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Chapter 1

1.Introduction

Goods transport is an essential factor for the European market for its significant
contribution to economic growth and thus to the creation of new employment.
Nowadays,approximately 75% of goods are transported by road within the
European Union. The use of more efficient and sustainable modes of transportation,
such as rail transport and inland waterways, would reduce oil imports and pollution
abatement. If compared toad transport, rail transport with the same tonn per
kilometer is ake to emit 3.5 times less CQ1] Freight transport is particularly
competitive when the distaes to be covered are meditmgh, enabling to better
spread the fixed costs associated with the loading and unloading of goods.

Figurel show the use of rail transport in UE by the first 10 countries that make
greater use of this type of transport. From the figures it is possible to observe that,
excluding the 2002009 periodthere were no sharp fall in the use of rail transport
in the period shown in the graphs. However, in the last 5 years, as reported by the
EUROSTAT data, it can be seen that the volurhgaods transported has not
increased.

The figures clearly show howdgBnany occupies the lead position with a traffic
volume 3.5 times higher if compared with the other European countries.
Furthermore, it can be observed that in Germany, the t@ffjpods at national
level, Figure 2, stands around 65% of its total traffic, while for Italy this value is
reduced to around 36%. The data related to international transport are given by the

sum of the incoming and outgoing transport.
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The trend of the graphs and the daily experience of each of us clearly suggest
the need to shift part of the goods traffic from the road to the rail in order to reduce
the environmentampact and decongest the European roads. Implications are both
economic and public health, reducing emissions and number of motorway
accidents.

There are different forms of rail freight transport:

i single wagon transport (the customer need to transpogadaids only in
certain wagons of a train)
complete train or block (the train is fill by only a single company)
intermodal or combined roaail transport (the container is loaded on a

wagon).

The present thesis work, included in the Cluster ITS Italy020@ject, is
focused on this last mode of transport, the intermodal one.
In 2011, it was set by the European Commission the goal of transferring, by

2030, the 30% of road goods transport, on journeys exce80idkm, to other
3



modes of transport, such@slways or inland waterways, and to transfer more than
the 506 by 20501]

The growth of rail goods transport must be accompanied by an increasing
introduction oftools and technologies that make possible to constantlytonahe
European rolling stockThe introduction of monitoring technologies that allow to
constantly know the status ofettvagon would bring real and concrete benefits to
the world of rail trangort enabling to optimize the maintenance of rolling stock
thus reducing costs but ensuring at the same time a maximization of the safety.

The increase in safety is even more important when dangerous goods are
transported, whose spills could have negaawel dangrous effects on public
healthand safetyFigure4 shows the trend of railway accidents in which dangerous
goods were involved. It can be seen that in regeaits the number of accidents has
decreased significantly. Over the years, however, Austria continues to hold the sad
record of being the country where the greatest number of accidents involving

dangerous goods occurs.
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Fortunately, only a portion of the total number of accidents leads to the spillage
of dangerous substances, as can be se€igune5. The consequences, however,
in these cases can be terrible as they can cause fires and explosions, as in the sad

case of Viareggio in 2009.
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Figure 5. Accidents in which dangerous goods are released WE.

Over the last few decades there has been angeveting development of
monitoring systems dedicated to mechanical and high technology systems. This has
been facilitated by the contemporary progress that involved the fields of
information technology,data management and communication. In fact, the
implementation of increasingly powerful hardware and software systems has
facilitated the realisation of dedicated systems for the collection and management
of mechanical systems operating data. Thanks tertbemous potential of modern
hardware components, it is therefore possible to process a large amount of data in
order to achieve the appropriate algorithms that help monitor the health of the

system.



It is well known that all mechanical systems have anahtendency to age and
reduce their efficiency over time, so maintenance work is required to restore their

performance. There are terpossible maintenance methods:

1 Corrective maintenance: onlytaf the failure, the component should be
replaced.

1 Prevetive maintenance: established maintenance intervals to reduce the
probability of failure. The frequency of maintenance works is based on
hours worked and / or on the basis of the mileage teavélythe vehicle.

1 Predictive maintenance: through knowledddh® system health and the
real operating conditions of the mechanical system put in place maintenance

work in case of anomalous events in such a way as to avoid fault conditions.

The Health monitoring requires specificnsea, onboard data acquisition
system to detect the physical operating parameters of the system, monitoring
algorithms to evaluate the health status and finally diagnostic algorithms that can
detect the failure, the position and seriousness.

The adoption of predictive maintenance tegomes allows to maximize the
operating time of the system and its components, reduce maintenance operation,
resulting in cost reductions, and machine downtime.

The implementation of such health monitoring systems requires the integration
and communication diween different engineering environments to provide the
right logistical support to fault diagnosis operations and estimate the residual useful
life of the components.

Knowledge of the real operating conditions of the machine can also be used as
a supportluring the design phase. In fact, when designing a component, loads and
stresses are not known in operating conditions, and therefore both information and
bibliographic data contained in regulations and safety factors are used. This way,
instead, this ackl operating data can be used as reference values for loads and
stresses during operation of the component, with the possibility of evaluating
whether the component itself has been oversized with respect to normal usage
conditions.

The collected real datdescribing the operating condition of the machines can
be used as reference values for loads and stresses, with the possibility of evaluating

if the component has been oversized respect to normal operating conditions.



The foundation of the implementatiohhealth monitoring systems is the need
to perform diagnosis and prognosis of failures that occur during the components
life of the mechanical systems.

It is essential to try to predict accurately the arise of a failure or estimate the
residual useful fe of the component as well as try to isolate the cause of the failure
once the negative effects on the system are evaluated.

The benefits obtained are mainly related to increased security and reliability, as
itis possible to detect and monitor incipiéiture that may compromise the normal
functioning of the system anahd. In this way, it is possible to carry out predictive
maintenance operations on the component, reducing downtime and costs.

In order to improve the decisianaking accuracy of diagstic and prognostic
systems, it is appropriate to adopt a feedback system that continuously provides
useful information to optimize the level of accuracy required for the monitoring
system.

In order to operate in the field of diagnostics and prognosticafimechanical
systems it is essential to know the mechanisms of fault formation, the methods for
evaluating the residual useful life of the components, the methodologies and the
algorithms to be used for the purpose of detecting and isolating the dautlte
component.

Several methodologies have been implemented and used to monitor the health
of systems and for the risk analysis.

The following is a list of the main philosophies and techniques in literature:

CBM i Conditionbased Maintenance;
FMEA T Failure Mode and Effect Analysis;
FMECA'T Failure Mode, Effect and Criticality Analysis;

PHM1 Prognostic Health Management;

= =/ =4 A

FTAT Fault Tree Analysis.

Monitoring the operating conditions it is evaluates the health status of the
system and takes operatiodakisions, taking into account the information derived
from the prognostic apparatus. Choosing the threshold value that differentiates the
"faulty" situation from the "healthy" situation can heavily affect the chances of
making a decision making mistake.

In recent years, interest in monitoring the operating conditions of freight
wagons has grown significantly as shown in numepaidicationg1] [4] [5] [10]
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[12] and by first attempts of dedicated monitoring devices presented on the market.
Some focus on the bogie and its components while others fodhs tnansported
goods.The companies operating in this sector need to know the conditions of their
wagons to be able to plan targeted maintenance and to reduce the costs connected
with these operations. In the absence of continuous monitoring information,
scheduled maintenance is carried out to prevent faults that could lead at best to
discarding of wagon or, in the worst case, to derailments with serious consequences
for the rail wagons and the infrastructure. In the period of time between two
maintenancavorks, typically a multiyear period, the conditions and the mileage

covered by the wgons generally are not measured.



Chapter 2

2.Freight railways monitoring requirements

In the first part of thisesearchproject the types of faults that occur typically
on these kinds of wagons were evaluated by studying the literatunahding
the partner company fault database. This preliminary work allowed us to understand
which subsystems are more subject to fault conditions compared to others. After
analysinghese subsystemBigure6, were chosen the necessary sensors to actively

monitor the selected components.

Subsystems  Problems Sensors

Figure 6. Vehicle subsystems: diagam and possible failures.

The information concerning the historical breakdowns of the wagon used in
this study were collected over the last five years. Our analysis highlighted that for
this type of wagon the braking system is more subject to faihae the other
systems. The wheel and axlebox subsystems, due to the type of load of the wagons,
have a lower failure rate. The design activity of the monitoring system, in
accordance with the results obtained from the failure history, was targeted on the
braking system. The problems that generally occur on this type of wagon,
characterized by a uniformly distributed load, are the following:

1 Irregular wear of brake blocks,

1 Incorrect operating pressures of the braking system,

9



91 Brake cylinder failures, and

1 Poa performance of control valves.

These types of event ashort tme can lead to the overheating of the wheelset
and bearings antb wheelsflat damageFurthermore, ltese problems masause
important consequences on the security and stability of thenwago

The main goal of thprojectis the realization of a compact monitoring system.
The first prototype realized was cabled. To meet this objective, we developed a
device composed of three subsystems: the sensors for measuring the characteristic
parametersf the braking system, such as temperature and pressure, an acquisition
system for managing the sensors and data saving, and a power supply battery.

This chapter gives a brief overview of the braking operation in railways, in
particular for the freight waans braking systems, and the typeaisequences that
may occur as a result of possible braking system malfunctions.

The main requirements of a railway braking system are the following:

1 automaticthe braking system must come spontaneously into actiasas
of unintentional train separation or brake pipe failure;

1 continuous:the braking system must connects in a single system all the
vehicles of the train, and at least in emergency braking must be activated by
any vehicle;

i adjustablethe braking systemnust be adjustable during braking and brake
release;

1 inexhaustible the braking system must never lose effectiveness, after a
braking and brakeelease cycle, the system must be ready again to a

braking.

The braking system of a train is the seeqfiipment that allows to reduce the
speed or to stop the train in correct and predetermined spaces. In this section is
summarized the working principle of the freight wagon braking system monitored,
to better understand the parameter that we collectedgdouir research. For a more
detiled description may refer {@] .

The brake system can be divided into two major parts:

1 mechanical part

1 pneumatic part.

10



As regadsthe mechanical part, it somposedy all the leverage constituting
the brakerigging which transform the force applied by the brake cylinders to the
braking force applied to tHerake blocks

The leverage used vari@®m wagonto wagon according tthe number of
brake cylinderand bogie

The fundamental feature of theake riggingstructure is its isostaticityn this
way different brake blocks wear may be recovered in order to have a uniform
braking on all axes, to do this is present a devicéh®automatic recovery of the
brake rigging play (clearance) . An iperstatic brake rigging instead would cause
only the braking of the axes with the minor wear of the brake blocks.

Figure7 shows a simplified diagram of tipmeumatic part obraking ystem.
With reference to the said figure, each individual rolling stock preadméde pipe
provided at the ends of shoff valves and sermtoupling hoses, which connect the
locomotive and wagons. Connected to the brake pipe, downstream ofaffshut
isolation, there is the control valve, which heads the auxiliary reservoir, the

command reservoir and the brake cylinder.

/ Driver's

brake valve
G

Brake Pipe JSemiAcoupling hoses Brake Pipe
. ) “ontrol )
e
Pressure
relay

Brake
cylinder

Brake Block

Wheel

Figure 7. Freight wagon braking system diagram.

The locomotive also includes the compressor, which recharges the main

reservoir and the driver s bacingentheal ve.

faucet control valve, which determines the adjustment of the pressure of the brake

pipe, placing it in connection with the atmosphere or with the main reservoir.

11
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On the suspension of each bogie is installed a weighing valve that provides to
the pressure relay a pressure value proportional to the load on the suspension in
order to adjust the pressure on the brake cylinder.

The pressure created in the cylinder of the brake is almost proportional to the
pressure drop in the brake pipe, with aximaum of 3.8 bar (load) for a fall of 1.5
bar (maximum service braking) and a performance characteristic dependent on the
transfer curve of the control valve. The control valve is the deemigking body
that compares the pressure value in the brake iffethe one in the control
reservoir.

When there is a pressure drop in the brake pipe the control valve puts in
communication the auxiliary reservoir with the brake cylinder, thus determining the
braking.

The fundamental element of the control valvehiset fimai n deviceo w
function is to enter and discharge air from the brake cylinders on the basis of the
brake pipe pressure in a predetermined time.

