Facility for Pantograph/OCL Systems. Available online: https://www.rtri.
or.jp/eng/press/2020/nr202015_detail.html (accessed on 28 December 2022).

18. KOBAYASHI, S.; YAMASHITA, Y.; USUDA, T.; STOTEN, D.P. Hybrid Simulation Testing of a Pantograph-Catenary System Using
a Dynamically Substructured System Framework and a MDOF Catenary Model. Q. Rep. RTRI 2020, 61, 127–132. [CrossRef]
[PubMed]

19. Kobayashi, S.; Stoten, D.P.; Yamashita, Y.; Usuda, T. Dynamically Substructured Testing of Railway Pantograph/Catenary Systems.
Proc. Inst. Mech. Eng. F J. Rail Rapid Transit 2019, 233, 516–525. [CrossRef]

20. Zhang, W.H.; Mei, G.M.; Wu, X.J.; Chen, L.Q. A Study on Dynamic Behaviour of Pantographs by Using Hybrid Simulation
Method. Proc. Inst. Mech. Eng. F J. Rail Rapid Transit 2005, 219, 189–199. [CrossRef]

21. Zhang, W.; Mei, G.; Wu, X.; Shen, Z. Hybrid Simulation of Dynamics for the Pantograph-Catenary System. Veh. Syst. Dyn. 2002,
38, 393–414. [CrossRef]

22. Resta, F.; Facchinetti, A.; Collina, A.; Bucca, G. On the Use of a Hardware in the Loop Set-up for Pantograph Dynamics Evaluation.
Veh. Syst. Dyn. 2008, 46, 1039–1052. [CrossRef]

23. Facchinetti, A.; Mauri, M. Hardware-in-the-Loop Overhead Line Emulator for Active Pantograph Testing. IEEE Trans. Ind.
Electron. 2009, 56, 4071–4078. [CrossRef]

24. Schirrer, A.; Aschauer, G.; Talic, E.; Kozek, M.; Jakubek, S. Catenary Emulation for Hardware-in-the-Loop Pantograph Testing
with a Model Predictive Energy-Conserving Control Algorithm. Mechatronics 2017, 41, 17–28. [CrossRef]

25. University of Huddersfield Full-Scale High-Performance Test Bench for Pantograph and Catenary Research. Available online:
https://research.hud.ac.uk/institutes-centres/irr/pantongraphtestrig/ (accessed on 28 December 2022).

26. Gil, J.; Tur, M.; Correcher, A.; Gregori, S.; Pedrosa, A.; Fuenmayor, F.J. Hardware-in-the-Loop Pantograph Tests Using Analytical
Catenary Models. Veh. Syst. Dyn. 2022, 60, 3504–3518. [CrossRef]

27. Gil, J.; Tur, M.; Gregori, S.; Correcher, A.; Fuenmayor, F.J. Finite Element Periodic Catenary Model to Perform HIL Pantograph
Tests Considering Non-Linear Dropper Behaviour. Finite Elem. Anal. Des. 2022, 210, 103816. [CrossRef]

28. Jiang, T.; Frøseth, G.T.; Nåvik, P.; Rønnquist, A. Assessment of Pantograph-Catenary Interaction in a Railway Overlap Section via
a Novel Optical-Based Method. Mech. Mach. Theory 2022, 177, 105045. [CrossRef]

29. Zhang, D.; Gao, S.; Yu, L.; Kang, G.; Zhan, D.; Wei, X. A Robust Pantograph-Catenary Interaction Condition Monitoring Method
Based on Deep Convolutional Network. IEEE Trans. Instrum. Meas. 2020, 69, 1920–1929. [CrossRef]

30. Jiang, T.; Rønnquist, A.; Song, Y.; Frøseth, G.T.; Nåvik, P. A Detailed Investigation of Uplift and Damping of a Railway Catenary
Span in Traffic Using a Vision-Based Line-Tracking System. J. Sound Vib. 2022, 527, 116875. [CrossRef]

