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Condition monitoring is becoming an essential tool in the railway industry, increasing the efficiency of vehicle
maintenance. This is particularly critical in the case of freight trains since most wagons are still not equipped
with sensors or wired. The proposed research work aims at developing a monitoring system with two main
purposes: to apply to different wagon typologies and to be an integrated solution for the monitoring of the
different mechanical subsystems of the vehicle. The focus is put on the energy harvesting to suitably power
supply the wireless sensor nodes and on the performance enhancement for the identification of possible faults in
the braking plant. The design of the monitoring system has been driven by an empirical model of the braking
plant realized also to support the analysis of experimental data collected by the monitoring devices in the
diagnostic stage. Moreover, a CFD analysis was performed to optimize energy harvesters (i.e. micro wind tur-
bines) positioning on the wagon to enhance their efficiency. In the paper, it is shown how the numerical tools
allowed to suitably design the wireless monitoring system, which is adopted in an experimental campaign aiming
at collecting a database for the validation of condition monitoring algorithms.

1. Introduction

In past years, research activities devoted to developing monitoring
systems in the railway field for diagnostics purposes were limited to
high-speed trains, since those vehicles represented the spearhead of the
railway industry [1,2]. Recently, due to the increased role of freight rail
in the transportation world, companies operating in this field have
expressed the need to monitor the health conditions of the wagons to
perform predictive maintenance activities and to make this trans-
portation mode more reliable and efficient. In this framework, on-board
monitoring still presents several challenges that need to be addressed,
such as the integration of multiple subsystems and the unavailability of
on-board power supply [3]. The first challenge in developing a moni-
toring system for freight train applications is integrating the monitoring
of multiple subsystems into a single, unified solution. This approach
aligns with the Digital Freight Train (DFT) vision, which aims for
comprehensive monitoring of all wagon subsystems within an integrated
framework. However, most of the available existing solutions address
specific systems independently.

Standalone systems have been developed, for example, for

monitoring train wheels using acoustic emission techniques [4],
tracking with accuracy the loading of a railcar [5], detecting defects in
tapered-roller bearings through vibration analysis [6] and evaluating
braking performance using pressure measurements [7]. These special-
ized systems often employ different monitoring solutions, complicating
their integration. As an example, merging a monitoring system utilizing
the wired Multifunction Vehicle Bus (MVB) protocol [8] with a moni-
toring system relying on the wireless Bluetooth Low Energy (BLE) pro-
tocol [9] presents challenges due to different communication methods,
power requirements and data transfer demands. MVB, in fact, supports
high-bandwidth wired communication, ideal for high-frequency data
such as suspension monitoring, while BLE is optimized for low-
bandwidth, low-power wireless applications like air brake monitoring.

On the other hand, most freight fleets are still composed of wagons
lacking any on-board source of power supply and, consequently, any
instrumentation useful for the monitoring of possible dangerous situa-
tions (i.e. derailments) and for the diagnostics of the different vehicle
components [10]. In this context, wireless sensor nodes powered by
energy harvesting devices provide a versatile, easy maintenance solu-
tion, ideal for retrofitting older freight trains. These systems require no
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complex wiring and can be conveniently positioned depending on the
monitoring activity. Photovoltaic (PV) panels, for instance, have been
used for axle-box acceleration and ball bearing temperature monitoring
[11,12], while piezoelectric, electromagnetic and mechanical harvesters
have also demonstrated promising solutions [13-15]. On the other
hand, the future perspective of a backbone on the convoy for commu-
nication and power supply represented by DAC (Digital Automatic
Coupler), paves the way to the use of new monitoring technologies on
modern models of freight vehicles [16,17].

The innovative idea of this research project is then represented by
the design of a modular integrated monitoring system able to signifi-
cantly improve the safety of freight trains [18]. The novelty of the sys-
tem with respect to previous studies consists in some peculiar features
that make it unique in the current state of the art. The system is in fact
thought as a “modular” platform that includes variable compositions.
The basic elements of the system are represented by the gateway and the
sensor node, that can be assembled in different configurations according
to the monitoring need. The sensor node itself is thought as a universal
device that can be power supplied according to different modes
(external power source, battery recharged through energy harvesting),
hosting different transducers (pressure and temperature sensors, accel-
erometers). On the other side, the gateway can host a number of
different communication boards to communicate with a variable num-
ber of sensor nodes. The system’s modularity allows to adapt the
monitoring configuration to different scenarios (Smart wagons or
Standard wagons) but also to different wagon typologies that require
different number and position of the sensors. For this reason, the system
is already technologically ready for the future availability of on-board
stabilized power, made possible thanks to the introduction of DAC. At
the same time, the system can be easily scaled down to fulfil a minimum
set of monitoring requirements to retrofit standard freight wagons.
Therefore, Finally, the “integrated” platform can manage and elaborate
the information coming from the different subsystems acquired by new
sensors to reach the monitoring and diagnostic targets, depending on the
technology level of the considered wagon, adopting a data fusion
strategy. The two subsystems monitored are, in this case, represented by
the braking plant and the suspensions, since they have been considered
as two of the most critical components for the wagon's health status.
Nonetheless, other subsystems can be easily added to the monitoring
targets thanks to the apparatus's flexibility. The “integration” feature is
provided by the open-source nature of the hardware and software
employed in the design of the system. As better explained in the next
sections, in fact, the main elaboration unit is represented by a Raspberry
Pi4 which is connected to a communication board for receiving the data
acquired by the wireless sensor nodes. The data are transmitted wire-
lessly through BLE, but the communication board can easily be adapted
for hosting different transceivers to allow the use of different commu-
nication protocols (e.g LoRa, Zigbee, etc.). On the other hand, the soft-
ware running on the Raspberry is coded in Python while the sensor
nodes firmware is in C language, both of which easily allow imple-
mentation of new computation tasks. The novel sides of the system are
highlighted in Table 1, where a comparison with other monitoring
systems for freight train available in literature is proposed.

Moreover, the wireless nature of the system employed for the
monitoring of standard wagons offers numerous advantages over wired
solutions. The main benefits are reported in Table 2.

In the paper, the system architecture is deeply described in Section 2,
where a focus is also put on the modular feature of the system which
makes it suitable for retrofitting both standard wagons and smart ones.
Section 3 is instead devoted to highlighting which computational
methods have been employed for optimally designing the monitoring
system. In particular, Section 3.1 highlights how Computational Fluid
Dynamics (CFD), which is usually adopted in the railway field with
purposes such as evaluation of drag [19] or investigation on heat
dissipation of brake discs [20], has been employed in this context to
study the optimal positioning of the micro wind turbines used as energy
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Table 1
Comparison between different monitoring systems available in literature.

Paper System Energy harvesting Diagnostic scope
integration optimization

Current Multi sub- CFD analysis for optimal ~ Braking system,

work systems wind turbine positioning  suspensions, vehicle
dynamics

[6] Single sub- - Bearing defect detection
system

[71 Multi sub- No, wired solution Braking system, vehicle
systems dynamics

[9] Single sub- No Braking system
system

[11] Single sub- Solar panel lab testing, Condition monitoring
system empirical placement

[12] Single sub- Lab testing, empirical Bearing defect detection
system placement

Table 2
Comparison between wireless and wired monitoring systems.
Paper Cost Installation System Edge Power
complexity maintenance computing  dependency
Current Low Low Low yes no
work

[3] High High Medium no yes

[5] Medium  High High no yes

[24] High Medium Medium no yes

harvester for sensor nodes. The use of an empirical model of the air
braking system for validating the pressure measurement points useful
for diagnostic purposes is then shown in Section 3.2. In the end, Section
4 highlights preliminary results obtained using the developed moni-
toring system in a field campaign. Section 4.1 focuses on the sensor
nodes performance in terms of measurement quality, while the perfor-
mance of the energy harvesters is analysed in Section 4.2. A first
example of diagnostic analysis of the braking system is presented in
Section 4.3, taking advantage of a previously developed empirical
model. Some conclusions and further developments are in the end re-
ported in Section 5.