Regardless of the adopted constructive solution for the admission to
international traffic, the contrealve must guarantee the time of braking and brake
release provided by thidorm UIC 540 both in the case of scheme P (passenger)
and in the case of scheme G (freight).

The device for the first time is an organ inside the control valve which allows,
in thefirst stage of braking, a fast filling of the brake cylinder, favoring the approach
of the brake blocks to the wheel. I n partd.i
to the brake cylinder of at least 10% of the maximum pressure, which anticipates
the normal filling of the brake cylinder through the orifice. The operation of such
an element is independent of the braking regime, but its intervention is particularly
helpful in the case of scheme G (freight) in which the filling time of the brake
cylinder is longer.

Different braking regimes are prescribed according to the service that is
required; for freight vehicles the G regime is adopted.

The major defect of braking systemih a single brake pipis that the braking
control is pneumatically transtted by the pressure drognd therefore there are
delays between the head aheé endof thetrain, the braking delay careach45

seconds in @nodein the case of very long train

12



Chapter 3

3.Monitoring devices

The potential growth of freight raifansportdue to the many benefits that this
type of transporoffersespecially in view of a lesser environmental impact (in line
with the European Horizons 2020 Sustainable Mobility Guideliselncreasing
the interest of transport companies to ifstaovative monitoring systems for
freight wagons in order to improve efficiencgliability and safety of the service.

The current scenario, however, presents a nupfligsuessuch as the absence
of power onboard, the coexistence of new and old geation wagonsfreight
wagons that differ in dimensional and structural characterisiieslaptbetter to
the goods to be transported, the use of wagondiftarent railwaylines and in
different composition depending on the transport needs.

Hence, theneed to identify maonboard monitoring and diagnostic system that
allows on the one hand thaccurate wagon locating tinprove thetransport
efficiencyandthe fleet management, and on the other hdreknowledge ofthe
wagonsoperating conditions in such a wag tocarry out targeted maintenance
operations.

Currently, the only information available arprovided by the equipment
installed along the railway network, separated by tens of kilometers. However, to
identify and intevene on an incipient failure, it is necessary to have continuous
monitoring and a communication system that can warn the train conductor and the
mai ntenance staff of wagonds owner s.

A good monitoring system has to:be

1 Cheap the economic aspect is crucla¢cause the cost of a monitoring
device must be aligned with the cost of the object to be monitored. The value
of a freight wagon is significantly lower if compared with a passenger car,
particularly in the case of higépeed transport. Moreover, the agiarg life
of a freight wagon can exceed three decades, so its value can then be
amortized over an extremely long period. A monitoring device must be very

low cost to be economically advantageous.
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1 Energy autonomous energy autonomous or energy harvestingans
technologies that seek to recover enough energy to power electronic devices
to be used directly where it is generated, thus eliminating maintenance and
replacement costs for batteries.

1 Wireless: the technology that must be equipped with the system beus
wireless. The many system nodes must communicate each other through
wireless networks. The absence of wiring has the main advantage of
allowing easy and fast installations which are reflected in a fall of
installation costs. The disadvantage of tlolsison is the need to ensure the
complete energy sefufficiency of each node.

1 Robustness and reliability: the monitoring system must have a level of
reliability even better to the various subsystems that make up the freight
wagon. It should not have amyaintenance or batteries change for at least
six years, namely the period of time between two complete wagon
maintenance. The correct GPS location of the freight wagon must always be
guaranteed in order to be able to intervene in the event of a failure.

1 Easy retrofit: The monitoring system shall be able to be installed on both

new and on existing freight wagons.

3.1. Actual projectsand devices

Currently monitoring systems can be divided into two large groups. The former
are those developed by universitiesesearch centessithin project financed by
third parties, while the latter are monitoring systems developed individually by
companies operating in the logistics sector.

The first ones, as is easily understood, aim to monitor many wagon parameters
using numerous sensors connected to specific embedded PC that are programmed
with dedicated software and algorithms. Generally these projects aimtartbee
development of alggthmsratherthancomplete monitoring systemis fact often
in these projects the development of an energy harvester able to corsipptly
the installed devices is excluded. It is therefore preferable to power devices with
batteries and replace thewmyclically. These devices therefore have a low
technology readess level overall but a high value on the data acquisition and

processing system.

14



The latter, on the other hand, aim to monitor substantially one quantity only,
the distance covered by the wa&g. This information is essential to correctly
program the maintenance of a wagon. Often happens that maintenance is carried
out too early if wagons have covered short distances, or too late if they have traveled
more if compared with the average of wagloho optimize company resources it is
necessary to carry out maintenance when needed. These monitoring systems are
therefore comparable to the hour meters of eawdhing machinery used in
agriculture and construction. In the case of fleetned byover hundredsgoods
wagonsit is almost impossible to keep track of all the movememasle by the
wagon. With the GPS use this operation becowery simple. The companies
which operate in the wagons rental sector are the most mindful to this theme.

Among theresearctprojects recently carried out in Europe, it is worth pointing
out the @rgaCBM project supported by the German Federal Ministry of
Economic The partners of this project wefé) Berlin, Eckelmann AG, PSoft
GmbH, Vattenfall Europe Mining AG, WASCOSA AG, Lenord, Bauer & Co.
GmbH and the HARTING echnologyGroup.

The system consists of a central unit called an On Board Unit (Jduire8,
and a series of sensors installed inside the OBU or on the components to be
monitored (e.g. wheelset bearinghe OBU contains an acceleration sensor to

record the shunting impacts, a temperature searsba GPS receiver that provides

information about the current position of the freight wagon and its mileage.

Figure 8. CargoCBM, on the left the OBU installed on a Wascosa wagon, on the right anle
box bearing sensorized.

In order to reduce the number of data send via GSM to the server in the OBU
are embedded automatic data evaluation algorithms. These algorithms can detect

wheel runouts, monitor running dynamics and an associated check of the wear

15



condition of the wheel pfile, document heavy shunting impacts and monitor the
temperature wheelset bearinfjle OBU also has CAMBus and ZigBee interfaces,
which also permit the connection of wireless sendausing the project more than
400000 km were monitored on the railwaes of Austria and North Germafgj

As can be seen iRigure8, thedeveloped system is predominantly wired and
is considerably complexMoreover, an appropriate energy harvester has not been
developed
The project was particularly focused on the development of algorithms for the
identification of wheelflats which cdead to dangerous accidents if netpel [7]
Anot her recently presented project is th
supported by the Swiss Federal Office for the Environment and Transport. The
partners of this project are SBB Cargo, Technical Innovation Circle for Rail Freight
Services andgome other partnerSL is the acronym of the five main factdgy
that this new freight wagon aims to improve:

1 Low noise: reduction of noise emission thanksh introduction of disc
brake;
Lightweight: for a higher payload;
Long running: thanks to a higher reliability significant reduction of
downtimes;

1 Logistics capable: possibility of integration into supply chains;

1 LCC (Life cycle cost) oriented: integratiaf LCC-oriented components.

The project is being carried out in collaboration with the Swiss rail transport
company SBB cargo, which has made its vehicles availablegerts®erizedl1] .

At theTransport Logistics 2013new wagon prototype was presenteigure
9, in addition to innovations as the automatic coupler and disc bvasnstalled
the complete monitoring system produced by PJM.

16



Figure 9. Intelligent freight wagon 5L - On the left the wagon presented and on the right the
monitoring system.

The system is equipped with a generator in the axle box foeldwricity
production. Also in this case tlsgsteminstalled is completely wired.

In this last two years, also the wagon rental companies TRANSWAGGON and
ScandFibre Logigcs installedhe GPS tracking deviceSargoTraeR produced by
SAVVY on more than 3000 wagoria.the course of 2018 they aim to monitor the
remaining 3,000 wagons.

VTG is the largest European wagon rental company with a fleet of 80000 units
and aims to ave its fleet fully monitored with the Nexiot devices by the end of
2020[9] .

Below are reported devices currently on the market on in advanced test phase.

3.1.1.Devicesbattery powered

Bosch AMRA
The Bosch AMRA Asset Monitoring for Railway Applications) is a

monitoring health system battery powered, with a battery life guarantee for six
years. The battery life coincides with the time between a wagon complete
maintenance work and the next. This device is thergfdh®ut energy harvester.

The device showed inFigure 10, has a very limited weight, 700 grams, and
can be installed on any new or old construction wagon. The main use of this device
is related to the location of the wagon and the temperature oriagitwithin

refrigerated wagons in order to ensure the cold chain.
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It is also equipped with an accelerometer for vibration monitoring recorded at
the site of application of the device, particularly in the train composition. It can be
connected via bluetdlo or wiring to other sensors.

Door monitoring @
O \T \— e
& | '
& [t

i
I Cargo monitoring Connectivity [
L (temperature, air humidity) | S hardware “[

-

Wheelset diagnosis Shock monitoring
Brake condition monitoring

Figure 10. On the left a Bosch AMRA installed on a wagon, on the right the operating
principle of the device.

Nexiot AG

Nexiot is a spiroff company from ETH Zirich and introduced the market a
device for the geolocation and impact detection dedicated for the freight wagon
sector, showed iRigurell. Special feature of this device is thegence of energy

harvesters which collect energy from the solar radiation.

am——
EEEEEEER
T
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Figure 11. Nexiot AG Crossmodal

The presence of the energy harvester allows the completsusidiency of
the system. The only defect in this devimay be due to the fact that as time goes
by the power output of the cell may decrease due to the dirt that it may accrue on

it. In any case, this device allowsainly the gedocation of the wagon.
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Savvy AG

The main product of the Savvy is the SAVVY@argoTraeEx, Figure12, a
telematic device with more than 10 years of battery life, with the possibility of being
used in hazardous environments (EX). It does natiregnaintenance throughout
its life cycle and has reduced energy consumption.

A series of tests mainly focused on the problem of battery discharge in harsh
weather conditions has allowed to improve the battery life of the device. The device

also includeshock detection in the three directions with the possibility to set alarm
threshold.

Figure 12. SAVVY CargoTrac-Ex.

These devices have as common denominator thatwbeyoriginally designed
for other fieldsof applicationand subsequently adapted to the rail world, especially
to allowthe gedocdization of wagonwehicles ando check and to guarantéee
temperature of goods during ttransportation

This, on the one hand, allows a more efficient management of tharig¢be
conditions of transport, while on the other it completely overlooked the health
condition of the wagons and the improvement of their operating conditions through
the planning of targeted maintenankeowing the position

Knowing the position came estimatehe mileagetravelled bythe freight
wagon in a certain period of time in order to better manage the scheduled
maintenance work.
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These devices have been designed for betos, in fact in all of them there
IS present a batterthat requires maintenance, althoughlong lasting. These
represent additional costsaintenancéor the rail operatarThe choice of wire the
wagon is not a viable alternative due to the high installation eostdo the fact
that all wagons of the santeain should be equipgd with an electrical systetn
notinterrupt the circuit

Battery performance degrades rapidly over time, making this type of power
supply not suitable for long periods if it is not intend to replace them.

An energy harvester must besahutely present onboard the wagon in order to
ensure a good battery healthy status over the years and a complete energy
autonomyEven the energy harvester must be maintenfreesand not be affected
by external climatic conditions such as the absencsolair radiation. For this
reason, in my opinion the choice of using solar cells is not the optimal choice.

Different technologies and solutions are available for the recovery of energy
usable onboard the wagon. The choice to adopt one with respecttheraiso
defined from the energy consumption of the monitoring device, the sampling
frequency, and the type of sensors installed.

Consistent with the more recent literature, our research group, therefore,
proposes to combine the development of the mongaosiystem with an energy

harvester that can provide the necessary power to the monitoring system.

3.1.2.Deviceswith energy harvester

Kapsch Group

The device presented by this company is the M2M monitoring systeowed
in Figure13. This solution is equipped with an energy harvester to make it energy
autonomous.

The data collected are sent via mobile network to a central server, also are saved
on an SD which acts asbéack box.There is a GPS sensor to locate the position,
mileage and speed for each wadmut can also be coupled witither sensor or
devices as temperatuteadand acceleration sensors

Unlike previous devices, this replace the traditiandé boxcover and allows
to have information that the other devices are unable to sUppsydevice caalso
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be installed on anj¥uropean freight wagooar in a veryshorttime, around 15

minutes.

Figure 13. On the left different axle boxcover for monitoring different axle box, on the right
the monitoring system installed.

