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ABSTRACT
Monitoring systems are a key tool to improve the safety of railway vehicles and to support maintenance
activities. Their on-board application on railway vehicles is currently well established on newly built
passenger vehicles, while their use on freight vehicles is not yet sufficiently widespread. This is due to
the complex management of the operating procedures of the freight wagons, to the substantial impact
of the cost of these systems compared to the cost of the wagon and to the common lack of electrification
on freight wagons.

This work illustrates the characteristics of a monitoring system developed at Politecnico di Torino
and previously installed on freight vehicles and operationally tested as regards the detection of
accelerations and temperatures as diagnostic parameters. This system has been improved by adding
diagnostics of the vehicle braking system, in order to detect anomalies during braking operations
and to support maintenance procedures. The activity described in the present work aims to identify,
beyond the specific diagnostic system that has been implemented, the basic characteristics that a
modern monitoring system, intended to be installed on railway freight wagons, should feature. The
new version of the monitoring system that has been developed at Politecnico di Torino has been
preliminarily tested on a scaled roller-rig in order to monitor the braking system even in abnormal
operating conditions, which would be difficult to reproduce safely on a real vehicle. The monitoring
system is equipped with an axle generator capable of autonomously supporting its operation, and it is
also provided with a diagnostic information processing system and communication protocols to send
outside this information.
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1 INTRODUCTION

The use of monitoring systems in the railway sector can be adopted for different purposes.
For instance, these systems allow to detect any anomalies or failures both on vehicles and on
the infrastructure, and this significantly contributes to an improvement of the safety of the
railway transport system [1]. The prompt identification of major failures or defects, both on
vehicle and infrastructure components [2, 3], can in fact prevent the risk of derailment [4] if
the information obtained from the monitoring system is used effectively to undertake mitigat-
ing measures, such as the interruption of the line traffic or the stop of the vehicle. A second
important function of monitoring devices is to assist and guide maintenance interventions
based on the deterioration conditions detected on the vehicle or infrastructure components.
The correct integration of the monitoring system with the maintenance procedures adopted
by the vehicle keeper (for the vehicle) or by the infrastructure manager (for the infrastruc-
ture) can allow the shift of maintenance procedures from a time or kilometric schedule to an
on-condition approach. This second method enables to repair or replace components only
when it is necessary, allowing to reduce operating costs while improving safety, efficiency,
and availability during operation.
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Monitoring systems can basically be classified into two main categories: wayside [5-7]
and onboard [8—11] monitoring systems, with the latter type being the one analyzed in this
work. Fixed (wayside) monitoring systems are present in the railway sector with several
well-established applications that normally have the function of detecting critical defects in
vehicles, such as detection systems for hot bearings, or for defects in wheel rolling surfaces,
weighting of axles, etc. These systems are therefore used to suspend some vehicles from
circulation, but they intervene when the defect on the vehicle is already evident. However,
since the detection stations are located in specific positions on the track, such devices cannot
guarantee prompt intervention in the event of sudden failures along the line, nor can they
provide information support to the vehicle maintenance system.

Innovative fixed detection systems are being studied based on image processing techniques
or acoustic/vibrational analysis [12, 13], which should make it possible to extend the field
of investigation to other aspects of the rolling stock such as the gauge, the load, the suspen-
sions, and also to evaluate the degradation of components in a predictive manner. In some
applications, fixed systems can be used to monitor the conditions of parts of the infrastructure
(e.g. bridges or curves subject to high wear). Nonetheless, these fixed systems maintain the
limitation of requiring the passage of the rolling stock on the measuring apparatus in order to
provide information and the vehicle passage window is extremely reduced compared to the
life of the vehicle on the track.

For this reason, the use of monitoring systems mounted on board vehicles has several
advantages. In fact, this solution allows to monitor the conditions of the vehicle in real time.
Onboard diagnostic systems can also be conveniently used for infrastructure monitoring, in
fact, infrastructure managers use special diagnostic vehicles to periodically check the con-
ditions of the line (ballast and track) and of the other infrastructure components (tunnels,
bridges, and catenary) by means of different types of sensors.