31. Chen, R.; Lin, Y.; Jin, T. High-Speed Railway Pantograph-Catenary Anomaly Detection Method Based on Depth Vision Neural
Network. IEEE Trans. Instrum. Meas. 2022, 71, 1–10. [CrossRef]

http://doi.org/10.1016/j.mechmachtheory.2020.103940
http://doi.org/10.1080/23248378.2018.1532330
http://doi.org/10.1109/TVT.2020.3015044
http://doi.org/10.17531/ein.2022.1.15
http://doi.org/10.3390/app11167445
http://doi.org/10.1080/00423114.2020.1802493
http://doi.org/10.1007/s00419-020-01679-2
http://doi.org/10.1080/00423114.2018.1473617
http://doi.org/10.1016/j.ymssp.2020.107336
http://doi.org/10.1080/00423114.2020.1752922
http://doi.org/10.1109/TVT.2020.2984060
http://doi.org/10.1016/j.mechmachtheory.2021.104608
http://doi.org/10.1080/00423110600875484
https://www.mts.com/en/articles/rail/high-performance-pantograph
https://www.mts.com/en/articles/rail/high-performance-pantograph
https://www.rtri.or.jp/eng/press/2020/nr202015_detail.html
https://www.rtri.or.jp/eng/press/2020/nr202015_detail.html
http://doi.org/10.2219/rtriqr.61.2_127
http://www.ncbi.nlm.nih.gov/pubmed/36721039
http://doi.org/10.1177/0954409718799900
http://doi.org/10.1243/095440905X8880
http://doi.org/10.1076/vesd.38.6.393.8347
http://doi.org/10.1080/00423110802037891
http://doi.org/10.1109/TIE.2009.2023632
http://doi.org/10.1016/j.mechatronics.2016.11.002
https://research.hud.ac.uk/institutes-centres/irr/pantongraphtestrig/
http://doi.org/10.1080/00423114.2021.1962538
http://doi.org/10.1016/j.finel.2022.103816
http://doi.org/10.1016/j.mechmachtheory.2022.105045
http://doi.org/10.1109/TIM.2019.2920721
http://doi.org/10.1016/j.jsv.2022.116875
http://doi.org/10.1109/TIM.2022.3188042


Sensors 2023, 23, 1773 19 of 19

32. Huang, S.; Zhai, Y.; Zhang, M.; Hou, X. Arc Detection and Recognition in Pantograph–Catenary System Based on Convolutional
Neural Network. Inf. Sci. 2019, 501, 363–376. [CrossRef]

33. Karaduman, G.; Karakose, M.; Akin, E. Condition Monitoring Platform in Railways Based on Iot. In Proceedings of the 2018
International Conference on Artificial Intelligence and Data Processing, IDAP 2018, Malatya, Turkey, 28–30 September 2018; IEEE:
New York, NY, USA, 2019. [CrossRef]

34. Huang, Z.; Zhang, Y.; Yue, X.; Li, X.; Fang, H.; Hong, H.; Zhang, T. Joint Horizontal-Vertical Enhancement and Tracking Scheme
for Robust Contact-Point Detection from Pantograph-Catenary Infrared Images. Infrared. Phys. Technol. 2020, 105, 103156.
[CrossRef]

35. Li, W.; Zhang, J.; Zou, P. Robust Pantograph-Catenary Contact Point Detection from Infrared Images Based on the YOLOv5 and
Corner Detection. In Proceedings of the 2022 IEEE 5th International Conference on Artificial Intelligence and Big Data, ICAIBD
2022, Chengdu, China, 27–30 May 2022; IEEE: New York, NY, USA, 2022; pp. 342–347. [CrossRef]

36. Karaduman, G.; Akin, E. A Deep Learning Based Method for Detecting of Wear on the Current Collector Strips’ Surfaces of the
Pantograph in Railways. IEEE Access 2020, 8, 183799–183812. [CrossRef]

37. Camlin Rail Pantobot 3D. Available online: https://camlingroup.com/en-us/rail/pantograph-monitoring (accessed on
28 December 2022).