PJM
PJM is on the market with the product WaggonTracker, available in many
variations depending on the level of information that are available. The different

modelsand the ralted functions are listed ifablel:

Power | Mileage | GPRS GPS Sensor
Supply | Counter | Modem | Module | System

WaggonTracker
PS \Y
Power Supply

WaggonTracker
MC \Y \Y V

Mileage Counter

WaggonTracker
STD \Y \Y V \Y
Standard

WaggonTracker
ADV V |V V V V

Advanced

Table 1. PIM models characteristics
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The most complete version of the device, in addition to track the poartin

themileage of the wagon, can handle up to 10 external sensors via anatbgjhd

inputs.

This allows to perform a complete monitoring of the wagon including:

T
T
T
T

T

Behavior in braking;
Shock notification;
Bearing temperature;
Load conditions;

Monitoring the internal pressure of the tank.

A weaknes# this system igte use of a wired solution, therefore requires long
installationtime. In addition, as can be seen frdfigurel4, theenergy harvester is

contained in onaxle box onlyso in case of failure all the systeam outof energy

for the power supply

Figure 14. The WaggonTracker ADV, the most complete monitdng systemproduced by the

PJIM.

Schaeffler

The bearing leader company Schaeffler offers an energy harvester, showed in

Figurels, to install inside the axle box with two diféart steps of power, 50 W and

90 W at the speed of about 100 km/h. However, a device capable of monitoring the

condition of the bearings is not proposed. The power generated is more enough to

power supply any type of monitoring system.
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Stator

Rotor

Y25 housing

Figure 15. Exploded view of the Schaeffler energy harvester

3.2. Proposed research solution

In light of the existing research projects and products already available on the
market, the following thesis work aims to develop a monitoring system
demonstrator dedicated to freight wagons that can demonstrate the effectiveness of
these devicesThe two main quantities subject to monitoring in the railway field
are essentially the temperature and the vibrations. Also in this praj@tfocus
on these twoaspects

The temperatures of the cast iron brake blocks will be monitored and thermal
models will be developed in order to simulate the thermal behaviour of these
components. Also the external temperature of the axle boxes will be monitored as
it represents an extremely important parameter to determine the state of health of
the bearings and their correct operation.

The project, as imormal practicen the development of these devices, will
initially focus on a wired prototype, given the shortewalepment times and
greater reliability of this type of technologynly afterwards the monitoring system
shallbe equipped witlthewireless technology.

The subsystem thétst will be monitored will be the brake system due to the
problems related to it.

In fact, there aréew articles in literaturavhich addresshis topic, while this

represents one of the major problems from the maintenance point of view. Often
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during periodictess on the freight wagons, incorrect operating pressofebe
brake systenare recorded. One of the most common problems is the locking of the
brakeswhich can lead tovheeloverheating and whe#éts.

To identify problems of overheating, the owners of freight wagons ussv
paints that can degrade with he@nce applied on the inside of the wheetan
indicate any overheating. The identification of these events, however, always takes
place once the wagon has returned to the terminal and is controlled by an employee.
The potential of monitoring lies ineing able to identifyn anaccurateand timely
manner the occurrence of a problem that, if not treated, could lead to much more
serious consequences.

The monitoring of the braking system is also a prerequisite for the study of the
operating temperatured the brake blocksIn this historical period it is in fact
proceedingwith the replacenent ofthe classic cast irobrake blockswith new
synthetic type This topic attractgarticular interest not for wagons which are
equippedrom birth of this type ofoles, but for the whole European rolling stock
fleet which must be diject to a retrofit operationnifact, there is not enough data
on thebehaviourf these new braking element with the old wheelset material

The second aspestibject to monitoringn this wak is vibration monitoring.
Vibrations of particular interest fdreight wagon monitoring are those along the
vertical axis and the longitudinal axiBhe accelerations along the vertical axis in
fact describe the stability of the vehicle atalinteraction with the raild/ertical
acceleration is a parameter thdbws to determine if the car is traveling safely or
not. In fact, this parameter makes it possible to identify a possible derailment, if the
acceleration levetecordedis anomalousinstead, longitudinal acceleration is a
parameter monitored by all railway monitoring devipessent on the markdt is
important to know the longitudinal accelerometric levels both in iasgs of train
compositionand during the braking operations order to identify possible
incorrect behaviour

To monitor these functional parameters and monitor the logistic aspects of the
monitored wagon, it will be necessary to create devices that can effectively sample
all the quantities involved:he devicesreated will be both wired and wireless and
will be optimized fromthe energeticpoint of view to guarantee maximum

autonomy.
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Chapter 4

4.Thermal Models

In this chapter is discuss the construction of the models used for the study of
the thermaperformances of the cast iron brake that equip the freight wagon under
analysis.

The models used are based on an energetic approach to study the temperature
variations of the brake blocks during the braking operation. Temperature is a key
factor to deternmie the braking capacity of the wagons, in fact as the temperature
increase the friction coefficient between the wheel and the brake blocks decrease.

Excessive temperature levels can lead to a whole series of problems as thermos
cracks, wheels flat, overhtng. The thermal fatigue is one of the major tread
damage mechanisms and is due to the continuous thermal cycles to which the
wheels is subjected during their operating life.

The most interesting and complete studies on the development of thermal
modek for the temperature estimation in the brake block and wheel Wweee
conducted by Vernerssgh4] [15] . The model developed by the cited author can
handlestop braking, drag braking at constant brake power, and also intermediate
periods of cooling. The model has been developed taking into account the many
factorsinvolved in the real heating and cooling process, so it is possible to compare
brake rig tests with Hfield tests.The model developed was calibrate and validate
with numerous tests.

In the case of a bearing failure, its temperature reaches in a very few seconds
significantly highenvaluesthanthe maximum permitted level, leading to the loss
of lubricating properties of the grease contained in the axle boxes and bearings.

Cole et al[16] addressed a subject treated rarely in the literature, namely the
study of the influence of the temperature of the wheel treads on the temperature
level of the bearing due to the heat condurctio

The operating temperature of the wheels under braking conditions is generally
between 100 and 300 ° C, but can reach 600 ° C as a result of heavy stresses due to

repeated braking, as in the case of overcoming alpine passage dowirhither
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presence fobrake lock The subsequent rapid cooling of the wheels can lead to the
formation of martensite introducing significarfitangean the hardness with the risk

of abnormal wear.

4.1. Energy model

To study the thermal performance of the brake blocks sensarnzéus
reseach project was decided to apgy energy study. In fact, it can be stated that,
during braking, the kinetic and potential energies of the wagon are transformed into
thermal energy according to the principle of energy conservation.

The following type of approach has beesed preiously by Talati and Jalalifar
[17] which hasbeen applied in the study of the disc brakes,\amkkalagadda et
al[18] The nomenclature used for the thermal model is showalite 2.

Nomenclature

Sum of mass wagon and mé
m transported [kg] Ex  Total thermal energy [J]
v2  Speed at the start of brake [m/s] @ E c Variation of kinetic energy [J]
vl Speed at the end of brake [m/s] (P E p Variation ofpotentialenergy [J]
Change inelevation during the brakin Energy loss foraerodynamicresistance
mh Ear
[m] [J]
V] Heat partition coefficient-] Er  Energy loss rolling resistance [J]
br lf;s;;nal effusivity of the wheel [ W51 lar Aerodynamicaesistance [kg/t]
Thermal effusivity of the cast iron bral . .
bs blocks[ Ws1?/ k m2] Ire Rolling resgtance [kg/t]
b Thermal effusivity [ Ws® k m2] D Distance covered during braking [m]
k Thermal conductivity [W/m K] Eis  Thermal energy in brake blocks [J]
] Density[kg/m3] ms  Brake block mass [kg]
c Thermal capacity [J/kg K] Cs Brake block thermal capacity [J/kg K]
S Relative surface of the wheel [m2] C Drag coefficient {]
S Relative surface of the brake block [m S Surface of the locomotive [m2]

Table 2. Nomenclature used in the model.

During braking operations, the change in kinetic enbegween the instants of

beginning and end braking is equal to:
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o Za b o (1)
The change in potential energy it is equal to

YO & "yQ (2)

During the braking operations the heat generated at the interface between the
wheels and the brake blocldye to the friction, flow in different way in the two
bodies.

The heat partition coefficient between the wheel and thiaroaisbrake blocks

is calculated with théollowing equation

oy
3
Ty ®3)
Thet e r m fhermaeffusifitgandis calculated as:
f Q w (4)

This approach for evaluate the heat partition can also be applieddashef
synthetic brake blocks as the term b
characteristics of the materials.

The total thermal energy generated during braking was calculated by the

following expression:

0O YO YO O © (5)

The energy loss due to the aerodynamic resistance of the head and lateral inside

of the trainis evaluated19] with the following expressions:

i T T TOUY (6)

WhereV is the speed. The unit of measurement of this formula is [kg/t], in order

to obtainEx it is necessary to use the following formula:
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O i a’'Qo (7)

The rolling resistance ) was assumed to be equal to 2 k@] , in this case

in order to obtairky it is necessary to use the following formula:

O i a0 (8)

The curve resistance, in accordance with the litergl@20] , wasignored.

The fraction of total heat energy flowinghocks is equal to:
0 p | O 9

For the analysis of the single block, it was necessary to divide by the total
number of brake blocks installed on the six axes, which is equal to 48.

Using the thermal capacity of the body, the increas¢ e mper @t ur e
recorded on the single brake blocks after brakiag be calculatedwith the

following expression:

. or
vy Ty

E O (10)

From the simplified model previously described and using the vehicle data and
the measured data, the eneeggluations that allowsto estimate the temperatures
of brake blocks as a function of the running conditions of the vehicle can be
performed. For this model, it was important to know the mass of the wagon because
this parameter strongly influeredhe results. Table 3 reports the physical

properties used for the calculation.

Physical quantity Wheel Cast iron brake block
Thermal conductivity KW/m K] 49 48
Density[kg/m”] 7850 7100
Thermal capacityJ/kg K] 460 520
Mass[kg] 0 7.5

Table 3. Physical properties
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The modelwas applied for the study of single brakirigcated along the
railways lineon sections that did not present too steep gradiémt$act, the
potential energy plays an essential e to the high mass of the wagons.

In this work we did not consider the effects of the braking of the locomotive
and the forces generated by thbery wagons. This choiogas supported by the

goodresults obtained.

4.2. FEM model

To be able to focus in more detail the thermal behavior of the brake blocks has
been developed a FEM model. This model, unlike the one presented in the previous
chapter, allow to study temperatwtéme histories in different point of the brake
blocks and also allow to estimate the temperature at the interface betedeake
blocks and the wheels.

Again, an energypased approach based on the thermal energy generated by
friction between the wheel and the brake during braking operations has been used.
Key parameters for this type of analysis are friction coefficient, the brake block
geometry, the pressures value reached by the brake cylinder during the braking and
the geometryf the brake rigging and leverages.

The friction coefficient between brake blocks and wheels tread depends on the
instantaneous speed of the wagon, the applied force to each strain and the contact
pressure. During braking the temperature at the inteifameases rapidly, this
results in a reduction in the friction coefficient.

The friction coefficient can be evaluated by different equations obtained by
experimental test or using tables or diagram indicating the trend of this physical
guantity dependingrothe speed of the train.

The UIC formula is

(0]
P o pmm

) naouoa)
, TT
%)w pn%(pn pTT
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This formula take into account the speed of the train V and the pressure of
contact on the surfadg.

The average values 6f used forthe design of the model were chosen in
agreement with the literature and the technical data sheets of the braking component
manufacturers.

The FEM model was built reproducing the geometric characteristics of the
wagon sensorized. Each wheel of the mondaxagon is equipped with four cast
iron brake blocks, for a total of sixteen brake block for each bogie. Each bogie is
equipped with a dedicated brake cylinder.

The angle of contact between the cast iron brake block friction surface and the
wheel tread i29.4°. With this value, it is possible to calculate the relative contact
surface between the twbodies, which is the surface concerned the thermal
exchange during braking.