As for the vehicle diagnostic functions, which are the main object of this work, onboard
systems have been widely used starting with passenger vehicles, particularly in high-speed
vehicles where vehicle performance must be constantly monitored [14]. Various monitoring
applications have been applied to locomotives, where the importance of traction control [15,
16] is particularly relevant and where different diagnostic support systems are already nec-
essarily present.

The adoption of onboard monitoring systems on freight vehicles is not yet particularly
developed, especially since freight vehicles are normally devoid of electrification and data
transmission channels. Nevertheless, the use of diagnostic systems on freight vehicles is of
particular interest due to the lower maintenance and control frequency to which these vehi-
cles are subject. For this reason, there are several studies for the development of monitoring
systems for freight vehicles [17], which, in order to be of interest, must be energetically
autonomous and low cost so as not to significantly impact the cost of the wagon.

Essentially, two solutions can be used to instrument a freight wagon and create a
diagnostic monitoring system. The first strategy is to follow the approach traditionally
used also on passenger vehicles by equipping the vehicle with one or more data acqui-
sition and processing units connected to a series of sensors by wired connections. This
solution normally requires a greater amount of energy that can be supplied for example
by an axle generator, if not directly powered by the locomotive. The second solution is
the creation of a network of independently self-powered wireless sensors, powered by
dedicated energy harvesters [18]. The sensor network normally requires a concentrator
capable of conveying the data coming from all the sensors that make up the nodes of the
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network and possibly processing them. The concentrator also needs an energy harvest-
ing system. Wireless-type systems are more versatile as regards their installation on the
vehicle, but normally the amount of data that they are able to transmit and the sampling
frequency that they can adopt are limited. Therefore, they require simplified diagnostic
algorithms and thus they currently feature limitations as regards the diagnostic functions
that can be implemented. However, with the technological evolution in the field of ultra-
low power sensors and microcontrollers, an improvement in the diagnostic capabilities
of these systems can also be expected in the future, making them very promising for
future applications. The traditional (wired) systems have greater assembly complexity
and higher overall costs, but currently they allow greater processing and data storage
capacity, which is only limited by the type of sensors chosen and the system architecture.
Therefore, they are currently the ideal basis for developing reliable and comprehensive
diagnostic systems that may be converted into wireless systems in the future. For this
reason, the solution adopted for the application developed at the Politecnico di Torino is
based on a wired system, in such a way as to be able to develop an adequate set of sensors
and process them using appropriate diagnostic algorithms not bound by the limits of the
monitoring architecture.

This work illustrates the recent upgrades made to the monitoring system developed by the
Politecnico di Torino research group in previous years and already tested on various types of
freight vehicles [19-21]. The new changes aim at implementing new diagnostic features on
several vehicle components, such as those related to the traditional air brake system installed
on freight wagons [22].

2 MONITORING SYSTEM DESCRIPTION

The monitoring system designed at the Politecnico di Torino is the result of various evolu-
tions starting from an initial architecture consisting of an extremely modular system based on
an intelligent multiplexer with redirection of the signals coming from the sensors to appro-
priate signal conditioning devices and using a limited number of channels. Later on, thanks
to the availability of new multichannel A/D converters, the original system was modified,
and the upgraded version was based on a microcontroller managing several simultaneous
acquisition channels. Initially, this version was designed to acquire mainly Integrated Circuit
Piezoelectric (ICP) accelerometers. Currently, the system has been further modified by add-
ing to the previously used channels a series of additional acquisition channels designed for
sensors requiring a lower sampling rate with respect to the one demanded by accelerometers
and which will be dedicated to monitoring the braking system. The system is also equipped
with a GPS tracking device. The system configuration in its current version, which has been
designed for installation on freight vehicles, is described below.

2.1 System architecture

The basic architecture of the system is represented in Fig. 1, which shows the sensors (S)
installed on the wagon, with wired connection to the monitoring unit (MU), which supplies
the sensors and performs the signal conditioning and the data acquisition operations.

Since the MU is governed by a microcontroller (LPC2478) which is, for reasons of cost
and energy consumption, not able to simultaneously acquire all the channels at the maximum
sampling frequency, different monitoring programs can be launched alternately, in order to
execute different diagnostic functions on different vehicle components.
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Figure 1: Sketch of the MB model architecture (powered wheelsets are colored in gray).