2. Monitoring system architecture

As pointed out in the Introduction, the research goal is the devel-
opment of a wireless monitoring system for the retrofitting of freight
trains. The aim is to carry out diagnostic activities of the braking system
and of the suspensions, identifying possible malfunctions and perform-
ing predictive maintenance approaches.

Concerning the braking system, the focus is put on the pressure
monitoring in some crucial points of the system, which are the main
pipe, the weighing valve and the brake cylinder. Some test points are
already available on these components since pressure measurements are
usually carried out as a check before the vehicle departure from the
depot and after maintenance operations. For the design of the system, an
empirical model has been developed taking advantage of experimental
data collected in a previous field campaign [9]. In the last section of the
paper, some examples of how the comparison between model and
experimental data can be used to identify possible faults are shown.

Regarding suspensions diagnostics, through a suitable monitoring
system, it is possible to identify a huge change in the spring stiffness
through acceleration measurements, as shown in [21]. This monitoring
approach foresees the acquisition of synchronous vertical acceleration
time histories from a minimum set of three accelerometers mounted on
the bogie as close as possible to the axle-box. The acquired vertical ac-
celeration signals are then combined with each other to obtain the
bounce, pitch and roll modes of vibrations. When a suspension failure (i.
e. coil spring or friction component fault) occurs at one corner, the
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symmetry of the modes of vibrations is perturbed as a consequence,
resulting in the coupling of bounce, roll and pitch components of motion
detected by the increase of the cross-correlation between the accelera-
tion signals. Indicators for fault detection can then be extracted to assess
the suspension diagnostics.

The monitoring system must be integrated and modular to satisfy the
constraints of installation on standard and “smart” wagon types.
Therefore, the systems to be installed on the two types of wagons share
the same architecture. The wagon model on which the experimental
campaign is planned is a T3000e, a vehicle composed of two semi-
wagons, employed in long travels for intermodal transportation of
both trailers and containers. The two T3000e typologies, standard and
smart, were made available for field testing by Mercitalia Intermodal
SpA.

Concerning the architecture, the monitoring system is mainly
composed of some wireless sensor nodes communicating wirelessly with
a gateway mounted on the wagon chassis. The sensor nodes and gate-
way's main features are described in the next subsections.

2.1. Sensor nodes

Sensor nodes are smart devices integrating sensing, computing and
transmitting elements on the same ad-hoc design Printed Circuit Board
(PCB). The wireless protocol employed for the devices is based on the
Bluetooth Low Energy (BLE) protocol [22]. This protocol has been
chosen since it allows to reach a good trade-off between communication
range (in the order of hundreds of meters [23]) and power consumption,
which is a crucial parameter to be minimized in applications such as the
proposed one. The designed sensors are equipped with a microcontroller
STM32U595VJT6 by ST Microelectronics and a BT840Xe BLE trans-
ceiver by Fanstel. Concerning the transducers, a pressure sensor
SSCDANN150PAAA3 from Honeywell is adopted for pressure mea-
surements necessary for brake system monitoring, while an IIM-42351
triaxial accelerometer from TDK-Invensense is employed for accelera-
tion measurements useful for suspension diagnostics. The pressure
sensor is characterized by a pressure range and a resolution more than
sufficient for the specific activity (the maximum pressure at the main
pipe is around 5 bar). On the other hand, the selected accelerometer is
characterized by a very low noise density, a proper sensitivity and a
selectable full-scale range up to +16 g. As identified in previous
experimental campaigns [24], the maximum level of acceleration on the
carbody can exceed 10 g in case of derailment, therefore to be on the safe
side a full scale range of +-16 g should be selected (since accelerations on
the bogie are usually higher than ones measured on the carbody).
Nonetheless, the sensor node can be easily equipped with more than one
MEMS accelerometers with different features to accomplish various
monitoring tasks (i.e. an accelerometer with full scale range of + 100 g
could be used for condition monitoring of bearings). The adopted sam-
pling frequency are respectively 1 Hz for pressure sensors (increased to
40 Hz in case of installation on the “smart” wagon) and 200 Hz for ac-
celeration sensors. The main features of the two employed transducers
are summed up in Table 3 and Table 4. A rendering of the designed
sensor node is visible in Fig. 1.

The final prototype of the sensor node is visible in Fig. 2. It is
equipped with a battery characterized by an operative voltage of 3.7 V
and a capacity of 800 mAh. The sensor node is protected by a plastic
enclosure with external dimensions of 82x80x55 mm, with a total

Table 3

Pressure transducers features.
Sensor type Absolute
Pressure range [Psi] 0-150
Resolution [bit] 12
Supply voltage [V] 3.3
Current consumption [mA] 2.1

Computers and Structures 321 (2026) 108109

Table 4
MEMS accelerometer features.

Full scale range [g] +2, +4, +8, +16

Sensitivity [LSB/g] 16,384 (for + 16 g range)

Noise density [pg/\/Hz] 70
Output data rate [kHz] Upto8
Supply voltage [V] 3.3
Current consumption [mA] 0.3

weight of approximately 200 g.

2.2. Gateway

Data acquired by sensor nodes are sent to the gateway, which is
essentially composed of a Raspberry Pi4, a custom master board used to
read through serial communication the data sent wirelessly by sensor
nodes, a GPS receiver, a Lo-Ra node and a GSM modem. The Raspberry
Pi4 is the main elaboration unit used to gather, manage, pre-process, and
send the monitoring data to the cloud through a GSM antenna. In both
the wagons to be instrumented, the gateway is power supplied by a
battery which is recharged through an axle-box generator when the train
is running. An electronic board receives information of the train speed
from the axle-box unit and manages the power input such that the sys-
tem shuts down once the train is not moving to reduce the power con-
sumption. The devices composing the gateway are visible in Fig. 3.

As already pointed out, the idea is to install the developed moni-
toring system on one “smart” wagon (already equipped with a minimum
set of sensors) and on one standard wagon which is lacking any sort of
measurement devices since no power source is present on-board. This
choice is justified by the fact that both types of wagons are present in the
current fleet and therefore the monitoring activity is significant in both
cases. The Lo-Ra node inside the gateway can be used to assess the
possibility of sending synthetic information regarding the health status
of the braking plant and the suspension from wagon to wagon, with the
aim of delivering significant information on the convoy status to the
driver in the locomotive. To this aim, the Lo-Ra protocol is chosen to
cover possible long distances between the wagons which will be esti-
mated using the GPS devices available in the sending and the receiving
gateway. The communication quality will be therefore correlated with
the distance occurring between the wagons to verify the solution
robustness.