The thermophysical quantities of the cast iron brake blocks are shawable

4. The thermal conductivity, thermal capacity and density vakezs taken from

Vernerssorjl4] .
Physical quantity Cast iron brake block
Thermal conductivityk - [W/m K] 48
Density, J - [kg/m°] 7100
Thermal capacityc - [J/kg K] 520

Table 4. Thermophysical quantities of cast iron brake blocks

Thefundamental input parameter for the energy evaluation is the pressure value
inside the brake cylinder during braking operations. The pressure value is
discriminative of the braking condition, in order to obtain an average value for the
calculation of thehermal flow, the average pressure was calculated through the
mean integral as shown in formula

= p
> Y

00 Q6 (11)

Where0i s t he moment of activation of t hhe |

when the pressure inside the brake <cylin
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correspond the end of the braking when th

cylinder pdepewnmds pmnofihleedriver's braking

control valve with a pressure drop inside
Once the average pressure value is obtaimeés! possible to determinate the

pressure forcef each brake blocks on the wheels.

0 I o 0 (12)
[0)

Thetermi i s the brake rigging multiplicatior
t wo. The value in the denominator is the
all the sixteen brake shoes are activate &
assume a turniibfuotrimondiosf f orces.

From the pr@ducwi tof ttthe average friction

braking is obtained the friction force

O O ‘ (1:

The i nformation obt aisnyesd etmh rao ul gohw st hues ntoo
accurately the ti me, position and distan
braking.

The total t her manl tehreerighyt egd mecreatoefd t he s

by the braking operation irsestshieonn cal cul at e

! o) Q
o) — (1.

Qis the distance cover edt hwi tcho rtrhees plornadk e
time duration.
The thermal flow that is generated on the contact surface between the two

bodiesis obtained with the expression

O
O (15)

Whereo is the surface of the brake block in contact with the wheel.
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4.2.1.FEM model characteristics

The FEM thermal modetlas developed using the software ANS¥ure16
shows the model used, as can be seen the mesh hagbtard in the area where
the temperature sensor was ingt@lbn the sensorized cast iron brake block. The
mesh was obtained using the element SOLID 90.

ELEMENTS A Nsn?;sz

Academic

External
temperature = 10°C

Heat flux
in input

Convection
Heat flux in output
Heat transfer coefficient

10 W/m’°C

A denser mesh in the
installation point of
the sensor

Figure 16. Brake block mesh

SOLID90is a higher ordewersion of the @ eight node thermal element
(SOLID70. The element has 20 nodes with a single degree of freedom,
temperature, at each node. TherZlle elements have compatiblenfeerature
shapes and are well suited to model curved boundartes.20node thermal
element is applicable to a thrdenensional, steadgtate or transient thermal
analysis

The model consists of a total of 21076 nodes.

The thermal flow found with the pvious equations has been applied for a time
duration equal to the monitored braking on the contact surface between the two
bodies. At the end of the braking process the transient was simulated, giving the
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heat the time to migrate inside the body untilcheag the maximum measured
temperature value.

On the lateral surface of the brake block, the only in direct contact with the air
flow, was applied a heat transfer convective coefficient oVIG?°C. The value
was chosen in accordance with tiberature[15] .

The geometric modelas based on the dimensioned drawings provided by the
company partnett was also verified that the mass calculated by the software was
equal to the masseasuredn laboratory The correct mass value is essential to
allow a simulation that giveesultsmorerealistic as possible, an incorrect mass
value provide results thavere too low in the case oferestimatiorand vice versa.

The model provides for the application of the avethgemal fluxpreviously
calculated starting from thpressure of the brake cylindepllected with the
monitoring systemBeing a medium lad it wasapplied using a step function that
rising from zero to the value calculatdzefore in the exact instant obrake
applicationandfalling to benull when the pressure in the brake cylinder returns to
be zeroThe experimental data obtained witle thonitoring system were studied
andwas calculated the timspentby the heat to flow to the pati of application of
the sensqrreaching a temperature peiakthe point sensorized his time is also
simulate with the softwarepnducting a transient heatalysis

This type of simulation allows to observethe temporal evolution of the
temperaturan the point of application of the sensor the brake block, and to
compare it with the real trend monitored during thesteshducted.

The same modetas studiedor a second timdn this second case tliata in
inputweremodifiedwith the aim of obtaining data as realistic as possihléact a
constant averagiermalflow was no longer applied for the duration of the single
braking, butwas applieda thermal flowprofile as much as possibexjual tothe
pressure profile monitoradside the brake cylinder of the central bogdie.do this
the time integration the equatiohlj was reduced to a few seconds and no longer
equal to the entire bralg. Also in this case the braking and subsequeake
releaseveresimulated, giving time to the heat to fldeward the sensorized point

The results obtained in the sensorized point with the application of this thermal
load were compared with the data obtairdthe previousone to verify the

concordancef the two models.
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Chapter 5

5.Design of the prototype

The design of the first deviceqgiotype was performed following the company
needs about knowing the operating conditions of the wagon focusing on the
subsystems most affected by breakdowns.

The analysis of the maintenance data of the company partner of the project
showed that on the Turi(IT) T Modane(FR) railway line the main problems
spotted affected the braking system with consequent overheating of the wheel. The
partner company uses a particular paint with which it covers the inside of the
wheels. In the event of overheating, thain cracks allowing the operator to
identify the wheels overheated during the journey. More rarely there have been
problems with the axlboxes of the wheelset.

The devices presented in the dedicated section of this thesis allow to observe
the main solubons developed over the last years by the main companies operating
in the world of railway monitoring.

The task of the first prototype was to understand what were the most interesting
guantities for the study of the maintenance problem and with which isgmpl
frequency they were to be sampled.

In the first design phase, therefore, | am not concerned to determine and limit

the energy consumption.

5.1. Wired prototype

In the first version, the developed monitoring system, whose scheme is shown
in Figure17, was composed of the following parts:

A data acquisition system based on a microcontroller ATmega2560
Temperature sensor
Differential pressure sensors

Tri-axial accelerometer

= =4 4 A4 -2

GPS module with external antenna
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1 SD memory.

| 1 GPS module with
1 SD module [ external antenna ]

4 '

Microcontroller

Battery >

Atmega25s0
i 5 T
1 Thermo resistance 3 Pressure sensors 1 Accelerometer
Pt1000 MPX5700DP ADXL345

Figure 17. Wired prototype scheme

5.1.1.Microcontroller ATmega 2560

The data acquisition system was based on a microcontroller ATmega2560, on
which were embedded a software and a firmware developed entirely by our group.

The characteristics of the ATmega256@ shown imTableb.

Memory 110
Processor Flash EEPROM SRAM Digital Analogue
[kb] [kb] [kb] I/O pins | pins
ATmega2560 256 4 8 54 14

Table 5. ATmega2560 characteristics

The decision to use thATmega2560 microcontroller was dictated by the
numerous potentialities offered by this device, particularly for its simple
programming, the high number of digital and anakgorts, and the low power
consumption compared to the possibility of acquiringl grocessing data.
Furthermore it is possible to develop and install the codes on the microcontroller

using free compilers.
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The microcontroller ATmega2560 has the possibility of being placed into sleep
mode to reduce energy consumption in the phases iochwhd activities or
calculations are required. The characteristics of the processor enable a further
significant development of the acquisition software having still available a

considerable amount of memory.

5.1.2. Temperature sensor

These sensors were adoptedmonitoring the temperature of the brake blocks.
After a number of laboratory tests, we decided to adopt a type of Pt1000 resistance
thermometer with a measuring range betw&&i C and 500° CVernerssorjl15]
report a thermal image generated byth@&rmoscamera during a brake rig
experiment. The image was taken after 30 min of braking at 31.5 kW, axle load 25
ton and speed 100 km/h. The highestperaturaeached at the interface between
the wheel tread and the brake block was 410 °C. For this reason, | decided to adopt
a temperature sensor with this measurement range. This extreme measuring range
was adopted because in the literature there arepurts; to our knowledge, the
maximum temperature values can be reached by the cast iron brake blocks in
normal operating conditions on a track with a high gradient slope and so frequent
braking. Some literature studies show the trend and the tempgratik® of brake

blocks during tests on test benches or test circuit.

5.1.2.1. Temperature uncertainty

Temperature is a fundamental parameter in this thesis. It is therefore essential
to know exactly the errors resulting from the measure of temperature.

An analogd digital converter is already present in the selected microprocessor.
The number of bit used in the A/D conversion can be different, from 10 bit go to 8
bit of resolution, depending on the samplirgquency used.

In the case of this monitoring systemaanpling frequency of 1 Hz is used, the
available bits are therefore 10. The full range voltage (VFR) used for data sampling
is 5V.

Resistance thermometers exploit the resistivity variation of particular materials

due to temperature variation. In this case the material used by the sensor is platinum.
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For metals there is a physical l aw that |

linear relationships as follows:

Y " Op | DY Y (17)

The value” indicates the resistivity of the material at tleenperaturéy,

equals to 0°C. In the case of tiResistance thermometeRRT1000 at the

temperatur€’Y the resistance is 1000°C.che U coef ficient, cal l e
Coefficient of Resistance, indicates the average variation of the resistance value
between 0 A C and 100 A C. In thi°s case t
C)™

Once the resistity value is known it is possible to obtain the resistance value

through the relation:

(18)
The term L is the length and S is the section area of the conductor.
In the specific case of Resistance thermometers, in the range between 0°C

850°Cthe relatiorused is the following:

Y'Y Y Op | Y 1 JY (19)

In case of temperatures below 0°C, in taege-200°Ci 0°C, the relation

Y'Y YOp | IY 1 JIY [OD°Y pmnmyY (20)

Where
| =3,90830103(°C1),1 =-5,77500107 (°C?)| =-4,183021012(°C*).

For the calculation of the overall uncertainty related to the temperature

measurement, was used the folilogvsimplified linear relation:
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YY Y Op | JY (21)

Which does not includes the second order term.

Characteristics of the temperature sensor are as foifoWable6:

Temperature range -50°C to +500°C
Resistance @ 1000 Y
Basic Range from 0°C to 100°C) 385 VY
Auto heating <0.5°C/mW

Table 6. Temperature sensor characteristics
The sensor is in class B so its tolerance is:
1Y o d 1im Es

The conditioning circuit for acquiring the temperature value chosethér
Pt1000 resistance thermometer is the voltage divider.

The voltage divider is a circuit made up of two or more passive elements, in
our case a known resistance)Bnd the resistance thermometes)(Ronnected in
series. A voltage ¥ is applied to the terminal and is divided on two components
according to the resistance valued-igurel8it is possible to observe the diagram

of a voltage divide
Wno_l
R
1_0 Vout
R,

L

Figure 18. Voltage divider scheme

The relationbetween W, and Vot is:
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N Y (22)

YooY — (23)

And from this the temperatu(24) value
. Y oY
Y N (24)

It is therefore necessary to correctly size the knowisteexe of the voltage
divider.

Figure19 shows the trend of the output voltage(yin the temperature range
between 0 ° C and 200 ° C assuming a voltage 8V, the same provided by our

microcontroller, and three different known resistances R1 respectively equal to

1200 q , 4700 q and 7000 q.
3,5
2,988
3
2,320
2 M
> 2
*é e 1,374
= 0,905 1,014
. :
0,5
0,646
0

0 20 40 60 80 100 120 140 160 180 200 220
Temperature- [°C]

—0—R =1200n —@—R =4700n R = 7000

Figure 19. Voltage range with different fix resistance value in the voltage divider cingit.
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Table7 shows the average sensitivity of the voltage output when the known

resistance R1 @nge. The sensitivity is calculated as:

Ny JOEOO
0 (25)

With a @&@T=190AC is obtain:

R=120( R=470( R=700(
Vout @ 200°C- [V] 2,987698 1,374386 1,014421
Vour @ 0°C- [V] 2,320332 0,905269 0,64627
Delta Vout - [V] 0,667367 0,469116 0,368151
Sensitivity - [V/°C]  0,003512 0,002469 0,001938

Table 7. Average sensitivity.

