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1 Executive summary
This deliverable document describes work undertaken in Task 2.3 of IN2TRACK. The document
presents several studies designed to improve understanding of S&C data collection, defect
detection, degradation rates and self-adjustment. The work builds upon studies undertaken in
In2Rail and other Shift2Rail-funded projects.
Section 5.1 provides a comprehensive study to catalogue a range of potential communications
technologies for transmission of S&C remote condition monitoring data over the ‘last kilometre’
range (i.e. from the asset itself to a nearby trackside aggregator node). The presented
technologies are assessed for suitability by considering power, time synchronicity and
bandwidth requirements. It was shown that a range of technologies should be used for a future
S&C sensor system as different sensors demand varying levels of these three requirements.
Outputs from a demonstrator sensor system manufactured to present the chosen solution at
TRL4 are shown in section 5.3. This solution considers three communications technologies
(EtherCAT, LoRa and Bluetooth LE) to measure acceleration, temperature and motor current.
These are three of the critical metrics identified by the In2Rail project for a useful S&C sensor
system. Motor current is already widely monitored, partly because of the ability to do so from
the wayside through ALD control cabinets. The other metrics require direct installation onto the
asset and thus bring more complex communications challenges. It was found that despite all
technologies providing positive results, there were difficulties in configuring hardware to align
with RailML and SensorML. Further definition of these requirements will be undertaken in
IN2TRACK2.
Section 5.4 details a study into electro-mechanical impedance (EMI) for rail crack detection. The
research has shown some promise for improving the detection of cracks and other defects in
crossings. However, the initial testing has revealed sensitivity to detector position and a
requirement to baseline each tested component in order to identify future defects.
In section 5.5, an application of the parameterised structural track model for S&C presented in
IN2TRACK deliverable D2.2 §3.4.3 is shown. The application considers a crossing with varying
levels of geometry quality through longitudinal inclination of crossing nose and wing rail to
obtain crossings that produce different impact angles for passing wheels. The study found that
poor geometry leads to variations in ballast settlement rate throughout the crossing.
Chapter 6 details a study for self-adjusting S&C; that is, an asset which can adapt to varying
environmental conditions as well as wear and other dynamic effects whilst maintaining
reliability, availability, maintainability and safety (RAMS) performance. The focus in this area has
been on ALD equipment. The proposal considers use of existing position sensors in a feedback
loop in order to monitor the aforementioned dynamic effects and adjust the ALD to compensate.
A specification for future work has been drawn up. The use of this technology is critical in the
remote condition monitoring field. Early detection of degradation and future failures will allow
staff to predict and prevent such failures more efficiently to improve availability of the S&C
asset.
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A life-cycle cost (LCC) analysis is presented on the use of self-adjusting equipment in S&C
(section 6.3). It showed that an 8% rate of return could be expected when considering existing
cost of delay. The business case improves when the cost of delay increases (which is expected
as overall asset utilisation increases as per current trends).
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2 Terms, acronyms and abbreviations
Term

Definition

ADC

Analogue to digital converter

ALD

Actuation, locking and detection

API

An application programming interface (API) is a set of routines,
protocols, and tools for building software applications.

Bluetooth LE

Bluetooth Low Energy (LE) is intended to provide considerably
reduced power consumption and cost to traditional Bluetooth while
maintaining a similar communication range.

BNC

A BNC (Bayonet Neill–Concelman) connector is a miniature quick
connect/disconnect radio frequency connector used for coaxial cable

CAN

Controlled Area Network

CBA

Cost-benefit analysis

CBM

Condition Based Maintenance

CDM

A Canonical Data Model is a design pattern used to communicate
between different data formats.

CM

Corrective maintenance

COTS

Commercial-off-the-Shelf

DIN Rail

A metal rail of a standard type widely used for mounting circuit
breakers and industrial control equipment

DLR (Ethernet)

Ethernet using Device Level Ring technology

ECT

Eddy Current Testing

ECU

Electronic Control Unit

EiRP

Equivalent Isotropically Radiated Power

EMC

Electro-magnetic compatibility – can refer to emissions, susceptibility
and coupling
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EMGTPA

Equivalent million gross tonnes per annum

EMI

Electro-Mechanical Impedance

EtherCAT

EtherCAT (Ethernet for Control Automation Technology) is an
Ethernet-based fieldbus system

Ethernet

Ethernet is the technology that is most commonly used in wired local
area networks

ETSI

European Telecommunications Standards Institute

FTP

File Transfer Protocol

GET

GET is a common HTTP method for getting data from a server

GSM-R

Global System for Mobile communications - Railway

HPSA

High Performance Switch Actuator

HPSS

High Performance Switch System – a type of UK point machine

HTTP

The Hypertext Transfer Protocol (HTTP) is designed to enable
communications between clients and servers.

IAM

Intelligent Asset Management

IEEE

Institute of Electrical and Electronics Engineers

IEPE

Integrated Electronics Piezo-Electric – a technology used for certain
types of accelerometers

IETF

Internet Engineering Task Force

IM

Infrastructure manager

IoT

Internet of Things - the interconnection via the Internet of
computing devices embedded in everyday objects, enabling them to
send and receive data

IP (rating)

Ingress Protection. A series of standards defining an electronic
device’s resistance to ingress of external substances (dust and water)

ISM (band)

Industrial, Scientific, Medical. Parts of the radio spectrum that are
reserved for these requirements rather than for communications
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ITD

Integrated technology demonstrator

JSON

JSON (JavaScript Object Notation) is a lightweight data-interchange
format. It is easy for humans to read and write. It is easy for machines
to parse and generate.

LCC

Life Cycle Cost

LoRa

LoRa (Long Range) is a patented digital wireless data communication
technology

LR-WPAN

Low-Rate Wireless Personal Area Network

LTE-R

Long Term Evolution – Railway. A proposed railway implementation
of 4G mobile telecommunications technology

LVDT

Linear variable differential transformer

MEM

Micro Electrical Mechanical (devices)

MIMOSA OSA-CBM

Machinery Information Management Open Systems Alliance Open
System Architecture for Condition-Based Maintenance

MOSFET

Metal oxide semiconductor field-effect transistor

MT

Magnetic testing

MTBSAF

Mean time between service affecting failure

NDT

Non-Destructive Testing

NFF

No fault found

NPV

Net present value

OSI

Open Systems Interconnection

PC

Personal Computer – Used in this document to refer to a machine
running a standard operating system such as Windows or Linux

PCI(-E)

Peripheral Component Interconnect (Express)

PID

Proportional, integral and differential

PM

Preventive maintenance

PoE

Power over Ethernet
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POE

Points operating equipment

POST

POST is a common HTTP method for sending data to a server

PZT

Lead zirconate titanate

QI

Quantity of interest

QRA

Quantitative risk analysis

railML

railML (Railway Markup Language) is an open, XML based data
exchange format for data interoperability of railway applications.

RAMS

Reliability, availability, maintainability and safety

RCM

Remote condition monitoring

R&D

Research & Development

REST

REST stands for Representational State Transfer. (It is sometimes
spelled "ReST".) It relies on a stateless, client-server, cacheable
communications protocol -- and in virtually all cases, the HTTP
protocol is used. REST is an architecture style for designing
networked applications.

RF

Radio Frequency

RFID

Radio Frequency Identification

RM

Reactive maintenance

RMS

Root mean square

RSSB

Railway Safety and Standards Board

RTOS

Real-time operating system

S2R

Shift2Rail

S&C

Switches and Crossings

SensorML

SensorML is a means by which sensor systems or processes can make
themselves known and discoverable. SensorML provides a rich
collection of metadata that can be mined and used for discovery of
sensor systems and observation processes.
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SIM / eSIM

(embedded) Subscriber Identify Module. A component used to
identify a subscriber to a mobile telephony network

SOAP

SOAP (originally Simple Object Access Protocol) is a messaging
protocol specification for exchanging structured information in the
implementation of web services in computer networks. Its purpose is
to induce extensibility, neutrality and independence. It uses XML
Information Set for its message format, and relies on application
layer protocols, most often Hypertext Transfer Protocol (HTTP) or
Simple Mail Transfer Protocol (SMTP), for message negotiation and
transmission.

SPI

Serial Peripheral Interface

TCP/IP

TCP/IP, or the Transmission Control Protocol/Internet Protocol, is a
suite of communication protocols used to interconnect network
devices on the internet. TCP/IP can also be used as a
communications protocol in a private network (an intranet or an
extranet).

TIA

Telecommunications Industry Association

TRL

Technology Readiness Levels which range from TRL 1 – basic
principles observed to TRL 9 – actual system proven in operational
environment

TTC

Telecommunication Technology Committee

TZ

Transition zone

UDP

User datagram protocol

UI

User interface

UT

Ultrasonic testing

VT

Visual testing

XML

XML stands for eXtensible Markup Language. XML is a markup
language much like HTML. XML was designed to store and transport
data. XML was designed to be self-descriptive.

GA H2020 730841

D2.3

Page 14 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

3 Background
D2.3 provides detail on a varied range of research conducted to enhance monitoring, operation,
control and maintenance of Switches & Crossings (S&C). Existing methods in this field are not
compatible with a future digital railway, where staff will be given ever decreasing access to the
physical infrastructure, which itself will be subject to increasing traffic loads. As such, novel
methods of achieving the following requirements have been investigated in this deliverable:
 Current and future state of an S&C unit through Remote Condition Monitoring (RCM)
techniques
 Self-adjustment of Actuation, Locking & Detection (ALD) equipment in S&C
 Non-destructive techniques for crack detection
Furthermore, examples of existing maintenance practices, as well as an application of the whole
system model developed in D2.2 are presented.
These methods are intended to provide Technology Readiness Level (TRL) 4 examples for how
an enhanced S&C maintenance regime could be achieved in the near-future.
D2.3 has worked in parallel and complements In2Rail activities to consider how enhanced
monitoring, control and operation of existing S&C systems will help to improve LCC and RAMS
performance. The impact of the enhanced S&C system on inspection and maintenance activities
was established and linked to the critical inspection measures associated with existing practices
and identified critical failure modes. This task has included an assessment of positive sensor
functionality (i.e. validation) through testing. Asset condition measurements and the ability to
monitor pre-cursors to failure were also considered. D2.3 has taken outputs from In2Rail for
defining acceptable S&C adjustment limits in order to inform suitable sensors and their
categorisation for safety critical and operational measurements, necessary measurements for
whole system condition monitoring and scientific measurements required for developing
knowledge, calibrating predictive models and supporting design decisions. Information from
existing EU funded projects (e.g. In2Rail and Capacity4Rail), other R&D projects and partner
knowledge has been used to support the activities within D2.3. Due to the limited budget and
time available within this call, specific activities within this task were focussed on areas that
present potential for maximum benefit. Throughout this task, links were maintained with the
Intelligent Asset Management (IAM) pillar (TD3.6 – TD3.8) to help inform alarm and critical
maintenance intervention limits for S&C. This will include supporting the IAM pillar in
establishing methodologies for converting data into information whilst considering the needs of
the end user (i.e. predictive and risk-based maintenance).
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4 Objective and aim
The overall objective of WP2 is to build upon the engineering side of IN2TRACK’s whole-system
evaluation of existing European S&C systems from previous and ongoing EU projects, such as
INNOTRACK, Capacity4Rail and In2Rail, to improve both RAMS performance and LCC
enhancements for maintenance approaches and to serve the parallel Shift2Rail project
In2Smart. The proposed enhancements will be achieved through improved component design,
using a whole-system modelling approach (i.e. the use of multiple, state-of-the-art
computational models, working together, to fully understand the performance of the wholesystem as a result of implementing changes to it), investigation of advanced materials and the
specifying of an enhanced sensor network for remote condition monitoring and predictive
maintenance. The process of switch actuation, locking and detection is also an open loop
process that is currently unable to react automatically to states of system degradation. WP2 will
work alongside In2Rail to assess the feasibility of a closed loop control, self-maintaining S&C
system. This will be achieved through development of an enhanced virtual demonstrator (i.e.
virtual simulation of an S&C system with closed loop control and its fault tolerance), developing
conceptual designs and producing a high-level specification for a physical demonstrator that will
be progressed within Shift2Rail.
IN2TRACK WP2 is positioned within Technology Demonstrator 3.1 (TD3.1), which focusses on
enhancing the existing S&C system, and hence forms part of the Integrated Technology
Demonstrator (ITD) for the Enhanced Track System. Figure 1 illustrates IN2TRACK WP2’s position
within the overall Shift2Rail programme and its links to both IN2TRACK WP3 and the first Open
Call project for Next Generation S&C, S-Code.

WP2: Enhanced S&C

S-CODE
Open Call Project

Figure 1

IN2TRACK's position within the Shift2Rail programme and Integrated
Technical Demonstrators (ITDs)

WP2 involves three key tasks, which are structured as demonstrated within Figure 2. Each task
relates to a final deliverable.
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Figure 2

Whole system approach to WP2
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5 Enhanced S&C whole system monitoring and control
5.1 Evaluate, assess and catalogue existing state-of-the-art
solutions for S&C monitoring and control
5.1.1 Introduction
This chapter presents an investigation into different sensing and communication technologies
that can be used to monitor S&C to help in fault detection, diagnosis, prognosis and eventual
health assessment to improve upon existing forms of preventative maintenance. S&C and to an
extent, railways in general, present a particular challenge to data communications due to the
inherent electrically noisy environment, wide range of data types required, and difficulties
relating to track access.
Different manufacturers offer a variety of logging and sensing solutions for the railways. A
generic ad-hoc communications strategy could allow railway operators more freedom to choose
between different manufacturers if they do not have to invest in a bespoke system to use a
different product.
The IN2TRACK demonstrator vision is to show three different types of relevant S&C sensing
technologies being used in a plug-and-play manner at ranges up to 200m (Figure 3). The
communication technology must be able to support the varying data rates and be able to
operate across a large railway junction.

Figure 3

IN2TRACK demonstrator vision

Research has already been conducted into the various sensor configurations and network
topologies that can be used for the railways (Hodge, et al., June 2015). Hodge et al. state that
“determining the optimum node placement is a complex task and often requires a trade-off”.
Considerations must be given to cost, range, the number of nodes, availability, redundancy,
energy utilisation (especially with wireless devices) and bandwidth.
GA H2020 730841
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An investigation by RSSB (Schwarzenbach, et al., 2010) explores different communication
strategies and the possibilities of standardised approaches.
This chapter investigates the feasibility of a standardised approach and considers the rapid pace
of evolving technology, especially in the field of communications.

5.1.2 General terms
Communication technologies encompass several aspects of the technologies involved in
transferring data from one place to another. There is the physical medium over which
communication takes place; the protocols used to establish, maintain, acknowledge, and
terminate communications; and may include additional things such as error detection,
correction and security measures.
Most network protocol suites are viewed as structured in layers. The International Organization
for Standardization (ISO) designed the Open Systems Interconnection (OSI) Reference Model
(ISO, 1994) that uses structured layers. The OSI model describes a structure with seven layers
for network activities. Each layer associates one or more protocols with the layer. The layers
represent data transfer operations common to all types of data transfers among cooperating
networks.
The OSI Reference Model lists the protocol layers from the top (layer 7) to the bottom (layer 1).
The following table shows the model.
Table 1

Open Systems Interconnection Reference Model

Layer
No.

Layer Name

Description

7

Application

Consists of standard communication services and applications that
everyone can use.

6

Presentation Ensures that information is delivered to the receiving machine in a
form that the machine can understand.

5

Session

Manages the connections and terminations between cooperating
computers.

4

Transport

Manages the transfer of data. Also assures that the received data
are identical to the transmitted data.

3

Network

Manages data addressing and delivery between networks.

2

Data Link

Handles the transfer of data across the network media.
The data link layer has two sublayers:

 Logical link control (LLC) sublayer
 Media access control (MAC) sublayer
1

Physical
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This document mainly explores the various physical technologies that allow for industrial
communication over a local area. Some of these technologies are associated with standards that
define the MAC sublayer of the data link layer and the physical layer such as Ethernet (IEEE
802.3), some of the technologies such as RS485 simply define the basic physical layer or
electrical interface and lastly, some of the technologies are full solutions (such as Zigbee) that
define layers from the physical to the application layer. See Table 2 to Table 5 for more details.
The simplest communication technology involves a single conductor strung out on poles with a
battery at one end and a receiving coil at the other to indicate the presence or absence of a
signal on the wire. Other techniques involve communications through a change in signal polarity.
The ground, or earth, provides a return path for current flowing from the battery into the remote
receiving coil. The communication takes place by encoding a message (data) into a serial stream
of on-and-off periods which can be transferred over the wire to the receiving coil. The physical
medium over which the communication takes place is a single wire. The method of encoding the
message could be Morse code, a defined sequence of long and short pulses for alpha-numeric
characters interspersed with longer gaps to indicate the break between individual letters and
words. The protocol includes the means of encoding the data (the alphanumeric characters) and
also an agreement between the sender and receiver as to when the message starts and when it
has finished.
A telephone uses a pair of wires rather than an earth return. The current in the wires conveys
the vibrations of an audio signal. Digital data used to be transferred over a telephone line to dial
a number by a series of pulses to indicate each successive number using a sprung rotary dial to
generate the pulses and using Strowger equipment to receive the pulses and automatically
connect the telephone line to the desired recipient.
The use of a modem to transfer data over a telephone wire enabled serial data to be transferred
at rates that reached 56 kbps (kilobits per second). A broadband modem can transfer data at
over 72 Mbps (megabits per second) over twisted copper telephone wire by pushing the physical
medium to its limit. Mobile phone networks (a wireless technology) are routinely used to
transfer GB (gigabytes) of data to and from the internet to mobile devices at data rates
approaching those of a wired broadband connection, and likely faster than this in the near
future. The protocols for communication are deeply embedded in the equipment so that the
mobile device only needs to know how to transfer packets of information in a special form such
as TCP/IP or UDP packets.
Fast communication in an office environment frequently involves some form of Ethernet (wired)
or Wi-Fi (wireless) network. For industrial use in communicating between machines and sensors
in a factory, the communication method can be one of many forms of bus, which may include
Ethernet and its variants, and wireless technology including Wi-Fi.
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5.1.3 Network architecture
The network architecture describes how a collection of nodes are connected together to form a
group that work together to transfer data between nodes. A point to point connection is shown
in Figure 4.

Node 0

Node 1

Figure 4

Node 2

Node 3

…

Node N

Point-to-point with master node

One master node has the ability to connect to many other nodes, each one with a one-to-one
link. The number of nodes is limited by the number of connections available on the master node.
The communication bandwidth is limited by the ability of the master node to service all of the
connected nodes and pass the data higher up the data chain. An example is a dedicated
datalogger with terminals for a number of sensors (channels). The links between the master and
slave nodes can be of mixed types.

Node 0

Node 1

Figure 5

Node 2

Node 3

…

Node N

Bus structure

The bus structure in Figure 5 has a single common cable over which data passes from nodes to
the master node. Data may also be able to be transferred between any two nodes. An example
is the multi-drop RS486 network.
Node 0

Node 1

Figure 6

Node 2

Node 3

…

Node N

Chain network

In the chain network (Figure 6), the nodes have two communication ports and data passes
through nodes to reach its destination. If the chain breaks, a number of nodes disappear but the
position of the break can be identified.
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Node 0

Node 1

Figure 7

Node 2

Node 3

…

Node N

Ring network

In Figure 7, a ring network is shown. The data passes through nodes, but it has two paths to the
master node. If one link breaks, all the nodes can still communicate properly and the position of
the break can be determined and reported. Other networks can be formed from combinations
and extensions of these network architectures.
Wireless networks can be different because each node transmits into the ether and may be
picked up by any near enough node.

Node 0

Node 1

Figure 8

Node 2

Node 3

…

Node N

Wireless network

In a wireless network, the route taken by data can be organised as many slave nodes and one
master node which controls communication, so nodes do not all transmit at the same time.
Various distributed networks can be used, such as a mesh network, where the data can find a
path through many different routes to its destination. A wireless network has to cope with
interference from other devices sharing the same wireless spectrum.
The next part of this document briefly describes various wired and wireless technologies. Some
are proprietary to some extent and may require licensing while others are open.
Important aspects are the achievable data rates, the network topology, and the extent to which
standards exist.

5.1.4 Communication technologies
This section contains details about the various communication technologies that can be used to
communicate between sensor nodes and a data concentrator node that then forwards the data
to a server. The structure of onwards communication to the server is discussed in (Capacity 4
Rail (7th Framework Programme), 2017).
More detail about different types of local communications that apply to railways and S&C have
been explored as part of the Capacity4Rail project (Capacity 4 Rail (7th Framework Programme),
2017) and the In2Rail project (Innovative Intelligent Rail (In2Rail - H2020), 2018).
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A sensor node is considered to consist of a sensor which senses some physical quantity (or takes
a picture, or video), a conversion from the sensor output into digital form (which may be internal
to the sensor itself) using an analogue-to-digital converter (ADC), a microcontroller to manage
the communication protocol, and communications driver hardware to make the data travel
over.
Physical
quantity

Figure 9

Sensor

ADC

Microcontroller

Communication
driver hardware

Data over wired
or wireless link

Power

Power from
wired link or
internal

Sensor node with generic arrangements of sensor and communication

GSM-R is mobile phone technology adapted for the railway. The data rate of only 9600 bits per
second means that this technology is running out of capacity and is therefore unsuitable for
sensor data. An upcoming technology is LTE-R, the railway version of more recent mobile phone
technology. This promises fast data transfers using mobile phone technology but is probably not
suitable for the data from an individual sensor because of the associated cost of adding a cellular
chip to every device. It seems more sensible to accumulate the data from sensors, or preferably
from smart sensors (where the sensor does some local data processing to avoid sending
unusable data and to decide when something sensed is worth reporting).
It is more likely that the sensors around an S&C switch will be accumulated together through
some sort of local bus, either wired or wireless, to allow data to move from a sensor, preferably
a smart sensor, to an aggregator from where data can be packaged up and transferred over a
mobile phone network, or a wired (or fibre-optic) link to servers over the internet (public or
private). To this end, various wired and wireless networks to achieve this are described in the
sections below.
Challenges in the railway context are considered to be (extended from (Fraga-Lamas, et al.,
2017)):










Robustness: Will it survive in a railway environment (connectors, IP rating, ability to
withstand railway maintenance operations, flying ballast, dirt).
Real-time performance: Can different sources be synchronised together to obtain
information from a collection of sensors acting in concert.
Range: How far apart can the transmitter and receiver be?
Link throughput: How large is the data rate (may be inversely proportional to range)?
Network scalability: How many nodes can be on the network (more nodes can mean
less data per node).
Power requirements: How much power is needed?
Openness: Is the technology licence free (or the licence fee is built into the cost of the
hardware)?
Cost: How much is the communication technology part of a sensor node?
Size: How much real-estate is required to accommodate the communication
technology on a node?
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Security: Is the communication able to provide secure communication (if this is
considered to be important)?
Reliability: Is the communication part reliable, or is the case that, if one part breaks
the whole system breaks?
Microcontroller load: Is the communication part going to mean that the host
microcontroller on a node will need to be large in terms of memory and fast in terms
of processing speed to support the communications?
Scalability of bandwidth for a single node: For example, a video stream might be on
the same bus as a once per minute temperature reading.

Wired communication technologies
Wired communication technologies involve communication over physical wires, which contains
the data stream within the wires. The advantages of wired communications include:






The wires over which the data is transferred can contain the information like water
inside a pipe so that adding wires increases the bandwidth of the communication in
proportion to the number of routed wires;
Interference from neighbouring electrical items can be minimal;
The wires provide some sort of physical security in contrast to wireless
communication;
The wires can be used to transfer power to sensors.