2.3. Sensor nodes positioning

The minimum set of sensors for one T3000e wagon is then composed
of a gateway, three sensor nodes devoted to pressure measurements on
the main pipe, weighing valve and brake cylinder and three sensor nodes
devoted to acceleration measurements positioned on the bogie in cor-
respondence of axle boxes. The configuration adopted for the standard
wagon is shown in Fig. 4. Sensors denoted with a red box are the ones
employed for suspension monitoring, and the fourth sensor is used as a
redundant. The three sensors characterized by a green box are instead
the ones adopted for pressure monitoring in the brake cylinder (sensor
“PRE EA”), main brake pipe (sensor “PRE CF”) and weighing valve
(sensor “PRE C7”). Both types of sensors are equipped with an internal
battery, which is recharged by PV panels or micro wind turbines as
explained in detail in the next section.

Considering the differences between the two wagon typologies, the
research activity focuses on different topics in the two cases, namely
standard and smart wagon.

2.4. Standard wagon solution

On the standard wagon, as already mentioned, no power source is
available on-board. For retrofitting activities, such as the installation of
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Fig. 1. (a) Upper and (b) lower sides of the designed sensor node.

Fig. 2. Realized sensor node prototypes.

instrumentation on an old rail vehicle, the devices must be cheap, easy
to be installed and with maintenance in time with minimal interventions
[25]. To achieve this goal, the devices equipped with the necessary
transducers must be wireless and autonomous from an energetical point
of view, avoiding the presence of wires that could require the vehicle re-
approval.

Therefore, while the gateway is in this case power supplied through
the axle box generator, the sensor nodes must be energy self-sufficient.
Two different energy harvesters were considered in the design phase,
namely a mini PV-panel (Fig. 5b) and a cm-scale wind turbine (Fig. 5b).

PV panels have been already adopted in previous activities and their
performances widely investigated [26]. However, to achieve better
performances a new energy harvester Power Management Unit (the

DC-DC
CONVERTER

ACCELERATION
MASTER BLE

=——p AXLE-BOX POWER

Fig. 3. Gateway mounted on the wagon.

ADP5091 by Analog Devices) and a new PV panel have been imple-
mented in the sensor node with respect to the previous versions. The PV
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Fig. 4. Sensor node positioning on the standard wagon.

Fig. 5. (a) Solar panel (b) Cm-scale wind turbine.

panel characteristics are reported in Table 5.

Particular attention was then put on the cm-scale wind turbine as an
alternative device for energy harvesting. The micro wind turbine has
been designed to extract energy in both wind directions and has been
optimized with tests in wind tunnel. A peculiarity of the design, as can
be appreciated in Fig. 5b, is that the rotor and the generator have been
inserted into a duct to protect the wind turbine by atmospheric agents,
debris and any items that could potentially damage it. This design
approach has been chosen considering that the flow direction, corre-
sponding in this case to the train direction, is always perpendicular to
the rotor plane. Moreover, with the aim of exploiting the “back pressure
effect”, a diffuser was added to the duct to maximize the wind turbine
performance. A detailed description of the design and testing of the
micro wind turbine in wind tunnel can be found in [27]. In the new
designed sensor nodes, the adopted PMU for the wind turbine is the
SPV1050 by ST Microelectronics. This choice allowed to overcome some
limitations faced in the previous versions, such as the input voltage
which can now reach up to 18 V. Sensor nodes can then be powered
either by their internal battery (and therefore using charging systems
through the mini-PV panel or the cm-scale wind turbine) or directly by
the gateway, which is the case of the smart wagon shown in the next
section. The sensor node power supply configuration is represented in
the scheme of Fig. 6.

Moreover, to assess the best positioning of the sensor nodes equipped
with micro wind turbine with respect to the flow below the wagon, it has
been taken advantage of Computation Fluid Dynamic (CFD). Results of
the analysis are shown Section 3.1.

Table 5
PV panel characteristics.

Material Polycrystalline silicon
Peak power [mW] 650

Voltage at peak power [V] 2

Current at peak power [mA] 300

Dimensions [mm] 80x60

2.5. Smart wagon solution

Concerning the “smart” wagon, it represents an important step to-
wards the digitalization of freight vehicles, being already equipped with
a minimum set of sensors. A further step will be represented by the
introduction of the DAC which, depending on the technological “level”,
will guarantee a backbone for power and data transmission on-board the
convoy [16]. On the smart train, therefore, the research line focused on
improving sensor nodes performances to integrate the existing set of
sensors with new functionalities, taking advantage of a stable power
supply as it will be in the case of DAC. In this context, the presence of an
on-board power supply is “simulated” by feeding the sensor nodes
directly through the axle-box generator with a 5 V DC current. This
choice will put some limitations in their positioning due to the presence
of wires but will allow to maximize their computational performances,
essentially, in this case, in terms of sampling frequency increase. As
mentioned in the introduction, effective monitoring of the air brake
system relies not only on the number and placement of pressure sensors
but also on their characteristics, such as the sampling frequency. Due to
the absence of an onboard power supply in freight trains, most existing
air brake monitoring systems operate at a sampling frequency of 1 Hz
[9] This low value of sampling frequency is primarily selected to reduce
sensor power consumption, as sensors are generally powered by energy
harvesting devices, since a wired power supply is not feasible for freight
trains. However, while a 1 Hz sampling frequency is sufficient for
monitoring the steady-state condition of the brake cylinder, given its
slower dynamics, it is inadequate for capturing the rapid transient
behaviour during the first braking phase. With the future presence of
DAC, onboard power supplies will become available, removing the need
to prioritize sensor power consumption. This will enable higher acqui-
sition frequencies, allowing for more detailed monitoring of the first
braking phase. Monitoring the first braking phase closely enables the
detection of malfunctions, such as manual brake activation before de-
parture, changes in brake cylinder spring stiffness and improper
detachment of the brake pad from the wheel. These issues can lead to
wear, material build-up and overheating. Since the ultimate goal is to
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Fig. 6. Power supply configuration of wireless sensor nodes.

employ the model presented in [28] for real-time on-board diagnostics
of freight trains, it is essential to determine the optimal sensor sampling
frequency for accurately capturing the dynamics of the first braking
phase, thereby enhancing monitoring and diagnostic capabilities. The
sampling frequency is critical for two reasons: (1) the monitored brake
cylinder pressure must be sampled at a rate sufficient to capture its fast
dynamics, and (2) the model inputs must be sampled at a rate that allows
the modelled brake cylinder to correctly reproduce the first braking
phase, enabling meaningful comparison between measured and simu-
lated responses for anomalies detection. To investigate this, the exper-
imental dataset from [28], originally acquired at 125 Hz, was employed.
Fig. 7(a) shows the monitored brake cylinder pressure down-sampled at
different frequencies to assess the minimum requirement for accurate
monitoring, while Fig. 7(b) reports the modelled brake cylinder
response obtained from down-sampled main brake pipe and weighing
valve pressures. The comparison between Fig. 7(a) and 7(b) indicates
that a sampling frequency of 40 Hz is sufficient to capture the dynamics
of the first braking phase for both monitoring and modelling purposes.

As shown in Fig. 7(a) and (b), adopting a 40 Hz sampling frequency
(green curve) it is possible to identify the three parts composing the first
braking phase: the minimum brake cylinder volume phase, the moving
brake cylinder piston phase and the maximum brake cylinder volume
phase. The addition of this feature will then allow to enhance the di-
agnostics capabilities of the developed monitoring system.