The greater sensitivity is therefore obtained with the resistance equals to 1200
Y .In the interval between 10 ° C and 200 ° C the resistance values will be included
in the following range:

Rmn= RO Tmk) += U1039, 08 q

Rmax= RO Tmd) += U1781,66 q

Setting the voltage full ranger¥ = 5 V and number of bit 10, the

guantization voltage ¥ is obtained as resolutiaf the analog/digital converter:

W .
w — Ty yi W (26)
From theequation:

, .Y p 44
27
© WSV, 14 27)

At 50°C, witha¥=2,495VedR=1200 Y i s obtaffned un
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For the temperature value the equation is
=Y oYy
Y , (29)
YO p 8
W

The temperature is therefore a function of:

Y Qo NYNYrp

The abs ol wfthe temperatureunderfainty is obtairstakting from
t he absol ut eofthequantitiesathraugh ithe relatidnx

v Ty T YL, TY v

Y e Y0 e vl
Y. . (30)
T'YqY 1Y

With a temperature of 50°C is obtained

1Y Y Y YO @Y Y Yo 'Yd
R Yoo Yo
p ¢y YBTw
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For the measurement of the various resistances was used a digitahetatti

with the following features:

B DC Characteristics
Accuracy Specifications + (% of reading + % ofrange ) [1]

Temperature
Test Current or 24 Hour[2] 90 Day 1 Year Coefficient °C
Function Range [ 3] Burden Voltage 23Cz1°C 23°C £ 5°C 23°C =z 5°C 0°C-18°C
28°C - 55°C
DC Voltage  100.0000 mV 0.0030 +0.0030 | 0.0040+0.0035 | 0.0050 +0.0035 | 0.0005 + 0.0005
1.000000 vV 0.0020 +0.0006 | 0.0030+0.0007 | 0.0040 +0.0007 | 0.0005 + 0.0001
10.00000 vV 0.0015+0.0004 | 0.0020+0.0005 | 0.0035+0.0005 | 0.0005 + 0.0001
100.0000 vV 0.0020 +0.0006 | 0.0035+0.0006 | 0.0045+0.0006 | 0.0005 + 0.0001
1000.000 vV 0.0020 +0.0006 | 0.0035+0.0010 | 0.0045+0.0010 | 0.0005 + 0.0001
Resistance 100.0000 @ 1 mA 0.0030 + 0.0030 0.008 + 0.004 0010 +0.004 | 0.0006 + 0.0005
[4] 1.000000 ko 1 mA 0.0020 + 0.0005 0.008 + 0.001 0.010 + 0.001 0.0006 + 0.0001
10.00000 ko 100 pA 0.0020 + 0.0005 0.008 + 0.001 0.010 + 0.001 0.0006 + 0.0001
100.0000 ko 10uA 0.0020 + 0.0005 0.008 + 0.001 0.010 + 0.001 0.0006 + 0.0001
1.000000 M2 5pA 0.002 +0.001 0.008 + 0.001 0.010 + 0.001 0.0010 + 0.0002
10.00000 M 500 nA 0.015 +0.001 0.020 + 0.001 0.040 + 0.001 0.0030 + 0.0004
100.0000 Mo 500 nA || 10 Mo 0.300 +0.010 0.800 + 0.010 0.800 +0.010 | 0.1500 + 0.0002

Figure 20. Multi -meter accuracy.

So were calculated the following quantities:

'Y e T p T T[ﬁ'[T[pTlﬁ_[
PP TR P IR o p e

V- T p Tt T[Fl'[T[pT[ﬁ_[
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In conclusion, we can state that the global uncertainty of the measurement

system used is equal to:

1 Y plp w TV wu yrtto p o pfito o yrfv v ¢l THJ

The value found meets the temperature monitoring needs for the cast iron brake
blocks.

With a temperature of 200°C, instead of 50°C, the global uncertainty is lower
than the 3% of the reading.

5.1.3.Differential pressure sensos

In the initial phase of this project in order to describe and define the operating
phases of a freight wagomas decided to monitor the braking system. Moreover,
as evidenced from the study of the company's historical failures and as reported in
the literature, the main problems of freight wagons concern the pressures of the
braking system. Often the pressurtuea at which the braking system operates do
not correspond to those established during the revision due to the deterioration of
components inside the devices inside the pneumatic brake system such as gaskets,
springs and calibrated holes.

The monitoring dbthe pressures of the braking system is important both during
the run and during stops at the train station.

In fact, while in the first case, during the run it should be check the correct level
of pressure, in the second it is possible to determinerésempce of pressure losses
if the brake pipe pressure falls beyond a specific value in a given period of time
established by the regulations.

Moreover, during the train run it is also possible to verify that the train engineer
has taken a full brake relabefore proceeding with a new trao phase.

Due to the operating pressure of the braking system, was decided to install three

differential pressure sensors with a measuring range from 0 to 7 bar. The resolution

43



of the pressure sensor obtained by oonitoring system was 7mbar. The specific
model chosen for the realization of the system was the NPX MPX5700DP, a sensor
specifically designed to work with acquisition systems employing a microcontroller

or microprocessor with A/D inputs.
Figure21 shows the operating characteristics of the sensors obtained from the

datasheet.

Characteristic Symbol Min Typ Max Uniit

Pressure Range(!) Gauge, Differential: MPX57000 Pop [1] _ 700 kPa
Absolute: MPX5T700A 15 = 700
Supply Voltage!2) Vg 475 50 525 Vde
Supply Curmrent lg - T.0 10 mbde
Zero Pressure Offseti) Gauge, Differential (0 to B5°C) Von 0.0B8 02 0.313 Vde
Absolute (0 to 85°C) 0.184 = 0.408

Full Seale Output®) (010 85°C)| Vgsp 4 587 47 4813 Vde
Full Scale Span!3) (010 B5°C)| Vpss - 45 - Ve
Accuracyl® (0 to B5°C) - - — 25 WV egs
Sensitivity ViIP - 6.4 - mvikPa
Response Time!™) g - 1.0 - ms
Output Source Current at Full Scale Output Iy - 0.1 - mAde
Warm-Up Time(& - - 20 - ms

Figure 21. Differential pressure sensor characteristics.

The pressure monitoringas obtained by connecting the sensors at the same
attachment points used during the periodical brake tests performed at the
maintenance workshop.

It was possible to monitor the pressure of the brake pipe, the brake cylinder,
and the weighing valve of theentral bogie, one of the three bogies of the
intermodal freight wagon sensorized. The pressure values of the weighing valve
were essential to correctly estimate the mass of the load transported. In fact, to
establish the load of a freight wagon it is resagy to monitor the weighing valve
or to install load cells on the bogie.

The pressure sensors, after having been calibrated in the laboratory, were tested
in the maintenance workshop by connecting them to the braking system. To make
this link, we used th diagnostic connection on the braking system. With the brake
tester equipment, we supplied a known value of pressure to the braking system.
Then these data were compared with those provided by the monitoring system. The

mean of the relative errors of thhiarious measurements was 3.2%.
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5.1.4.GPS module

The information related to the position of the train, collected using GPS, was
extremely important because it allows to know the position and speed of the train
and to correlate the parameters measured withraic& of the trainWithout the
knowledge of the position, in fact, there is no space reference and it is impossible
to carry out any further analysis by correlating the monitored data with the behavior
of thefreight wagoralong therailway track

The GPSnformation also allows us to calculate the distance traveled by the
train during the entire monitoring period. This information represents an important
data for the maintenance of ttrain andan essential data for the reliability related
to the monitoing systemAll the devices presented in the paragraph concerning the
solutions available on the market have a GPS device

The simple information on the kilometers traveled by a wagon makes it easier
to program its ordinary scheduled maintenate#gingit forward if the wagon
travels many kilometers, delaying it if it is not used for long periods of time.

The GPS signal was sampled witfrequency of 1 Hzthe maximum sampling
frequency allowed by the devicBhe GPS signal, as mentioned above, alsoval
synchronization of measured data with time

In case of no GPS signal (e.g. inside the railway galleries), the monitoring
systemis able tocontinuesample thephysical parameters with the same sample
frequency equals of 1 Hzln these cases the rewtruction of the behavior of the
wagon on the section tfackwithout GPS information is more complicated

Table8 reports the essential characteristics of the @B8ule selected for this
first installation.Higher performance for a GR8enot necessary in a device like

this, whose purpose can also be to make gabtocaion.

GPS characteristics
Horizontal position accuracy 25m

Maximum navigation update rate 1 Hz

Speed accuracy 0.1 m/s

Table 8. GPS characteristics

The railway environment is hostile to the reception of the GPS signal due to the

high amount of iron present and the position in which the monitoring system is
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installed.It is therefore necessary to use a high performance GPS module or to
adopt an antenna that allows signal reception. The GPS signal can also be used to
temporally synchronize the different nodes of the wireless monitoring system,

ensuring a time referencerfcommunications.

5.1.5.Accelerometer ADXL345

A digital accelerometer was used to monitor the dynamics of the body frame.
The accelerometric sensor is produced by the Analog Device and is the ADXL345
model. This product is widely used in consumer electromdog to its
characteristics.

The main advantages of this device are:

low cost

low energy consumptign

the possibility of recognizing different phases, detect the presence or lack
of motion and if the acceleration on any axis exceeds asasdgvel. This
feature was used to develop a power saving algorithm to extendettod lif
the power supply batterigs

high reliability,

the possibility of being programmed by offering four different measurement

range, with the related scale factor.

In the configuration @opted, with the measuring range equal to +2g, the
sensitivity is 3.9 mg. This sensitivity made it possible to measure the on board
accelerations due to the phases of deceleration and interaction with the railway line.

In particular, we studied thengitudinal acceleration, key determinant of the
braking operations, and the vertical acceleration. The vertical acceleration values,
in addition to providing an important information on the interaction of the wagon
with the railway track, represent ancedent basis for the correct design of an
energy harvester devi¢2l] [22] that is able to satisfy the energy consumption of

the system.
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5.2. Hybrid wired -wireless prototype

The secondgrototypedeveloped adoptsf compared with the firsbne, two

main novelties:

1 The integration of a wirelesgevice for the communication of the central
node with a monitoring system installed outside the axle box cover.

1 The implementation of a power saving algorithm to allow a strong reduction
in energy consumption. This algorithm has to be developed due to the

greater amount of energy introduced by the wireless communication.

Also in this secondevicedeveloped no energy harvester has been installed, as

it is not the purpose of this thesis.

5.2.1.Base station

The arrangement and connections of the components of the central node have
been modifiedn orderto ensure the reduction ehergyconsumption thanks to the
total shutdown of the various sensoffie developed software must therefore
correspond to a dedited hardware parin addition, some hardware connections
have been revised to ensure greater system reliafiligfigure22 below shows

a block diagram of the central node.

1 GPS module with
external antenna

, ‘ '
VI
atery > Meromonioler
A ¢ ‘\ T o
|

1 Thermo resistance } [ 3 Pressure sensors ] 1 Accelerometer

1 Xbee Pro S1 module [ 1 SD module J [

Pt1000 MPX5700DP ADXL345

Figure 22. Base station diagram.

As can be seen, an Xbee Pro S1 radio module was introduced to allow radio
communcation between the two node$he Xbee radio modules adopt the

a7



communication standard IEEE 802.15Histdevices was the base for the wired
wireless monitoring system presentédis radio technology is widely used, in fact
it offers a good radio rangend easy management of data to be sent and received
thanks to the serial communication with which it is equipped.

The Xbee/Zigbeand RFmodules are widely present in the literature for the
implementation of monitoring systems dedicated to rail tran$pojt

The need to monitor the axt®x temperature trend for our study, led us to
develop a new monitoringystem equipped with a small WSN (Wireless Sensor
NetworK). Grudén [23] developed and tested on a train wagon a device for
monitoring the temperatui the bearing using WSN, highlighting which are the
key aspect thatave to be take intaccount when a WSN is applied on a wagon.
They also investigate witch energy scavenging technimigit be used for the
power supply of the WSNJFranceschinis[24] introduced some network
architectures adopting lepower wirelesscommunication technologies. Their
research suggest that the combined use of WSNVénR#i in a hierarchical
architecture is adequate for long trains with a large nurobesensing nodes.
Chiocchio[25] proposed a plugndplay solution for continuous monitoring of
bothwagon units and trains in order to improve freight traiafety and enable a
more efficient overalilmanagement. The prototype developed was tested in lab
facility. Hodge [26] analyzed the wireless sensors network techyylfor
monitoring in therailway industry. The focused on practical engineering solutions
highlighting advantages and disadvantagéseach solution in a comparative
review. Mahasukhon27] studied the existing wireless technologies such as the
IEEE 802.15.£ommunication protocol and the fact that they are unable to provide
reliable service. They propose multitier multi-hop network to overcome the
typical issuesof performance and reliabilityof this protocol in a railroad
environment.