Disadvantages include:




The wires may get caught up in passing machinery (for example a train with a dragging
part).
The physical wires can be damaged by machinery carrying out maintenance work
unless protected in ducting or in some other way. Wireless is better in this respect.
Connectors are generally required at the ends of wires, unless the wiring is integrated
into a node at one end (in which case the length needs to be known in advance).
Connectors are vulnerable to being broken off and may be vulnerable to water ingress.
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Point-to-point wired links
A point to point link connects two nodes together with communication hardware at each end.
A master node needs to duplicate connection hardware to connect to multiple nodes.
Table 2

Point-to-point wired links

Technology

Description

20 mA current Wiring a sensor remotely with a 20 mA current loop, is a simple type of
loop
communication technology, similar to an analogue telephone. The sensed
value is communicated to a remote location by the current in the loop. This
might not be considered as appropriate for this document, but perhaps
should not be discounted. Being a current rather than a voltage, a 20 mA
current loop provides a means of transferring sensor information over
distances of hundreds of metres. It also provides for detection of a
disconnected sensor (by the current dropping close to 0). It often also
provides a means of powering the sensor over the same wires as the signal,
i.e. two wires can be sufficient.
The 20 mA current loop is also really good for simplifying the sensor node.
The equipment required for communication interfacing at the sensor node
is a simple integrated circuit (or a discrete component equivalent) which is
available at low cost and takes very little space. Examples of such sensors
are current sensors, displacement sensors, temperature sensors,
accelerometers (IEPE interface). These current loops are still very common
in industrial control but are in analogue form. The trend for digital sensors
has increased the complexity of sensor nodes in exchange for simplifying
the aggregating part.
RS232

Serial communications with unbalanced transmit and receive lines with a
common ground line. Optional handshaking lines to prevent buffer
overflow. A point to point communication method without any defined
protocol. Poor over long distances or in noisy environments. Standards
speeds are from 4800 bps to 115200 bps, with extension to 1 Mb/s possible
over short distances. Except for short (a few metres) links, this wired
communication method is better replaced with a differential version.

RS422

The differential version of RS232. The transmit and receive lines have
opposite signals to give a balanced signal. This is more reliable than RS232
over longer distances and in noisy environments. Also, it emits less EMI as
the signals are in balanced twisted pair conductors. Typically used for
exchanges of character-based messages but can also be used for binary
data transfer if suitable messages are defined.
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Bus networking technologies
In a bus network, a single cable is connected to all nodes. There may be short branches, but the
cable is essentially linear (i.e. in a line). Each node is connected into the bus. Data has to share
the bandwidth of the bus with some arrangement for controlling who can be talking on the bus
at one time.
Table 3

Bus networking technologies

Technology

Description

RS485

Differential serial bus with the ability to have multiple transmitters and
receivers on one common bus. The protocol is free, so the user has to
define a method of sending data from one point to another such that only
one transmitter operates at a time (simplex communication). The number
of nodes allowed on one RS485 bus is dependent on the loading of the node
receivers and the strength of the transmitters but is typically in the
hundreds. Communication has to be ordered, so a higher-level protocol is
always needed to organise the flow of data.

CAN

CAN bus (Controlled Area Network) is common in automotive vehicles as a
means of transmitting short (8 byte) messages ISO 11898-1:2015 (ISO,
2015). Its unique characteristic is that the transmitted data reaches all
connected devices and any connected device can use the data. For
example, if the speed of the vehicle as measured by the tacho is
transmitted 10 times per second, any node that needs to know the current
vehicle speed can pick up this message and use its contents. A device can
inject its response into a message transmitted by another node. Messages
are assigned a priority. If two nodes attempt to transmit data at the same
time, a collision detection mechanism ensures that the highest priority
message always wins while the lower priority messages must try again
later. The bus speed is typically up to 1 Mb/s for a few metres but drops to
10 kb/s over hundreds of metres. Over a distance of a few tens of metres a
CAN bus can be successful if the messages are of limited duration. For
continuous streaming of data, a CAN bus is not a good choice as the data
has to be split into 8 byte chunks, which is not efficient.
Timing on a CAN bus is typically somewhat random, but additional beacon
messages can be used to synchronise devices.
A CAN bus is probably a lower cost option than Ethernet, and its message
protocol is simpler for a very basic microcontroller to manage, making
nodes simpler and cheaper. The bandwidth of a CAN bus depends on the
length of the bus.
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LIN

The LinBUS (Local Interconnect Bus) is a means of sending data around a
vehicle using a single wire (ISO, 2016). It was developed to enable lower
cost communication than the CAN bus. It is only good for low data rates
and is not suitable for most industrial purposes, but it has found application
in automotive vehicles where the common ground is provided by the metal
chassis and the distances involved are up to 5 m.

FlexRay

FlexRay is another automotive serial communication standard which
improves on the CAN bus, but at higher cost (ISO, 2013). Data rates as high
as 50 MHz are possible. This is designed to allow for streaming of audio
data as use in in-car infotainment systems. The useful communication
distance is limited to distances found in vehicles.

Industrial ethernet
Ethernet is a communications method over a twisted pair of wires with full duplex
communication with two twisted pairs. The data rates range from 10 Mb/s through 100 Mb/s
and up to 1 Gb/s and even faster. The protocol is point-to-point, but packets of information can
be routed to a destination in a robust manner. Protocols such as UDP (not guaranteed) and
TCP/IP (guaranteed) are defined with embedded control information so that a standard client
or server can communicate data streams fairly easily. The disadvantage is the difficulty in
assuring timely delivery of data although various protocols exist to help with the progress of
time-sensitive data (for example to support continuous audio or video streaming).
Table 4

Industrial ethernet

Technology

Description

PROFINET RT

Profinet RT (Process field net, real time) is a use of Ethernet with additional
defined structure that allows data to be transferred under TCP/IP with a
latency of around 100 ms (Profibus), or in a timely manner with a latency
of around 10 ms (Profibus RT). This is used in industrial applications where
the network is essentially separate from ‘the internet’ so data moving
around is under the control of the network designer.

PROFINET IRT

This is a version of Profinet with a latency down to 1 ms, which is useful for
controlling motor drives and other equipment where control loops are
present. For transferring data from sensors this is unlikely to be necessary.

PROFIBUS

Profibus is an earlier technology than Profinet. PROFIBUS DP runs at speeds
between 9.6 kbit/s and 12 Mbit/s. PROFIBUS PA is slower than PROFIBUS
DP, running at fixed speed of 31.2 kbit/s.
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ModbusTCP

Modbus TCP is an industrial communications protocol with many variants
which is widely used for process control. It is best suited to on and off
commands, or to transmitting and receiving 16-bit data words. Issues with
Modbus include timing and latency issues. About 249 devices can be
addressed, but the data rate is expected to be rather limited. Messages can
be sent over any physical serial link.

EtherNet/IP

Ethernet/IP is a technology used mainly in the USA for industrial process
control. The fundamental Ethernet structure is assigned standard
behaviour for connected devices, so some fundamental behaviour is
expected. Data is transferred with TCP/IP and UDP packets.

EtherNet/IP
with DLR

Ethernet-enabled devices originally had one socket on each device, with
each device wired in a star network to a router (active decision on where
to send data) or hub (copies packets to all connected devices) through
which data could be routed or copied to other devices. More recent
Ethernet offerings employ two sockets on each device so that the Ethernet
packets entering a device can be passed to the next device and even
manipulated before being passed on. DLR means Device Level Ring. Each
device has its own two port switch built in, which cuts down cabling by
avoiding a star topology and allows a chain or ring topology to be created.
A ring network gives a degree of redundancy to the network. The routing
of data through a node is done in hardware, so does not impose any
overhead on the node microcontroller.

EtherCAT

EtherCAT is another protocol where each device has two physical network
ports (actually, a device can have 3 ports where the third port can send
data to another sub-network). In this case, each device can manipulate the
data within a message frame. In this way, a device can extract or insert data
into a packet or multiple packets as the packets move around the ring
network. The timing of packets is controlled by a master node, and all
devices are listed in a catalogue of connected devices so that the master
knows which devices are expected on the network. An interesting part of
EtherCAT is the accurate timing that is available across the network. Timing
information is transmitted around the ring and the time taken for
transmission to a node is known and compensated for almost exactly. This
allows the EtherCAT devices to be accurately synchronised, which is useful
for a sensor network where the data from different sensors needs to be
time-aligned with that from other sensors in order to make sense of the
overall sensed data.
A large number of COTS EtherCAT modules are available to allow for
interfacing to sensors such as accelerometers, which enables a system to
be constructed quickly, but custom-designed nodes are also possible where
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the sensor and EtherCAT connectors are combined into a single node.
EtherCAT is in use in UK railway stations for condition monitoring of
infrastructure within stations, for example lifts and escalators.

Wireless communication technologies
Wireless technologies propagate through the air and have to compete with other users who
have to share the spectrum. Wireless communication provides a huge degree of freedom in the
location of the device and avoiding the need for wires. However, a truly wireless device needs
power. Communication using RF energy requires all devices, and all other devices in the vicinity
operating on the same frequency band, to treat the spectrum with respect by obeying
predefined rules otherwise, communication between many devices at once would result in
constant noise and interference with no real communication taking place. The unlicensed bands
(ISM) provide a great scope for innovation, but also a large scope for interference between
devices. While a wireless communication protocol may claim a sustained 1 Mb/s data rate from
one device to another, this is in an open air test site with no other interfering sources other than
natural background RF energy. Place devices in a crowded environment with multiple paths and
many transmitters, and the communication becomes much less reliable. A wired communication
method overcomes all of these problems.
Table 5

Wireless communications technologies

Technology

Description

Wi-Fi

The 2.4 GHz and 5.X GHz bands provide for commonly used Wi-Fi
communication technology. This can be viewed as a wireless Ethernet port,
with any protocol that works over Ethernet being usable over a wireless
link. The down sides for the purposes of control and sensing are that the
communication although guaranteed can be affected by congested
airwaves and some latency. It is often experienced that a Wi-Fi link can
suffer from a severe reduction in useful data rate and even drop outs when
in a crowded region. Interference from Wi-Fi links using the same or an
adjacent channel (of which there are only 11 in the UK for 2.4 GHz) is a
common problem. This is a particular problem for low power devices.
Another problem is that the Wi-Fi protocol is relatively slow for
establishing a link when a device is powered up, typically taking as long as
5 seconds to become ready for use.

Bluetooth

Bluetooth uses the same 2.4 GHz band as Wi-Fi, but instead of sticking with
one frequency it dynamically hops between up to 42 (or so) channels. This
provides some ability to find a clear channel. Establishing a connection
over Bluetooth is quicker than Wi-Fi and Bluetooth LE (low energy) speeds
this up even further by reducing the amount of handshaking required.
Battery operated Bluetooth devices are common, for example electric
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toothbrushes, and streaming data is possible (using the audio protocol).
Interference with other devices on the 2.4 GHz spectrum can be a problem.

LoRa

LoRa: Long range, low power wireless platform is the prevailing technology
choice for building IoT networks worldwide.
Smart IoT applications have improved the way we interact and are
addressing some of the biggest challenges facing cities and communities:
climate change, pollution control, early warning of natural disasters, and
saving lives. Businesses are benefitting too, through improvements in
operations and efficiencies as well as reduction in costs.
This wireless RF technology is being integrated into cars, street lights,
manufacturing equipment, home appliances, wearable devices – anything,
really.
LoRa can work at ranges exceeding 10 km in rural conditions and up to
2 km in urban conditions with small payloads (<50 bytes) (Sanchez-Iborra,
et al., 2018). It does this while consuming small amounts of power, making
it suitable for distributed low data-rate applications, such as temperature
or inclination monitoring.

Cell technology Mobile phone technology is ubiquitous. Where 3G and 4G connections can
(3G/4G etc)
be made, transfer of large amounts of data is possible. However, data
connections still require negotiation. The power required for continuous
streaming of data is relatively high. Consider the typical talk time for a fully
charged mobile phone is well under one day. For a few short connections
this technology can be effective, uploading data to a server, for example.
However, the timing of the data can be uncertain and latency is a problem.
Combined with an accurate real time clock, time-stamped data can be
transferred. The major stumbling block for mobile phone technology on
sensor nodes is that each node needs a SIM card or at the very least eSIM
and therefore needs to be part of a data contract. Some contracts allow
for aggregation of uploaded data over many different SIM cards into a
single cost, which can be effective but requires significant planning.
EnOcean

EnOcean is a technology using 868 MHz in Europe. It allows for very simple
messages to be transmitted, such as the changed status of a light switch.
It is unique in that it uses energy harvesting of radio frequency energy to
power the switch and transmitter combination. This technology is not
suitable for streaming any amount of data to a receiver, however.

WiSun

From the Wisun website: “The Wi-SUN Alliance is a global non-profit
member-based association comprised of industry leading companies. Its
mission is to drive the global proliferation of interoperable wireless
solutions for use in smart cities, smart grids and other Internet of Things
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(IoT) applications using open global standards from international
standards organizations, such as IEEE 802, IETF, TIA, TTC and ETSI. With
more than 170 members worldwide, membership of the WiSUN Alliance is
open to all industry stakeholders and includes silicon vendors, product
vendors, services providers, utilities, universities, enterprises and
municipalities and local government organizations.”
The WiSun alliance is checking products against standard IEEE 802.15.4g,
used for utility company metering applications, but applicable for other
things.

868/434 MHz

868 and 434 MHz is an ISM band frequency range in which devices can
transmit information with a duty cycle of less than 1%. In the USA the band
is 915 MHz instead. It is typically used for short messages suitable for
garage door openers or car key fobs for remote locking. The power is low,
but the duty cycle is also low. Failure to operate is overcome by the user
clicking again.

Zigbee

Another communications standard designed for simple peer-to-peer or
mesh networking of sensors. In this case, the power is low, but the data
rate is also low. Passing messages from one node to another along a chain
increases the net power requirement for each node considerably. Rather
than being asleep, a node may need to be awake to relay information along
the chain. The technology is suitable for networking home devices where
the messages are short and the reaction time is not critical.

WirelessHART

WirelessHART is similar to Zigbee but slightly simplified. It uses frequency
hopping spread spectrum techniques in the physical layer. Timing is
important in this technology, with time division multiplexing used to
minimise collisions within the network itself. A mesh network can be
created. The proponents suggest that the technology is superior to Zigbee,
but it seems unlikely to offer enough bandwidth for a smart sensor
network.

MiWi

MiWi is a technology belonging to Microchip Technology, designed for low
power, low cost simple transmission of low data rate information over
short distances. It is a lighter weight protocol than Zigbee, but not suitable
for transmission of significant amounts of data in a time critical manner.

RFID

RFID (Radio frequency identification) technology started as a means of
obtaining information from an unpowered device that can gather enough
power from an applied radio frequency field to power itself for long
enough to transmit an embedded identification code back to the
transmitter. This is typically used for implanting under the skin of pets to
identify a pet if it is lost by its owner and found by someone else. The
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reader needs to be close to the device, although operation at roughly 3 m
is also possible with special equipment.
More recently, RFID tags have been augmented with enough intelligence
to transfer a temperature or strain measurement into the returned
identifier (Capacity 4 Rail (7th Framework Programme), 2017). However,
the temperature or strain can only be recorded when the radio frequency
scanner is powered. This is not suitable for transferring acceleration data.

6LoWPAN

6LoWPAN is a method of delivering IPv6 over technologies usually used for
IPv4 addressing. It is not a hardware technology.

Thread
(network
protocol)

Thread is a network protocol that supports IPv6 addressing over various
wireless technologies. The implementation allows for lightweight
applications to transfer small data amounts over a mesh network with
security and redundancy. It is an open standard used, among others, by
Google NEST devices (home device control).

IEEE 802.15.4

IEEE 802.15.4 (IEEE, 2015) is a standard which defines the operation of lowrate wireless personal area networks (LR-WPANs). The standard specifies
the physical layer and media access control (ISO, 1994) for LR-WPANs. It is
used as a basis for the ZigBee, WirelessHART, MiWi, and Thread
specifications, each of which further extends the standard by developing
the upper layers of the OSI model which are not defined in IEEE 802.15.4.

5.1.5 Power
All the communications technologies in this document require a source of electrical energy to
operate. This energy can either be provided to the sensor via wires or they can be self-powered
via energy harvesting and/or energy storage.
Power requirements
Some protocols allow a device to go to sleep and not disrupt the network. Some may be able to
be woken by a special command, or by activity on the bus, but this generally requires the
interface hardware to remain powered.
Wired devices are typically always on, with power potentially being provided over the same
cable, or even on the data communication wires. Wireless devices are typically off until needed.
Waking up a wireless device remotely is difficult. Waking a device based on receiving enough RF
energy at a certain frequency is possible but being woken up by random RF energy wastes
battery power.
Waking a device at a fixed time is reasonably efficient, but this requires that the device can
maintain accurate time with low power consumption. This technology exists with a separate
battery-backed real-time clock, for example.

GA H2020 730841

D2.3

Page 32 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

Sensors using conventional wired electric supply
A wired supply generally requires two conductors carrying a DC or AC electric supply. The power
requirement for sensors is far too small to benefit from a three phase AC supply. Sometimes,
the power can be carried over the same conductors as the communicated information, in other
cases the power is supplied over separate cables.
Self-powered sensors
Sensors can be self-powered through energy harvesting, energy storage, or a combination of
both. The following technologies are some that have been investigated for use in railways as
part of the Capacity4Rail project (Capacity 4 Rail (7th Framework Programme), 2017).







Solar
Thermal
Wind
Electromagnetic
Kinetic/Vibration
Energy storage (batteries)

For sensors that are located trackside or in the machine, this is not necessary. For sensors
located on the rails, the sleepers or embedded in the S&C, they will need to be self-powered
and use wireless communications because the addition of a physical connection can cause
problems for maintenance vehicles such as tampers and can make installation require additional
time due to the need for track access to run cables and dig trenches.

5.1.6 Challenges
To operate a protocol from a node, the node needs to have suitable hardware and firmware.
The required hardware can be a simple driver, for example with serial protocols such as RS485
or CAN bus, if the microcontroller at a node incorporated hardware that can generate the serial
data. Drivers with galvanic isolation exist. Some communications require more substantial
hardware, such as Ethernet, but this may already be built into a suitable microcontroller. The
firmware overhead of running a protocol over the hardware can be significant. The simplest
microcontrollers simply do not have the power or memory to run the protocol stacks required
for Ethernet.
However, hardware is available that incorporates the hardware and firmware to run a protocol
so that a fairly dumb microcontroller can communicate over a protocol without much memory
or intelligence, but this comes at a cost. Another example is the use of a ready-made 3g
communication module with a SIM card slot and a simple serial interface to a microcontroller.
Again, this comes at a cost.
Some hardware for EtherCAT is available that carries out some of the required functions, for
example to do with timing, so as to relieve the microcontroller of certain tasks.
In other words, hardware is continually evolving to remove the overhead of firmware from
microcontrollers and to move the control into hardware which is a) reliable, b) already works,
and c) is cheap to mass produce.
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5.1.7 Sensor technologies
Many sensing technologies were identified for use in railways as part of the Capacity4Rail project
(Capacity 4 Rail (7th Framework Programme), 2017). Some of these can be used for monitoring
S&C. Specific S&C sensing technologies are explored further in (Innovative Intelligent Rail
(In2Rail - H2020), 2018; Innovative Intelligent Rail (In2Rail - H2020), 2017; Shaw, 2008 ).
This section contains various types of sensors that can be used to instrument S&C. Some of these
will be used to demonstrate a condition monitoring system as part of this deliverable. Others
might be worth considering for detecting particular problems.
A generic, plug and play condition monitoring system must be able to cater for the majority or
all of the discussed technologies.

temperature

displacement

strain

force

detection

vibration

current
& voltage

Figure 10 An example of locations that sensors can be placed on S&C
S&C measurements can be split into three monitoring categories:




During switch movement
During train passage, either from trackside or on-board sensors
Environmental conditions when an event happens (train passage or switch movement)

More detailed S&C measurements can also be used for railway inspection, these can be
performed by people or technology systems lineside or by train-mounted equipment such as on
measurement trains.
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Switch Movement

Measurement

Description

Switch
duration
(time)

The duration of a throw can be determined from most sensor measurements that
detect the start and end of a point machine being activated. It can also be
determined based on the signalling relay switch on/off times.
Since a lot of infrastructure operators monitor their relay switch times, it is possible
to use just this for the simplest and cheapest form of monitoring.
Some faults can be detected from increased movement time and jitter in the
movement duration.

Current

Electric current in the context of S&C relates the current drawn by the point
machine motor. Since the motor needs to make more effort to enact higher forces,
faults that require the point machine to work harder can be identified through the
current.





This is currently used by Network Rail and London Underground. It
can be monitored in-line by measuring a voltage across a resistance
or using a non-contact current transducer such as the LEM PCM 30P (LEM, n.d.).
The non-contact method is preferred as it is cheap to install and noninvasive.

Current is proportional to force but can only give us relative force change based
on the effort of the motor and not static force.

Figure 11 A comparison of obstruction detection with current (amps) and
force (kilonewtons)
Pros and cons of using electric current for point machine monitoring from In2Rail
(Innovative Intelligent Rail (In2Rail - H2020), 2017):
+ Easily deployed
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+ High accuracy
+ Time of movement can be measured
+ Possible to integrate in interlocking system

Voltage

Variations in voltage can explain a change in motor current consumption and can
identify signalling power faults such as in Figure 12.
Voltage is also used for detection circuitry in many point machines. Voltage can
therefore be used to detect increased resistance in mechanical switching contacts
when the machine is not moving, as well as power supply problems when the
machine is activated.
Figure 12 shows how a change in the supply voltage can be detected in the current
because it takes longer to move the same distance as the machine has less power
available.

Figure 12 The effects of power supply faults on voltage (volts) and current
(amps)
Pressure

Pressure is an important measurement in point machines that use pressure to
move. This usually means hydraulic pressure for electro-hydraulic machines and
pneumatic pressure for electro-pneumatic machines.
The reason for the need to measure pressure is that it is most representative of
switch force in a hydraulic or pneumatic system since the motor current is usually
just used to pressurize the system.
As with current in electro-mechanical machines, pressure in relevant machines is
proportional to force but can only give us relative force change based on the
pressure and not static force. An example of the way a point machine reacts to
different sized obstructions is shown in Figure 13.
Pressure is also important for detecting faults in the pressurised system, it can be
used to detect leakage in the hydraulic or pneumatic systems and to send alerts
when the pressure exceeds acceptable limits.
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Figure 13 A comparison of obstruction detection with pressure (bar) and
force (kilonewtons)
Force

The driving force of the point machine can be measured using a load pin at the
drive or strain gauges around the switch to determine the stresses experiences by
different parts of the S&C during points movement and train passage.
A load pin between the machine drive and the rest of the S&C can explain the
amount of force required by the machine to move the switch across and to lock
and unlock it.
Unlike current and pressure which are used to drive the movement, such sensors
can tell us the static force when the machine is locked rather than just the change
in force.

Displacement

Displacement tells us the state in the throw that the machine is in. It is also used in
some machines (such as HPSS) to identify if the machine is resting in a safe state
(detection).
The phases of the machine can be estimated from the current but using the
displacement allows for a much more accurate identification of the phases (Figure
14).
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inrush

unlock

move

lock

Figure 14 Phases of machine throw overlaid on several current waveforms
Additionally, current, pressure or force measurements can be plotted against
displacement instead of against time. This can help with more accurate diagnostics
of fault conditions.