Monitored brake cilinder
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3. Computational tools for the design of the monitoring system

With the aim of pursuing the best efficiency of the monitoring sys-
tem, some computational tools were employed to support the design
choices. A CFD model was developed to study the flow around the
freight train when travelling on the line to find the optimal positioning
for enhancing the micro wind turbine efficiency. In addition, an
empirical model of the air brake system was created and employed to
validate the minimum number of pressure measurement points for
diagnostic purposes.

3.1. CFD analysis: Study of optimum wind turbine positioning on the
wagon

CFD simulations are nowadays used to study the fluid-structure
interaction in different fields. In this case, to analyse the airflow speed
around the underbody of the freight train using numerical models, a 3D
CFD simulation was performed, assuming the train operating in open air
conditions. Different operating conditions, such as crosswinds, tunnel
confinement, or train—train interactions, are known to influence the flow
around the train, particularly the development of the boundary layer
and the slipstream (e.g [29] studies crosswind influence on slipstream;
[30-33] study slipstream development in confined environments), poten-
tially leading to variations in turbine performance. The present analysis,
however, focuses on open-air operation, which is considered the nomi-
nal scenario and provides the most representative basis for turbine

Simulated brake cylinder
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Fig. 7. Pressure comparison between: (a) Monitored brake cylinders down-sampled at 40 Hz, 20 Hz and 1 Hz (b) Monitored and simulated brake cylinders with input

parameters down-sampled at 40 Hz, 20 Hz and 1 Hz.
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positioning. The numerical setup is designed to replicate a full-scale
freight train traveling at its operational speed of 120 km/h (33.33 m/
s). In the initial phase, a 3D steady Reynolds-Averaged Navier-Stokes
(RANS) approach is implemented with the SIMPLE algorithm. More-
over, the k-omega SST turbulence model has been chosen for its capa-
bility to accurately capture boundary layer effects and flow separation.
The second phase, aimed at data collection and post-processing, involves
computing the unsteady solution using the Unsteady Reynolds-Averaged
Navier-Stokes (URANS) approach with the PIMPLE algorithm, which
has demonstrated robustness and efficiency in train flow modelling
[34]. Given the relatively low speed of the train (Mach number <« 0.3),
the flow is assumed to be incompressible. Moreover, the flow regime is
characterized by a Reynolds number of approximately 8.88 x 106,
confirming the presence of a fully turbulent flow.

For this study, a fully loaded freight train was selected due to its fixed
configuration, consisting of a locomotive and nine wagons, with a total
length of 200 m, as shown in Fig. 8(a). This setup closely replicates the
configuration planned for the experimental campaign. Fig. 8(b) presents
the cross-section of the locomotive, highlighting key geometrical details,
while Fig. 8(c) depicts the model of the locomotive and wagon. The
wagon has been designed with a detailed undercarriage to accurately
capture its geometrical influence on flow behaviour. Specifically, it
replicates the T3000e wagon configuration intended for use in the
experimental campaign.

The finite volume method in OpenFOAM was used to discretize the
computational domain, ensuring the simulation reflects open-air con-
ditions. To prevent far-field influences, the domain dimensions were
carefully selected and are detailed alongside the boundary conditions in
Fig. 9. In the simulation, the train remains stationary within the
computational domain while the airflow is modelled in motion, ensuring
realistic relative flow conditions. The initial conditions were defined as
follows: velocity was uniformly set to 33.33 in longitudinal direction
and relative pressure was uniformly set to zero. Boundary conditions
were defined with a fixed velocity at the inlet (set to match the train's
speed, corresponding to 33.33 m/s) and ambient pressure at the outlet
(0 relative pressure). The outer domain faces were assigned slip condi-
tions for both velocity and pressure to simulate a free-air environment.
The ground was modelled as a moving wall with a fixed velocity of
33.33 m/s (as the train speed) and a zero-gradient pressure condition,
ensuring proper representation of the relative motion between the train
and the ground itself. The train’s surface was defined using a no-slip
condition for velocity and a zero-gradient pressure boundary.

For turbulence modelling, the k-0 SST model was employed
([35],36). This formulation combines the advantages of the standard
k-® model, which is accurate in the near-wall region, with those of the

190 -180 170 160 -150 -140 -130 -120 -110
1 1 1 1 1 1 1 1 1

-100
L
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k—e model, which performs better in the free-stream. Through a blending
function, the k-® SST model switches between the two formulations,
allowing for an improved prediction of boundary layer growth, sepa-
ration, and wake development. These features are particularly relevant
in the undercarriage region of trains, where strong shear layers and
complex separated flows occur. Its capability to capture slipstream dy-
namics and wake evolution has been demonstrated in several railway
aerodynamics studies [34], motivating its adoption in the present
analysis. Turbulent kinetic energy (k) and dissipation rate (w) initial
conditions were determined based on a turbulence intensity of 2%.

To accurately capture near-wall effects, a wall function approach was
applied. Grid resolution was determined through a mesh independence
study, which was assessed using the aerodynamic drag as the primary
reference parameter, since it is directly influenced by both boundary
layer development and wake distribution (Fig. 10). The mesh was
designed with refinement boxes around the train and layered cells along
its surface to achieve an appropriate Y + value for the wall treatment
approach with wall functions, between 30 and 300. Fig. 11(a) and (b)
provide respectively an overview of the mesh details on the wagon and
locomotive, while Fig. 11(c) provides an overview of the computational
domain mesh. The numerical setup, mesh design, and analyses followed
the same approach employed in [27], where the model was validated
against full-scale experimental data. The validation dataset includes
both high-speed and freight trains, with freight train geometries docu-
mented through camera acquisitions. Although the present work focuses
on open-air conditions, the aerodynamic phenomena are comparable,
and the use of this validated framework ensures the reliability of the
numerical approach.

Multiple virtual probes were placed at various points along the train
to analyse the airflow beneath the carbody and determine the optimal
wind turbine placement for power generation. Fig. 12 provides a
detailed view of the probe positions on the last wagon of the train. The
probes were positioned approximately 5 cm away from the train walls,
with each placement identified in advance as a potentially viable loca-
tion for turbine mounting. For the probe in position 5, the lateral dis-
tance from the wall was greater (about 30 cm), enabling the evaluation
of an alternative placement in an outermost region along the train's side.
However, this position was ultimately deemed unfeasible due to the
maximum gauge limitations of the train. The decision to focus on the last
wagon is based on findings from [37], which identified it as a critical
location for power generation due to its lower mean wind speed and
high turbulence levels.