In thisprojectwasdecided to adopt a 2.4 GHhXe XBP24AWI-001 module
for monitoringthe temperature of the axtex. For thigroject and prototypstage,
theobjectve was not to create a wireles®nitoring systenbutto investigate if the
high temperaturegached both by the cast iron brake blocks and the wheels, during
the descent of the alpimailways, can influence the temperature inside the axle

boxes.
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In anyways a good wireless monitoring system developed for freight wagons
must be focusedn the single wagons and not on the whole train. In fact the wagons
that make up the train are naltvays the same and are not owned by the same
company. They must commuaite with the traimdriver and the company owners
of the wagon in case of fault or derailments.

The Figure 23 below showsthe central node before the installation tbe

wagon.

1

Accelerometer ADXL 345

S0 module

Thermoresistance
conditioning cirouit

GPS Antenna

k : o

Wireless
module GPS module

Pressure sensors

Figure 23. Base station with battery pack

As can be seen the battery pack is composed by two 12V 35Ah gel lead acid
battery connect in paralleThe installation of a battery pack wittsahigh energy
content isdueto ensurea sufficient autonomy to monitor with safety a few round
trips without having to go to trmmpanyterminal to replace the batteri@gh new

ones.
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5.2.2.Axle box node

The axle box node was designed following the experience gained with the base
station. The two devices in fact share many hardware parts and much of the
software The power save software presentegamagraplb.2.3.2s in fact the same
for both devices

TheFigure24 below show a block diagram of the axle borde.

1 Xbee Pro S1 module ‘ 1 SD module ’

t f
b

Microcontroller

~

Battery >

Atmega328P
1t
1 Thermo resistance 1 Accelerometer 1 Accelerometer
Pt1000 ADXL377 ADXL345

Figure 24. Axle box node diagram

Due to the limited availability of space, for housing the battery, inside the box
and the need to minimize the energy consumption of this teeleesign and
realization of the axleox nodewas completely new. The axt®x node ownsas
is already the case for the base stateomwired part for monitoring the axlsox
temperature and a wireless part for communicate with theshetsen.

The axlebox node consist of the following hardware qgaments:

1 microcontroller Atmega328P,
1 accelerometer ADXL345

1 accelerometer ADXL377

1 thermos resistance Pt1000

1 Xbee Pro S1 module

SD module

= =4 4 A -4 -2

The performance of the microcontrolla&tmega328P, shown ifable9, are
lower than those used for the base station, but in this application less computational

efforts are requiredHere the microcontroller has to manage only the two
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accelerometers and the temperature aeras well as send, receive and save the

wireless communication data.

Memory 1/O
Processor Flash EEPROM SRAM Digital Analogue
[kb]  [kb] [Kb] /O pins | pins
ATmega328P 32 1 2,5 14 6

Table 9. ATmega328P characteristics

The ADXL345 accelerometer is the same used in the base st#tichis
application the accelerometer wasdst first to manage the power salgorithm,
leaving the other accelerometer to monitor the dynamics afalgen

The ADXL377 is an analogue accalareter and allow$o monitoring the
accelerations in the& 200g range.The resolution of the monitoring system,
equipped with an-®it microcontroller, on a range between 8.3 V is therefore
about 0.5gSuch a resolution value makes it suitable for cteig shock events in
which acceleation levels easily exceed 10gyt not for monitoringhe axlebox
dynamics during normal operating conditions.

For the monitoring it was therefore necessary to use the digital accelerometer,
thus programming it both fahe management of the device and for the dynamics
of theaxle box

The Figure 25 below shows the axle box node before the installation on the

wagon.
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and ADXL377

Figure 25. Axle box node

5.2.3.Monitored parameters and operating algorithm

Summarizing what has been presented so far, the parameters monitored are

respectively:

1 Wired prototype and base station
0 Temperature of a brake block of the centrajibaf the intermodal
freight wagon monitored
Pressure of the brake pipe
Pressure of the brakwlinder of the central bogie

Pressure of the weighing valve of the central bogie

o O O O

Accelerations on the three axexpressed using the RMS (Root

mean square}the maximum and the minimum.

(@)

GPS position
0 Speed of the wagon
o Altitude

1 Axle box node
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o0 Accelerations on the three axes, expressed using the RMS (Root
mean square), the maximum and the minimum, monitored using the
two accelerometers present.

o External temperaturef theaxle box cover

5.2.3.1. RMS parameter

The accelerometric signal in its classic vibration wave contain a lot of
information not simple to extrapolate. It is clear that the technique for the
acquisition and analysis of data is very imtpace, in this sense: the study method,
the sampling frequency, as well as the synthesis parameters to consider are not
always the same, depending on the study that you want to play and the information
that you want to find.

Against this background, it ireecessary to consider appropriate parameters that
are able to summarize the data sample by the accelerometer.

Often the analysis of a vibration signal expressed in terms of acceleration in the
time domain is carried out by calculating different synthesisameters, which
allow the quantification of the level to be compared with the reference levels where
these are potentially normed. Among these, one of the most widely used is the RMS
value.

The RMS or Root Mean Square,equationis the most significanneasure of
amplitude because it takes into account the history of the wave in time and gives an

amplitude value directly related to the energy content of the vibration:

YOY 2 6 oQo (31)

_<‘I'o

where x(t) represent the trend of the signafunction of time and T is the
duration of the signal.
In the case of digital signals consisting of N samples, the RMS value is

evaluated by the following expressio

vy (32)

Ci|o
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The vibrations are closely linked to the forces thatex@hange between the
bogie and rail during the driving. The RMS is a kind ofrage of theaccelerations
that are recorded, so it is also connected to the loads on the axle, but in mediated
form.

This aspect, if on the one hand can be positive avoidiogete falsalarms
due to rare and isolated stress, on the other hand makes the system less reactive and
less specific in detecting the cause of vibration of the bogie.

As can be seen from the formulas, the parameter RMS is much easier to
calculate andpeing a numerical value, is also very simpbebe transmitted.
However itscalculation is influenced by the sampling frequency of the data, and
especially from the time interval on which it is reported.

During the drive very often the railway vehicle isibfect to sudden
accelerations, maybe also of strong intensity, but insistent for a very short time
lower than the second.

These sudden shock can be caused by several factors: a railroad switch, a stone,
a weld joint between two rails. Therefore the RM&wated in a span of more
seconds has the advantage of reducing the importance of these events, highlighting
instead excitations and phenomena which continue in time. On the other hand if the
time interval used for the calculation becomes too long you mriag important
information or worse would generate an alarm when it is too late and the event has
already occurred.

A further parameter of analysis of the accelerometric signal is ther CiRest
Factor This factor indicates how many times the RMS vasueontained in the
peak value.

0 QWDa o6 Q

° O TNTY (53)

The crest factor is a number fast and easy to calculate able to provide to
engineers and technicians, some useful information in different situations. Its use is

usually done with twdlifferent purposes:

1 Obtaining information "hidden" on systems that produce the observed

waveforms;
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i Obtain information and estimates regarding the impact that an assigned
waveform would have on systems designed to treat it, measure it or absorb
it.

The effective value (RMS) of a variable over time is an index of the energy

associated with ifThere are many situations in whigh,addition it is necessgr
to know the highest valuemaximum or minimum assumed by thghysical
quantitiesln this way it ipossible toevaluate the stress excursamdto dimension
themonitoringsystemsassociatedvith it.

All the advantages of the crest factor are its definition. The simple relationship
between the effective value and peak value of a waveform is very semsiskort
spikes present since it is independent of their duration, and then by their energy
content.All the advantages of the crest factor are inside its definition. The simple
relationship between the effective value and peak value of a waveformyis ver
sensitive to short spikes since it is independent of their duration, and then by their
energy content.

In the light of the above, it wadecided to use the RMS parameter thoe
vibration monitoring This parametewas calculated both from the base tata
device and from the axlgox node.

With references to the literature and the experience gained over the years by
the research group, it was decided to use a sampling frequency of 2fad Hz
calculating the RMS, the maximum and the minimum of the signal once a second.

The absence of electricity on boado influenceshe hardvare and software
choicesto takeduring the development of a monitoring device dedicated to the
freight transportThe amount of energy that can be generated on board the wagon
without developing excessively invasive and expensive systems is of the order of
Watt. The adoption of a microcontroller with the above characteristics allows to
have low energy consumption buin the other hand, to perform a limited
processing of the sampled data.

During this project it was decided to focus on this simple parameter thanks to
the considerable amount of information contained in it and the low computational

effort required.
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5.2.3.2. Operating and power save algorithm

The aim of the thesis is the development of a demonstrator of a monitoring
system dedicated to freight wagons, so we did not focus on the development of an
energy harvester system able to recharge the batteries of the system.

In the absence of this algorithm, it was only possible to monitor a single round
trip if the duration of the journey had not exceeded 12 days. Twelve days is in fact
the energy autonomy of the system given by the battery packs. In the case of long
stops ofthe wagon in the various European terminals of the partner company only
the outward journey can be monitored.

The development of this algorithfB0] was therefor@n obligatory choice to
ensure a continuous and reliable monitoring of the outaaddreturn trips on the
lines.

For the development of this algorithm was exploited the use of two interrupt
pins, one on the two microcontrollers and one oratteelerometer for the motion

detedion, as shown ifrigure26.

Atm€93328 ADXL345
(PCINT14/RESET) PC6 [ 1 281 PC5 (ADC5/SCL/PCINT13) SCUSCLK
(PCINT16/RXD) PD0 [ 2 27 [0 PC4 (ADC4/SDA/PCINT12)
(PCINT17/TXD) PD1 3 26 [1 PC3 (ADC3/PCINT11) Vopwo| 1 ) 14 13 || SDA/SDUSDIO
(PCINT18/INTO) PD2 [] 4 251 PC2 (ADC2/PCINT10) '
(PCINT19/0C2B/INT1) PD3[] 5 24[1PC1 (ADC1/PCINTS) GND | 2 'z | SDO/ALT ADDRESS
(PCINT20/XCK/T0) PD4 [] 6 231 PCO (ADCO/PCINTS)
vee 7 22[1GND RESERVED |13 1 || RESERVED
GND 8 21 [J AREF el 20 % T e
(PCINT&/XTAL1/TOSC1) PB6 ] 9 20 [J AVCC "’._Im
(PCINT7/XTAL2/TOSC2) PB7 [] 10 19 [ PB5 (SCK/PCINTS) GND| & s |INT2
(PCINT21/0C0B/T1) PD5 [ 11 18 [0 PB4 (MISO/PCINT4)
(PCINT22/0C0A/AINO) PD6 ] 12 17 [0 PB3 (MOSI/OC2A/PCINTS) Vs| & 7 8 [INT1
(PCINT23/AIN1) PD7 [] 13 16 [ PB2 (SS/OC1B/PCINT2) =
(PCINTO/CLKO/ICP1) PBO [] 14 15 [1 PB1 (OC1A/PCINT1)

Figure 26. Interrupt used for the power save algorithms

The sleep mode algthm was the same for the two devices. The
accelerometers ADXL345, installed on both devices, were used to detect the status
of the wagon in order to distinguish the phase of motion from the phase of stop.
This distinction was obtained by fixing a threkhwalue along the vertical axis.

The threshold value set on the vertical axis of the accelerometer is equal to the
acceleration of gravity plus the sensitivity of the accelerometer, in order to ensure

the starting of the device at every movement of thgom.
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When the threshold is exceeded, the devices exit from the sleep mode, turn on
the sensors and the radio modules, start sampling the sensors and communicate with
each other.

In Figure27 can be observe a diagram tehbws the sleep mode algorithm.

-
Battery
connection
Device
Start of the L installation
devide on the

wagon

Time period for complete the
installation p

Is the train
moving?

Y VY

<

Data sampling

Wireless Data
Exchange

YES Is the train
moving?

Waits 10 minutes

YES Is the train
moving?

NO

Y

SLEEP MODE

Figure 27. Diagram of the power save algorithm

The first part of the algorithm was necessary tovalls to install the devices
on the freight wagon. We have decided to do not install any switch for theigtart
and shutdown of the monitoring system in order to obtain the maximum level of

reliability.
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Once the installation time has expired, if no atyiis detected, the device goes
into sleep mode. When the train leaves the terminal or the station and the
acceleration along the vertical axis exceed a certain level, established through the
previous on board measuremef8] and verified in laboratory using a shaker
equipment, the devices turn on.