Table 7

Train Passage

Measurement

Description

Acceleration

Accelerometers can be used for estimating structural displacement and the impact
force at the crossing nose. Acceleration doesn’t directly measure impact force but
provides a metric that is proportional to the force absorbed by the structure.
Since the accelerometers are low-cost and can identify extreme displacement,
stiffness and cracks, the potential benefits from their implementation is very high.
Pros and cons of using accelerometers for S&C monitoring from In2Rail (Innovative
Intelligent Rail (In2Rail - H2020), 2017):
+ Micro Electrical Mechanical devices (MEMs) are low cost
+ Easy to deploy
- Requires two stages of integration and filtering
- Signal processing requires skill and care

Velocity

Geophones are better for estimating the displacement of the substructure than
accelerometers since they only require one stage of integration and filtering, but
their higher cost and power requirements makes them less attractive.
Pros and cons of using geophones for S&C monitoring from In2Rail (Innovative
Intelligent Rail (In2Rail - H2020), 2017):
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+ Easy to deploy
+ Requires only one stage of integration and filtering
- Train speed must be above geophone natural frequency
- Signal processing requires skill and care

Table 8

Environmental conditions

Measurement Description
Ambient
temperature

Measuring the ambient temperature is important to identify when the point
machines are behaving differently due to environmental conditions rather than the
development of a fault. Without this context, it is difficult to compensate for
weather.
Figure 15 shows this diurnal variation clearly with changes greater than 10% on
some days. The extremes in this figure (> 7 A) are due to the machine stalling
(effectively a failure).

Figure 15 Average current of a point machine varying with temperature
over a month
Ambient temperature measurements do not need to be taken very often. A 10minute interval is more than sufficient, and in many cases, this data can instead be
retrieved from a nearby meteorological station.
Rail
temperature
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External inspection

Measurement

Description

Imaging

Cameras can be used to take pictures of the rail surface, sleepers and fastenings,
as well as to check for obstructions in the S&C (Capacity 4 Rail (7th Framework
Programme), 2017). Cameras can also be used to measure switch movement
displacement to help with switch movement analysis (Capacity 4 Rail (7th
Framework Programme), 2017).
The biggest challenge with cameras is that, unless their image processing is
performed locally, they require massive bandwidth compared to other sensors.

5.2 Develop an enhanced S&C sensor system specification
5.2.1 Suggested enhanced S&C sensor system specification
The IN2TRACK demonstrator vision is to show three different types of relevant S&C sensing
technologies being used in a plug-and-play manner at ranges up to 200m (Figure 3). The
communication technology must be able to support the varying data rates and be able to
operate across a large railway junction. S&C do not pose a particular challenge when it comes
to communications, the challenge is for the system to be plug and play, robust, yet still cater to
various types of data.
A list of potential S&C communication and sensing technologies has been presented. The next
stage is to define a suitable modular, plug-and-play communications platform that would allow
different manufacturers to connect to the infrastructure operator’s servers. Consideration must
be given to the rapid pace of evolving technology, especially in the field of communications.
There is no single communications technology that can meet the power, range, bandwidth,
installation and time accuracy requirements of all the sensors presented in this document.
To meet these requirements, Ethernet (IEEE 802.3) was selected as a technology that can form
the trunk of the S&C sensor system specification, as depicted in Figure 16. Then, nearer to the
track, manufacturers can select the most suitable communication technology to branch out to
their application ensuring that they meet the specification for onwards transmission over the
Ethernet trunk.
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LoRa

EtherCAT

Bluetooth

Communications
are branched out
appropriately

Ethernet

Bluetooth

Ethernet
trunk

Figure 16 Suggested architecture with example communication technologies
Figure 16 visualises this architecture using several examples of suitable branch communication
technologies:




EtherCAT (wired)
LoRa (long range, low data-rate wireless)
Bluetooth (short range, high data-rate wireless)

5.2.2 Data trunk
The specification of the Ethernet trunk and the example branch communications technologies
would result in a system such as the one shown in Figure 17. These communication technologies
are not necessarily ideal for the suggested sensor applications, but they are suitable.
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Figure 17 Example of sensor system specification usage with standard Ethernet
The reasons for Ethernet’s selection are:





It is backwards compatible, widely used, and will not go obsolete for a long time.
Normal Ethernet cables can do 100m without additional hardware and have the option
of powering remote devices using Power over Ethernet (PoE)
Fibre-optic connections can go much further but will need energy harvesting or separate
power cables.
Can do high data rates to cope with the large amount of potential sensors and hubs,
some of which require high bandwidth (high definition video may become a lot more
common)

One disadvantage of the sensor system specification shown in Figure 17 is that it needs a cable
to each branched sensor hub – this can be remedied by having Ethernet with DLR (Figure 18)
which makes it a ring network that requires less cabling and has fault detection and redundancy
if one cable fails.
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Figure 18 Example of sensor system specification usage with Ethernet implemented
using DLR
The problem with this implementation is that it is not as ubiquitous as standard Ethernet and
needs bespoke hardware to be added to each node along the ring.
Another option for the data trunk would be the use of EtherCAT since it solves many of the
problems Ethernet faces in industrial applications. EtherCAT is designed to work as a ring
network and has accurate time synchronisation that allows it to take accurate measurements
and to be used to operate control systems.
The disadvantage is that EtherCAT is less accessible to many manufacturers since the hardware
will be more costly and whenever a device is added to the EtherCAT network, it must be
configured. Ethernet would allow for much simpler plug-and-play.

5.2.3 Branch communications
The system specification diagrams included three example branch communication technologies
that will be demonstrated because they are promising for different applications. The reasons for
their selection is detailed in this section.
EtherCAT
In situations where the advantages of EtherCAT are justified and the manufacturers opt to use
it, it can be added to the network as a branch communication technology.
Its biggest appeal is that it supports high data rates (comparable to Ethernet), can transmit
power over its communications bus, its networking failure recovery and time synchronisation.
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EtherCAT was designed to be used as a ring network. This allows it to continue working
completely in the case of a single networking failure as shown in Figure 19.
Strain

Vibration

Switch toe
camera
Strain

Networking
failure

EtherCAT
hub

Vibration

Figure 19 EtherCAT single networking failure
In the case of multiple failures, EtherCAT can still work with degraded functionality as shown in
Figure 20. In both situations, it is possible to detect the failures which means that if maintenance
action is taken after a single failure occurs, multiple networking failures should be avoidable
unless they occur within a small time window of each other.
Strain

Vibration
Networking
failure
Switch toe
camera
Strain

Networking
failure

EtherCAT
hub

Vibration

Figure 20 EtherCAT multiple networking failures
The benefits of redundant connections provided by a ring network are not exclusive to EtherCAT
and other wired communication technologies could be suitable if that were the only
requirement.
EtherCAT’s design for industrial applications means that it knows when messages are
transmitted to the nearest microsecond which means that data from sensors that needs to align
correctly (such as accelerometers when a train passes over S&C) can be aligned to the nearest
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millisecond on the EtherCAT hub and then packaged appropriately for onward transmission over
Ethernet.
An example of this is shown in Figure 21 where the data is then packaged into the railway xml
standard: RailML.
<xml>
Switch toe
camera

Strain

Timestamp

Switch toe
camera

Vibration

Vibration

Vibration

Strain

Vibration

Switch toe
camera

Accurate time
sync (<1µs)

Vibration

Strain
Strain
Strain
Vibration

EtherCAT
hub

Strain

Accurate relative time
</xml>

0µs
Data is collected when
a train is detected by
vibration

1µs

2µs

Packaged as RailML with
accurate relative times and
sent over Ethernet

Time synchronisation to nearest µs

Figure 21 Example of how accurately synchronised time can be sent over inaccurate
Ethernet
This type of data packaging will be expected from all the communication branches.
LoRa
LoRa can easily reach the 200 m range described in the specification requirements but
compromises on data rate. It can reach 2 km in urban environments and over 10 km in rural
environments (Sanchez-Iborra, et al., 2018).
For this reason, adding a single LoRa branch to the Ethernet trunk would allow coverage of a
huge area for low data-rate measurements such as ambient temperature, rail temperature,
inclination or simple vibration for large impacts.
It is not suitable for regular measurements such as pressure during point throws or detailed
vibration measurements when trains go over S&C.
Bluetooth
Bluetooth was selected as a branch technology because it is a common technology that comes
readily available on a large amount of existing hardware. In the railway environment, Bluetooth
LE (low energy) is more suitable since it sacrifices modulation options in return for the ability to
operate over months or years using battery power, depending on the usage.
Bluetooth allows for much higher data rates than LoRa but over a much smaller range. This
makes it suitable for collecting data from sensors within a local area that are difficult to reach
by cable but that generate a large payload.
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Bluetooth is not suitable for accurately synchronising different sensor inputs together because
it has latencies of up to 200ms. This allows it to synchronise measurements to the nearest
second but in the case of measurements such as accelerations which have interesting features
in the kHz, synchronisation to the nearest microsecond is required.
If it is necessary to cover 200m of track with Bluetooth enabled sensors, multiple Bluetooth
branches will be required along the Ethernet trunk at suitable locations.

5.2.4 Technology demonstrator
To demonstrate the different communication technologies, a demonstrator was developed
using standard Ethernet and a switch (as opposed to Ethernet with DLR) since the redundancy
provided by the DLR is not required in a lab environment.
The demonstrator uses the sensors that were deemed most beneficial in the literature
survey (section 5.1): acceleration (triggered by vibration of train), temperature (triggered at
specific time intervals) and motor current (triggered by switch movement).
The demonstrator architecture resembles that in Figure 22.

Temperature

Vibration

Current

EtherCAT
hub

LoRa hub

Measurements
will be shown live
on the laptop

Bluetooth
hub

Ethernet
switch

Laptop

Figure 22 Suggested architecture and technologies for TRL 4 demonstrator
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5.3 Develop detailed sensor system design and prototype for
demonstration
5.3.1 Introduction
A generic, modular communications architecture for S&C has been proposed (Saade & Weston,
2018) that involves using standard ethernet as a data back-bone or trunk.
The connectivity provided by the ethernet would then be branched out to the assets that require
it using a variety of technologies as shown in Figure 23.

LoRa

EtherCAT

Bluetooth

Communications
are branched out
appropriately

Ethernet

Bluetooth

Ethernet
trunk

Figure 23 Suggested architecture with example communication technologies
A demonstrator was developed using the sensors that were deemed most beneficial in the
literature survey (section 5.1): acceleration (triggered by vibration of train), temperature
(triggered by time interval) and motor current (triggered by switch movement).
This demonstrator architecture is shown in Figure 24.
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Figure 24 Suggested architecture and technologies for TRL 4 demonstrator

5.3.2 Technology demonstrator design
The technology demonstrator consists of three subsystems that were developed separately
before being integrated together to show how the modular communications interface would
work.
These three subsystems are:
 Monitoring vertical acceleration (triggered by vibration of train) over EtherCAT
 Monitoring temperature (triggered by time interval) over LoRa
 Monitoring motor current (triggered by switch movement) over Bluetooth LE (Low
Energy)
For this demonstrator, preference was given to the use of commercial of the shelf (COTS)
equipment in an effort to demonstrate the ease of implementation of the various subsystems.
In situations where COTS equipment was not available, bespoke equipment or solutions were
utilised. Any bespoke equipment was expected to adhere to the proposed architecture and
communications structure defined in this report.
Monitoring acceleration (triggered by vibration of train) over EtherCAT
The acceleration monitoring demonstrator was accomplished using standard EtherCAT – this
allows for the most interoperability between manufacturers and allows for almost any
networking topology.
EtherCAT allows for line, ring and tree topologies, as shown in Figure 25. By connecting a cable
from the last node in the line to an additional Ethernet port on the master device, a line topology
is extended into a ring topology. A networking fault can then be detected on the master device
(EtherCAT Technology Group, n.d.).
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Figure 25 Example of EtherCAT’s flexible topologies (from:
https://www.ethercat.org/en/technology.html)
In situations where a two-cable solution is insufficient, EtherCAT can be extended to EtherCAT
P (power) using COTS modules. This allows a single cable solution to provide power to the slave
devices as shown in Figure 26.

Figure 26 EtherCAT P – A single cable solution (from:
https://www.ethercat.org/en/technology.html)
To validate the network redundancy and low delay of the EtherCAT network, the demonstrator
had two slave modules. Power was provided separately to the slave devices since this is the
most flexible implementation of the standard. EtherCAT P exists as a COTS solution but is not
supported by as many manufacturers and requires more expensive cables.
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provided separately
unless EtherCAT P is used

PC
Repackage data in
railML & SensorML
and forward to
server

EtherCAT
slave
analogue in

EtherCAT
slave
analogue in

PCIE card
EtherCAT
master
Optional connection to
master to form ring for
networking redundancy

PCI card
Ethernet

to server

Figure 27 EtherCAT demonstrator design
EtherCAT master
A PC which has an ethernet network card was equipped with a COTS PCIE card that supports it
becoming an EtherCAT master such as the Hilscher CIFX 50-RE (Hilscher, n.d.).
In an industrial scenario this would be replaced with an EtherCAT capable industrial PC or other
dedicated EtherCAT master hardware, potentially running on a real-time operating system
(RTOS).
In the demonstrator, the PC received data from the analogue input slave devices, determined if
a significant vibration event had occurred (a train is passing) and packaged the data in the
railML/SensorML format to forward to the server.
EtherCAT slaves
COTS EtherCAT slaves which take analogue inputs were configured appropriately to send data
back to the master.
Data was sampled at around 20 kHz to ensure that all the vibration data of interest are captured.
As data was sampled, 0.25 s windows were run through a simple RMS threshold to determine if
an event of interest had occurred and to transmit that data to the server.
In Figure 28, the green windows represent data of interest, the yellow windows are also sent as
part of the event (one window before and one after) and the red windows are ignored.
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Figure 28 Time windows of 0.25s for vibration event detection
The reason for the simple threshold is that anomalous data can be reported and can then be
safely ignored by the server if appropriate.
Monitoring temperature (triggered by time interval) over LoRa
The temperature monitoring demonstrator was achieved over LoRa since it can cover very large
areas at low data rates using low amounts of power.
A LoRa gateway can be implemented using a data concentrator such as the iC880A-SPI (IMST
GmbH, n.d.) connected to a simple computer such as a Raspberry Pi over SPI (serial peripheral
interface).

Raspberry Pi
LoRa SPI
concentrator
Repackage data in
railML & SensorML
and forward to
server

COTS LoRa
battery-powered
temperature
node

SPI

Ethernet

to server

Figure 29 LoRa demonstrator design
A COTS battery powered LoRa temperature node such as a TEM-LAB-13NS (thingpark.com, n.d.)
will wake up regularly and transmit temperature data to the Raspberry Pi. The Pi will then
repackage the data in the railML/SensorML format to forward to the server.
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Monitoring motor current (triggered by switch movement) over Bluetooth LE (Low Energy)
The motor current monitoring demonstrator was achieved over Bluetooth LE to demonstrate a
potential short-range wireless solution.
Raspberry Pi 3Bs come with Bluetooth LE onboard. This can be used to communicate with a
COTS Bluetooth LE module such as the Texas Instruments SensorTags (Texas Instruments, n.d.)
with the ability to collect data from a current transducer.
Current transducers require too much power and send too much data to run purely off batteries.
Such an implementation would require a separate power source or potentially energy
harvesting such as solar or wind power.

COTS Bluetooth
LE analogue
input node

Raspberry Pi

Repackage data in
railML & SensorML
and forward to
server

Bluetooth
LE

Power may need to be
provided by a separate
power source such as
energy harvesting

Ethernet

to server

Figure 30 Bluetooth LE demonstrator design
Data was sampled at 1 kHz. Every 10 samples are then averaged to reduce the noise level and
down sample the data to 100 Hz.
As data is sampled, 0.1 s windows are run through a threshold to determine if an event of
interest has occurred and to transmit that data to the server.
In Figure 31, the green windows represent data of interest, the yellow windows are also sent as
part of the event (one window before and one after) and the red windows are ignored.

Figure 31 Time windows of 0.1s for electric current event detection
The reason for the simple threshold is that anomalous data can be reported and can then be
safely ignored by the server if appropriate.
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Ethernet connections to server
The three individual demonstrators were connected to a server hosted on a laptop where
measurements were shown (Figure 32).

COTS LoRa
temperature
node

LoRa SPI
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switch

Ethernet
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Figure 32 Three individual demonstrators connected over Ethernet
For the purposes of the demonstrator, the different devices on the Ethernet were assigned static
IP addresses and transmitted their data in the appropriate railML/SensorML format over HTTP
POST to the server as described in the next section.
Data format
The requirement for this deliverable was that “The concentrator node shall accommodate
onward data transmission in the railML format. This is the limit of scope for this work.”
The railML specification (railML.org, 2017) does not have the capacity to transmit event or
sensor data or to describe sensors on the infrastructure. Capacity4Rail and In2Rail (Capacity 4
Rail (7th Framework Programme), 2017; Innovative Intelligent Rail (In2Rail - H2020), 2016)
suggest the use of SensorML (Open Geospatial Consortium, n.d.) for describing data collection
systems and transmitting dynamic data as shown in Figure 33.
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Figure 33 Example of integration of SensorML into railML for dynamic data
representation (Innovative Intelligent Rail (In2Rail - H2020), 2016)
This railML/SensorML approach is described and used in this demonstrator but future work
should instead make use of the Shift2Rail Canonical Data Model (CDM) which is described in
detail in Appendix 1 of In2Rail D9.5 (Innovative Intelligent Rail (In2Rail - H2020), 2018). In this,
the In2Rail CDM team recommend: “that the early stage work on the CDM completed during
In2Rail be taken forward and developed for use as the basis of inter-project data exchanges in
future Shift2Rail activities”.
A simple explanation of what will be included in the CDM is listed below:
 The Shift2Rail CDM is based on railML but also allows for extensions onto railML – it was
conceived in discussions with the railML coordinators
 Any generic railway extensions will be embedded into railML as a core extension based
on the agreement of the railML community
 Any extensions that are deemed Shift2Rail specific extensions will be specified in the
Shift2Rail-only CDM
 It is expected that the use of SensorML as an extension to railML will be the standard
model adopted in the Shift2Rail CDM
For simple data such as temperature, humidity or water levels, data can be transmitted in the
format described in Figure 34.
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Wider SensorML file (other instances etc., not shown)

Sensor output definitions
Data interface definition
• Values (endpoint for RESTful service)
Data record
•

Definition of record, e.g. time series of
timestamp, value pairs

Encoding
•

Encoding format for data stream (e.g.
comma seperated text)

Figure 34 Simplified representation of SensorML fragment showing endpoint for access
to data values, and specification for data encoding (Innovative Intelligent Rail
(In2Rail - H2020), 2016)

An example of the SensorML stream from In2Rail D9.1 (Innovative Intelligent Rail (In2Rail H2020), 2016) for more complex data such as the waveforms of electric motor current for
switch movement is shown in Figure 35.

Wider SensorML file (other instances etc., not shown)

Sensor output definitions
Data interface definition (switch movement)
• Values (endpoint for RESTful service)
Data record (switch movement)
• Definition of record, e.g. time series of
timestamp, value pairs
Data interface definition (motor current)
• Values
Data record (motor current)
• Definition of record
Encoding (motor current)
• Encoding format for data stream

Encoding (switch movement)
•

Encoding format for data stream (e.g.
comma separated text)

Figure 35 Simplified representation of the SensorML data definition for switch
movement (Innovative Intelligent Rail (In2Rail - H2020), 2016)
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Network Rail’s approach to transfer of condition monitoring data
Network Rail currently uses the MIMOSA OSA-CBM over SOAP for data transfer of sensor data
from its loggers to its central Intelligent Infrastructure servers. It is used independently and not
alongside an infrastructure description language like railML.
Like SensorML, OSA-CBM is not a railway specific standard, it is a framework designed for
interoperability between condition-based maintenance systems and is directly related to the
ISO 13374 standard.
On their website (http://www.mimosa.org/mimosa-osa-cbm/), they state:
ISO-13374, Condition Monitory and Diagnostics of Machines, defines the six
blocks of functionality in a condition monitoring system, as well as the
general inputs and outputs of those six blocks. OSA-CBM is an
implementation of the ISO-13374 functional specification. OSA-CBM adds
data structures and defines interface methods for the functionality blocks
defined by the ISO standard.
In the author’s view, both OSA-CBM and SensorML can be used alongside railML to achieve
similar goals. This deliverable made use of SensorML due to its adoption by past Shift2Rail
projects. Additionally, it is theoretically possible to embed OSA-CBM data in the SensorML
endpoints.
Consideration of appropriate standards
Any equipment that is developed to go onto the railways, whether they be communication hubs
or sensor nodes need to consider Electromagnetic Compatibility (EMC). The reference standard
for this in a railway context is EN 50121 - Railway applications: Electromagnetic compatibility,
particularly EN 50121-4 which looks at emission and immunity of the signalling and
telecommunications apparatus.
In the UK, the Network Rail EMC assurance process (Network Rail, 2012) specifically identifies
that telecommunications are advised to follow EN 50121-4 but that transceivers between 9 kHz
– 25GHz [Short Range Radio Devices] should have separate specialist considerations and are not
covered by EN 50121.
The Network Rail telecommunications standard NR/L2/TEL/30066 (Network Rail, 2010) needs
to be followed for fixed transmitters but has specific allowances for Low Power Transmitters
above 862 MHz; it states:
Transmitters compliant with the appropriate ETSI standard, which operate above
862 MHz, with an EiRP of no more than 2 W, can be deployed without following the
process laid down in this standard provided that the following clearance
distances to any operational equipment (excluding cable) are maintained:
 For transmitters up to 1 W, 0.75 m clearance
 For transmitters up to 2 W, 1.5 m clearance

This means that if it is determined that sensitive equipment is nearby, the antenna can be
positioned 1 m away to avoid having to follow full telecoms standards since the transceivers are
all very low power.
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5.3.3 Demonstrator test plan
The test for the IN2TRACK demonstrator took place in the University of Birmingham’s railway
lab which contains a set of S&C. This resulted in a TRL4 demonstrator.
The tests carried out were:
1. Initial Setup
a. Setup the laptop and software
i. The laptop with the display software will be connected to the ethernet
switch
ii. The data display software will be launched
iii. Expected output: The laptop will show the UI with no communication
hubs connected
2. Test the LoRa technology
a. Setup (validate plug and play)
i. One of the sensors will be placed 1km away (urban environment)
ii. Another sensor will be attached to the S&C to show the rail
temperature
iii. The LoRa gateway will be connected to the ethernet switch
iv. Expected output: The laptop will show a new communication hub
b. Test variable time intervals
i. The time interval for temperature measurement will be configured to
every 1 minute for the demonstrator
ii. Expected output: The laptop will show the updated temperature for
both nodes at the selected interval
c. Test the sensor range
i. A hot air gun will be used to heat the rail up
ii. Expected output: The laptop will show the updated temperature for
both nodes
3. Test the Bluetooth technology
a. Setup (validate plug and play)
i. A current transducer will be connected to one of the inputs to the
point machine
ii. The Bluetooth hub will be connected to the ethernet switch
iii. Expected output: The laptop will show the new communication hub
b. Test measuring current of points movement
i. The point machine will be activated
ii. This will trigger a measurement
iii. Expected output: The laptop will show the current measurement
during the throw of the point machine
c. Test measuring faulty current of points movement
i. The point machine will be adjusted to show a simple fault
ii. The point machine will be activated
iii. This will trigger a measurement
iv. Expected output: The laptop will show the ‘faulty’ current
measurement during the throw of the point machine
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4. Test the EtherCAT technology
a. Setup (validate plug and play)
i. Accelerometers will be connected to the rails near the switch toe
ii. The EtherCAT will be set up as a full ring network
iii. The EtherCAT master will be connected to the ethernet switch
iv. Expected output: The laptop will show the new communication hub
b. Test measuring acceleration during impacts
i. The rails will be struck by a blunt object such as a hammer
ii. This will trigger a measurement
iii. Expected output: The laptop will show all the vibration profiles
whilst the rails are being impacted
c. Test demonstrating the network resilience to cable damage
i. One of the EtherCAT connections will be removed (M—X—S1 — S2 —
M)
ii. The rails will be struck by a blunt object such as a hammer
iii. This will trigger a measurement
iv. Expected output: The laptop will show the all the vibration profiles
whilst the rails are being impacted – a network fault will be reported
d. Test demonstrating the network resilience to additional cable damage
i. One of the EtherCAT connections will be removed (M—X—S1 —X— S2
— M)
ii. The rails will be struck by a blunt object such as a hammer
iii. This will trigger a measurement
iv. Expected output: The laptop will show the vibration profile of S2
whilst the rails are being impacted – a network fault will be reported
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5.3.4 Technology observations
LoRa
The LoRa technology demonstrator consists of a LoRa gateway from SensorLabs, and two
temperature sensing nodes. The system was initially set up a per the instructions and was
working on the laboratory bench communicating with a laptop PC. The data are visible on a web
page. The default IP address for the gateway was 192.168.2.2, which was fine for initial testing.