The results of the analysis are reported in Fig. 13 in terms of wind
speed time histories at different probe positions on the last wagon at
steady state conditions. Probe n.5 is characterized by the best
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Fig. 8. Geometrical details of: (a) Full train composition (b) Locomotive (¢) Locomotive and wagon.
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Fig. 9. Boundary conditions of the simulations.

aerodynamic performance with a mean speed of 15 m/s and a turbu-
lence intensity of 8.64%, evaluated through the turbulent kinetic energy
167 3 il k given by Equation (1):

’ 1 ;2 ;2 ;2 2
1551 | u = §(ux +uy? +u,’) = §k [€))

7.99 %

Cd[]

where u' is the root mean square of the turbulent velocity fluctuations.
151 ] Probe n.5 is the most aerodynamically favourable location for wind
1.26% turbine positioning, as the airflow along the lateral surface is more

* l stable and less turbulent compared to the flow beneath the carbody.
(3 ] However, due to the constraints related to train gauge limits and freight

| ‘ ‘ ‘ ‘ trains loading and unloading activities, position n.5 cannot be utilized in
9.098 16.585 29.971 field tests. As a result, probe n.4 (in the axle-box position) and probe n. 9
N. elements [min] (under the carbody in the lateral position) have been considered as
alternative positions for wind turbine installation due to their relatively
high mean wind speed. Comparing to results reported in [27] coming

1.45¢

Fig. 10. Mesh independence study results.
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Fig. 11. Mesh details of: (a) Wagon (b) Locomotive (¢) Computational domain.
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Fig. 12. CFD model of the last wagon and probes position.
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Fig. 13. Wind speed time history at different probes positions on the
last wagon.

from wind tunnel tests on the ducted wind turbines, the mean wind
speed obtained in simulations for probes n.4 and n.9 is well above the
starting speed (speed at which the turbine starts to introduce energy)
which was found to be below 10 m s~. However, speed fluctuations and
the turbulence level generated by the infrastructure (ballast and rails)
and by the vehicle itself can give rise to crucial conditions for the
optimal working of the micro wind turbine. For these reasons, the field
campaign will be a good opportunity to verify the real performance of
micro wind turbines mounted on an in-service vehicle travelling in a real
scenario.

In Fig. 14, the cm-scale wind turbine installation during the experi-
mental campaign is shown. In particular, Fig. 14(a) shows the installa-
tion corresponding to the position of probe n. 9 in the axle box position
through a dedicated angular plate, while Fig. 14 (b) shows the instal-
lation corresponding to the position of probe n. 4 in the lower lateral
part of the carbody through the use of structural glue.

3.2. Air brake empirical model: Identification of pressure measurements
best set-up for monitoring purposes

Effective monitoring of freight train braking systems requires
selecting the most relevant pressure measurement points to ensure ac-
curate fault detection and condition assessment while minimizing sys-
tem complexity and associated costs. This approach is justified by the
lower economic value of freight trains compared to passenger trains,
necessitating a reduced number of sensors and simplified on-board
diagnostic algorithms. Additionally, the compact design of the air
brake system makes it challenging to monitor individual internal com-
ponents directly. To achieve this goal, an empirical model of the freight
train braking system, described in [28], has been employed to identify
the most critical pressure points for monitoring purposes. This analysis
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optimizes sensor placement by minimizing the number of sensor nodes
without compromising monitoring and diagnostic accuracy. The adop-
tion of an empirical model stems from the need to minimize computa-
tional costs while maintaining adequate accuracy in estimating the
brake cylinder pressure. Since the final objective is to employ the model
for real-time diagnostic on-board of freight trains where computational
resources are limited, it’s crucial to balance these two parameters.
Physics-based fluid-dynamic models, although accurate, are complex,
difficult to generalize across different brake typologies and are compu-
tationally heavy. Purely data-driven models, on the other hand, are
easier to adapt and require no prior domain knowledge, but they depend
heavily on data quality and offer low interpretability [38]. The model, as
shown in [28], was validated using data from a previous experimental
campaign and demonstrated high accuracy in estimating the brake
cylinder pressure under fault-free conditions across different loading
scenarios, braking actions and brake modes. As illustrated in Fig. 15, the
implemented model considers pressure measurements from three pri-
mary locations: the main brake pipe, the weighing valve and the brake
cylinder.

The main brake pipe pressure governs the braking action based on its
pressure drop relative to the control reservoir. The control reservoir is
modelled as a constant pressure volume during braking, with its refer-
ence pressure set to the initial main brake pipe pressure. During release,
the control reservoir is directly recharged from the main brake pipe
through a sensitivity valve, thereby eliminating the need for its direct
monitoring. Moreover, by employing multiple main brake pipe pressure
sensors at different air brake subsystem locations across the length of the
train, it is possible to directly infer main brake pipe fault condition. By
applying Equation (2) described in [39] by Andersson and Kharrazi, the
main brake pipe gradient in a specific location can be obtained:

pi:%.erl L}; Pi1 @

where i indicates the i" studied section of the pipe, f7 is the pipe resis-
tance parameter and ‘% is the central difference of pressures

along the brake pipe. By comparing the monitored main brake pipe
gradient with the fault-free one coming from UIC standards, it is possible
to directly evaluate faulty conditions such as pipe leakages, improperly
installed hose couplings and obstructions in the main brake pipe.
Another critical pressure measurement point is the weighing valve.
The weighing valve pressure determines the command pressure through
its interaction with the distributor pressure, influencing the amplifica-
tion scale that regulates the brake cylinder pressure in steady-state
conditions. Additionally, by employing the weighing valve pressure, it
is possible to monitor the wagon weight distribution by adopting the
proper transfer function defined in [28] based on the manufacturer
specifications. In this way, by comparing the monitored weight distri-
bution with the actual one coming from the wagon technical specifica-
tions, the weighing valve pressure can be employed to detect potential
malfunctions, such as leakages in the weighing valve or incorrect cargo

Fig. 14. Cm-scale wind turbine positioning on: (a) Axle-box (b) Lateral underframe of the carbody.
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Fig. 15. Detailed schematic of the air brake system model.

positioning on the wagon.

In the end, the brake cylinder is the most critical component to be
monitored. Since its pressure is influenced by all components within the
air brake sub-system (i.e. distributor, relay valve and auxiliary reser-
voir), any component malfunction can be detected by comparing the
fault-free brake cylinder pressure predicted by the model with the
experimentally measured one. For example, malfunctions in the
distributor, which is the component that regulates the braking times, can
be inferred by evaluating the braking and releasing time of the brake
cylinder. This methodology allows for sensor optimization, utilizing the
brake cylinder pressure as the primary pneumatic indicator for diag-
nosing air brake malfunctions. Moreover, the model employs a feed-
forward approach for estimating the brake cylinder pressure from the
main brake pipe and weighing valve pressure, by-passing the auxiliary
reservoir monitoring and thus reducing the number of pressure points
required. The connection between the brake cylinder and the auxiliary
reservoir is controlled by the relay valve, as shown in Fig. 16, whose
effective opening area has been modelled based on the difference be-
tween the brake cylinder pressure and the command pressure as
described in [28].

Considering the relay valve as an ideal equivalent nozzle (i.e. no
concentrated pressure loss) and assuming the cross-sectional area of the
upstream and downstream sections much higher than the restriction
[40], is it possible to consider the mass flow rate entering the brake
cylinder as the same exiting from the auxiliary reservoir. The simplified

RELAYS VALVE

ﬁ)

Equation (3), reported in [41], can then be used:

.