The MU communicates with an industrial PC, which constitutes the data processing unit
(DEU), using a Transmission Control Protocol/Internet Protocol (TCP/IP) protocol (replac-
ing the previous Modbus protocol, which had limitations regarding the maximum data rate)
also on a wired connection. The DEU is able to manage two monitoring cards, each of which
is used to monitor a bogie. The DEU has the function of supervising all the monitoring
functions, by establishing which diagnostic functions are activated each time, processing the
collected data and possibly saving them temporarily, subsequently providing for their transfer
as raw data, aggregated data, or in the form of indexes.

The DEU of each wagon communicate with each other via a wired connection, always
on the TCP/IP protocol or alternatively via a Wi-Fi router. A control user interface and a
data transmission system relying on the Global System for Mobile communications (GSM)
protocol can be placed on one of the DEU, possibly in correspondence with the locomotive.

The power supply of the system (DEU and MU) is guaranteed by a battery pack (BATT)
and by an axle generator (G) placed in one of the instrumented axle-box covers used to
arrange the sensors on the bogie. Battery recharging and start-up of the monitoring system,
which takes place with the vehicle in motion, are managed by the power management unit.

2.2 Base sensors

The base system includes a series of sensors consisting of the following:

e Ten ICP accelerometers mounted on the axle-boxes (100 or 1000 mV/g). Each axle-box of
the bogie is provided with one accelerometer in the X (longitudinal) direction and one in
the Z (vertical) direction for each axle-box, while the measurement of accelerations along
the Y (lateral) direction is performed by two accelerometers, mounted on one axle-box of
each wheelset.

e Two magnetic encoders with 1024 pulses per revolution, placed in the axle-box where
there is no lateral accelerometer.

e Four PT1000-type thermal sensors: one for each axle-box.

The previous sensors are placed in special instrumented axle-box covers designed to replace
the original covers of the Y25 bogie.
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In addition, the system includes the following:

e Three capacitive accelerometers installed directly on the monitoring board, which is
mounted on the vehicle car body.

e One ambient reference thermal sensor, located near the monitoring board (away from
internal heat sources).

e One biaxial inclinometer with capacitive technology mounted in the car body frame, to
detect the roll and pitch angles (mounted on a single monitoring board if there are two
boards on the vehicle).

The measurements of the ICP sensors are acquired through high-frequency acquisition
channels based on the AD7608 ADC (18 bits up to 200 kS/s per channel). For the other sen-
sors, a solution was chosen with a lower frequency A/D converter type ADS1148 (16 bits,
2 kS/s).

2.3 System update

The monitoring system has recently been updated to add the possibility of analyzing further
important subsystems of the railway freight vehicle and in particular the braking system.
The components of the braking system are mainly pneumatic components, which require the
installation of pressure sensors. The dynamics of braking and related pneumatic devices are
characterized by phenomena that occur at low frequencies; therefore, the monitoring of the
braking system does not demand for acquisition channels with a high sampling rate.

Therefore, an additional ADS1148 A/D converter, previously not installed, but whose pres-
ence had already been foreseen, has been added to the monitoring board.

The additional channels are used to monitor the following sensors:

Pressure in the main brake pipe
Pressure at the brake cylinder
Pressure at the auxiliary reservoir
Brake pad temperature

Furthermore, the following additional information can be acquired:

Pressure at the command reservoir
Pressure at the emergency reservoir

Pilot pressure to empty/load braking valve
Pressure from weighing cells

In addition, the card has been equipped with an integrated GPS, which is able to provide
the geolocation of the vehicle in real time and to save this position, together with the vehicle
speed, in the data acquired by the system. Figure 2 shows the updated version of the MU board.

3 MONITORING FUNCTIONS
The monitoring system includes various functions that can be divided into two levels: safety
functions and maintenance support functions. The first type of functions allows for the timely
detection of serious anomalies that can cause danger to railway traffic and must therefore be
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Figure 2: Latest version of the board with the additional components highlighted.

active in real time. The maintenance-related functions are instead activated periodically and
allow to evaluate the state of deterioration of the vehicle components.