38. Pantoinspect Pantoinspect. Available online: https://www.pantoinspect.com/ (accessed on 28 December 2022).
39. Gregori, S.; Tur, M.; Pedrosa, A.; Tarancón, J.E.; Fuenmayor, F.J. A Modal Coordinate Catenary Model for the Real-Time Simulation

of the Pantograph-Catenary Dynamic Interaction. Finite Elem. Anal. Des. 2019, 162, 1–12. [CrossRef]
40. Song, Y.; Jiang, T.; Rønnquist, A.; Nåvik, P.; Frøseth, G. The Effects of Spatially Distributed Damping on the Contact Force in

Railway Pantograph-Catenary Interactions. IEEE Trans. Instrum. Meas. 2021, 70, 1–10. [CrossRef]
41. Chu, W.; Song, Y. Study on Dynamic Interaction of Railway Pantograph–Catenary Including Reattachment Momentum Impact.

Vibration 2020, 3, 18–33. [CrossRef]
42. Wu, G.; Dong, K.; Xu, Z.; Xiao, S.; Wei, W.; Chen, H.; Li, J.; Huang, Z.; Li, J.; Gao, G.; et al. Pantograph–Catenary Electrical Contact

System of High-Speed Railways: Recent Progress, Challenges, and Outlooks. Railw. Eng. Sci. 2022, 30, 437–467. [CrossRef]
43. Gao, S. Automatic Detection and Monitoring System of Pantograph–Catenary in China’s High-Speed Railways. IEEE Trans.

Instrum. Meas. 2021, 70, 1–12. [CrossRef]
44. Quan, W.; Guo, S.; Lu, X.; Gu, G.; Cheng, W.; Zhou, N.; Yu, L. ArcMask: A Robust and Fast Image-Based Method for High-Speed

Railway Pantograph-Catenary Arcing Instance Segmentation. Neural Comput. Appl. 2022, 34, 1–16. [CrossRef]
45. EN 50367; Railway Applications-Current Collection Systems-Technical Criteria for the Interaction between Pantograph and

Overhead Line. European Committee for Electrotechnical Standardization: Brussels, Belgium, 2012.
46. Wilk, A.; Gelman, L.; Judek, S.; Karwowski, K.; Mizan, M.; Maciołek, T.; Lewandowski, M.; Jakubowski, A.; Klimowska, K. Novel

Method of Estimation of Inertial and Dissipative Parameters of a Railway Pantograph Model. Veh. Syst. Dyn. 2022, 60, 2413–2435.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.ins.2019.06.006
http://doi.org/10.1109/IDAP.2018.8620872
http://doi.org/10.1016/j.infrared.2019.103156
http://doi.org/10.1109/ICAIBD55127.2022.9820255
http://doi.org/10.1109/ACCESS.2020.3029555
https://camlingroup.com/en-us/rail/pantograph-monitoring
https://www.pantoinspect.com/
http://doi.org/10.1016/j.finel.2019.05.001
http://doi.org/10.1109/TIM.2021.3091459
http://doi.org/10.3390/vibration3010003
http://doi.org/10.1007/s40534-022-00281-2
http://doi.org/10.1109/TIM.2020.3022487
http://doi.org/10.1007/s00521-022-08059-7
http://doi.org/10.1080/00423114.2021.1901942

	Introduction 
	Materials and Methods 
	HIL Process 
	Virtual Catenary Computing 
	Computer Vision System Configuration and Image Processing 
	Additional Experimental Capabilities 

	Results 
	HIL Simulation Validation 
	Virtual Catenary Simulation 
	Camera Calibration 
	Contact Loss Simulation 
	Pantograph Identification 

	Discussion and Future Work 
	References