Figure 36 LoRa gateway

Figure 37 LoRa temperature sensing nodes
Figure 36 shows the LoRa gateway, with a power supply lead, Ethernet cable, and antenna.
Figure 37 shows two temperature sensing LoRa nodes, one to measure ambient temperature,
one with an external probe to measure, for example, rail temperature.
The rates at which temperature are sent was initially set to once per minute, but later changed
to once per 30 minutes, and the gateway was set to log up to 500 samples for transmission
should the gateway lose communication with the server.
The LoRa gateway has a RESTful API, which enables the data to be extracted from the gateway
over TCP/IP, it also can transmit data via HTTP POST and over FTP.
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There were some challenges in changing the IP address to a range that was compatible with the
other devices, however, since the technology demonstrators would normally be supplied by
third parties to match a standard, this would not normally be a problem.
LoRa Conclusion
COTS LoRa gateways are normally intended to act as a gateway for LoRa devices to connect to
the ‘cloud’ using mobile phone data services and provides for a SIM card slot rather than
connecting over an Ethernet connection to a server. It is however possible to set them up to use
a local area network and thus cover a large area using the proposed architecture.
Bluetooth
A Texas Instruments SensorTag Bluetooth LE device was chosen to test Bluetooth technology.
The Bluetooth master was a Raspberry Pi model B+, which includes a Bluetooth LE (Low Energy)
compatible chipset and an Ethernet port for passing RailML/SensorML data to another server.
The SensorTag device is a small battery powered device containing sensors:








Accelerations (x, y, and z axes)
Gyroscopes (about x, y and z axes)
Temperature sensor (internal)
Light intensity sensor
Humidity sensor (internal)
Barometric pressure sensor
Magnetic field sensors in three dimensions

The SensorTag device advertises services over Bluetooth that can be queried using libraries
designed to interface to Bluetooth devices that advertise services. In particular, once the
SensorTag device service UIDs (Unique Identifiers) are known, it is possible to turn on and off
sensors, set their data rates, and read the sensor data.
Set up
A Raspberry Pi was set up with a Class B fixed IP address 169.254.215.30 and also connected
temporarily to a wifi internet connection to obtain updates and needed packages. The Raspberry
Pi was set up with BlueZ, which contains the necessary Bluetooth interface libraries and also
PyBlue which allows Python (a scripting language) to be used with Bluetooth devices.
A Python script was written that runs on the Raspberry Pi and connects to the SensorTag device.
The information collected from the sensor is converter into a format to be sent to a server. The
data to be sent is sent via HTTP POST, but alternatively, the Pi could be set up to host a RESTful
webservice.
Issues
The SensorTag device is limited to collecting data at 10 Hz. While this is acceptable for static
measurements, it is not ideal for dynamic measurements such as vibration or current.
Environmental conditions, including tilt using the direction of gravity from the 3 axis
accelerometers are easy to handle.
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A development kit is available that can be used to customise the behaviour of the SensorTag
device, for example using an internal analogue to digital controller to take readings from a
current sensor. This was deemed unsuitable for the demonstrator due to the sampling rate
limitation.

Ethernet

Bluetooth
Antenna
inside
Power

Figure 38 Bluetooth SensorTag from Texas Instruments (top) and Raspberry Pi
Bluetooth handler (bottom)
The SensorTag device, shown on the top of Figure 38, has to be linked to a single Bluetooth
master. This can be to a mobile phone, to a laptop, or a single board computer such as a
Raspberry Pi. The master needs to be within tens of metres of the device to maintain a
connection. The Raspberry Pi used is shown on the bottom of Figure 38.
Conclusion
The Bluetooth technology can be made to work into an Ethernet link by creating a link between
the device and Ethernet, but there is no off-the-shelf device that does this. It was possible to
establish communication with the device using freely available software on a simple device such
as a Raspberry Pi.

GA H2020 730841

D2.3

Page 61 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

Ethercat
A Beckhoff CX5120-0125 / 2GB was used as the EtherCAT controller. Two Beckhoff EK1101
modules each with one ELM3602-0002 dual IEPE analogue to digital module were connected
together with Cat5e Ethernet cables. The master and slaves are all DIN rail mountable.

Ethernet 1

Ethernet 2

Power 24 V DC

Figure 39 EtherCAT Master controller (Beckhoff CX5120-0125)
Figure 39 shows the EtherCAT master with Ethernet 1 going to the first slave in the chain of (two)
slaves, and Ethernet 2 going to the network switch.

IEPE Input 1
Ethernet 1

Ethernet 1
IEPE Input 1

Power 24 V DC

Power 24 V DC
IEPE Input 2

Ethernet 2

Ethernet 2

IEPE Input 2

Figure 40 First slave, second slave
Figure 40 shows the two EtherCAT slaves that each support two channels of IEPE sensor input
on BNC connections. Ethernet 1 of the first slave connected to the master, Ethernet 2 connects
to the second slave. The final slave is not currently connected to anything, but a connection from
here back to the master provides for redundancy in the EtherCAT network. While the equipment
purchased for the demonstrator support this redundancy, the master has only two Ethernet
sockets and another one is needed to demonstrate redundancy.
Software (running on the EtherCAT master)
Software created to run on an EtherCAT master is created in a development environment such
as Beckhoff’s TwinCAT 3 (which is freely available, but not commercially deployable without a
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runtime licence). The TwinCAT 3 software runs on a normal PC and integrates with Microsoft
Visual Studio.
The software running on the master is split into tasks that run in a real time operating system
on the target master controller remotely updated over Ethernet. Each task can run at a different
cycle rate. To take 20,000 measurements per second from each sensor, the fundamental
input/output task cycle is set to 1 ms with 20 samples taken in each 1 ms cycle (the IEPE
interfaces can take various numbers of equally spaced samples in each cycle). The data for each
cycle are fed into a ping-pong buffer that holds 0.25 s of data (5000 samples for each channel).
Another task, operating with a 100 ms cycle time, is responsible for computing the average of
the samples and the standard deviation of the samples away from the computed mean when
each buffer is full. Of course, this task has nothing to do two times out of three that it is run as
no buffer is full. The magnitude of the standard deviation is compared to a trigger level. If the
trigger level is exceeded, then the alternating buffers (including the one before the trigger
happened) are transferred to another buffer for further processing. This continues until the
trigger condition is no longer present.
The initial idea was to use the master to convert the samples coming in while triggered to
something suitable to send over Ethernet directly. However, it was not easy to get this to happen
as a task as the communication is naturally an asynchronous activity that does not fit well into
a cyclic task. It should be possible to run an acyclic task, but instead something else was done
for testing: the EtherCAT exposes variables via an application port on its ‘AMSNet’, and AMSNet
drivers and example software are available for creating .Net projects. Therefore, the trigger
variable in the software running on the EtherCAT master was made accessible from the
application port as were the buffers that are filled with data when a trigger condition is met.
The AMSNet interface allows variables that are exposed from the EtherCAT master tasks to be
read, written, and also notifications are available when a variable is changed. A PC running
software that essentially makes AMSNet connections over a TCP/IP link was used to get
notifications of when the ‘triggered’ variable changes from true to false or vice versa. When the
trigger became true, the PC collected data from the buffers until the trigger condition went
away. Other information such as timestamps, source identifiers and so on can be similarly
collected. Once the trigger condition was set to false, the PC translates the collected data into
the appropriate format and forwards them to the server.
It is envisaged that this application software would be ported onto the EtherCAT master
computer (which is running embedded windows) and the PC is then redundant.
Notes
Originally, it was expected that the robustness of EtherCAT would be demonstrated by having a
ring network. However, this requires a third Ethernet port, which can be added by means of
another EtherCAT family module which was not purchased. Therefore, this ring part could not
be demonstrated. In principle, the ring arrangement provides redundancy, it reports as an error
a lack of connectivity, and can report the position of the error. The SensorML and railML
framework should have a way of communicating errors on a measurement subsystem to a
server to assist with maintenance.
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EtherCAT master contains some special data that indicates the state of the network. This state
is available in the same way as other data items from slaves. When a problem occurs, the state
changes, and a human readable message is provided.
Conclusions for EtherCAT
The EtherCAT system allows for very accurate coordination of measurements from different
cycle times. This gives a good flexibility. The communication from the main cyclic tasks to
another program that offloads the data is working.
There is a lot of complexity in handling error conditions, some of these are explained in a later
section during the demonstrator tests.
Data transmission
Data was transmitted from the 3 demonstrators using HTTP POST to a known server address
and by packaging the data as JSON objects in a standardised form. This allows for a plug-andplay approach to the demonstrator.

Website or app
Web API
(mostly HTTP GET)
Demonstrator
technology

HTTP POST

Server
(RESTful webservice)

Figure 41 Architecture used for the demonstrator
An example of this JSON payload is shown below and was used later in testing the demonstrator:
{"hubName": "Bluetooth",
"sensorName": "Current",
"timeStamp": "2019-01-07T18:16:14Z",
"timeInterval": 0.01,
"data": [0,2.470000029,12.18000031,25.87000084, … ,3.170000076,0],
"dataLength": 212,
"xLabel": "x",
"yLabel": "y"}

An implementation such as this is not very secure and would normally include ID numbers and
tokens to authenticate messages.
This JSON structure can be replaced with any acceptable JSON or XML structure. An equivalent
in XML would be:
<hubName>Bluetooth</hubname>
<sensorName>Current</sensorName>
<timeStamp>2019-01-07T18:16:14Z</timeStamp>
<timeInterval>0.01</timeInterval>
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<data>0,2.470000029,12.18000031,25.87000084, … ,3.170000076,0</data>
<dataLength>212</dataLength>
<xLabel>x</xLabel>
<yLabel>y</yLabel>

The railML/SensorML format that is suggested would be as follows:

Website or app

Demonstrator
technology
(RESTful
webservice)

Web API
(mostly HTTP GET)
HTTP GET

Server
(RESTful webservice)

Figure 42 Architecture to properly implement SensorML locally
The server would have to know the addresses of all the demonstrators (this would be defined
in a railML/SensorML script that is hosted on the server) and the SensorML would specify the
endpoint of a RESTful webservice at the technology demonstrator’s address.
The benefit of this implementation is that the SensorML would define the format of the data
being received from the technology demonstrator. For example:
<sml:outputs>
<sml:OutputList>
<sml:output name="switchMovement">
<sml:DataInterface>
<!-- data description -->
<sml:data>
<swe:DataStream>
<swe:elementType name="switchMovementStream">
<swe:DataRecord
definition="http://sensorml.com/ont/swe/property/TimeSeries">
<swe:label>Measurement of Switch Movement</swe:label>
<swe:field name="time">
<swe:Time
definition="http://sensorml.com/ont/swe/property/SamplingTime">
<swe:uom
xlink:href="http://www.opengis.net/def/uom/ISO8601/0/Gregorian"/>
</swe:Time>
</swe:field>
<swe:field name="currentWaveform">
<swe:DataArray
definition="http://sensorml.com/ont/swe/property/SeriesData">
<swe:elementCount>
<swe:Count>
<swe:value>6000</swe:value>
</swe:Count>
</swe:elementCount>
<swe:elementType name="motorCurrentStream">
<swe:DataRecord
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definition="http://sensorml.com/ont/swe/property/TimeSeries">
<swe:label>Motor current measurement</swe:label>
<swe:field name="time">
<swe:Time
definition="http://sensorml.com/ont/swe/property/SamplingTime">
<swe:uom
xlink:href="http://www.opengis.net/def/uom/ISO8601/0/Gregorian"/>
</swe:Time>
</swe:field>
<swe:field name="current">
<swe:Quantity
definition="
http://sweet.jpl.nasa.gov/2.3/procPhysical.owl#ElectricCurrent">
<swe:uom code="A"/>
</swe:Quantity>
</swe:field>
</swe:DataRecord>
</swe:elementType>
<swe:EncodedValuesGroup>
<swe:encoding>
<swe:TextEncoding tokenSeparator="," blockSeparator=" "/>
</swe:encoding>
<swe:values
xlink:href="http://in2rail.eu:4563/sensor/023"/>
</swe:EncodedValuesGroup>
</swe:field>
<swe:field name="lockDirection">
<swe:Boolean
definition="http://in2rail.eu/ont/swe/property/PointLie">
</swe:Boolean>
</swe:field>
</swe:DataRecord>
</swe:elementType>
<!-- encoding description -->
<swe:encoding>
<swe:TextEncoding tokenSeparator="," blockSeparator=" "/>
</swe:encoding>
<swe:values xlink:href="http://in2rail.eu:4563/sensor/02080"/>
</swe:DataStream>
</sml:data>
</sml:DataInterface>
</sml:output>
</sml:OutputList>
</sml:outputs>

In the above, it is described that current data from switch movement would be available at a
RESTful endpoint at the address: “http://in2rail.eu:4563/sensor/023”
The data would be structured as CSV (comma separated values).
This could be implemented but requires significantly more effort than was allocated to this
project to implement a full SensorML schema parser that can handle all the different inputs.
Additionally, since the server would need to know all the addresses, it means a central repository
containing the railML/SensorML would have to be updated before a new device can be
detected. This makes railML/SensorML incompatible with a plug and play approach.
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Finally, a full implementation of SensorML at this local level would mean that every
communication hub would have to host a RESTful webservice. This may not be desirable due to
cost and power limitations faced by some manufacturers.
User Interface
As described in the previous section, the server in the demonstrator hosted a RESTful
webservice that had an API available for an app or website to dynamically load the data that was
transmitted to the server.
A user interface was designed using the React JavaScript framework to display this data.
List of communication
hubs

Data preview (can click
for more info)

Sensor name

Timestamp of
transmission

Timestamp received by
server

The user interface checks for new data every 5 seconds and issues an update if new data is
available.
Only the latest data is available on the UI for demonstrator purposes. Historical data is available
but would need additional UI development.
The benefit of using RESTful webservices to make this data available is that a different UI or app
could make more or less of the data available, depending on who the users are.
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5.3.5 Demonstrator Tests
This section shows the demonstrator being run through the proposed tests and the outputs that
were achieved as well as explanations for outputs that were not achieved.
Initial Setup
a. Setup the laptop and software
i. The laptop with the display software will be connected to the ethernet
switch
ii. The data display software will be launched
iii. Expected output: The laptop will show the UI with no communication
hubs connected
A local server was set up with the ability to receive POST messages from the different
demonstrators and that had a RESTful API for a web-based user interface.
When the website was visited, it showed the web UI with no hubs connected.
The output was as expected

Figure 43 Web UI with no hubs connected
Test the LoRa technology
b. Setup (validate plug and play)
i. One of the sensors will be placed 1km away (urban environment)
ii. Another sensor will be attached to the S&C to show the rail
temperature
iii. The LoRa gateway will be connected to the ethernet switch
iv. Expected output: The laptop will show a new communication hub
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The LoRa node appears when new measurements are triggered and shows the current
temperature and battery levels reported by the units.

Figure 44 LoRa hub connected
The output was as expected
c. Test variable time intervals
i. The time interval for temperature measurement will be configured to
every 1 minute for the demonstrator
The update time of the LoRa nodes was restricted by the manufacturer to a minimum of 3
minutes (as shown in Figure 45). It is possible to take measurements every minute but the
payload would only be sent every 3 minutes.

Figure 45 LoRa update interval restrictions
ii. Expected output: The laptop will show the updated temperature for
both nodes at the selected interval
Variable time intervals were possible but not down to 1 minute
d. Test the sensor range
i. A hot air gun will be used to heat the rail up
A hot air gun was used to heat up the rail in a laboratory environment.
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Figure 46 Hot air gun used to heat up the rail
ii. Expected output: The laptop will show the updated temperature for
both nodes
The temperature was monitored at 3-minute intervals using the web UI provided by the supplier
that provides historical values (Figure 47 & Figure 48).

Figure 47 Heated rail to 70 degrees, allowed to cool
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Figure 48 Ambient temperature sensor (same time as other graph)
As expected, the rail temperature was recorded accurately at the expected time intervals. The
ambient temperature recorded its own normal readings.
The output was as expected
Test the Bluetooth technology
e. Setup (validate plug and play)
i. A current transducer will be connected to one of the inputs to the
point machine
ii. The Bluetooth hub will be connected to the ethernet switch
iii. Expected output: The laptop will show the new communication hub
The Bluetooth node appears when new measurements are triggered and shows the onboard
measurements of the SensorTag: acceleration (X, Y, Z), light level, battery level, temperature,
and barometric pressure (Figure 49).
The accelerations can be used to measure tilt by calculating the angle at which gravity’s 1g is
facing.
The measurements on the Bluetooth are being triggered every 30 s.
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Figure 49 Bluetooth node shown
The output was as expected
f.

Test measuring current of points movement
i. The point machine will be activated
ii. This will trigger a measurement
iii. Expected output: The laptop will show the current measurement
during the throw of the point machine

The SensorTag technology selected to demonstrate COTS Bluetooth LE is restricted to measuring
data at 10 Hz which is insufficient for current measurements. Bluetooth LE could still be used to
measure current if a different product was used but as described in the design phase, current
transducers would require a separate power source making Bluetooth not ideal. It was only
selected to showcase the technology against a potential use case.
The output was not as expected
To demonstrate how current measurements would be displayed, the data was collected from
another source and transmitted using the standardised message format to the server. The
results are shown in Figure 50 and Figure 51.
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Figure 50 The current waveform is added as an additional sensor

Figure 51 Zooming into the current waveform
The output was as expected
g. Test measuring faulty current of points movement
i. The point machine will be adjusted to show a simple fault
ii. The point machine will be activated
iii. This will trigger a measurement
iv. Expected output: The laptop will show the ‘faulty’ current
measurement during the throw of the point machine
As above, current measurements were not used with Bluetooth
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The output was not as expected
Test the EtherCAT technology
h. Setup (validate plug and play)
i. Accelerometers will be connected to the rails near the switch toe
Accelerometers were mounted to the foot of the stock rail near the switch toe.

Figure 52 IEPE accelerometer connected to the rail
ii. The EtherCAT will be set up as a full ring network
iii. The EtherCAT master will be connected to the ethernet switch
iv. Expected output: The laptop will show the new communication hub
The EtherCAT node appears when new measurements are triggered (upon impact).
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Figure 53 EtherCAT node has been detected
i.

Test measuring acceleration during impacts
i. The rails will be struck by a blunt object such as a hammer

Figure 54 An impact hammer
ii. This will trigger a measurement
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iii. Expected output: The laptop will show all the vibration profiles
whilst the rails are being impacted

Figure 55 Acceleration profile after two impacts in rapid succession
The output was as expected
j.

Test demonstrating the network resilience to cable damage
i. One of the EtherCAT connections will be removed (M—X—S1 — S2 —
M)
ii. The rails will be struck by a blunt object such as a hammer
iii. This will trigger a measurement
iv. Expected output: The laptop will show the all the vibration profiles
whilst the rails are being impacted – a network fault will be reported

Since the EtherCAT could not be set up as a full ring, this test could not be completed.
The output was not as expected
k. Test demonstrating the network resilience to additional cable damage
i. One of the EtherCAT connections will be removed (M—X—S1 —X— S2
— M)
ii. The rails will be struck by a blunt object such as a hammer
iii. This will trigger a measurement
iv. Expected output: The laptop will show the vibration profile of S2
whilst the rails are being impacted – a network fault will be reported
Since the EtherCAT could not be set up as a full ring, this test could not be completed.
The output was not as expected
It is, however, possible to detect errors on the EtherCAT network as shown below:
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When the system is running normally, the state of the slaves can be seen. After power up, the
system quickly initialises and reaches the running state ‘OP’.

Figure 56 Normal operating state
Figure 56 shows the master state (viewed from a laptop connected to the local Ethernet
network) for the normally operating EtherCAT demonstrator. It shows items number 1 and 3
which are the EtherCAT slave nodes, and items 2 and 4 which are the IEPE sensor interfaces
connected next to the slave nodes.

Figure 57 Ethernet link from slave 1 to slave 2 broken
Figure 57 shows the master state when the Ethernet link between slave 1 and slave 2 is broken.
It indicates the problem in two ways. Firstly, it detects that there is a missing link coming out of
slave 1 (‘OP LINK_MIS C’). Secondly, it shows that there is no communication with either slave 2
(item 3) nor with the IEPE interface (item 4). This is natural given the missing link. Replacing the
link restores normal operation automatically – no intervention such as a restart is required.
In the demonstrator, this information is not sent to the server, but this state could be sent as an
event just as the sensor data is.
Discussion and conclusions of these results can be found in section 7.1.
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5.4 Assessment of electromechanical impedance
measurements for S&C manganese crossing monitoring
5.4.1 Introduction and methodology overview
Motivation and programme setup
Austenitic manganese steel is widely used for parts of switches and crossings exposed to high
loads due to its excellent mechanical properties (e.g. work hardening). Other properties also
significantly differ from the pearlitic steel standard qualities, e.g. magnetic properties.
Non-destructive testing methods like ultrasonic (UT), magnetic (MT) or eddy current (ECT)
testing either cannot be used at all for manganese steel or with reduced sensitivity.
Planned maintenance is possible based on periodic visual inspection (VT). However, limited
inspection time, weather or illumination conditions and other factors also limit the possibilities
of VT and may cause unplanned maintenance or reduced availability of the assets. Therefore,
alternative methods to monitor these assets and to detect degradation at an early stage are of
interest for infrastructure operators.
Out of three potential methods, the electromechanical impedance technique (EMI) was chosen
for further investigation within Shift2Rail WP2. BLS Netz AG (BLS) decided to put the focus on
this and to foster the approach of Infraestruturas de Portugal (IdP). A joint undertaking was
considered to be the most promising way, taking into account available resources and
complexity. While EMI is already in use in other industry sectors, the technology has not been
adapted for monitoring of switches and crossings. The study therefore assumes a technology
readiness level 3 for the definition of the research programme.
The purpose of this study is to assess the potential of EMI for the detection of several structural
failure modes known to occur in crossings made from manganese steel.
The technique itself bases on the generation of a frequency spectrum of mechanical waves using
a piezoelectric actuator/sensor on the test structure, analysing its response when subject to the
stimulus.