3.1 Safety functions

The system provides different functions for monitoring the vehicle running safety, which are
summarized as follows:

e Derailment (occurred): this condition is detected by an algorithm that analyzes the vertical
accelerations measured in the axle-boxes in relation to the vehicle speed.

e Serious structural damage to the vehicle wheels: this condition is also detected relying on
accelerometric measurements in the vertical direction.

e Integrity of the vehicle suspensions: this condition is detected analyzing the transfer func-
tion between the axle-boxes and the wagon frame resulting from the accelerometric mea-
surements.

All the above functions based on accelerometric measurements are activated automatically if
the vertical accelerometers (constantly monitored) exceed a threshold value in terms of root
mean square (rms) acceleration.
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The system is also provided with the following main functions, which do not require accel-
erometric measurements:

e Bearing integrity: this function is based on the thermal measurements performed in the
axle-boxes, and an alarm signal is produced when the sensors detect the temperature ex-
ceeding a safety threshold value.

e Braking faults (not required or anomalous): this function is based on the temperature mea-
surement carried out on the brake shoes and detects whether a shoe remains close to the
wheel in a release condition or if the shoe temperature reaches an excessive value.

e Serious malfunction of the braking system: this function detects the mismatch between
the pressure at the brake cylinder and the depression in the brake pipe or between the
pressure at the brake cylinder and the braking action highlighted by the increase in shoe
temperature. This function detects whether an axle/bogie is not braking when a braking
operation is activated.

3.2 Maintenance support

The functions monitoring the degradation level of vehicle components or the overall dynam-
ics of the vehicle are obtained by means of algorithms that are activated periodically and rely
on different combinations of sensors. In this case, the results of the monitoring algorithms
produce synthetic indicators of the degradation level that are saved at periodic intervals
on a non-volatile memory (SD) integrated in the MU. The comparison between the values
assumed by these indicators in different times allow to evaluate the evolution of the state of
degradation of the components, providing useful information for maintenance. The surveil-
lance functions that have been implemented include the following:

e Conditions of the rolling surfaces of the wheels (wheel-flat) [23] based on an accelero-
metric analysis.

o State of degradation of the bearings, based both on the analysis of operating temperatures
and on vibrational analysis.

e State of degradation of the suspensions, based on the transfer function between axle-box
and wagon frame accelerations.

e Anomalies of the braking system, based on an evaluation of the temperatures at the shoes
and of the pressures in the pipeline, at the brake cylinder and at the additional sensors if
present.

e Degradation of the ride index of the vehicle, on an accelerometric basis.

The system also allows to detect any critical damage of the infrastructure related to specific
positions on the track.

4 TESTING OF THE SYSTEM
4.1 Testing on the track
The monitoring system was tested on the Velim test track, where fault conditions can be sim-
ulated in safety conditions. The tests allow to assess the monitoring functions and to calibrate

the algorithms. Figure 3 shows the monitoring system installed on the freight test vehicle
equipped with the Y25 bogie.
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Figure 3: Monitoring system installed on the freight test vehicle in Velim.

The tests performed on the Velim test track investigated the response of the monitoring
system to the following aspects:

Wheel flat.

Repeated vertical irregularities (cyclic top), see Fig. 4a.
Derailment, see Fig. 4b.

Stability, see Fig. 4c.

A second experimental campaign was performed on a real track with focus on the evalu-
ation of the track quality [24]. More in detail, tests were carried on the traditional Gotthard
line and on the new high-speed Gotthard line in collaboration with SBB and Hupac SA. The
experimental campaign allowed to compare the performance of the two tracks by analyz-
ing the accelerations acquired by the monitoring system. Figure 5 shows the freight vehicle
equipped with the monitoring system during the experimental campaign.