Knowing the pressure variation at the brake cylinder, which is
modelled as a variable chamber between V,,;, and V,,, it is possible to
derive the mass flow rate m,, exiting the auxiliary reservoir, assuming a
polytropic transformation. Assuming the air as an ideal gas through
Equation (4), the relationship of the fluid properties through an isen-
tropic transformation reported in Equation (5) and the mass balance at
the auxiliary reservoir through Equation (6), it is possible to derive the
auxiliary reservoir pressure:

Mygr(t)
Meyi(r)

Deyi(t + At) = pey(t) (l + Kpot 3)

p=pRT “
5 = constant 5)
0 .

a_ (pVar) = Mg (6)

This simplified approach used for evaluating the auxiliary reservoir
pressure comes from the fact that, from a monitoring and diagnostic
point of view, it is not important to know the auxiliary reservoir pressure
at any time instance. It is more important to evaluate its pressure at the
first instant of braking to evaluate the correct filling during the release

BRAKE CYLINDER

)  E—

AUKXILIARY RESERVOIR —]

T
/

N

Fig. 16. Relay valve connection between the auxiliary reservoir and the brake cylinder.
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application. If multiple braking actions occur without a full recharge of
the auxiliary reservoir pressure from the main brake pipe, it can lead to
inadequate braking performance in the brake cylinder. As highlighted in
Fig. 16, the recharge of the auxiliary reservoir has been modelled
through a sensitivity valve with the main brake pipe whose opening area
has been modelled by the pressure difference between the main brake
pipe and the auxiliary reservoir pressure.

As validated in [28], by employing the main brake pipe pressure and
weighing valve pressure as input parameters, the model accurately
predicts fault-free brake cylinder pressure that aligns with experimental
pressure measurements under different braking modes, braking actions
and wagon loading conditions. An example of the model accuracy in
replicating both the brake cylinder braking and releasing phases is
shown in Fig. 17.

Furthermore, the model has been a useful tool for providing valuable
insights into system behaviour under various malfunction scenarios,
making it a key tool for diagnosing component failures. In this frame-
work, the model can be employed to support the interpretation of data
collected during field tests, as discussed in the following. For instance,
by tuning the model parameters presented in [28], it is possible to
simulate air brake fault conditions and compare them with the fault-free
scenario, allowing for the evaluation of diagnostic indicators that can
indicate the presence of a malfunction. As shown in Fig. 18(a), imple-
menting a leakage model of the weighing valve, it is possible to observe
how the brake cylinder pressure is affected. While the first braking phase
remains unchanged, the steady-state brake cylinder pressure decreases,
reflecting a reduction in the brake cylinder’s energy content. The reason
behind adopting an energy-based approach is that the air brake system
can be considered a closed system during nominal braking conditions,
where energy is efficiently transferred from the main brake pipe to the
brake cylinder. However, when leakages are present, the system behaves
like an open system, leading to energy dissipation into the environment,
which reduces the energy flow from the main brake pipe to the brake
cylinder. On the other hand, Fig. 18(b) demonstrates the impact of
manual brake activation on the brake cylinder’s response. The activa-
tion of the manual brake brings the brake pad directly in contact with
the wheel, thereby exploiting the maximum brake cylinder volume. In
the model, this condition is represented by maintaining a constant brake
cylinder volume during braking, set equal to the maximum brake cyl-
inder volume. As shown in Fig. 18(b), the activation of the manual brake
leads to a different mechanical behaviour of the brake cylinder during
the first braking phase, preventing isobaric transformations, and causing
the brake cylinder piston to reach its maximum extent at a lower time.
This allows for diagnosing the malfunction from a pneumatic

Brake cylinder pressure

Experimental
———-Model

Brake cylinder pressure [bar]

60
Time [s]

100

Fig. 17. Comparison between the model brake cylinder pressure and the
experimental brake cylinder pressure.
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perspective, relying solely on the brake cylinder pressure, without the
need for additional sensors such as displacement transducers to directly
measure the gap between the pad and the wheel.

4. Preliminary results from a field campaign

The developed system has been installed on two T3000e operative
double-pocket wagons provided by Mercitalia Intermodal, referred as
Standard and Smart Wagon as already described previously. This kind of
wagon is employed in very long travels for intermodal transportation of
both trailers and containers. This situation clearly represents the perfect
workbench for verifying the system's proper functioning. The developed
monitoring system has been tested during an on-going field campaign
started in September 2024; the instrumented wagons travelled mainly
on the Padova-Colonia track section. This railway track represents a very
important route crossing Europe for goods transportation. This Section
reports the results from the first six months of monitoring, with Table 6
summarizing the track sections and number of runs performed by the
instrumented wagons. The experimental campaign provides a compre-
hensive benchmark for assessing the performance of the developed
monitoring solution, as it encompasses a variety of operating conditions
that can influence system behaviour. In particular, train speed (up to
100 km/h) and weather conditions (from sunny to cloudy) are relevant
for evaluating the performance of the energy harvesting system,
including PV panels and cm-scale turbine. Conversely, wagon loading
conditions (from tare to full load), wagon position along the train
(reflecting different brake modes) and braking actions (from service to
emergency) allow the assessment of sensor performance under diverse
scenarios and will support the future development and validation of
diagnostic algorithms for the air brake system. In Fig. 19, an example of
the travel section is reported, employing the data analysis gathered from
the GPS module on-board of the wagons. This route is of particular in-
terest as it covers diverse geographical areas, including steep down-hill
gradients on the Brennero line, enabling future studies to investigate
braking variability associated with different locomotive driver behav-
iours under these conditions.

4.1. Sensor nodes performance

An example of pressure data acquired during one of the travels car-
ried out on the Padova-Colonia railway track is shown in Fig. 20. In the
considered railway section, it can be appreciated that the main brake
pipe pressure remains stable around 5 bar, with sharp drops corre-
sponding to braking events. These depressions trigger a corresponding
rise in brake cylinder pressure, as expected from the pneumatic brake
system dynamics. On the other hand, the weighing valve pressure,
which reflects the load on the bogie, remains relatively stable within
each set but varies between sets, indicating the presence of different
loading conditions. Higher weighing valve pressure corresponds to
higher brake cylinder pressure during braking, due to the load-sensitive
modulation of braking force. The speed profile confirms this behaviour:
each increase in brake cylinder pressure coincides with a decrease in
train speed. Overall, the data show a coherent sequence where a
depression in the main brake pipe leads to a brake application, whose
intensity is influenced by the weighing valve pressure, and which in turn
causes a predictable reduction in speed.

Concerning sensor nodes for suspension monitoring, all the accel-
erometers sensor nodes mounted on the central bogie of the corre-
sponding wagons shows good performance in detecting the main
dynamics in the vertical direction. In Fig. 21, an exemplary acquisition
of wireless sensor nodes mounted on the Standard Wagon is presented.
All the sensors acquire time history of 20 s as previously described. A
good correlation can be found between the signals acquired by the
different sensors, showing corresponding acceleration peaks at the same
time and exploiting a good level of sensors synchronization. The syn-
chronization between sensors was assessed through the analysis of
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Fig. 18. Comparison between the brake cylinder pressure in fault fault-free condition and subjected to (a) Weighing valve leakage (b) Manual brake activation.

Table 6
Travels made during field tests

Track section Estimated distance [km] Number of travels

Padova-Colonia 710 17
Colonia-Padova 710 18
Total 24,850 35
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Fig. 19. Typical travel of the instrumented wagons on the Padova-Colonia
railway track.

normalized cross-correlation coefficients of the acceleration time his-
tories. Prior to the calculation, the signals were truncated to a common
time window and filtered using a 4th order low-pass Butterworth filter
with a cut-off frequency of 20 Hz. This processing step enabled the
retention of the dominant dynamics associated with bogie motion, while
effectively suppressing noise and wheel-rail resonance. The results
indicate a maximum normalized cross-correlation around 0.65, with a
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lag of approximately 5 ms between sensors mounted on the same
wheelset and 45 ms between sensors mounted on different wheelsets.
The latter delay is consistent with the expected propagation time asso-
ciated with a bogie wheelbase of 1.8 m at a wagon speed of 100 km/h.
Overall, the moderate level of synchronization is primarily attributed to
the reliance on independent internal clocks within the sensors. More-
over, the full-scale range selected (i.e. 16 g) is suitable for detecting
the amplitude of the measured signals avoiding saturation issue of the
accelerometer. Future developments will exploit the acquired acceler-
ation time histories to validate, under realistic operating conditions, the
algorithm proposed in [21], with the aim of assessing whether the
current synchronization level is adequate for suspension diagnostics. In
addition, future work will examine the potential of employing a single
gyroscope as a means to effectively mitigate synchronization issues.