GA H2020 730841

D2.3

Page 78 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

Figure 58 EMI full programme targeting for a functional demonstrator with TRL7 by
end of Shift2Rail. The part addressed by BLS within IN2TRACK is marked in
green.
To describe operational conditions of railway assets, usually a large parameter space is required.
The same applies for the potential failure modes of switches and crossings or the options to
apply the EMI actuators/sensors. To assess EMI starting from TRL3, the parameter space and
the models used are simplified and kept on a laboratory level. First steps were defined with
simplified models and using a computational approach. For the assessment, multiphysics finite
element modelling is combined with EMI measurements on real samples for calibration and
validation. A finite element model of a cast crossing wheel-transfer area was set up to study
signatures and sensitivities on a complex geometry.
A programme was set up that spans over both S2R participants and up to the full length of the
programme (2023). A comprehensive approach was proposed by Critical Materials (CMT) acting
as industrial subcontractor. While IdP rather focusses on field tests, BLS started a simulative
approach to study the potential of EMI and the sensitivity to a variety of parameters like material
quality, geometry (as cast and changes during operation) and cracks (position, size, orientation).
The elements of the development programme that are addressed within IN2TRACK are
highlighted in Figure 58.
Work packages
The following steps and tasks were defined within this programme:
 Definition of key parameters to be studied:
o Material properties (taken from real samples).
o Change of the shape of real crossing noses (manufacturing and maintenance)
o Deterioration of crossing geometry during operation
o Different types of cracks forming in the crossing nose.
o Variation of the EMI actuator/sensor position
 Samples for actuator/sensor calibration and study of the material properties.
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 Setup of two simulation models:
o A cube for basic tests of the method.
o Crossing wheel-transfer area to study the sensitivity to several parameters.
 Verification of the simulated EMI-spectra using the cube model and real samples.
o Calibration of the actuator/sensor system to manganese steel (Mn13)
o Sensitivity to material properties
o Sensitivity to a defined discontinuity
 Simulations on the crossing. In addition to a baseline run, variations were studied using
three different positions of the modelled actuator/sensor.
o Case A: Change of the transition zone as an example for changes due to maintenance
or manufacturing tolerances.
o Case B: Local deformation in the transition zone (smaller than Case A)
o Case C: influence of a crack
 Steps that had to be postponed due to simulation issues
o Within IN2TRACK, failure modes of switches and crossings were collected. This
served as an input to focus on geometrical deterioration and structural
discontinuities. The baseline FE-model of the crossing must be adapted for each of
these cases.
o Quantify the sensitivity of parameters: Up to 27 simulation runs are expected to
cover the full parameter space.
Key parameters
A straightforward way to use EMI spectra is to take a baseline spectrum from a reference system
and to compare this with spectra taken from the same system that deteriorated in operation.
All aspects that influence the response of the system to the mechanical stimulus are of potential
interest.
To use (multiphysics) finite element modelling for reduction of the experimental effort, the
model must be calibrated to take material properties (stiffness) into account. Samples with welldefined geometrical features may serve to further optimise the model.
Focussing on switches and crossings, parameters were identified that may influence the
response of the crossing to a mechanical stimulus. The crossing can be understood as massspring system with a strong dependence on the local geometry and boundary conditions. In
addition, material properties are known to be inhomogeneous in such products. This is a desired
property as pre-solidification by explosion hardening is widely used to work harden the highly
loaded parts of the construction for better performance in operation. In production and
operation, geometrical tolerances in the range of millimetres are common.
The following parameters were considered for modelling:
 Material properties: comparison of the material “as cast” with the work hardened top
layer of the running surfaces. For more details on pre-solidification, see (CEN, 2009).
 Geometry: comparison of a baseline model with two variations:
o the change of the geometry of the running surface of the crossing nose in the range
of one millimetre (manufacturing/maintenance tolerance, case A).
o the local deformation of this running surface as it can be caused by wheelsets in
normal operation (local deformation, case B).
 Discontinuities/cracks: the reliable detection of cracks at an early stage of formation and
growth is expected to be the main application for EMI if the method proves to be
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sensitive and robust enough. A first crack is defined and implemented in the crossing
model for comparison with the baseline but also in relation to the geometry variations
mentioned above (case C).
 Actuator/sensor and its position: The active component is made from PZT (lead
zirconate titanate) and works at frequencies in the range of up to 100 kHz. From other
EMI applications it is known, that the actuator/sensor position is of great importance for
the application and the sensitivity to the effects to be detected. Three sensor positions
were selected to study the sensitivity to deterioration in the transition zone of the
crossing.
Omitted or postponed parameters: It is expected, that also other parameters will affect the
specific response. The following parameters should be reassessed within future steps:





size of the crossing
sleepers/fastenings including polymer components
variation of the construction stiffness (casting process)
boundary conditions in the continuous welded rail.

Samples
For calibration and model validation, cubes were taken out of a crossing that failed in operation.
The final size of the cubes was 40 x 40 x 39 mm as the high tensile strength of the material (>=
1175 MPa) lead to poor surface quality and an additional millimetre of material had to be
removed.

Figure 59 Cast manganese crossing nose area cut in sections. Left side: bottom face
with the position of the three samples representing material “as cast”. Right
side: top face with two samples taken from a zone of the wing rail that was
pre-solidified by explosion hardening.
Two samples (a1 and a2) were taken from the wing rail surface. These samples do include the
work hardened surface (approx. 10mm, gradual change). Three samples (b1 to b3) were taken
from one of the inner webs, close to the foot of the crossing. These samples are expected to
have homogenous material properties “as cast”.
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Sample b1 was further modified using spark erosion to form a slit of approx. 0.3mm width and
10mm depth, perpendicular to one surface of the cube. See Figure 60.

5.4.2 Cube testing
Calibration and material properties
As outlined in section 5.4.1, for subsequent calculations the model must be calibrated using
samples with typical material properties (stiffness). Samples b2 and b3 (as cast, no slit) are
suitable for this step. More information on the model including material characteristics, mesh
or boundary conditions can be found in Annex A5 .

Figure 60 Picture of all the cubes with sensors glued on its surface and the EMI
analyser.
The material calibration process starts with the simulation of a cube/PZT with well-known
dimensions. The calculated spectrum is compared with data obtained from measurements
performed with real samples of the same dimensions. On some samples, more than one PZT
was applied. The stiffness of the calculation model is adjusted to fit the calculated spectrum to
the measurement data.
A very good approximation was obtained for samples taken from zones with “as cast” material
and peaks at least up to 70 kHz as shown in Figure 61.
To further verify the material properties, measurements of real samples are compared. In Figure
62, sample a1 taken from a partially work hardened zone of the wing rail is compared with
sample b2 from an inner web of the crossing (homogenous, as cast). As expected for harder
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material at the given sample geometry, the peaks in the spectrum of the pre-solidified material
are shifted to higher frequencies in comparison to the as cast material.

Simulated and experimental comparison
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Figure 61 Comparison between the simulated cube and the measurements taken from
cube b3. For peak values, see Table 22
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material comparison:
partially work hardened (a1) and as cast (b2)
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Figure 62 Resonance peaks measured for harder material (a1) are significantly shifted
to higher frequencies in comparison to the as cast-material (b2). See also
Table 23
The comparison of samples a1 and a2, taken from the right and the left-wing rail, gives a first
impression of the homogeneity of the pre-solidified material within one crossing. Data are
shown in Figure 63.

150

material comparison: left and right wing rail (work hardened)
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Figure 63 Work hardened samples taken from the left and the right wing-rail show
comparable resonance peaks. The labelling of the measurement curves
relates to the PZT position, not the wing rail
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Cracks
To get a first indication of EMI performance to detect cracks, the sample b1 was modified by
introducing a spark eroded slit of approximately 0.3mm with and a depth of 10mm, centred on
one face of the cube. Three PZT actuators/sensors were applied to this cube (left/back/right),
see Figure 64 left hand side. For comparison, a similar feature was introduced into the FE-model.
Figure 64 shows on the right-hand side a model with more than one such feature.

Figure 64 Left hand side shows sample b1 with the spark eroded slit and three PZT
sensors mounted (left, back and right). Right hand side: A multiphysics model
in Abaqus for the cube with the PZT sensor glued in its surface and several
possible damages.
At the simulation stage, as expected a large variation in the frequency spectrum was found when
introducing the lateral cut. With the slit, peak shift and additional peaks can be observed (see
Figure 65, Figure 66 and Table 24). It is remarkable that the sensor positioned on the back side
(opposing the face of the cube with the slit) has some distinct additional peaks that cannot be
found for the actuator/sensor on the left and right face (see Figure 65). This indicates that not
only the position but also the orientation of the PZT actuators/sensors should be taken into
account during further studies to ensure and optimise the detection capabilities for critical
discontinuities.
Looking at the spectrum in Figure 67 taken from the actuator/sensor mounted on the back side
(perpendicular to the eroded slit), even more additional peaks can be found in the measurement
that are not predicted in the simulation model. More investigations are necessary, taking the
sensor positions left/right into account. Conclusions should be drawn with great caution also
considering the sample and slit geometry: there might be higher order features difficult to
detect with a slit placed in the middle of the side of a cube and a depth corresponding to a
quarter of the cube’s edge length.
In any case EMI shows significant response to the introduction of a discontinuity at this level.
What might become a challenge at a later stage is to formulate algorithms that are capable to
reliably distinguish cracks of different types from other factors influencing the frequency
spectrum.
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Experimental data - cube b1; sensors left, back and right
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Figure 65 Comparison of actuator/sensor positions left, back and right on cube b1 with
discontinuity

Simulations: cube baseline vs. cube with slit
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Figure 66 Comparison between a simulated baseline and a simulated damaged cube.
See also Table 24
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Measurement of cube b1 vs. simulation of the cube with slit
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Figure 67 Comparison between a simulated damaged (blue) and the experimental
measurements taken from cube b1 with the spark eroded slit. See also Table
25

5.4.3 Crossing testing
Baseline spectra
For the FE-model, three PZT actuator/sensor positions were determined as shown in Figure 68
and Figure 69. More information on material characteristics, mesh or boundary conditions can
be found in Annex A5 . The positions were selected to study the sensitivity to deterioration in
the transition zone of the crossing. For each of these positions, a PZT was modelled and then
used in the multiphysics simulation in Abaqus. The frequency responses for PZT1 to PZT3 on the
undisturbed crossing model are shown in Figure 70.
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Figure 68 Crossing wheel-transfer area overview with EMI actuator/sensor positions.
These curves were intended to be used as a single reference to be compared with the cases A
to C. However, at a late stage of the study it turned out, that the introduction of a crack by
simple tie/untie of several nodes required two different instances in the FE-model. This can
affect the mesh topology and the baseline discretization for case C might differ from the other
two cases.
One additional comment on the transition zone as shown e.g. in Figure 69 or Figure 71: Under
normal conditions, the vertical load from the wheel set gradually shifts from the wing rail to the
crossing nose or vice versa depending on the direction of travel. The standard geometry used in
Switzerland defines the starting point of the transition zone (TZ-0) to be at -4mm below top of
the wing rail. The end of the transition zone is defined as the first/last point where the running
surface of the crossing nose has the same level as the wing rail.
The cases B and C can be understood as centre points of larger parameter spaces to be
addressed at a later stage (see the remark on postponed simulations in section 5.4.1). Based on
field experience, the x-coordinate for the cases B and C was set to be at 25% of the TZ length
away from TZ-0.
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Figure 69 Crossing wheel-transfer area details. Height profile used in the simulation
model (x-z plane). VT – virtual frog tip; RT – real frog tip; TZ-0 - start of the
transition zone (tip is 4mm lower than the top of the wing rail); End of TZ end of the transition zone with tip a

Figure 70 Typical phase impedance for the three sensors attached on the surface of the
crossing model.
Case A - manufacturing & operative tolerances
To get a first impression of the sensitivity of the EMI technique to manufacturing tolerances and
geometrical changes caused by maintenance, the geometry of the transition zone was slightly
changed by lowering TZ-0 from z=-4 to z=-5 mm. This is a typical change in real application.
However, the reader shall be reminded that only relative changes in an unvalidated model can
be discussed. The overall stiffness of the used crossing model may significantly differ from the
real products as no technical drawings could be used for an accurate and directly transferrable
FE-model. The resulting data are shown in appendices A to C labelled as TIP_1.
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Minor variations of the peak positions were observed for all the three sensor locations. In the
case of continuous monitoring of the crossing, variations of this type and size are expected to
have spectra remaining close to the initially determined baseline/reference.
Case B - local deformation
This failure mode was defined to assess plastic deformation due to wheel impact/contact.
As a centre point of a multidimensional parameter space, a wheel diameter of r = 375 mm was
assumed, penetrating 0.5 mm perpendicular to the crossing nose transition zone. In the FEmodel this was represented by removing material of the crossing in the area where the wheel
intersects the crossing nose (see shaded area in Figure 71). As shown in Figure 69, the
intersection is located at 25% of the transition zone.

Figure 71 Height profile of the crossing nose when subject to plastic deformation.
Again, baseline(s) spectra and the response of the system after introduction of the local
deformation are compared. PZT1 and PZT3 show clear peaks at low frequencies related with the
applied damage. PZT2 show variations in the resonance peaks but with smaller amplitudes. This
underlines the importance of the actuator/sensor position and the impact on sensitivity for the
monitored failure modes.
In the spectrum of PZT2, two relevant resonances of the baseline spectrum disappear when
simulating Case B. On this sensor the phase variation acts as a hidden effect flattening out the
spectrum response.
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Figure 72 For case B, the plastic deformation was meshed as a geometric modification
of the elements.
Case C - cracks
This failure mode is related to cracks at the surface of the frog tip. The orientation of the
introduced discontinuity is perpendicular to the frog orientation. The discontinuity itself is
represented by a semi-ellipsis with an aspect ratio of 1:4. The centre point of the ellipsis is
located 14 mm below top of the wing rail. The short axis of the ellipsis has a length of 2mm and
is perpendicular to the surface of the frog tip at the centre point (Figure 73).

Figure 73 Case C is simulated by untying nodes at the crack’s surface (additional
degrees of freedom).
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As already mentioned in chapter 5.4.3, the introduction of the discontinuity by simple tie/untie
of several nodes required two different instances in the FE-model and resulted in a different
baseline. Within this study, the effect/influence of the crack tip singularity was not investigated.
Looking at the spectra for PZT1 to PZT3 the resulting difference to the baseline(s) is always bigger
than for cases A and B. Assessing the actuator/sensor positions PZT3 seems to be most sensitive
for the given discontinuity.

5.5 Assess S&C system and / or sub-system degradation rates
including foundation settlement rates as a function of
degradation status
This section presents a simulation-based investigation of ballast degradation rates as a function
of crossing geometry quality and speed for a 60E1-R760-1:15 turnout. The study can be seen as
a continuation of the study presented in (Li, et al., 2014) in that it covers a range of speeds and
crossing geometry qualities.

5.5.1 Objectives
From the simulations the following outputs are extracted. The sleeper-ballast contact pressure
under the crossing rail (𝑝crossing) and under the field side rail (𝑝field side ). The acceleration in the
sleeper underneath the crossing is also considered (𝑎crossing ). The measurement locations are
presented in Figure 74. The contact pressures are used to calculate the settlement rate
according to the empirical model used in (Li, et al., 2014). The sleeper acceleration is considered
as it is expected to be proportional to the track settlement rate (Grossoni, et al., 2018).

Figure 74 Schematic illustration of measurement locations and quantities in a verticallateral track cross-section at the crossing transition.

5.5.2 Simulation model
The present study utilises the parameterised structural track model for an S&C presented in
IN2TRACK deliverable D2.2 §3.4.3. The model is built for the simulation of dynamic vehicle-track
interaction in a multi-body simulation environment and allows for the extraction of sleeperballast contact pressures and sleeper accelerations. For this investigation the pad stiffness is
taken as 120 kN/mm throughout the crossing panel and the ballast stiffness is taken as
100kN/m2. With a sleeper width of 0.3 m the stiffness becomes 30kN/mm per metre sleeper.
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The model structure and properties are presented in detail in the IN2TRACK D2.2 (In2Track,
2019).
The traffic is represented by a simplified vehicle model with a flexible wheelset, a primary
suspension and a combined vehicle and bogie mass with only a vertical degree of freedom to
load the axle. The suspension properties are taken from the passenger vehicle model in (Iwnicki,
1998) and the wheel profile is a nominal S1002. As the dynamic interaction between wheelset
and crossing is dominated by the un-sprung mass of the wheelset, this vehicle modelling is
deemed sufficient for the purpose of studying the influence of crossing impact loading on the
sleeper-ballast contact pressure. The modelling does not account for the influence of adjacent
axles in a bogied vehicle however. According to simulation results in this study, an adjacent
wheelset can contribute 10-20% to the sleeper-ballast contact pressure.
To study the influence of crossing impact angle, a parameterised crossing geometry is used
(Pålsson, 2015). In this model linear functions are used to modify the longitudinal inclination of
crossing nose and wing rail to obtain crossings that produce different impact angles for passing
wheels.

5.5.3 Parameter study
From Newtonian mechanics and the study of linear momentum it can be determined that the
impact load when a wheel passes over a dipped joint is proportional to the product of speed
and impact angle (Jenkins, et al., 1974). As a dipped joint gives rise to a vertical wheel movement
like that of a railway crossing, this relation is true also for fixed crossings. As the speed and
impact angle affect the impact loading at crossings it is therefore of interest to investigate how
these parameters are linked to sleeper-ballast contact pressure and settlements in crossing
panels.
The impact angle is the directional change in the vertical wheel trajectory that the wheel
experiences as it makes the transition from wing rail to crossing nose. A number of crosssections illustrating the transition from wing rail to crossing nose can be observed in Figure 75
and the corresponding vertical wheel trajectory with the impact angle 𝛽 is presented in Figure
76. Further, the impact angle is proportional to the crossing angle, the angle between the
through and diverging route at the crossing (Pålsson, 2018). Generally, it can be said that the
smaller the turnout radius the greater the turnout angle and the greater the impact angle.
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Figure 75 Schematic contact conditions and normal wheel‒rail contact forces during a
crossing transition

Figure 76 Vertical wheel trajectory corresponding to the vertical wheel positions of the
cross-sections of Figure 75 as a function of distance from the Theoretical
Crossing Point (TCP)
The parameters considered in this study and their numerical values are presented in Table 10.
All combinations of these parameter values have been investigated. While realistic values for
traffic speed and axle load are easily determined, realistic ranges for impact angles are more
difficult to find. An impact angle of 6 mrad is typical for a nominal and newly installed 60E1R760-1:15 turnout. The 12 mrad and 18 mrad levels are introduced to represent crossing
geometries that have been significantly altered by wear and plastic deformation. The vertical
wheel trajectories corresponding to these impact angles are presented in Figure 77.
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Table 10

Investigated parameters and their values

Speed [km/h]

Impact angle [mrad]

Axle Load [Tonnes]

80

6

20

120

12

25

160

18

200

Figure 77 Vertical wheel trajectories for wheels passing over crossings with geometries
resulting in impact angles of 6, 12 and 18 mrad respectively
Measurements of crossing geometries which have been combined with estimates of the vertical
wheel trajectories can for example be found in (Ossberger, et al., 2015). These measurements
show that the crossing geometry and the resulting impact angles can be significantly altered by
wear and plastic deformation, especially for manganese crossings, but no quantifications of the
changes in impact angle are given. In these measurements the vertical wheel position on the
crossing nose was two millimetres lower compared to the initial position after 25 MGT of traffic.
This suggests that at least the 12 mrad impact angle is not an unlikely scenario for some wheel
profiles judging from the geometrical changes required in Figure 77 to double the impact angle.
It has also been reported from field measurements (Liu, et al., 2018) that the average vertical
acceleration of a crossing nose was 70% larger before it was repair welded to restore the nose
geometry. This indicates a corresponding difference in impact angles for the degraded and a
restored crossing geometry.
In this study it is assumed that the wing rail and crossing nose inclinations are changed linearly
to make a generic study in the influence of changes in impact angle. For in situ crossings there
is typically an area in the middle of the crossing nose that sees the greatest geometrical change
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leading to increased impact angles for some wheel profiles and reduced impact angles for
others.
Only traffic in the through route and the facing move is considered in this investigation. The
impact loading is expected to be similar for the same speed for traffic in the diverging route and
for trailing moves. The higher speeds would not be feasible in the diverging route however.

5.5.4 Results
Examples of the difference in sleeper-ballast contact pressure depending on the traffic and track
parameters can be observed in Figure 78 and Figure 79. These figures present the sleeper-ballast
contact pressure for the sleeper underneath the crossing transition as a function of the position
of the passing wheelset. Figure 78 presents the results from a benevolent traffic scenario with a
relatively low speed of 80 km/h and a nominal crossing geometry with a 6 mrad impact angle.
In this case the largest sleeper-ballast contact pressure is predicted on the field side, not under
the crossing, and there is little evidence of an impact load from the crossing transition in the
pressure time history. Figure 79 presents the extreme case in the investigation with a speed of
200km/h and a very poor crossing geometry providing an impact angle of 18 mrad. In this case
the sleeper-ballast contact pressure is significantly higher under the crossing at the point of
transition and the bending of the sleeper under the impact is visible in the pressure distribution.

Figure 78 Sleeper-ballast contact pressure along the length of the sleeper under the
crossing transition as a function of the position of the passing wheelset. The
two parallel cross-sectional planes indicate the locations of the wheels on the
wheelset passing in the through route. The single cross-sectional plane
indicates the location of the crossing transition.
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Figure 79 Sleeper-ballast contact pressure along the length of the sleeper under the
crossing transition as a function of the position of the passing wheelset. The
two parallel cross-sectional planes indicate the locations of the wheels on the
wheelset passing in the through route. The single cross-sectional plane
indicates the location of the crossing transition.

Figure 80 Figure illustrating the ratio between the maximum sleeper-ballast contact
pressure under the crossing rail and the field side rail. Results for a range of
vehicle speeds and crossing impact angles. The horizontal plane indicates
where the ratio is equal to 1
The contact pressure values between the extremes presented in Figure 78 and Figure 79 are
summarised in Figure 80 which displays the ratio between the maximum sleeper-ballast contact
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pressure under the crossing (𝑝crossing) and the field side rail (𝑝field side). The measurement
points can be located in Figure 74. The figure thus illustrates which combinations of speed and
crossing geometry that are predicted to give a higher sleeper-ballast contact pressure under the
crossing transition than on the field side.
For the calculation of settlement rates the empirical model used in (Li, et al., 2014) which
originally comes from (Dahlberg, 2001) was utilized. The model calculates the settlement rate
as a function of the sleeper-ballast contact pressure. The model has a threshold value of 139kPa
under which the model predicts no settlements. For pressure values above the threshold the
settlement rate per cycle increases according to a polynomial consisting of a linear term and a
term raised to the power of five. Settlements are thus expected to increase exponentially with
increasing contact pressure.
The settlement model is evaluated for the maximum 𝑝crossing for each run in the parameter
study and the results are presented in Figure 81 for 20 tonnes axle load, and in Figure 82 for 25
tonnes. The maximum settlement rate increases by 34% when the axle load is increased from
20 to 25 tonnes underlining the non-linear relationship between sleeper-ballast contact
pressure and settlement rate. The difference in results is caused by the increase in sleeperballast pressure coming from the increase in static loading. The dynamic loading is dominated
by the un-sprung wheel mass and does not differ significantly between the axle loads.
Due to the threshold effect in the settlement model the more benevolent load cases do not
produce any settlements for these simulation cases. As there is large variation in track properties
and traffic conditions between S&C these results should only be seen as an illustration of the
non-linear behaviour of settlements as a function of sleeper-ballast contact pressure. Also, the
maximum contact pressure in these simulations is expected to increase 10-20% (depending on
axle spacing) for a bogied vehicle if the influence of a second axle is accounted for.