Every sampling cycle the devices control that tleeederation level is
respectedrollowing sampling activity, there is the part of transmission of the data.
The transmission of the data is different for the two installed devices.

Due to the high impact on the energetic consumption of the wireless
transmission, it was necessary to addifferent solutions for the management of
the Xbee modules.

The wireless module of the axleox node was only activated for the
transmission of the data twice a minute in order to minimize the energetic
consumption. Instead, the wireless module of thgebstation was always on in
order to receive the data send by the é&de node. This choice was also dictated
by the fact that the axl@ox node, despite having lithium batteries, has at its disposal
a much lower amount of energy.

The Base Station settt the axldboox node the GPS position and the brake block
temperature, while the axt®x node sent his temperature. This data exchange was
necessary for the subsequent analysis of the data collected along the track.

The parameters received by both desiaee saved on the SD memories present
in the two devices. The two monitoring systems and their Xbee modules were not
synchronized with each other, but the sampling software, embedded in both,
provide a certain time slot for the completion of the datastréssion. In case of no
communication in the available time slot the sampling software continues its work,
trying again to contact the module at the next communication cycle.

When the train stops, the algorithm begins the phase to put the device into sleep
mode. All the sensors and modules, except the accelerometer ADXL345, are
switched off. If in the consecutive ten minutes, the train resumes to travel (e.g. short
stops in station or along the track for red light) the devices come back completely
active. Qherwise, if the train stops for a longer period, the microcontroller enter
into sleep mode in order to reduce the energy consumption.

This algorithm, together with a correct sizing of the battery pack, will allow us

to monitor multiple trips without theaed to stop the wagon to replace the batteries
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The absence of an electrical system that can adequately power the necessary
electronic devicess the major obstacle that is essential to overcome. Despite the
great progress made by electroriwseduce th@ower consumption, in absence of
a suitable on board energy source, the operafitre monitoring systems is limited
by the capacity of the power supply batteries.

In Tablel0are reported the energy consumption of the two devices.

Start Sleep Max Operating

Sleep Mode Mode Phase Consumption
Base Station 54 mA 100 mA 200 mA
powered @ 12.5V (0.675 W) (1.25 W) (2.50 W)
Axle box Node 5mA 15 mA 54 mA
powered @ 7.9 V (0.039 W) (0.119W) (0.426 W)

Table 10. Energy consumption in different phases

With the battery packs used and the energy consumption shown in the table, it
was possible tononitor a total of about one month of monitored wagon activity.

As concern the line 1 presented in the previous settieraverage time to
complete a round trip is equal to ten days, this time duration mizmgfiextend due
to strikeor breakdowns alonthe railway line.

The consumption data presented in the table can still be significantly improved
by using the most modern miniaturization and etests manufacturing
techniquesreaching the levels of companies already present on the market with
their devices.The values shown in the table, however, represent a valid energy
reference point for thelesignand realizationof energy harvestsrcapable of
powering the monitoring systesand at the same time charging begtery packs
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Chapter 6

6.Experimental measurements

6.1. The monitored wagon

Theprototypesverei nst all ed on an inter modal
is a special type of wagon used for container transport. This is-artivarticulate
wagon with 3 bogies Y25 for a total of 6 axles. Each axle is equipped with 8 cast
iron brake blocksThis type ofwagonis equipped with folding fastening devices
having the cone of the fixing devices in line with the UIC B7fegulation. The
loading of the wagon is normally achieved directly on the platform with specific
lifting installations, with containers beimpdaced on theones of the deviceBigure

28 shows an example of the monitored wagon.

"L%'W‘N'\I[II © ity L [T T T —tg e

Figure 28. Intermodal freight wagon Sggmrs 90.

During thisresearchactivity only the central bogievas sensorized because,
being the most heavily loaded, it is the most stressed during braking operations. The
installation of the deviawas made following a complete inspection of the wagon
sothat the data recorded during the monitored installations were not influenced in
any way by faults or malfunctioning.

The central monitoring systenfi3l] , Figure29, were fixed to a steel plate of

the freight wagonon the inner side of tifeame.
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Figure 29. Central monitoring systems installedon steel plate.

For the axle box nodg0] , Figure 30, was modified an dg& box cover
levelling the surfaceo allow the welding of nutfor fixing the box in which the
device was housed.

The temperature sensaasglued and silicoised on the outer surface of the
cover, so the recorded temperature values are slightly lowertkie real values

inside theaxle box

Figure 30. Axle box node monitoring system

6.2. Brake blocks sensorization

Particular attention was given to the sensorization of the brake blocks. Before
proceeding with the installation on the wagon, several bench tests were conducted

comparing the value of the temperature detected by the monitoring system to the
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one measured Wi an infrared thermometer in order to verify its calibratiod its
accurgy. The infrared thermometer had an accuracy of 1% of reading. Our
monitoring system instead had an accuracy lower than the 3% of reading at 200°C.

Numerous adhesives were teste find the one that offered the best
performance at high temperatures. After a series of preliminary laboratory tests, a
silicone glue produced by Loctite was chosen and a further protective layer was
applied above this first layer using a refractory gksstant up to 1000°C.

During the first installation the temperature sensors were simply glued to the
brake blocks near to the attack point for the brake hafgés solution, however,
was abandoned because it did not guarantee an exhaustives §égtsoe due to
the mechanical and thermal stresses.

Subsequently, it was decidi¢o perform a seatind-igure 31, in which the
temperature sensor was drowned, thereby making it more res@tsingéss. The
seating usetiad a depth of about 2 mm, a length of 20 mm, and a width of about 4
mm. The wiring of the sensor was also adequately fig¢de brake hangasiothat

the weight of the connecting cabled dot burden on the sensor.

Figure 31. Brake block sensorization
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The sensorization of the brake block was carried out in our laboratories. It was
necessary to make the seating for theseg install it, and apply the necessary glue.
Furthermore, at each step, it was necessary to verify the correct functionality of the
sensor to ensure the subsequent operation.

Every time the brake block and the relative sensor were replacgaatantee
a uniform braking it was necessary to replace all the brake blafkéhe same
wheelset.

6.3. The monitored railway lines

Generally measurements presented in literature not exceed 200 km on railway
lines[32] [33] or are conducted on European railway test circuits (e.g. Velim (CZ2))
[15] . Thiswork shows the monitoring of a freight wagon, under normal operating
conditions, for distances over 500 km for each individual journey.

The railway lines monitored were two amwnnect the terminals of the
company partner of the projedthe first line Figure32, connects the terminal of
Candiolo (TQltaly) to the one in Mouguerre (FR), the distance between these two
points is about 1400 kninstead the second linEigure33, connects the terminal
of Gallarate (VAltaly) to the one in Mechelen (B), in this case the distance is about
900 km.

The two lines are distinguished by the different altitude profile of the route. The
Line 1 (Candiolo Mouguerre) is characterized byetbrossing of the Frejapine
Railway and the tunnel of the sani@n the route connecting the Italian terminal
with the French one, the railway wagons must cother railway between
Bardonecchia (IT) and Modane (F-RFor the braking system, this streth
considered one of the hardest alpine railways, due to the altitude profile of the route
that reaches gradients of 30a on the
reaches 26 a, the Brenner railway 25
profile of the route monitored is thus the main cause of the high consumption of the
brake blocksAlong the same lines, it was also possible to monitor the long sector
of the track in plains. This was the ideal situation for the study of the braking

operaton.
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Figure 32. The railway line Candiolo (IT) - Mouguerre (FR).

The altitude profile of the line 2 (Gallaratévlechelen) is characterized by a
reduced maximum altitude thanks to the Swiss railway infrastrubuilein the
last twenty yearsgspecially when the Loétschberg base tunnel is crasseshd of

the historical Lotschberg tunnelating back to 1913.
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Figure 33. The railway line Gallarate (IT) - Mechelen (B)
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BetweenNovember2015 andJune2016, the developed monitoring system
coveredvariousoutward and return journeys on the BipeesentedOn the first line
were monitored approximately 25,000 km of railway trgckn the secondine
instead less than 2,000 kirhehybrid wiredwireless prototype was only tested on
the second line

Thanks to its modularity, between twonsecutivenstallations it was possible
to make changes in both software and hardware, allowing us to find the best
configuration for the installesensors. In particular, it was necessary to try different
solutions for the fixing of the temperature sensors to obtain a continuous signal on
the outward and return journeys.

The processing of the collected data has allowed to obtain two different types

of information: logistical and general operation of the wagon.

6.4. Logistical information

Logistical informationarelow-level information and devices currently on the
marketmade this datavailable. Very few wagons in Europe right now adopt this
device, btithey are essential to maximize the fleet potential. In Europe and in the
entire worldare present railway operators that own and rent thousands of wagons
every year without the possibility of knowing the positadithe carsknowing the
position it is @ssible to reconstruct with a high precision the mileage covered by
wagors. This information allows to anticipate or delay scheduled maintenance
operations, thus maximizing the economy and safety of rolling stock

Logistical information, obtained using t@#S module, includes the kilometers
covered, the travel time, the commercial speed, and the average speed calculated
on the whole tracklThe kilometers traveled were identical in all the monitored trips,
whereas the remaining logistical parameterscii@nge depending on the line
status.

Table 11 and Table 12 summarize some tpstical and overall behavior
information for the outward and retujourneys of twodifferent case. The two
cases hathe same type of eboard unit hardware and operate in the same season
but in different month These parameters are strongly influenogthe state of the
line. They are also influenced by specific days of the week in which the wagon was

travelling. It can be observed that there is a significant difference between the

65



average speed and the commercial speed, which is the distance kb®veegin

and destination of a train divided by the total journey time, including intermediate

stops, due to the change of locomotive made once exceeded the national borders.

The number of braking and the kilometers covered with the brake activated are

other parameters strongly influenced by the train driver.

Outward journey Return journey

Case A Length[km] 1394 1394
Kilometersmonitored 1394 1394
Time forterminalto terminal j] 28.3 87.4
Effectivetime of travel[h] 18.6 20.7
Commerciakpeedkm/h]| 483 15.6
Averagespeed km/h] 73 64.9
Average pressure weighing valueai 3.9 3.6
Number of brake activation 136 121
Distance covered with brake actiMan] 87.3 1135
Table 11. Logistical information: Line 1- Case A.
Outward journey Return journey
Case B Length[km] 1394 1394
Kilometersmonitored 1394 1394
Time forterminalto terminal[h] 29 42.6
Effectivetime of travel[h] 195 194
Commerciakpeedkm/h]| 47.3 32.3
Averagespeedkm/h] 704 70
Average pressure weighing valizai 35 3.8
Number of brake activation 176 98
Distance covered with brake actijlan] 91.3 64.4

Table 12. Logistical information: Line 1 - Case B.

ComparingTablellandTablel?2, it can be seen that the values of travel time,

average and commercial speed are very similar, particularly for the outward

journeys. The number of brake activations, and consequently the distance covered

with the brake working, is a parameter stronglyuehced by the status of the

railway line and connected with the presence or absence of passenger trains on the

line. This fact highlights the extreme repeatability of the measurements performed.

Table 13 and Table 14 report a comparison between thetward and return

journeysof the previous two installations in the limited pafttioe track inside

FrejusTunnel



Outward Return

journey journey
Case A Length[km] 13.636 13.636
Kilometersmonitored 13.636 13.636
Frejus Travel time[s] 862 846
Tunnel Averagepressurérake cylindefbad 1.1 0.9
Number of brakectivation 7 1
Time with brake activés] 311 35
D Temperaturdetween enter and eXiC] 147 22

Table 13. Frejus Tunnel Line 1- Case A.

Outward Return
journey journey
Case B Length[km] 13.636 13.636
Kilometersmonitored 13.636 13.636
Frejus Travel time[s] 684 765
Tunnel Averagepressurérake cylindefbar 0.8 0.5
Number of brake activation 6 1
Time with brake activés] 255 52
D Temperaturdetween enter and eXiC] 96 25

Table 14. Frejus Tunnel Line 1- CaseB.

6.5. Operating data

The following four figuregFigure34i Figure37) summarize the parameters of
altitude, speed, brake cylinder pressure, and temperaturakefitock of two trips
including outward and return journeys. The graphs in the figglrew the data of
about 5600 km of the 25,000 km monitomd the line 1 between Candiolo (IT)
and MouguerréFR). To monitor a such extent distance and period of tinveas
necessary to accurately size the battery pack to be sure to monitor the whole
journey, take advantage of the rare opportunity offered by this research project and
the willingness of the company to make available his wagon and his skills.