4.2. Energy harvesters performance

A key aspect to analyse during field tests is the efficiency of the en-
ergy harvesting devices in powering the wireless sensor nodes. The PV
panel proved to be a reliable solution, making the pressure nodes largely
energy independent. In most cases, the balance between harvested solar
energy and the low consumption of the electronics and the implemented
acquisition logic enabled continuous measurements without battery
discharge. Fig. 22 shows the battery voltage (in blue) of a pressure node
powered by PV panel on the standard wagon. The PV panel voltage (Vin,
in red) represents the input voltage of the PMU, which is converted to
charge the battery. At the bottom of Fig. 22, the battery current is
shown. Positive values refer to the current supplied by the battery, while
negative values indicate the current absorbed during charging. A time
interval of about two weeks is presented as an example to demonstrate
the effectiveness of the proposed energy harvesting system. Sometimes,
a decrease in data frequency can also be observed, which states that the
train was not travelling and, consequently, the system was turned off.
Considering that the train usually operates at night, there is a greater
presence of data with positive current values, which provides an indi-
cation of the actual power consumption of the sensor node. In any case,
the trend of the battery voltage shows that the system is capable not only
of maintaining the battery charge but also of providing energy to
recharge it.

To further verify the effectiveness and reliability of this harvester
methodology, the percentage of data availability across different test
runs, expressed as a function of the mean temperature experienced by
the PV-powered pressure sensors, has been calculated through Equation
(8):

P
Availability,,, = LnnPrecorted 500

(8)
Zmnp theoretical
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Fig. 20. Exemplary pressure measurements and speed profile in a section of the Padova-Colonia railway track.
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Fig. 21. Exemplary acquisition of acceleration time histories for suspension monitoring.

where Pyocorqea Tepresents the measurements recorded by the pressure sensor during a run and Pyeoreiicq are the ideal number of measurements
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Fig. 22. PV panel performance in different conditions.

that would be obtained if the sensor operated flawlessly throughout the
entire run. Odometry data from the axle-box generator were used to
determine the exact time intervals when the train was moving and the
sensors were expected to be active for data acquisition. For each run, the
availability was correlated with the mean temperature measured by the
transducer placed inside the sensor node box. This transducer reflects
the sensor’s internal heating and serves as an indirect indicator of solar
irradiation, highlighting the environmental conditions suitable for
effective PV panel operation. Results show that the availability consis-
tently exceeds 95%, except for few cases where it drops to 70-80% at
mean temperatures below 10°C, corresponding to very low irradiance
conditions. An example of the latter case can be found in Fig. 23, which
shows the sensor CF battery voltage falling to 3 V, the minimum
required for the sensor to stay active. However, once exposed to sun-
light, the management unit effectively recharged the sensor battery,
allowing continuous monitoring on the following days. These findings
highlight the limitations of relying on PV panels under low-irradiance
conditions. Nonetheless, the PV panels have provided satisfactory per-
formance overall. Future improvements should focus on optimizing the
sensor duty cycle to increase availability in low-irradiance scenarios.
In contrast, the performance of PV panels powering the acceleration
sensor nodes on the standard wagon were not sufficient to sustain the
power consumption in the implemented acquisition logic, which has

foreseen almost continuous measurement. Accelerometers, in fact,
PV panel performance
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Fig. 23. PV panel performance as a function of the sensor node temperature.
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operate at a sampling frequency of 200 Hz once the train exceeds a speed
threshold (e.g. 90 km/h). Since freight trains typically run above this
speed, the sensors collect data almost continuously, leading to high
energy consumption and a rapid drop in battery voltage. This strategy
aimed to collect a huge quantity of data in the experimental phase.
However, since accelerometers will be employed for suspension moni-
toring and diagnostics, continuous monitoring over time is not required.
Future work will focus on optimizing the logic so that, after reaching the
triggering speed, acquisition is activated only periodically, reducing
power demand.

Fig. 24(a) and (b) present the performance of the cm-scale wind
turbine during field testing. Due to train gauge limitations, only the
configuration with the turbine mounted on the lower lateral part of the
carbody was tested. As shown in Fig. 24(a), the turbine was unable to
provide sufficient power to sustain the pressure sensor node C7: the
battery voltage quickly dropped to the 3 V threshold, preventing stable
operation. The net battery current also remained positive throughout
the initial phase of the campaign, indicating continuous discharging
independent of train speed. Nonetheless, short intervals were observed
in which the net positive current was reduced, suggesting that the tur-
bine contributed some power to the sensor, although insufficient to
recharge the battery, even at a stable speed of around 100 km/h. Even in
this critical condition, considering a wagon mean travelling time per day
of approximately 12 h, the autonomy of the sensor node is in the order of
one month without any sort of power input from the wind turbine. The
influence of wagon position relative to the locomotive was also exam-
ined. When the turbine was mounted on the 15th wagon (Fig. 24(a)), no
effective energy supply was recorded. In contrast, when the turbine was
positioned directly behind the locomotive, brief battery charging pe-
riods occurred, confirmed by both a negative net current (Fig. 24(b))
and PMU voltage saturation at approximately 18 V during operation at
100 km/h. Overall, from this first analysis, it seems that the turbine
performance is more influenced by its position rather than the train
speed. Future developments will focus on optimizing the turbine design
to achieve reliable industrial applicability and on conducting additional
CFD studies to evaluate the sensitivity of this energy harvesting per-
formance to wagon position.

During the field campaign the peak harvested power recorded is
around 9.2 mW at a train speed of 100 km/h, a value lower than the 20
mW predicted by the combination of the CFD results with a train speed
of 120 km/h and wind tunnel tests with a wind speed of 10 m/s. This
mismatch is fully justified by the substantially different operating con-
ditions. The theoretical analyses were conducted under idealised and
controlled settings, including laminar flow in the wind tunnel, no in-
fluence from the wind turbine grid, fixed wind direction and a specific
resistive load applied, allowing the turbine to operate closely to optimal
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Fig. 24. Cm-scale wind turbine performance positioned on the: (a) 15th wagon (b) 1st wagon.

conditions. In contrast, the field measurements were carried out in a
highly turbulent environment, with the protective grid installed, an
uncontrolled up-wind/down-wind orientation, a dedicated harvesting
circuit whose electrical load differed from that adopted in the theoret-
ical studies and a power generation strongly affected by the position of
the wagon in the convoy. These factors led to lower harvested power in
real conditions, while still confirming that the available energy is suf-
ficient to supply the sensor node (as highlighted by the brief battery
recharging period shown in Fig. 24(b)).