Figure 81 Ballast settlement rate under the crossing transition for the parameter study
of Table 10. Axle Load 20 tonnes
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Figure 82 Ballast settlement rate under the crossing transition for the parameter study
of Table 10. Axle Load 25 tonnes
The change in maximum sleeper acceleration as a function of speed and impact angle is
presented in Figure 83. It can be observed that the maximum acceleration changes drastically
with speed and impact angle

Figure 83 Maximum sleeper acceleration under the crossing rail as a function of speed
and impact angle. The acceleration signal was low pass filtered at 250 Hz
before the maximum value was recorded
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5.5.5 Robustness
In order to estimate how sensitive the results are to changes in track parameters, additional
simulation runs were performed for a mid-point in the parameter grid using a speed of 140 km/h
speed, an impact angle of 12 mrad and an axle load of 20 tonnes. The track parameter settings
for these runs are presented in Table 11. The first run has the default track parameter setting
while the others have combinations of values that deviate plus or minus 1/3 of the nominal.
Table 11

Track parameter settings for robustness study. All simulations are run with a
speed of 140km/h, an impact angle of 12 mrad and axle load 20 tonnes. The
corresponding damping values are changed for each setting to maintain a
constant stiffness to damping ratio.
Run

Pad stiffness [kN/mm]

Ballast stiffness [kN/mm]
per metre sleeper length

1

120

30

2
3

80
80

20
40

4
5

160
160

20
40

The difference in results between the different track property configurations is assessed by
plotting the sleeper-ballast contact pressure and sleeper deformation for the sleeper
underneath the crossing transition at the instant when the passing wheelset is just above the
sleeper. In Figure 84 it can be observed that the contact pressure between sleeper and ballast
depends strongly on track parameters where stiffer track gives a large contact pressure as the
stiffer pads and ballast provide less redistribution of the load via the rails. These different track
property configurations would thus give very different results in calculations of settlement rates
if the same ballast degradation properties apply. In Figure 85 it can be observed that the sleeper
displacement increases with a softer ballast. The shapes of the sleeper-ballast contact pressure
distributions and sleeper deformations in figures Figure 84 and Figure 85 differ since the
pressure also depends on the deformation speed.
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Figure 84 Sleeper-ballast contact pressure along the length of the sleeper underneath
the crossing transition. Lateral position zero correspond to the track centre
line of the through route

Figure 85 Sleeper deformation along the length of the sleeper underneath the crossing
transition. Lateral position zero correspond to the track centre line of the
through route.
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5.6 Establish relevant measures for existing European S&C
inspection and maintenance practices
5.6.1 Measure and purpose
In order to develop better monitoring practices, the goal of this chapter is to describe the global
S&C surveillance process. The answer to two main questions is sought: what quantities of
interest (QI) are currently monitored and what timeframes are applied. Most of the relevant QI
are listed in EN13232 with associated tolerances (design and wear) but some tolerances are left
to the discretion of the Infrastructure Manager (IM).
Generally, the preventive maintenance concept is implemented through two distinct phases:
surveillance and intervention. Only a typical surveillance process dedicated to the S&C is
described here. It is based on:



A list of QI/checks that are representative of the performance of a S&C.
The proper surveillance process based on two sub-processes:
o Inspection: periodically, checks are performed with the required method and
equipment. The goal is to precisely evaluate the state of the system and to
ensure that the different prescriptions are satisfied.
o Systematic visual inspection: the goal is to systematically and efficiently
detect any failure precursor between the checks. The interval is much smaller
than the inspection period. It consists mainly on a global evaluation of the
state and the performance of the S&C and its sub-systems. This is mostly
performed as a visual human inspection.

Table 12 shows the frequency of execution of the two sub-processes of surveillance as a function
of the checks. The surveillance frequency is expressed in number of inspections by year. These
frequencies correspond to the number of times per year that a component (and its
corresponding QI) is inspected, regardless of the process involved. Indeed, since S&C is complex
and inserted in the track, it benefits from multiple dedicated inspection processes (actuation,
locking and detection system, signalling, rail etc.) and those of the surrounding track. These
frequencies correspond to classical lines with operating speeds higher than 150 kph.
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Mapping of the number of inspections per year for different infrastructure
managers

Ballast
Ballast
Bearers
Bearers

Profile
Condition
Condition
Squaring of
bearers
Conformity
of joint
spacing
Condition
Efficiency of
fastening
and fish bolt
Lubrication
Condition
and
tightening
of heel
block
Presence of
burr
Side wear
head check
of halfswitch
Presence of
chip
Presence
and
condition of
the "broken
point
handling
device"
Condition of
coated
bearing
Condition
and "rolling

Bearers

Rail fastening
Rail fastening

Switch
Switch

Switch
Switch

Switch
Switch

Switch

Switch

GA H2020 730841

Systematic visual
inspection

Quantity of
interest

Dedicated checking
frequency

Component

NR

Systematic visual
inspection

SNCF

Dedicated checking
frequency

Table 12

24
24
24
24

1
1
0.3
0.3

1
24
24
24

0.3

24

24

0.3
0.3

24
24

24
24

12
0.3

6,5
6,5

1

6,5

1

6,5

1

6,5

24

1

24

1

4

24

1

4
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Switch
Switch
Switch
Stock rail
Stock rail

Stock rail
Crossing

Crossing

Rail & butt-end
Joint
Joint

Joint

Joint

Pads
Geometry
Geometry
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(insulated
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6
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1
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1
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Geometry
Geometry
Geometry

Geometry
Geometry

difference
between
rolling
planes
(closure vs
crossing)
Cant
Twist
Cant
difference
(10m)
Longitudinal
level (<30m)
Alignment
(<30m)

Systematic visual
inspection

Quantity of
interest

NR

Dedicated checking
frequency

Component

Systematic visual
inspection

SNCF

Dedicated checking
frequency
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2
2
2

6
6
6

2

6

2

6

While these checks are the operational way to perform S&C surveillance, they allow for an
evaluation of the capacity of an S&C asset to perform its main function. As identified in
IN2TRACK Deliverable D2.1 Annex A (In2Track, 2019), the most critical functional failure relies
on the same main function: To support and guide trains with the published axle load, line speed
and EMGTPA. The checks ultimately confirm if this function is properly and safely assured.
Between this principal function and the minute function ensured by each check, we identify
three intermediate functions to get a better understanding of the motivation behind each check.
These functions are:






Ensure that the S&C is invisible to the train from a train track interaction point of view,
i.e. the S&C behaves as a regular track section when loaded. The goal is to evaluate
that the train dynamics are safe and normal degradation of the S&C is expected before
the next check.
Ensure that the S&C performs its guiding safely.
Ensure that the S&C Actuation, Locking and Detection (ALD) system performs correctly

Table 13 proposes a mapping of these sub-functions to the previously introduced checks.
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Quantity of interest

Profile
Condition
Condition
Squaring of bearers
Conformity of joint spacing
Condition
Efficiency of fastening and fish bolt
Lubrication
Condition and tightening of heel block
Presence of burr
Side wear head check of half-switch
Presence of chip
Presence and condition of the "broken point handling
device"
Condition of coated bearing
Condition and "rolling capacity" of roller bearing
Check rail gauge
Flangeway
Squaring of the tip
Thickness
Scotching between stock rail and his support
Height of stock rail
Visual condition of crossing
Hammer auscultation of crossing butt-end
Visual condition
Gap
Gap and integrity of the first on diverging track
Integrity of glued joint (insulated or not)
Condition of joint with dismounting
Condition
Track gauge
Relative height difference between rolling planes
(closure vs crossing)
Cant
Twist
Cant difference (10m)
Longitudinal level (<30m)
Alignment (<30m)
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6 Advanced S&C control for self-adjustment
Chapter 6 evaluates the benefits of an S&C system capable of operating within a range of
acceptable degradation levels. This work takes In2Rail developments further.

6.1 Technology identification review
6.1.1 Introduction
This review examines the state of the art in the actuation and measurement of switches and
crossings (S&C) or turnouts, with a particular focus on actuation, locking and detection (ALD)
and future capability for self-adjustment. In the first instance, the moving parts of switch control
mechanisms are examined. Sensing systems are reviewed. The nature of degradation in classical
systems is described. The review then progresses to examine technologies for self-adjustment
capability, in actuation, communications and control. Finally, a discussion is presented, with
conclusions.

6.1.2 System description: Basic descriptions of S&C moving parts
Terminology

Figure 86 Conventional turnout terminology
The terminology of the parts of switches and crossings or turnouts varies around the world. The
European terminology is outlined in Figure 86 (ontrackatstrathspey.blogspot.com, n.d.) and can
be studied in more detail in EN 13232-1:2003 (CEN, 2003).
Description: basic design
The traditional railway turnout, as a method of switching trains between tracks was patented in
1832 (Fox) (Grace's Guide, n.d.). It uses fixed stock rails, several moving parts including switch
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rails and locks, and cast, fabricated or machined components for crossings and guard/check rails
(see Figure 86, Figure 87 and Figure 88). Improvements have been made, in locking, actuation,
materials, choice of radii and transition geometry for speed, sleeper types, fixings, guard rails,
and crossing design, amongst other features, but the basic layout remains the same today.
There is usually no hinge in the switch rail: its motion relies on the elasticity of the rail. At the
toe end it is poorly supported, compared to the rigid mounting at the heel. The planing of the
toe must be a compromise between desired radius and strength: the perfect geometry would
result in an impossibly thin toe. A series of stretcher bars connects the two switch rails, keeping
them correctly separated and located relative to the stock rails. The switch rails, their spacers,
and actuators, form a moving panel of track, which allows trains to transfer from one track to
another. On longer turnouts, the stretchers are driven or actuated at several points, to ensure
good fitting and to maintain the flange way gap (see Figure 88) (Heeler, 1979).
The turnout assembly also integrates a crossing, which not only joins oblique rails, but also
accommodates the wheel flanges as they cross a rail. The crossing (typically a casting or
partly/completely fabricated) is several metres long, but only about 250mm wide. It is supported
on a series of independent sleepers with underpinning ballast, prone to degradation including
dimensional change (i.e. settlement). Undesired dynamics may be addressed in high speed
switches with further moving parts, integrating a “swing nose” crossing.

Figure 87 Conventional turnout assembly with “bell crank” supplementary drive
(Alexandra Palace, UK)
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Figure 88 Detail of fixed and moving parts, showing multiple actuated stretcher bars
(Rail Live exhibition, 2014)
“Shallow depth” switch rails were introduced in Europe in the late 1980s. They use a reduced
height switch rail, as shown in Figure 89 (b). They give increased reliability due to reduced stress
of the vertical loading in the rail and a full width foot. (Cornish, 2014)

Figure 89 Comparison between vertical switches (a) full (b) shallow depth (flat bottom)
Actuation, locking and detection technologies for monitoring
The earliest actuation was by simple local mechanical levers, later with locking by gravity, dogin-bar, or pawl. Remote mechanical actuation was one of the earliest innovations, first by rods
and levers, and later with motors. The ALD today is typically an electric motor with either
hydraulic, pneumatic or mechanical transmission. It is typically situated very close to the turnout
toe (see Figure 90 (McKenna & Thryduulf, n.d.)) but in some designs is fitted in the bearer or
sleeper.
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Figure 90 Switch machine/ALD (HW type) in situ
Locking of the switch rails is achieved with a wide range of mechanisms. Early mechanical
interlocking addressed failures of switch rail location. “Point locks” (particularly for facing
points) initially placed a remotely actuated dog in the stretcher bar, with the assumption that it
guaranteed the location of the switch rails.
In the UK, the term “clamp lock” is synonymous with a hydraulic actuated ALD which
automatically secures the closed switch rail to the stock rail with a mechanical clamp as the last
step in its motion (see Figure 91). An array of detection switches confirms position and locking.
Such mechanisms depend fundamentally on the integrity of bolted joints.
The exposure of the stretcher bars and supplementary drive levers/rods to damage has led to
subsequent designs progressively hiding the mechanism between, below or in the sleepers. In
particular, it has been difficult to achieve machine tamping around switch panels and their
associated ALD and bearers, which has led to poor support of the turnout.
Sensing or “detection” is a later development. Electrical switches, track circuits, or proximity
sensors detected the presence of the switch rail (or part of its assembly) and the operation of
the locks. Logically, detection methods check that one switch rail is fully open, and the other is
fully closed, before traffic is permitted. All of the above are binary inputs and outputs – either
the rail is considered to be in the correct position, or it is somewhere else. Binary detectors are
therefore frequently fitted as pairs at each end of the motion. Settings are adjusted with cams.
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Figure 91 Clamp lock overview (© Railtrack, later Network Rail)
All the legacy developments in the UK and around Europe suffer, to some extent, in the quality
of their integration. This arose because of early demarcation of skills and disciplines: turnouts
are “track”, but ALD is defined as “signalling”. This historical separation has limited the overall
performance of the system. It is possible that some countries have overcome this, but it remains
a legacy. Later developments such as the High Performance Switch System (HPSS) and Hy-Drive
take a more systems-oriented approach (Innovative Intelligent Rail (In2Rail - H2020), 2017).
It is also pertinent to note that the vocabulary used for specific detail parts varies, not only in
European languages, but also in the English-speaking world, which may make comparisons
difficult.
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6.1.3 Current ALD systems
In2Rail undertook an extensive review in 2017 of actuation, locking and detection. The review
surveyed 86 ALD systems worldwide (Innovative Intelligent Rail (In2Rail - H2020), 2017). The
intention in this report is to briefly summarize that work, and not to repeat it, but also to
highlight recent advances. Some outlines are considered first, before detailing some more
advanced systems. Legacy systems are not covered in depth in this report, but there remain
some relevant devices which will be covered later.
Outline of types in use
The In2Rail report summarised as follows:
“The main categories of ALD are external or in-bearer, coupled or uncoupled, and multiple or
single machine (with optional supplementary drive).
“External point equipment consists of a box containing actuator, plus optionally locking and
detection, mounted on extended bearers or a trackside frame fixed to the bearers and delivering
movement via rods which occupy the space between bearers.” (Innovative Intelligent Rail
(In2Rail - H2020), 2017)
In-bearer ALD mounts the mechanism inside a hollow bearer or sleeper.
“Coupled switches have stretcher bars connecting the switch rail pair so they move
simultaneously. Uncoupled switches instead move the rails in a sequence whereby the open
switch rail partially closes, both rails then move together until the switch fully closes and finally
the opposite switch fully opens. These machines can lock with the capability for unlocking in the
event of run-through.
“A single machine is adequate for shorter switches if it enables sufficient switch opening for free
wheel passage. If not, then either multiple actuators or a supplementary subsystem is needed.”
(Innovative Intelligent Rail (In2Rail - H2020), 2017)
Switch/point machines

Figure 92 An electro-mechanical switch machine (© Vossloh Cogifer)
The switch/point machine or motor typically uses a rotating electric motor, driven by a supply
from the signalling electrics, 120V in the UK (see Figure 92). It drives the switch rails through a
mechanical, hydraulic, or pneumatic transmission, providing final translational displacement of
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about 100-150mm at the toe, with sufficient force to move the switch rails and associated
assemblies, and overcome defined obstructions with a standardised force. A variety of
directional conversion mechanisms has been used, e.g. screws, cranks and fluid final drives. In
the case of screws, some special threads have been used to prevent back-drive; and conversely
ball-screws have been used to reduce friction in some cases. Commonly a brake is provided to
hold the motor in its stationary position. A clutch is sometimes used to allow the motor to drive
to stall without damage to itself. Many machines also include integral detection of position and
locking.
Supplementary drives
“Supplementary subsystems may be via mechanical linkages and cranks connected directly to
the point machine (delivering full available stroke and thrust) or indirectly via switch rail
attachment ….” (Innovative Intelligent Rail (In2Rail - H2020), 2017)
The majority of supplementary drives take their power from the main ALD drive, but a few add
auxiliary power for a long turnout. An important innovation is the HPSS torsional supplementary
system described below.
Hydraulic supplementary systems are also used, e.g. the Alstom Switch Operator (SO) system
used in the Hy-Drive ALD and the voestalpine HYDROSTAR. The SO actuates, holds and detects
“the positions of the rail with the use of an internal slide, gear system and a rotary electrical
switch within its assembly (Innovative Intelligent Rail (In2Rail - H2020), 2017).”
Locking
Several mechanisms are in use in different systems, which use more-or-less physical or logical
locks. Some systems use more than one lock.
 a locking dog in a notch may be used on sliding bars connected to the switch rails – this
is one of the oldest designs;
 other mechanical locking mechanisms such as voestalpine’s SPHEROLOCK are available;
 clamps may be applied, either as part of the actuation mechanism, or independently, as
shown in Figure 91;
 brake(s) may be applied to motor or other part of the transmission, with the assumption
that the rest of the mechanism is stationary and firmly held when this is so;
 it may be assumed that some types of lead screw make an effective lock;
 it is also assumed that some hydraulic drives are effective locks when their valves are
closed;
 multiple redundant locking systems may be used, in combination with detection.
Detection
The location of switch rails and locks is typically confirmed by one or more electric circuits. The
logical state of all required circuits is tested, in some cases before the turnout is permitted to be
moved, or before the track path is cleared for trains to run.
 Simple contact between rails (“track circuit”) may be used; insulation is required for
several additional parts;
 Electric relay contacts may be displaced by rods attached to the switch rails and locks;
the contacts may be close to, or integral to, the switch machine;
 Self-contained electric switch products (e.g. micro-switches) may be used.
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Additionally, several detectors may be used along the length of a turnout, to confirm closure on
one side, and separately, clearance on the other. Significant redundancy may be observed in
recent systems (Innovative Intelligent Rail (In2Rail - H2020), 2017).
Detectors may be arranged mechanically, to monitor a tolerance band, so that one detector is
set to close a few millimetres before another. The operation of such detectors is reliant upon
the mechanical arrangement of rods, rotary cams or linear slides incorporating blocks or wedges
to transfer repeatable and accurate information about the state of the component locations.
Such arrangements are important to monitor for “loss of detection” which logically indicates a
hazardous system state.
As a more recent development, position of key components may be measured. Encoders and
linear devices such as the LVDT may be used. The use of position measurement for detection
also requires some electronic hardware and/or software to interpret the measurement for the
logical detection. The measurement has the capability to determine considerably more
information about the behaviour of the ALD and the switch components.
Adjustment
Adjustment is necessary for actuation, locking and detection, to cope with changes caused by
elastic and plastic deformation, wear, damage, and thermal expansion. It is important to
consider what can be adjusted – and what is worth adjusting.
All current adjustment mechanisms for ALD aim to permanently set, within a tolerance:
 the end point of the switch throw, so that detection conditions are met;
 the locks, to achieve correct locking and unlocking;
 positive detection.
Without the correct detection conditions, it must be assumed that the switch has not achieved
its correct position, which means it must be blocked to indicate danger. Typically a few
millimetres of tolerance is permitted, beyond which there is mechanical hazard, which may lead
to derailment. The overriding factor in adjustment of actuation, locking and detection is the
need for human attendance on site.

Figure 93 Typical traditional adjustment mechanisms for ALD: nuts and spacers
 In actuation, the throw is commonly adjusted by a threaded bar with lock nuts (some
very simple, and some with high quality special nuts and tube adjusters) or by shims and
spacers, as illustrated in Figure 93 (McKenna & Thryduulf, n.d.). Countries with large
temperature variation report that manual adjustment is necessary several times per
year to correct dimensional change (Innovative Intelligent Rail (In2Rail - H2020), 2017).
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Some control strategies (e.g. HPSS) drive to stall at the stock rail, so in principle need no
adjustment for throw.
 Bell-crank supplementary drive may be adjusted by mechanical variation of the crank
radius, with sliders manually locked by screws.
 Detectors and locks similarly may have lock nut/screw adjustment.
Adjustment limits are not easily generalised. Each railway has slightly different requirements for
detection. For example, the aim is normally zero displacement at the stock rail, but the
maximum allowed obstruction is 3-5mm at the toe and 12mm towards the heel (IAD, 2009) (this
was current when that document was published; it may have been updated). voestalpine allows
about 3mm error, which corresponds with the tolerance of the dog in the locking bar. The toe is
decidedly different to the heel, because there is little scope for error at the toe, whereas there
is room for elastic deformation towards the heel.

Figure 94 Built-in tolerance for switch expansion (© voestalpine)
The HPSS manual specifies that each closed switch position value is limited to “-0.1mm to
+0.5mm (primary/toe sensors) and/or –1mm to +2mm (secondary/supplementary sensors)”
(IAD, 2009).
Perhaps the most important adjustment limit is the maximum detection limit, beyond which any
railway’s signalling system detectors show “loss of detection”. Detection limit tests use gauges
of 3.5mm and 1.5mm – but these test operation, not tolerance. HPSS prefers a tighter limit to
avoid any doubt of correct detection.
An important footnote to adjustment is the tolerance for expected movement. This approach is
commonly built in to long life reliable systems. For example, Figure 94 illustrates a slotted
bracket which accommodates switch rail expansion while ensuring correct operation of a lock
(voestalpine, n.d.).
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HPSS
The latest generation of S&C in the UK is the High Performance Switch System (HPSS) with its
High Performance Switch Actuator (HPSA), developed by IAD Rail Systems to meet Railtrack’s
ES3200 specification after 1994, and illustrated in Figure 95 (IAD, n.d.).
The HPSS design aimed for (IAD, n.d.):







“25 year service life
Zero scheduled maintenance
Ease of installation, commissioning, test and fault-finding
No requirements for “men on track” to adjust, replace, or maintain system performance
Tolerant of wear, operating environment, including extremes of climate
Flexible design of control system, allowing all future remote Condition Monitoring
requirements to be accommodated”.

The achievement of these aims is examined in the In2Rail report (Innovative Intelligent Rail
(In2Rail - H2020), 2017).
Advantages claimed by the manufacturer are (IAD, n.d.):














elimination of hydraulics
d.c. brushless motor avoids motor/brush failures
elimination of micro switches to avoid contact bounce
accommodation of lifetime wear without deterioration of function or safety
no adjustments are necessary for lock detection: system drives to stall eliminating any
gap, and automatically compensates for wear
low-friction slides
high stall force to overcome obstructions
IP67 (IEC, 1992): designed to withstand submersion in one metre of water
tolerant of creep of switch rail
insensitive to variations in temperature
an electronic control unit (ECU) monitors and avoids overheating
full machine tamping can be achieved
stretcher bars, cables and other equipment, are housed inside hollow metal bearers.
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Figure 95 HPSS system overview (© IAD Rail Systems)
The HPSA motor and gearbox arrangement is shown in Figure 96. The linear drive uses an ACME
thread lead screw, which prevents back drive. Locking is achieved with the screw itself and a
brake system, which is automatically applied to the motor when stationary. The gearbox drives
the screw, which is connected by a rod and pins to a drive carriage supported on linear bearings
in the middle of the bearer. Each switch rail is bolted to brackets, then connected to the carriage
by rod and pin linkages. Pins are supported by spherical bearings to obviate forces induced by
creep and thermal expansion.
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Figure 96 HPSA drive assembly overview (© IAD Rail Systems)
The ECU is important because it allows local monitoring and control, including detailed condition
monitoring, in addition to management of the usual demand signals and detection feedback.
Supplementary drive is provided by a torsional “back drive” called “PowerLink” which picks up
its motion from an additional stretcher bar near the toe (see Figure 95). A torque arm drives a
tube, centrally mounted to allow machine tamping. Supplementary stretcher bars are driven by
further torque arms. The torsion tube avoids the thermal expansion problem of traditional bell
crank rods.
In addition to detection track circuits, HPSS uses non-contact linear variable differential
transformer (LVDT) sensors to determine the position of each switch rail (see Figure 97) (IAD,
2009). As well as measuring open and closed positions, the LVDTs can also measure an
intermediate position to detect blockage. The LVDT outputs can also be used for monitoring of
degradation. However, the HPSA “drives to stall eliminating any gap”, which means it is forced
against the stock rail, whatever its position or condition. It will be noted that the LVDT sensor is
connected to the switch rail via the drive bracket assembly, stabilised by a rod to keep the drive
bracket vertical. Supplementary sensors may also be fitted, particularly on longer turnouts
(Figure 98).
An LVDT can measure many situations. The sensor has no exposed electronic parts, since it
operates by induction. Blockage can be measured, not only detected. Speed of change can be
measured. A particular advantage of pairs of LVDTs is differential measurement. Unwanted
displacements such as looseness or plastic deformation can be detected. Sets of supplementary
LVDTs can measure the motion of the whole switch panel, including 12mm obstructions.
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Figure 97 HPSS sensing schematic (© IAD Rail Systems)

Figure 98 HPSS arrangement of (supplementary) LVDT assembly (© IAD Rail Systems)
Vossloh Cogifer - SURVAIG NG system
Vossloh Cogifer’s switch machine (illustrated in Figure 99) uses an electric motor with a gear or
hydraulic final drive. Locking and monitoring at the switch is provided by VCC devices fixed to
the stock rail. A version called Easyswitch R is mounted in a hollow bearer.
For monitoring, SURVAIG NG was developed for the SNCF by Vossloh Cogifer’s subsidiary SIEMA
applications, for switch machines and drive assemblies, and is currently in service on more than
250 switches and is to be used generally on the entire TGV network and the Ile-de-France region
(Vossloh Cogifer, n.d.) (Vossloh Cogifer, 2009). Predictive maintenance is provided for turnout
drive systems and physical elements. Sensors may measure force, power, displacement,
vibrations, temperature, and humidity. Switch rail position is detected and quantified, during
switch change or when trains pass. Deterioration is measured in drive (abnormal stress,
mechanism fault, relative position of the switch rail) and diagnosis is performed.
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Figure 99 Switch machine and installation (© Vossloh Cogifer)
Vossloh Cogifer has designed mechanisms to avoid drive rod problems (track gauge, expansion,
guidance and loss of adjustment), lock adjustment, friction, and obstacles. The sensing system
detects faults in:
point opening, dimension in the common crossing, high drive load for a switch rail
or a swing nose crossing, high holding load for a switch or a swing nose crossing,
drive
rod
adjustment,
locking,
torque
limitation/friction,
drive
clamping/unclamping obstruction, placing detector, safety relay, abnormal
tamping level, drive attachment, climatic conditions, abnormal friction level
(greasing defect, driving rod adjustment defect, creep), and switch rail expansion.
In Vossloh Cogifer systems the following sensor systems are available:
 Electrical power is measured for the switch machine supply using a non-invasive Hall
effect sensor, generating power plots.
 Track circuits are monitored for switch location and locking. Timing is also monitored.
“Micro-failures” in the relays in the track circuits are also detected. A non-invasive Hall
effect sensor is used.
 Load during drive and hold is measured with a load cell in the drive shear pin (see Figure
100). It measures normal loads and overload.
 Vibration: an accelerometer is fitted to the final drive. It measures vibration in two axes
during train traffic, intended to measure tamping condition.
 Impact is measured in the crossing in two axes. This is used to determine the condition
of the crossing check gauge.
 Displacement is measured in the drive rod with a rotary encoder called a Paulvé point
detector (see Figure 101). This helps diagnose locking, drive and location sensing faults
and obstruction.
 Displacement is measured at the switch toe with a rotary encoder (see Figure 102). This
determines the gap between the stock rail and the switch (assuming that the stock rail
does not move) and also the position of the drive rod. As can be observed, the
measurement point is very close to the toe, without excessive joints. This measurement
also helps detect faults in the conventional position detectors.
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 Temperature and humidity. Expansion is sensitive to temperature, which may lead to a
requirement for adjustment (e.g. locking devices) and both temperature and humidity
have been correlated with driving force.