4.2 Testing on roller-rig

On-field testing of monitoring systems can be a complex task, as the simulation of failure
conditions may be too dangerous. Nonetheless, monitoring algorithms and systems must be
tested and validated to ensure their reliability and effectiveness. Therefore, the research group
investigated the possibility of validating the new monitoring system, able to detect the con-
ditions of the brake system components, by means of laboratory test rigs [25-28]. The new
MU provided with functions for the brake system monitoring was tested on innovative scaled
multi-axle roller-rig [29-32], which was originally designed to investigate degraded adhe-
sion conditions and adhesion recovery phenomena [33]. The roller-rig mechanical structure
includes two rollers, powered by a single brushless motor, and four wheelsets. Each wheelset
is equipped with two brake disc-brake pad pairs, that allow to set a braking torque. The orig-
inal architecture was modified to simulate the brake plant of a freight wagon. Currently, for
the sake of simplicity, only one wheelset was supplied with compressed air to reproduce a
braking operation, but in future upgrades, the braking torque could be easily obtained on each
wheelset. Figure 6a shows a schematic view of the braking plant reproduced on the bench,
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Figure 4: Tests of the monitoring system performed on the Velim test track. (a) System for
the simulation of vertical irregularities; (b) System for the simulation of vehicle
derailment; (c) Stability diagram obtained during the experimental tests.

Figure 5: Monitoring system installed on the vehicle during the test on the Gotthard high-
speed track.
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Figure 6: Testing of the MU by means of a roller-rig. (a) Scheme of the pneumatic plant; (b)
Communication among sensors, MU, and control software (dotted line for digital
signals).

while Fig. 6b sketches the communication between the MU and the other sensors installed
on the bench.

A main reservoir is used to stock compressed air at a pressure of 8 bar, while a pressure
reducer sets the pressure downstream at the nominal value of 5 bar. The main brake pipe is
simply reproduced by means of a long pipe, used as a pneumatic resistance, which allows to
simulate the delay of the pressure wave along the train consist. The pressure in the brake pipe
is adjusted by means of an electro-pneumatic regulator (EPR 1) that allows to set a pressure
drop to start a braking operation. Downstream of the brake pipe is a reservoir, simulating
the auxiliary reservoir, whose pressure is regulated by means of a second electro-pneumatic
regulator (EPR 2). Finally, a third regulator (EPR 3) is used to adjust the pressure at the brake
calipers installed on the braked wheelset. The value of the braking pressure is computed as a
function of the pressure measured in the brake pipe.

The bench is managed by means of a dedicated control software, implemented in Lab-
VIEW, which manages the braking operations simulated on the roller-rig. The control
software allows to reproduce a realistic stop braking operation, as it estimates the decelera-
tion of the vehicle at each time step starting from the measurements of the tangential force
acting at each disc-pad interface.

The control software also manages an analog output module which sends to the MU
installed on the bench the same parameters that the unit would receive when installed on
board the vehicle. More in detail, the analog output card transmits the signals corresponding
to the pressure at the brake pipe, at the auxiliary reservoir and at the brake calipers, as well as
the signal of a load button cell which measures the weight acting on an axle-box, thus mim-
icking the weighing sensor installed on the real vehicles. Moreover, the MU directly receives
the digital signals of the encoder installed on the braked wheelset and the signals recorded by
the Pt1000 thermistors installed on the brake calipers of the braked wheelset.

Experimental tests reproducing different braking operations characterized by different
values of maximum pressure drop in the brake pipe and of the pressure drop gradient were
carried out on the bench, and the new configuration of the roller-rig proved to be a reliable
tool for the laboratory validation and testing of monitoring algorithms [27, 28].
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5 CONCLUSIONS

This work illustrated the recent activities carried out at the Politecnico di Torino to develop
a monitoring system to be installed onboard on freight vehicles. The recent changes imple-
mented in the system also allow to monitor the functions of the braking system, which plays a
fundamental role in the safety of the vehicle. It was therefore demonstrated how it is possible
to integrate functions and algorithms concerning different subsystems in a single MU, thus
being able to obtain an overview of the vehicle conditions. The installation of a geolocation
system also makes it possible to refer to the position of any anomalies and possibly to corre-
late them with defects on the track, excluding a malfunction of the vehicle.

The sharing of the diagnostic data obtained in real time with the driver and with the vehicle
keeper allows an improvement in the safety of the railway system and an improvement of the
maintenance system.
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