4.3. Model-based air brake diagnostic algorithm

In addition, more advanced analysis can be performed by evaluating
the difference between the fault-free brake cylinder pressure from the air
brake system model and the monitored pressure. This Section presents
the development of a preliminary methodology for detecting leakages in
the weighing valve under service conditions, which are critical due to
their impact on braking performance at the brake cylinder [42]. An
innovative experimental campaign was conducted on the closed circuit
of RFI San Donato where real-world defects (i.e. leakages in the
weighing valve) were systematically introduced on full-scale freight
wagons under varying operating conditions including different train
speeds, wagon loadings, braking actions and brake modes [42]. Analysis
of this realistic, high-quality fault dataset demonstrated that the Total
Power Efficiency (TPE) indicator is the most effective feature for
detecting weighing valve leakages, as it maximizes the variance between
fault-free and malfunction conditions. The TPE, specifically, quantifies
the energy developed by the brake cylinder per unit of time, serving as
an indicator of energy losses and, consequently, the presence of leak-
ages, as described in Equation (7).

nd_brake

d d_release d
t j‘m t
start_brake?” start_release
Thrake model Tretease model
TPE - end —brake + nd—release (7)
f pdt fe pdt
start_brake start_release
Torake  experimental Trelease  experimental

This feature employs an energy-based approach, as previously
mentioned. The energy content in the brake cylinder is evaluated by
integrating the pressure over time during both the braking and releasing
phases. The energy is then divided by the respective braking and
releasing times to evaluate the power input into the brake cylinder. By
evaluating the ratio between the fault-free and the monitored brake
cylinder power, it is possible to infer the presence of leakages in the
weighing valve. The statistical results of the TPE from the experimental
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campaign reported in [42] are presented in Fig. 25. It can be observed
that leakages in the auxiliary reservoir (A-B) do not produce any sig-
nificant variation in TPE compared to fault-free conditions (0), whereas
leakages in the weighing valve (from C to G) result in a consistent in-
crease above a value of 3, in agreement with the model-based fault in-
jection results shown in Fig. 18(a). Furthermore, manual brake
activation (H) does not affect the energy content in the brake cylinder, as
also confirmed by the results shown in Fig. 18(b).

Moreover, the TPE is not affected by braking action severity, brake
modes or wagon loading, as these factors are already accounted for in
the modelled brake cylinder, allowing the definition of a single repre-
sentative parameter. Additionally, the results in Fig. 25 indicate that the
sampling frequency does not significantly impact the TPE. This
conclusion is supported by the fact that malfunctions C-E-G were
monitored at 40 Hz, whereas malfunctions D-F were monitored at 1 Hz
[42]. The observed differences in mean values across malfunction clas-
ses are primarily due to the severity of the simulated leakages (2.5 mm
for C-E-G versus 1 mm for D-F). This is consistent with the expectation
that weighing valve leakages influence the overall behaviour of the
brake cylinder, which operates on a relatively slow dynamic timescale

5 Total Power Efficiency feature
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Fig. 25. TPE statistical analysis coming from the experimental campaign re-
ported in [42].
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[42]. The results reported in Fig. 25 have been directly employed to
support the interpretation of data collected during field tests. An
example of how the model can be used as a diagnostic tool to detect
leakages in the weighing valve is presented in Fig. 26. The first part of
the figure shows the time histories of the monitored main brake pipe
pressure, brake cylinder pressure and the fault-free brake cylinder
pressure calculated from the model. The second section illustrates the
phase classification, which helps assessing the braking and releasing
phases of both the monitored and modelled brake cylinder pressures.
The third part evaluates the TPE indicator according to Equation (7).
Finally, a rule-based approach is applied in the last section to assess the
presence of leakages in the system. Given that the TPE is close to a value
of 2 and doesn’t rise above the preliminary threshold reported in Fig. 25,
it can be observed that the monitored braking actions are classified as
healthy conditions, which is consistent with the fact that no leakages
were detected during train inspections and maintenance activities at
that time.

The methodology presented in Fig. 26 was then applied to a broader
dataset consisting of 501 braking actions collected over 12 test runs,
covering both travel directions between Padova and Colonia. The
operating scenarios encompassed a wide range of conditions, supporting
the generalizability of the proposed approach. Wagon loading varied
between 1.75 bar at the weighing valve (empty condition) and 3.76 bar
(fully loaded), while braking actions ranged from 0.6 bar to 1.5 bar main
brake pipe depression, with both freight and passenger brake modes
applied. According to the wagon owner’s technical records, no weighing
valve malfunctions were identified during standard brake inspections,
confirming that the results are representative of healthy operating
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conditions. In Fig. 27, the TPE comparison between the field campaign
and the dataset from [42] is reported.

As shown in Fig. 27, the TPE values obtained from the field tests are
consistent with the findings from [42], with the majority of the distri-
bution concentrated around 2. Only five false alarms were observed,

TPE comparison between field tests and San Donato
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Fig. 27. TPE comparison between field tests and the dataset from [42].

6 Experimental vs Model phase partition
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Fig. 26. Algorithm to evaluate the presence of leakages in the air brake system: (a) Comparison between the modelled and experimental brake cylinder pressure (b)

Phase classification (c¢) TPE evaluation (d) Leakage identification.
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corresponding to values exceeding the preliminary threshold. Moreover,
the larger statistical sample of braking actions under healthy conditions
collected during the field campaign enabled a more rigorous threshold
definition. By applying a 95% confidence interval to the healthy-state
data, the updated threshold was set at 2.62. Future work will include
the analysis of the remaining field dataset to validate the updated
threshold and to quantify diagnostic metrics. Furthermore, the algo-
rithm will be extended to incorporate the detection of auxiliary reservoir
leakages and the identification of manual brake activations. In the latter
case, the influence of the sampling frequency on the characterization of
the brake cylinder first braking phase will be investigated to further
validate the model results presented in this study.

5. Conclusions

The design of an innovative monitoring system was presented in this
paper. Being modular and integrated, the monitoring system meets the
needs of installation on old freight wagons where no power supply is
available and on “smart” wagons where an already mounted set of
sensors can be integrated with additional features. It has been high-
lighted that energy harvesting is crucial for powering sensor nodes on a
standard wagon, and for this reason, a deep study of the wind turbine
positioning has been conducted. On the other side, it has been discussed
how the sensor node performance can be enhanced to provide additional
features to the “smart” wagon. An empirical model of the braking system
has been created to drive the monitoring system design and to assist the
post-processing phase of data collected during the field campaign.
Moreover, a CFD analysis of an entire convoy was performed to identify
the best position to enhance the micro wind turbines' efficiency. The
developed monitoring system is currently adopted for a field campaign
on operational freight wagons provided by Mercitalia Intermodal to
verify the efficiency of both solutions. Data acquired in this framework
will be hugely useful to assess the diagnostic purposes of the monitoring
system. Moreover, the collected database will be adopted to develop
model-based and data-driven algorithms for diagnostic and predictive
maintenance activities. A robust and wide database would allow the
implementation of machine learning techniques in non-model-based
algorithms, introducing a huge innovation in this framework. The
main limitations of the designed system are currently represented by the
not properly functioning of wind turbines exhibit during the field
campaign and by the possible loss of efficiency of PV panels in time.
Future studies will concentrate the effort on the development of a new
wind turbine version, taking advantage of the experience collected
through this field campaign. Moreover, maintenance activities on the
system should be drafted to provide railway operator with a tool to
assure the monitoring devices complete operativity in time.
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