Figure 100 Survaig drive rod shear pin sensor (© Vossloh Cogifer)

Figure 101 Survaig encoder drive rod sensing schematic – Paulvé detector indicated (©
Vossloh Cogifer)
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Figure 102 Survaig/ Paulvé encoder sensing at the switch toe (© Vossloh Cogifer)
The sensing installations are supported by electronics networks, software systems, analytics,
and service provision, which are not covered further here.
Voestalpine systems
voestalpine provides drives, locking and detection for its own range of switches and crossings as
well as for others worldwide.
The principal systems are:
 HYDROSTAR – an integrated system with hydraulic drive and supplementary hydraulic
drive system.
 UNISTAR – for shorter switches – hydraulic or electromechanical.
 ECOSTAR switch machines: compete with Siemens, Thales etc.; 2-rod system; detects
and holds in case of failure; locking is achieved with a dog in a sliding bar.
 AH950 switch machine – electro hydraulic
 CSV24, CSV34 switch machines – for tramway infrastructure.

Figure 103 IE2010 detectors (© voestalpine)
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Detection is all achieved by traditional electric switches:
 End point detector IE2010 (see Figure 103 (voestalpine, n.d.)) – 2 detectors, one for each
switch rail. It is stated that “the internal end position detector or field detector serves to
monitor the position of the two switch blades and will detect and report any gauge
narrowing/widening and possible turnout trailing processes. Furthermore, the minimum
switch blade opening in the locking area will be monitored.”
 End position detector EPD 4.0 – a simple retrofit system with adjustable switches.
Locking is achieved with the purely mechanical “SPHEROLOCK” system.
Back drive is provided by either:
 HYDROLINK – a simple hydraulic repeater, or;
 Force transmission – Polygon setting device – rod/lever back-drive.
Some measurements are recorded for health monitoring. Position is not yet measured.
Traditionally in this industry, the detection of the end point is the key to confirming complete
operation, rather than measurement.
Measurements available in voestalpine systems include:
 Pressure – hydraulic; power computed; graphed against time. Thresholds for force are
used. +20% is considered a fault.
 Temperature
 Change over time
 Oil level.
 Exceptions are monitored in graphs through the Roadmaster system (an in-house
product from voestalpine). It is stated “Fixed infrastructure asset monitoring – the
function of the system is based on the evaluation of acquired measured data. This will
be done by means of intelligent software. Thanks to the comparison of actual and
reference values, this software can detect imminent failures even before a malfunction
occurs on the facility. Depending on these values, maintenance messages will be
generated and sent to the competent places automatically. Thus peculiarities can be
eliminated even before a malfunction occurs so that reliable operation can be
guaranteed.” (voestalpine, n.d.)
Future developments would certainly benefit from the measurement of position. voestalpine is
generally interested in condition monitoring and prognostics. Benefits should focus on key
failures for important locations.
Summary of current ALD systems
Europe continues to use a very wide range of ALD, with varying degrees of reliability and cost.
 Several point/switch machine types are popular, with strong cultural attachments to
some very long-lived machine architectures, all of which are broadly effective.
 Supplementary drives are widely used, with some variety of architecture, and they
affect the principal ALD considerably if they are driven from it.
 Many locking mechanisms are used, with some very long-lived devices, but there is an
appetite for locking through the drive or motor in new ALD (it is given that the safety
case is satisfied).
 Detection remains independent and simple, with a small variety of electric switching
mechanisms. Redundancy is widely used. New ALD may supplement detection with
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direct switch rail measurement and electronic logic, which could eventually replace
conventional detection.
 Adjustment is mainly manual, and is aimed at a permanent set-up for actuation, locking
and detection. Adjustment is mainly foreseen to be applied by on-site staff, and the
main purpose is to assure tolerances. There are some important passive devices to
remove the effects of thermal expansion, but rod-actuated supplementary drives still
suffer.
 The latest developments in ALD have tried to deal with known faults by either designing
them out or by control. But data shows that some faults still occur, and that those faults
can be more expensive than traditional designs.
 A key feature of new designs is increased measurement. This permits a much greater
awareness of deterioration, in multiple aspects of S&C and ALD. Some of the
measurement is directly at the point of application (e.g. hydraulic pressure) whereas
some is inferred (e.g. obstruction, inferred via detection or switch rail bracket position,
also depending on the integrity of bolted joints). Visual inspection is rare and relies on
people rather than machine vision.

6.1.4 Degradation
Overview
The turnout and the ALD suffer from a range of changes to condition and operation. In England
and Scotland, 70-85% of the failures within S&C were from failures within ALD between 2009
and 2013, and 53% of S&C permanent way delay costs came from switch rails (Cornish, 2014).
The description here focuses on the switch rails and the ALD, though it may be noted that some
degradation which applies to plain track also applies to turnouts. Faults important for plain line,
such as rolling contact fatigue, are not covered here.
Initial changes in stiffness, friction, and misalignment may lead to faults in motion, positioning
and ultimately in catastrophic failure through component breakage. The slender, planed switch
toe is subject to deformation and wear. A particular issue is that the train wheels, whose coning
allows them to steer around a large radius curve, do not really steer around the turnout
(Wickens, 1998). The radius is relatively small, so the yaw of the vehicle is achieved with lateral
forces reacted by the point blades. This imposes very high forces.
In the UK, for example, the inspection regime and measurements for switches are shown in the
Network Rail specification ‘Inspection and repair to reduce the derailment risk at switches’. The
specification emphasizes that the “main potential cause of a derailment is cross-section
deterioration of profile (commonly deformed through abrasion of the material on the inside of
the switch blade) that allows the wheels to climb the rail” (Cornish, 2014) (Network Rail, 2008).
Inspection types may include visual inspection, ultrasonic inspection, geometry train, supervisor
cab ride, supervisor visual inspection, track maintenance engineer cab ride, and train
maintenance engineer visual inspection, at prescribed intervals.
Cornish (Cornish, 2014) noted that an analysis of permanent way delays related to S&C identified
cracks, “053 failure” (a bundle of wear and plastic deformation that can derail a train, in various
formations on the stock and switch rail according to NR/L2/TRK/053), and specifically plastic
deformation, caused around 90% of UK delay minutes 2009-2012, as shown in Figure 104
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(Cornish, 2014). It is important to note, however, that these are track failures and do not include
actuation, locking and detection.

Figure 104 Distribution of S&C permanent way failure modes 2009-2012
In2Rail noted that ALD has a significantly lower life than other assets. Mean Time Between
Service Affecting Failure (MTBSAF) for ALD is only 4.0 years (against an expected 6.0 years),
which may be compared to 17.5 years for track circuits and 10.0 years for signals. Within types
of ALD, the lowest MTBSAF was 2.9 years (In-bearer clamp lock) and the highest 6.4 years (Hydrive). Longer turnouts have a shorter MTBSAF. Over 50% of failures of ALD were attributed to
actuation, locking and detection (Innovative Intelligent Rail (In2Rail - H2020), 2017).
A detailed breakdown of the ALD faults is reproduced from the In2Rail report in Figure 105
(Innovative Intelligent Rail (In2Rail - H2020), 2017). This is comprehensive and contains an
informative overview. It has some detail which is not relevant to all ALD architectures, e.g. there
are no hydraulic faults in an electromechanical actuator.
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Figure 105 Distribution of ALD failure modes
It will also be noted that there is wide variation in the normalised cost of annual delays arising
from different types of ALD, with mechanical types costing as little as average £265 per unit, and
Hy-Drive as high as £7.8k (with potential uncertainty from a small sample, potentially in
locations of high exposure) (Innovative Intelligent Rail (In2Rail - H2020), 2017). New systems
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including HPSS suffer some failures. It would be misleading, however, to take these figures
alone, because ALD is part of a system.
Trafikverket noted that the failures were dominated by the point machine, heating system,
detection system and switch panel. The heating system was a major issue in winter (Innovative
Intelligent Rail (In2Rail - H2020), 2017).
The reader is also directed to the Innotrack report D3.3.1 – List of key parameters for switch and
crossing monitoring (Innotrack, 2008).
Failures addressed in recent design
The major fault modes recorded for turnouts (according to IAD Rail Systems, without further
attribution (IAD, n.d.)) are the following. Those related directly to the position of the switch rail
and its locking are shown in bold.














Hydraulic failures or leaks
Motor failures, brushes wearing out
Failure of micro-switches (detectors), including contact bounce
Wear of safety critical mechanical components
Rail position detection and lock detection going out of adjustment (Facing Point Lock)
High friction (poorly lubricated slides)
Obstructed points
Flooding
Switch rail creep
Extremes of temperature
Overheating of electrical components
Inability to fully tamp the S&C
Damage to equipment during tamping e.g. broken stretcher bars, linkages

While there is insufficient data to support this analysis in depth, there are several important
areas or agreement with the In2Rail report (Innovative Intelligent Rail (In2Rail - H2020), 2017).
Subsequent HPSS design addressed all of the issues (IAD, n.d.) (IAD, n.d.).
Wear
The removal of material from surfaces may arise from several sources. For rails, two types are
dominant: (Cornish, 2014) (Olofsson & Lewis, 2006) (Johansson & Andersson, 2005)
 abrasive wear, which removes the top layer of the materials in contact, also damaging
the work-hardened layer;
 mild surface fatigue, where material near the surface may be damaged by cyclic loading,
but material removal rates may be benign.
An example is shown in Figure 106, where initial wear has allowed the edge to break (Cornish,
2014).
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Plastic deformation
When cyclic loading exceeds the elastic limit of the material, contact stresses may cause yield.
Plastic deformation may occur, altering the designed shape of the rail profile (Garnham & Davis,
2009) (Garnham & Davis, 2009). This is important because it changes the wheel/rail contact and
pressure. Corrugation may occur as a result of cyclic plastic deformation, caused by slip between
the wheel and rail (Grassie S L, 2009) (Grassie & Elkins, 2005).
An example is shown in Figure 107, where a lip has started to form (Cornish, 2014).

Figure 106 Wear damage on a switch rail

Figure 107 Plastic deformation
Alignment
High failure rates have been correlated to poor vertical track alignment (Williams, et al., 2007)
(Zwanenburg, 2009). Vertical alignment faults increase the dynamic forces between the vehicle
and track. Turnouts have presented difficulties for machine tamping.
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Cracking
Fracture occurs when the ultimate strength of the material is exceeded, or through material
fatigue. Cracks are initiated by “stress raisers” e.g. bolt holes, dimension changes, and maximum
bending at the web. Fatigue is usually involved in initiation. The small contact patch between
the rail and the wheels exacerbates the stress (Cornish, 2014).

Figure 108 Cracking
Figure 108 shows a crack at the foot of a crossing (Cornish, 2014).
Summary of degradation
The study of degradation in S&C and ALD suffers to some extent from historical demarcation
and from some lack of detail.
 As a system, S&C including ALD is a major contributor to loss of service, and has a
relatively short life. This is not really surprising, because S&C has most moving parts in
the infrastructure, and is subjected to very high forces. S&C is an important focus for
manual inspection, to catch and avoid deterioration which may lead to derailment.
 A very wide range of potential faults lead to ALD failure, with 29% in actuation; 24% in
detection; and 10% in locking. Main drive mechanisms and motors, detection
components, and locking blades are noticeable contributors (clamplock components are
too, but are excluded in this study). Many – but by no means all – of the failures relate
to error in displacement or translation of position, at different scales.
 The HPSS design tried to avoid failure related to micro-switches (detectors); wear of
safety critical mechanical components; adjustment problems of rail position detection
and lock detection; obstruction; switch rail creep and extremes of temperature,
amongst other advances.
 New designs have introduced a wide range of measurement to identify degradation, but
it is not clear that this has penetrated the industry very far.
 Overall, there is a variety of contributors to loss of service, some of which offer
opportunities for automatic adjustment (e.g. switch rail location), but some will remain
very difficult (or too expensive) to adjust remotely. Other solutions may be better:
improved measurement and monitoring as a precursor to condition based maintenance;
or design out.
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6.1.5 Technologies for S&C self-adjustment capability
There is an increasing range of machines which stop and start, often with purely linear motion.
Some examples are:








Mechanisms for aircraft undercarriage and control surfaces
Operation of doors, steps, brakes, pantographs, and so on, in trains
Railway track switch and level crossing actuators
Robot arms in the manufacturing industry
Small actuators in cars (window openers, mirror and seat positioning, etc.)
Valve actuators in industrial processes
Operation of machine tools.

The role of these actuators can be critical for the safety and the availability of the system in
which they are integrated. For example, a fault in the actuator of a robot arm in an assembly
line can cause the shut-down of the whole line for maintenance, increasing the maintenance
and operating costs of the plant. In other cases, such as the operation of control surfaces in
aircraft, a fault in the actuator can compromise the safety of passengers and crew (NTSB, n.d.).
This section of the report is partly adapted from a 2015 review of the topic (Ruiz Carcel, 2015).
This part of the review focuses on devices for displacement, or translation of position.
Actuation: descriptions and readiness
There is a wide range of machine typologies that provide linear motion. Motion translation,
coupled with change of speed and torque or force, is one of the oldest machine forms known to
man. The majority of these devices have a high technology readiness, because they are popular,
mature devices. The rotary electric motor is not covered here, but is widely used as a driver for
such machines.
An important distinction to observe is that some actuators are suited to large-scale motion, and
some to small scale motion. The largest translations on S&C are around 110mm for switches and
supplementary drives. Thermal expansion of switch rails can be up to +/- 35mm. Detection and
locking tolerances are within 5mm. “Adjustment” typically requires motion at a small scale.
Some actuators cover both requirements. A deeper survey may cover the robustness and
accuracy required for the railway (not covered here).

Figure 109 Jack screw
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Figure 110 Ball screw

Figure 111 Roller screw

The jack-screw has been used since ancient times due to its simplicity and high mechanical
advantage (see Figure 109 (Columbus McKinnon Entertainment Technology, n.d.)). Latterly it
has been widely used with a motor, often with gears. Its low efficiency may be a drawback for
modern industrial applications. To overcome this issue, ball-screw actuators were designed
using the same principle but placing balls between the nut and the screw to reduce friction,
using a similar principle to rolling element bearings (see Figure 110 (Rockford Ballscrew, n.d.)).
This kind of actuator is widely used in robots and other manufacturing assets. One of the
problems derived from this design improvement is reduction of the load capacity due to the
limited contact surface. This problem is solved in roller-screw actuators by replacing the balls by
roller screws in a planetary arrangement (see Figure 111 (Designworld Online, n.d.)), which
increases the load capacity whilst maintaining a high efficiency, but increases enormously the
complexity and hence the price of the actuator.

Figure 112 Rack and pinion
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Figure 113 Chain actuator
“Wheel and axle” mechanisms operate using a wheel that transmits power to an element that
displaces linearly. A well-known example is the rack and pinion (Figure 112 (Andantex, n.d.))
used commonly in automobile steering mechanisms, automatic doors, etc. Other examples are
the chain (Figure 113 (Edilio, n.d.)) and belt (Figure 114 (Linear Motion Tips, n.d.)) actuators,
which are more suitable for cases which require a compact design compared with the travelling
distance and the stiffness of a rack is not required.

Figure 114 Belt actuator

Figure 115 Cam and follower
In the cam mechanism (Figure 115 (Unique cars and parts, n.d.)), a cam rotates and a follower
produces a linear motion profile determined by the cam shape. This mechanism may be used,
for example, in the actuation of valves in internal combustion engines. Mechanisms composed
of articulated bars can transform a movement (typically rotary) into linear displacement,
obtaining a mechanical advantage. Other popular mechanisms are the crank-rod (Figure 116
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(SuperChevy, n.d.), used in engine crankshafts), the scotch yoke (not illustrated) or the scissor
mechanism (Figure 117 (Mhedcm, n.d.)).

Figure 116 Cranks and rods

Figure 117 Scissor lift
The use of pressurized fluid to produce linear motion using a cylinder with a rod is a very
important mechanism. If the fluid used in such a system is virtually incompressible, it is called
hydraulic (Figure 118 (mecalac.com, n.d.)), whilst if it is compressible (normally air) the system
will be classified as pneumatic (Figure 119 (Designworld Online, n.d.)). Hydraulic actuators can
provide high forces, and they are used in heavy machinery, aircraft undercarriage and control
surface operation, braking systems, etc.

Figure 118 Road-rail vehicle with hydraulic cylinder actuation
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Figure 119 Pneumatic cylinder, cutaway
The load capacity of pneumatic systems is compromised by the compressibility of the fluid,
however its simplicity and flexibility has made them popular for the actuation of auxiliary
systems and automated machines.

Figure 120 Piezoelectric actuator

Figure 121 Magnetically suspended train powered by linear motor
When a voltage is applied to a piezoelectric material it generates strain in it. This phenomenon
is used to generate linear motion in piezoelectric actuators (Figure 120 (nanopositioning.net,
n.d.)). Due to their simplicity and high accuracy they are used for high precision applications (up
to the nanometre scale). However, the small displacements achieved limit their application in
other fields. Electric linear motors (Figure 121 (ecofriend.com, n.d.)) operate using the same
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principle as electric rotary motors, but their rotor and stator are arranged in a way that linear
force is produced instead of rotating torque. Due to high performance of these motors and the
lack of moving parts they have been used successfully for train propulsion, aircraft launching
system or conveyors.
Other
In addition, there are other novel linear actuators available for specialist applications. Examples
include the rigid chain (Figure 122 (serapid.com, n.d.)) and the rigid belt (Figure 123
(serapid.com, n.d.)) actuator, which operate under the same principles as normal belts or chains,
but are designed in a way that allows their use for traction and compression efforts. Another
example is the segmented spindle actuator (Figure 124 (Kataka, n.d.)), commercialised under
the name Kataka, which provides linear motion by forming a tubular column composed of linked
curved segments.

Figure 122 Rigid chain actuator

Figure 123 Rigid belt
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Figure 124 Segmented spindle actuator
Communications and control systems
As discussed in section 6.1.3 of this report, there is an increasing amount of measurement in
S&C generally and specifically in actuation, locking and detection. Nonetheless, the principles of
actuation, locking and detection on the railway are essentially binary:
 Actuation: only two positions are required of a switch rail, open and closed. A mid point
is only passed through, but its inferred state is sufficient to block the train path.
 Locking: only two states are allowed, locked or unlocked. The concept of a half locked
switch is a hazardous state.
 Detection: traditional electric micro-switches or track circuits are made or unmade. The
location of switch rails, and the confirmation of locking, are binary indications. Duplex
detectors allow a tolerance in assemblies, typically to detect a small obstruction where
running may still be permitted. The limit will be approximately 3-5mm, depending on
the location.
In a binary control regime (which is more or less universal on the railway in Europe) the control
steps may be characterised as shown in Figure 125. The exact process depends on the
mechanism of the ALD.
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Figure 125 Outline control algorithm for binary control
In such a control architecture, there are some evident feedback loops.
 The motor control may have monitoring of voltage and/or current to prevent damage.
Typically, the maximum voltage is fixed by the supply, so some current limitation is
present. For example, HPSS monitors for over-current and for stall at the end of the
motion. Most ALD will avoid motor damage in a similar way.
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 The end point of the motion may be monitored by one or more detectors. The motor
proceeds at an approximately constant speed (subject to load) until the detection
criteria are satisfied, when the motor is switched off. Detection may include location
and time duration of the throw. Finally, locks are applied and detection is proved.
A critical appraisal of this architecture may note:
 There is no control of intermediate position, because it is not a requirement. Hence
intermediate events, such as friction arising from misalignment, may slow or stop the
motion. No information about such events is available. The achievement of the next
state is either late or failed.
 There is no opportunity to adjust the end point position during operation. The linkages
and detectors are set manually on site, and their errors must be compensated by predefined mechanical tolerances.
 The strategy of driving to the stock rail or stall will always drive the switch rail to an end
point, but small obstructions will never be detected unless they exceed the settings of
the detection. Gradual change such as wear and lipping will never be detected until it
exceeds detection settings.
 The deterioration of the actuation motion, end-point accuracy, locking and detection is
not monitored in classical systems. HPSS, Vossloh Cogifer and voestalpine have a
number of measurements which could provide this information.
Closed loop control is used where continuous variables must be controlled accurately. A typical
block diagram is shown in Figure 126. Examples of such variables include position, speed,
acceleration and flow rate, in applications such as machine tools, robots and hydraulics. The
input is a set point; the output is monitored continuously (or at a sufficiently rapid sampling
interval) to compare the output to the input. The difference between the two is used to drive
the forward loop (e.g. amplifier, motor and gearbox). The return loop consists of the measured
output. Multiple loops can be included, e.g. to control motor current, as well as the final output.