As can beseen, the monitored temperature trewdsealmost specular in both
outward and return journeys for both installations. The maximum temperature
levels reached on the mountain section were almost identical and demdhstrate
the temperatures reached ¢apt iron brake blockson this section of the railway
track are higher than 200°C. The temperature values recorded are related to the

point application of the sensor. At the interface wirake blocks, the achieved
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values are much higher as emphasized rfeasuementsvalue obtaied by
Vernersson and Lundgm5] .

It should be pointed out that these datare measured on a wagon just
inspected and witlexcellent operating conditionsn lcase of failure, the brake
temperature may exceed 250°C in theasugement point.

It can be observetthat in flatland driving conditions, especially in the section
between 600 and 800 km, the temperature never exceeds 100°C but rather stands at
70°C.

The figures also show that, in some plain parts of the route, the \wexke not
activated for tens kilometers, allowing the brake blocks to dissipate the heat
accumulated in the previous braking.
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Figure 34. Line 1 - Case A: Outward journey.
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Figure 35. Line 1 - Case A: Return journey.
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69

1200



Results Case B - Return Journey
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Figure 37. Line 1 - Case B: Return journey.

Figure 38 and Figure 39 show the data relating to the outward and return
journey on the line 2, which connects the terminal of Gallarate (IT) to the one
Mechelen (B) As can be seefrom the figures, the line coveatdor the outward
journey is different to the one for the returrheTnewest infrastructure allows to
considerably reduce ttadtitude variation if compared with the historical likél
this resultsn less components wear.

The average temperatures thie line 2 areon averagdower but reach peaks
completely comparable with those of linélhe temperatrepeaksare also strongly

influenced by the driving behavior adopted by the train driver.
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Ob<erving the graphs, which shafwe distance parameter on the abscissa axis,
can be sea thatthe train can travel distances close to one hundred kilometers
without the need tactivatethe brakesEvery single braking, however, presents a
net and significant increase in the temperature increase at titeopapplication
of the sensomyhich isone of the most distant points from the interfateel tread
brake block.

A parameter noanalysedn this study, bupresenin literature, is represented
by the different temperature variation depending on the position of the wagon inside

the train compsition.Due tothebrakingdelay generated by the propagation of the
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depression wave, it is clear how the brakes of the first wagons remain activated for
a longer period of time and must initially also brake for the cars in which the brakes
have not yet perated. Thigventis amplified as the length of the train increases.

6.6. Axle box temperature

Currently the temperature of thaxle boxesare measuredwith devices
positioned along the railway lirgown asRTB. This system is currently in use on
most existing lines and a regulation currently in force regulates the operation and
layout along thd@rack The RTB system is a temperature detection techriigue
moving organ based on infrared sensdtrss well knownthat everytody emits
electromagnetic waves, or radiation, depending on its tempeteatugie During
radiation dispersion, energy is transported: this means that radiation can be used to
measure the body temperature without contact, as the irradiated/ emergts
typical wavelengths depend mainly on the temperature of the irradiating body.

This property is extremely useful for measuring the temperature on moving
parts such as thexle boxof railwaybogie Measurement techniques are based on
infrared systms, which allow the capture of temperature during fast and dynamic
processes, thanks to the supporiedicatedsensors and systems.

The system is able to provide two types of alarms:

A A B S O ltheténiperaturexceed a predetermined temperatureddt
A R E L A anlaxietbpxexceeds theeantemperature measured on other
bushings by a certain delta and also a certain temperature T

The regulation does not necessarily prescribe values for these limit
temperaturesleaving this task to the compete@entral Unit in relation to the
characteristics of thRTB installed.

A vehicle must beliscaredif present evenoneaxle boxwith temperature:

A over 70 A C (absolute alarm);

A higher than 15 A C compaimdedoxeso t he a\

(relative alarm).

If on the one hand it is assumed that the discontinuity of such monitoring is in
any casedequate to intercept possiliddure and to prevent possibéecidentson
the other hand large number of vehicle cases after passing andeliBe without

any alarmhavederailed due to damage to the beari@4] .
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Thanks to the development of the wireless monitoring system, it was possible
to monitornon-invasive the outsideemperature of an axle box of the central bogie

Figure40 shows the measurements data collected on liAs &.is possible to
observe from the graph the measured temperature oscillates between 25 and 50 ° C
under normal operating conditiorihese temperatures allow the grease to work in

optimal conditions.
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Figure 40. Axle box wireless monitoring.

The installed monitoring system therefore offers the possibility to monitor this
parameter continuouslyn the event of a sudden malfunction, the temperature of
this component reaches very higlels in time othe order of seconds / minutes.

In these cases it is therefore very important to intervene in a verytish@ito
limit the possibility of accidest

Unfortunately, during this project it was not possible to develop a monitoring
system that can also monitor tteenperature of the wheel tread in order to obtain
more information on the thermal loads to which the wheel is subjected during
normal operabn.

The rotation of the axle increase thearing temperature, but this is not the way
to generat@ dangerous situatioduring thenormaloperatiortheaxle boxand the
bearings will heat up until a thermal equilibrium situation is reached where the hea
generated by friction between the bodm@®vingrelativdy to one otheris equal

to the heat dispersed to the outside.
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As can be seen frofigure40, during thenormaloperation of thevagon the
bearing reaches a temperatwgquilibrium thatremains constant for tens of
kilometers.The factors thatnaylead to a temperature variation, bugs the one
that can be observed in the figure, may be due to the type of track or the external
temperature during the train run or the exposure to the solar radiation. It is therefore
extremely important to operate with the same logic of the RTB systemder to
geta complete picturefahe temperatures of all the bearings of the wagon, thus
comparing the temperature valuasasured on the differeakle box.

The causes thamaylead to overheating and failure of a bearing are many and
can be exces#e load, normal fatigue load, contamination, lubricant failure and low
maintenance.

The information obearingoverheating must be immediately communicated to
thetrain driver and to the compayvner ofthe wagon in order to be abletake
actionas sooras possible to secure the wagon and to restopdiperfunctioning.

An intelligent monitoring system must be able to recogreeewell as the
exceedingf a maximum threshold temperature, also the rapid rise of this, in order
to guarantee the quickest possible intervention.

As can be seen from the figure, in some sections of the route, the wireless signal
is not detected. This is due to the railway envirentrvery hostile to wireless
communications due to the iron presefterefore, during the development of a
wireless monitoring system it is essential to develop a wireless network and
communication algorithms able to guarantee the constant wireless cacatimm
between th@xle boxnodes and the central nottatprocesshe data

The measurements made also confirm the abserasighificantinfluence on
theaxle boxtemperature by the temperature reached by the wvifeaelduring the
braking phases.

The experience gained in wireless communication is applicable to any other
sensor.There are devices on the market for detectirgless thepressure inside

the tank cars or for monitoring ti@od temperature to guarantee the cold chain

6.7. Braking force and longitudinal deceleration

During the activation of the brake it is possible to synchronize the measurement
of the brake cylinder pressure variation with the longitudinal deceleration.
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Kwowing the geometric dimensions of the braking cylinder that acthen
central bogie and monitoring the pressure values during the braking phases was
possible to define the total braking foré# (hat act on the central bogie monitored.

The formula used is the following:

H = p A b (39

Wherep is the pressure insidbe brake cylinderA is the brake cylinder area
andb is the multiply coefficient obtained by the brake lever. In this braking system
bis equal to 2.

In order to characterize the intensity of each individual braking it was calculated
the integral meanfdhe forceH, for all the braking of the different journewith

the following formula

00 Qo (35)

The information related to the position of the train, collected using GPS, is
extremely important because it allowskimow the position and speed of the train
and to correlate the parameters measuvéd.used it to obtain the braking distance
(d) and to calculate the mean deceleratipduring braking:

i i
cQ

(36)

Wheress represent the speed tietwagon when the braking staxtthe speed
at the end of the braking adds the braking distance. In this analysis, we take into
account only braking in plajmvoiding data influenced by gravity

The results obtained are showmrigure41.
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Figure 41. Mean deceleration due to the braking.

The previous figure summarise the results of four different journeys. It is
possibile to notice, as planned, the linearity relationship betweetwthghysical
guantities. The value monitored and presented are in line with those reported in
literature[36] The correct operation of the braking system has allowed to obtain
extremely repeatable measuremeiitse deceleration calculated is relative to the
entirewagonbut the calculated forces referedto a single brake cylinder, while

for each individual car there are a totatloeebrake cylinders, onfor each bogie

6.8. The RMS longitudinal acceleration

The previously calculated deceleration does not correspond to the deceleration
detected on the aaage by the traxial accelerometenf the central nodenstalled
on the body framéduring the braking of a train there is a strong interaction between
the wagons, this is due to the braking delay and the possiblenimnm braking
of all the carsThe Figure42, as reported ifi37] , shows the maximum level of
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acceleration that can be reached by the contandrtherefore also from the wagon

frame during the transport phases

Figure 42. Maximum acceleration values in intermodal transport

These values are extremely high when compared to the maximum deceleration
levels due to the braking of the eatirain, which are around 0.3/sh Such high
acceleration values can lead to moving the gaosisle the container if it is not
well fixed.

The figures belowRigure43- Figure53) show some monitored braking cases.
For each brakingre reportedhe information © altitude, speed, brake cylinder
pressure and acceleratimeasured on boarBor each of them there is ala map
on which the GPS points in which the braking took place are shown with red
markersAs it is possible to observe the braking in the frailght field they cover
extreme high distancgsven higher than 300 meters

From the figures it can be sedéimat the on boardacceleration and pressure
profile of the brake cylinder are synchronizet follow the same trenBigger is
the pressure inside the brake cylinder, greater will be the acceleration.

Furthermore, e monitoring oflongitudinal acceleration allows to detect
potential shock during the compositionf the train Too high longitudinal
acceleration levels can lead to damagehe wagonand to displacement and

damageof the goods transported
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The acceleration monitoring allowed to elehine whch are the lower and
upper limits ofthelongitudinal acceleration.

In the development of a product intendedtfainstallation on freight wagons
it is appropriate that thishould beable to distinguish a braking from an impact,
thereby triggeng an alarm. The device must be able to recognize if the recorded
peak and RMS values exceed certain limit values.

During the tests conducted the position of the wagon in the composition of the
wagon was not recordetlrthermoreit was notpossible toestablish if this had
been kept fixed until reaching the terminal. The absence of this data did not allow
us to determine experimentally if the acceleratioosurringby the wagons at the
top of the train are higher than those that occur atildef thetrain.

Furthermore the monitored wagorwas alwaysloaded. Therefore, the
longitudinal acceleration values reached during braking under these conditions are
unknown. Being able to know these values experimentallyesgmts very
important datain fact, & is known, most of the derailments following heavy

braking occur on uokded wagons.
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Figure 43. RMS acceleration during braking 1.

78



Altitude

Speed
[km/h]

Brake
Cylinder

Pressure
[bar]
O = N WA

118.4 7

Latitude

c 1 T T T
S 6 osf
B85 06
L 504t
9 £ 0.2k
2= ot i ; ‘
955.5 956 a56.5 957 1.35 1.352 1.354 1.356 1.358 1.36 1.362 1.384 1.366 1.388 1.37
Distance [km] Longitude
Figure 44. RMS acceleration during braking 2.
4412
@
g =
2
i 44115
1015 1015.5 1016 1016.5 1017
4411
o
Q
[
UQ)- 44105
I 1 N 1 [}
el
1015 1015.5 1016 1016.5 1017 2
4 ﬁ 441
g2 _3 -
E b= g =
cEwn B2 1
G=0&2 44.095
O 1 ]
0 . .
1015 1015.5 1016 1018.5 1017 440008 ;
= 1 LHOPITAL
S E o8 ]
o5 06 . S CHALGART:
L ® D4t 44.085
£= ot :
1015 1015.5 1016 1016.5 1017 1075 108 1085 109 1.095 11 1106 111 1.115

Distance [km] Longitude

Figure 45. RMS acceleration during braking 3.
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Figure 47. RMS acceleration during braking 5.
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Figure 49. RMS acceleration during braking 7.
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Figure 51. RM S acceleration during braking 9.
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Figure 52. RM S acceleration during braking 10.

Figure 53. RM S acceleration during braking 11.
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