Figure 126 Outline control block diagram for automatic control
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A critical appraisal of this architecture (in the context of ALD) may note:
 Intermediate positions could be set. This could be useful for adjustment at a microscale; but there remains no requirement for intermediate positions at a macro-scale.
 There is a requirement for accurate measurement of the end point as a continuous
variable e.g. with a LVDT, Paulvé sensor or other technology. Intermediate
measurements are less immediately useful but give accurate feedback about the
location of error points, e.g. unexpected points of high resistance.
 The adjustment to a set point (e.g. closed switch) is automatic. The normal behaviour is
to reduce the error to zero. Movement of almost all components will be compensated,
but the integrity of the displacement sensor assembly is critical.
 Small errors from the set point may be detected, less than the detection limit, e.g. buildup of debris, or lipping.
 The control loop allows inspection of additional variables such as error signal, motor
current, hydraulic pressure and so on, and comparison to ideal behaviour (recorded or
modelled), allowing for a range of performance measurement.
 An automatic controller is more complex than a binary switching controller, but its
technical readiness is high, because it is mature in many industries. In terms of cost,
whole life costing needs to be compared, rather than component cost.
 Inspection requires additional programming and recording – it is not a basic function, in
that it is not required for everyday operation. Again, benefits may outweigh costs.
 The control loop only adjusts what it measures. For example, a closed loop controller for
the switch rail actuation alone will not adjust the supplementary drive. Other variables
need their own solutions.
Opportunities for adjustment and maintenance
It may be constructive to examine the opportunities for adjustment in known faults. This section
addresses some of the specific faults already under consideration for HPSS.
 Failure of micro-switches (detectors), including contact bounce (a transient dynamic
effect causing multiple switch events). It is also noted that high electrical resistance is
experienced across contacts from wear or contamination. Detectors are typically
mounted on linkages, and their datums move. It is clear that it may be difficult to apply
self-adjustment. It is worth considering permissions around tolerances, or further
redundancy. Displacement sensors used as detectors (e.g. LVDT/Paulvé) would be much
more tolerant and offer information about degradation.
 Wear of safety critical mechanical components
o Considering the wear of locks: they are typically renewed or manually adjusted.
Wear of the clamp, at the stock rail foot, is also experienced. It may be too difficult to
apply self-adjustment, because the clamp is a single piece working with its inherent
camming shape in a single motion. A motorised screw clamp could adjust it, but
would be complex. A spring could apply a constant force with variable displacement
for adjustment.
o Considering the interface between switch rail and stock rail, adjustment could be
applied. Plastic deformation of the rail needs removing, usually by grinding out,
which could be automated with some complexity. The deformation is difficult to
measure simply and remotely. Displacement sensors cannot differentiate between
obstruction and plastic deformation, though a time series of measurements could
capture a trend. Vision e.g. by drone, could be good for measuring lipping or
obstruction. There are several common obstructions to remote visual sensing,
including grease, toilet waste, and dead animals.
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o Bars and joints could wear. New designs introduce articulation to remove stress and
friction. Conventional joints needed lubrication, but appropriate bearings can
prevent this need. This problem can be designed out, so it may not be worth adding
adjustment.
Rail position detection and lock detection going out of adjustment (Facing Point Lock)
o In practice, this is typically conducted manually with a +/- 1.5mm tolerance test. It
includes both locking and detection but cannot distinguish them. It is possible to
conceive an adjustment but is certainly difficult. Locks which can be adjusted might
be done for the wrong reasons. Measurement of deterioration would be useful. The
current method of detection of failure occurs just too late: it shows a system failure
but does not help diagnosis.
Obstructed points
o There is scope to improve detection of foreign objects in the size range 5mm to
15mm, depending on the distance from the toe. Improved measurement of the gap
could improve the confidence in decision-making near the limit of the tolerance. It is
possible that remote inspection, e.g. drones, could be advantageous, but
intervention would require manual assistance or sophisticated automation.
Switch rail creep
o Thermal creep and other clearance account for approximately +/- 35mm (in the UK).
Differential expansion – switch rail to stock rail and side-to-side – can be important.
Conventional linkages are dragged out of alignment. Supplementary drives change
shape. Paulvé sensors could suffer with linkage creep, unless they are fitted with
brackets to allow compensation similar to the HPSS LVDTs. Adjustment would require
movement of components attached to the switch rail; they would need calibrated
measurement inputs. Adjustment for creep may be designed out, with slots for
tolerance and articulation in the stretcher bar drive arms.
Extremes of temperature
o Rods for bell crank supplementary drives suffered with thermal expansion, but a
torque tube design suffers a lot less, as does the hydraulic repeater. For the torque
tube, longitudinal tolerance is built in at the heel to avoid stressing the tube or the
heel supplementary drive stretcher bar assembly. It would be possible to adjust rod
lengths, but new designs remove the problem.
o Electronics have some tendency to change their characteristics at extremes of
temperature. Where this is known, compensation circuits or other methods can be
used to adjust automatically for temperature.

The requirement for binary translation of approximately 110mm, coupled with a tolerance of a
few millimetres, may suggest a need for actuators with capability of adjustment in this smaller
scale. Such actuation may be applied in addition to the main motion. It may be observed that
some railways routinely use supplementary actuators in long turnouts, and that other small
scale actuation is used for signalling and track adjustments e.g. lubrication, so may offer mature
technology. Additional components could address specific degradation mechanisms. Additional
complexity would of course need to be fully justified. This approach is not further developed
here, but could be revisited during the project.
In section 6.1.3 of this report a number of sensor products was surveyed. It may be observed
that the suite of potential monitored variables has limited penetration on some railways to date.
Monitoring of force, power, displacement, vibration, temperature, and humidity (and other
parameters) allows diagnosis with estimation of location and severity, and classification of
faults, with their potential early prognosis before failure. In inherently reliable systems, this may
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be an important strategy for scheduling intervention while minimising disruption. However, a
consideration must be made that if any of these monitoring tools themselves form part of the
safety-critical system, they will be subject to the same reliability challenge.
This approach could offer significant benefits to reliability and availability, with less invasive
requirements for changes in controller hardware.
Summary of technologies for S&C self-adjustment capability
Actuation and control covers a wide range of mature technologies for displacement or
translation of position.
For larger scale actuation (around 110mm in this case), screws, racks, chains, belts, cranks,
scissors, and hydraulics offer robust displacement and adjustment. Cranks may be better suited
to fixed displacements, particularly if used “over centre”. Pneumatic cylinders are less attractive
because of the compressibility of the gas used. All the mechanisms need a power source. Direct
electric drives such as motors need less steps of energy conversion than, say, hydraulic
mechanisms, but may require more moving parts for direction change and speed/torque
change. Linear electric motors have the least moving parts but are better suited to long range
propulsion than S&C scale actuation.
For smaller scale actuation, cams and piezoelectric drives may be added, as well as smaller
lengths of some of those technologies above.
Control of turnout actuation is largely dominated by the requirement for two key positions –
open and closed. The end positions work to a tolerance between approximately 0-5mm
(depending on specific design features). Within the tolerance, the passage of a train is
considered safe; outside the tolerance it is unsafe and hence blocked to traffic. Current control
methods move to set end-points, using mechanical end-stops (often the stock rail), and
switching the drive power off, either with a position detection signal, or stalling the motor, or
other step change. There is a strong cultural legacy of driving to end stops, without any
possibility of mid-point positions, or remote adjustment. This has been largely effective over
many years, but errors outside tolerance then lead to service loss, and requirement for on-site
manual adjustment.
Control architecture currently reflects the binary, two-position requirement. Closed loop control
was proposed in In2Rail, which offers automatic adjustment to measured end points. The
method of measurement then becomes critical. It remains open for analysis and discussion
whether full closed loop control is the best solution.
There remain some areas of adjustment opportunities, e.g. thermal expansion, which may
benefit from smaller scale actuation, but may also be compensated by passive design features.
Others, e.g. detectors, may be possible but further analysis would be required to see if such
work is worth doing.
Section 6.2 examines more precisely the needs of adjustment in actuation, detection and
locking, and proposes outline designs. A case for whole-life costing is presented.
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6.2 Self-adjusting S&C design
6.2.1 Scope
This section examines the needs of adjustment in actuation, detection and locking, and proposes
outline designs. As considered above, it is possible to consider adjustment in:
 Actuation – this is the major movement of the switches, typically around 110mm. It
deals with large potential variations in force, arising from friction, obstruction, and
thermal dimensional change. The two end points are the key locations for actuation, and
their accuracy is critical to operation and safety. All actuation is already fitted with some
form of motion control for major movements and potential adjustment. This is typically
an electro-mechanical or hydraulic drive (crossing nose actuation has not been
considered).
 Detection – usually this is achieved with a micro-switch, track circuit or proximity
detector, all of which give a binary indication relative to a fixed datum, in the range of a
few millimetres. Some devices use a LVDT or rotary encoder, which give a measured
displacement relative to a fixed datum, but for the purposes of detection, a threshold is
used. Measurement of position is only used if there is system monitoring. Adjustment of
detection is typically manual, with screw threads or shims. It has no in-built motion
control for adjustment.
 Locking – this includes physical devices such as dogs, clamps, bars, and balls, and also
brakes on drive mechanisms. The key role of locking is to prevent further motion.
Adjustment of locking is typically manual, with screw threads or shims. It has no in-built
motion control for adjustment.
Detection and locking mechanisms do not have motion control, and many variants would be
required. The fixed nature of the datum(s) for detection and locking also suggest that they
should not be moved, as a matter of principle. On the basis of the above, the design study
concentrates on the actuation, omitting detection and locking.
It was also observed that the majority of European actuation uses ALD which is not integral with
the bearer. This is not to denigrate such advances, but to acknowledge that they are a small part
of the population today, and that ALD “in boxes” next to S&C will remain part of the European
railway for decades to come. On that basis, retrofit of any solution will be important, rather than
a complete new system, or a solution targeted at a specific advanced system. A solution should
be applicable to as many types of ALD as possible, allowing upgrading.
Measurement, particularly of the switch rail positions, is of special interest for sensing
degradation. Two different types – LVDT and rotary encoder (Paulvé) – allow well-developed
retrofit to existing S&C.
The key features in scope are:
 actuation;
 retrofit and upgrade;
 sensing.
Supplementary drives are out of scope for this deliverable.
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6.2.2 Control approach
Two control strategies were described in section 6.1.5, and illustrated in Figure 125 and Figure
126. A binary control strategy is effectively open loop, i.e. with no feedback. A closed loop
strategy measures the position (or another variable) to modulate the forward loop. Advanced
systems such as HPSS use some feedback, but the end of the actuation phase in HPSS is
determined by stall of the motor, rather than the position of the switch rail or screw. The vast
majority of ALD uses binary detection and/or clamping to determine its end point.
The use of closed-loop automatic control will bring a number of advances:
 driving to a set point value, its target is to minimise the error, or the differential to the
set point, i.e. the measured gap, rather than driving to a fixed point or stalling the
mechanism;
 this achieves automatic self-adjustment;
 it adjusts the forward loop control smoothly, avoiding shock loading;
 at the set point the error/differential is zero so the force applied is also zero, avoiding a
large stall force;
 any subsequent error caused by external displacement generates a restoring force, to
correct the error to zero; this might be considered as a type of clamping or holding
force;
 in principle, closed loop control can be applied to any forward loop mechanism, allowing
upgrade.
There are some requirements and shortcomings to be overcome:
 all closed loop control requires a feedback loop: in this case, one or more measurements
of position must be added to the system;
 degradation is not indicated in the simplest of control loops: additional steps will be
required, but an electronic control unit (ECU) can easily accommodate such functions;
 culturally there is little interest in the switch assembly’s mid-point(s), but degradation
arising from friction, obstruction or other problems might appear at any point, and
sensitivity throughout the throw is recommended.
It is proposed, therefore, to examine further the application of closed loop control, with
consideration of the points above, in future research.

6.2.3 The forward loop
In section 6.1.3 a range of current ALD was considered, and actuation mechanisms were further
elaborated in section 6.1.5. The vast majority of European ALD is driven with either:
 hydraulic cylinders; or
 electro-mechanical mechanisms.
Pneumatic devices will not be considered further here.
It is useful to analyse the pathway from signal to actuation through block diagrams, with their
inputs and outputs. Figure 127 illustrates the generic forward loop taking a control signal,
amplifying its value with a power source, and moving a powerful mechanism to create the
desired displacement. Historically the input was mechanical but is now typically a small
electronic voltage or current.
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Figure 127 Block diagram of a generic forward loop for actuation in automatic control
Key points about the forward loop:
 power is applied in a controlled manner, not simply on and off;
 the rate of displacement is modulated by the demand signal;
 the power is modulated by the amplifier according to a control law, which might include
(for example) proportional, integral and derivate values of the input, or other;
 we assume that a positive input provides a positive displacement, and that a negative
input provides a negative displacement, allowing a reversing drive;
 the output continues to change until the input is reduced to zero.
Hydraulic forward loops

Figure 128 Block diagram of a forward loop with a dual-acting hydraulic cylinder
Figure 128 illustrates a typical industrial arrangement with a modulating servo and a dual-acting
hydraulic cylinder. In a dual-acting cylinder, pressure and displacement on one side of the piston
ejects fluid from the other side. On the railway it is also common to use two counter-acting
hydraulic cylinders with binary inputs for power and direction, as illustrated in Figure 91 and
Figure 129. It is useful to examine and understand the differences. The design in Figure 128
allows full modulating control. The counter-acting cylinder design in Figure 129 has a number of
valuable features of redundancy, safety and logic; but it has no modulation. The rate of
displacement is determined by the capacity of the power supply and any fixed flow limit. The
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end position is simple – the motion stops when the switch rail reaches the stock rail or an
obstruction. A modulating valve would be necessary to adjust the rate of the displacement.

Figure 129 Block diagram of counter-acting hydraulic cylinders

Figure 130 Hydraulic servo valve schematic
The direction valve in Figure 129 operates as a switch with fixed orifices to change direction. A
modulating servo valve has a spool which controls the quantity of fluid passing, as well as
direction, as illustrated in Figure 130 (Li, et al., 2013). The key difference is the controlled motion
of the spool. While these valves are typically used for dual-acting cylinders, in principle they
could be retrofitted to counter-acting pairs of cylinders. Hydraulic actuators are popular in
several railway administrations, and indeed are core offerings from some major manufacturers.
Hydraulic actuation will continue to be a major contributor to S&C actuation in the future.
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Electro-mechanical forward loops
A block diagram of a generic electro-mechanical actuator is illustrated in Figure 131. A good
proportion of ALD use an electric motor, generally switched with one or more relays, and in
more advanced systems with a driver circuit to protect the motor. The transmission has many
variations, all of which convert the rotation of the motor into linear motion and displacement.
Each railway administration has one or more versions of this outline. The principal mechanisms
used are gears, cranks and screws, as illustrated in section 6.1.5. Given the widespread variation,
effectiveness and popularity of such machines, it is clear that they will continue to be used and
installed across the railway in large numbers.
While it is possible to analyse the range of transmission mechanisms in great detail, broadly they
all:
 convert the rotation of the motor into a linear motion and displacement;
 convert a high speed and relatively low torque into low speed and high force, using
mechanical advantage.

Figure 131 Block diagram of a generic electro-mechanical actuator
Retrofitting to the forward loop
The key change proposed to the forward loops will be modulating inputs as part of electronic
control.
 For hydraulic systems, electronic modulating servo or spool valves will be necessary to
replace simple direction changing valves. An electronic control unit will also switch the
local hydraulic pump on and off when required. For some manufacturers, this is already
in place.
 For electro-mechanical systems, relay based switching will need to be changed to bidirectional modulating speed controllers.
In the ALD context, the motion is in typically one direction for each operation, backwards or
forwards to a hard stop. Backlash is not very important, because there is only one reversal for
each operation. It is important to note that reversible control mechanisms, e.g. robots and
machine tools, use “backlash-free” gears and other components to reduce displacement errors.
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In such machines, accurate positions part-way along an axis are critical, and rapid multiple
reversals are common. This is not the case for ALD but poses more of a challenge for end point
adjustment.

6.2.4 The feedback loop
A fundamental part of the closed loop system is the feedback loop, which allows the output to
be compared to the input or demand signal. In practical terms, this means a measurement and
its scaling to be a direct comparator to the input (e.g. voltage or other variable). A generic
feedback loop is illustrated in Figure 132. In the same way as the forward loop converts the
voltage (or other control) input to displacement, the feedback loop must measure the
displacement, and convert it to a voltage (or other control) output for use in the comparator
(also known as a summer or adder, or indeed a subtractor for a differential amplifier).

Figure 132 Outline block diagram showing the forward and feedback loops
In current practice, the forward loop is monitored with binary detectors. These monitor whether
the motion has completed within tolerance. We must examine the prospects for retrofitting a
measured feedback loop. Looking in more detail, the feedback loop may have several
components. This will be illustrated with some specific examples.
Retrofit of Paulvé sensor feedback

Figure 133 View (end-on section of the rails) of a Paulvé sensor in position
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The Paulvé KDRC sensor is a rotary encoder. In order to be connected to the switch rail, a
mechanical linkage is required. If we assume that the switch rail is very long compared to its
throw, its path approximates to a straight line. The Paulvé sensor rotates about its axis, driven
by a crank of length approximately 100-200mm. The output, therefore, is not linearly related to
the throw. The link rod allows for thermal expansion of the switch rail, which removes the
likelihood of unwanted forces and friction – this is an important feature.
Outline specification from literature and Vossloh Cogifer (by correspondence):
 measurement range of 0-260mm or 320mm according to the linkage
 resolution 13 bits Gray code, 8192 points/360°
 linear precision 0.3mm and “loyalty” 0.2mm
The Paulvé sensor is highly capable for comparative measurements. It should be noted that this
arrangement is mature in railway practice for monitoring displacement (Vossloh Cogifer, 2009)
(Vossloh, n.d.). The physical arrangement is shown in Figure 133.
Each of the parts is given a block below in Figure 135.
 The switch rail fixings bolt a hinge to the switch toe. It may be argued that the switch rail
fixings are a constant (transfer function = 1). They are included here because they are
part of the pathway from switch rail to measurement, which may be imperfect.
 The mechanical linkage is a rod with a hinge formed at both ends. It transforms the
approximately linear motion of the switch toe into the circular locus of the sensor arm.
 The Paulvé sensor generates electronic steps (Gray code) as it rotates.
 Electronics units from Vossloh Siema Applications manage the output. A typical
measurement is shown in Figure 134 (Vossloh Cogifer, 2009). Note that the output is
really rotation – any correction for crank angle must be calculated separately.

Figure 134 Graph output of measurement from the Paulvé sensor system
We may consider two arrangements.
 Figure 135 illustrates the blocks required to return a linear voltage back to the
comparator.
 We may ignore the crank/rod compensation in the controller/compensator block in the
feedback loop if the set point and forward loop error operates with rotational encoder
steps instead of a linear position signal voltage.
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Figure 135 Block diagram of feedback loop incorporating Paulvé sensor
The non-linearity arises from the crank and rod assembly. Assumptions:





the rod length is 320mm
crank radius is 150mm
at 0° the crank is square with the rod, half way across the throw
calculations are made for +/- 70mm, exceeding the typical throw of 110mm.

We may calculate by trigonometry:
 linear displacement of +/- 70mm gives crank rotation of approximately +/- 28°.
 at 0° there are approx. 8.7 steps per linear mm and the resolution is 0.115mm;
 at +28° or +70.5mm there are approx. 8.98 steps per mm and the resolution is
0.111mm;
 at -28° or -69.5mm there are approx. 9.1 steps per mm and the resolution is 0.110mm.
This is illustrated in Figure 136. It illustrates 4.6% difference between the extremes and the
centre. But the difference between each end at +/- 70mm is approximately 1.3%, and slightly
less for the 110mm typical throw. We are not concerned about the centre. Resolution is always
0.115mm or better. The effect of the geometry is always repeatable. The comparison of the left
hand throw with the right hand throw is only of any consequence if a differential measurement
is used, which is discussed further below.
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Paulvé sensor resolution
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Figure 136 Paulvé sensor resolution, calculated
Retrofit of LVDT sensors in the feedback loop
Linear variable differential transformer (LVDT) sensors are fitted to HPSS as described in section
6.1.3 above. Figure 97 is reproduced as Figure 137 for convenience of the reader. Some extra
labelling is applied.

Figure 137 HPSS sensing schematic illustrating LVDT fitting (© IAD Rail Systems)
An LVDT, as its name suggests, is linear. It is typically constructed in a stainless-steel tube of
about 20mm diameter, with a rod carrying a core of high magnetic permeability, which moves
between sets of windings. In theory it also has infinite resolution within its operating range but
accompanying signal conditioning (e.g. analogue to digital converter) will usually restrict the
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resolution somewhat. Unlike the rotary sensor, no linkage is required, but a sliding joint is
required to allow expansion of the switch rail, because the LVDT rod cannot support lateral
loads. A small backlash error will usually be present in the joint. Guidance may be provided (as
in the case of HPSS) to help avoid lateral forces on the rod.
It is clear from the HPSS LVDT application at the toe, and in supplementary drives (see Figure
98), that retro-fit is easily possible with the existing clamps, brackets and joints.

Figure 138 Block diagram of feedback loop incorporating LVDT sensor
The block diagram is shown in Figure 138. It apparently has one less component compared to
the rotary sensor, but the switch rail fixings must include an expansion joint.
If we assume that the length of the switch rail is large compared to the throw, the motion can
be assumed to be linear. The bolted fixings may be assumed to be linear under normal
conditions. The expansion joint is likely to have a very small backlash (reports from the field –
which are out of scope for this project – will be necessary, but this could be less than 0.1mm
clearance in normal conditions). We may expect the conditioning electronics to give a linear
response across the usable range of the LVDT.
It may be noted that the LVDT package is considerably smaller than the Paulvé sensor. The fitting
for the LVDT is under the rail; the Paulvé sensor sits alongside the stock rail. Both sensor types
are available in an IP67 package, resistant to water up to a metre deep for half an hour, and
resistant to dust. Feedback from use in the field will be necessary to establish how much, if any,
of an advantage the small size of the LVDT may be. Its light weight and small size may be an
advantage in placement and response to acceleration; or it may be delicate and hence
vulnerable. Reliability figures from the field may be important.
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Other potential sensors
An aspect which features in the failure analysis (Figure 105) is that rods, arms and slides also
fail. That is, the mechanical connection is not infallible. The sensors above do not measure the
gap between the switch rail and the stock rail directly. The gap is inferred, with the assumption
that brackets, arms and rods, with their associated joints are all intact. There is scope to consider
other, more direct sensing.
We may also examine other parameters which are useful in the context of the exposure of the
switch assemblies.

Figure 139 Along the gap
The space or gap between the switch rail and the stock rail must be sufficient to accommodate
the flanges without interference. The width of the gap is not a constant along its length. It
accommodates:
 the separation of the two track paths;
 the planing of the switch rail to its toe or point;
 any radius provided to fit the toe to the stock rail, illustrated in Figure 139.
The physical response of the switch rail will depend on stiffness; alignment; friction; obstruction;
ice; and the input from the main drive and supplementary drives along its length.
A wide range of sensing is available for similar applications. Point and field type sensors are
considered briefly in Table 14. Point sensors take a single location measurement, whereas field
sensors are capable of measuring a range in a single action. The sensors considered here are
intended for permanent installation, rather than survey, so devices which need manual set-up,
tripods etc. are not included. Sensors other than the Paulvé sensor or LVDT will need work to
achieve high railway TRL, and ideally would offer multiple points or field measurements. In
summary, probably the only technology worth developing for higher railway TRL is the laser
reflector, if it can be made sufficiently robust, and even then it will only measure one point.
There is a range of other sensing related to S&C, more or less related to the displacement of the
switches. The relevance covers:
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 factors which affect the operation of actuation, locking and detection, such as:
o temperature, which may generate dimensional change
o humidity, which may be related to friction in the system;
o strain, which may show normal or abnormal dimensional change.
 measurements which may monitor operation and degradation, such as:
o current in the motor, or hydraulic pressure, or a smart shear pin to monitor force or
power during the full throw of the switch: faults may occur mid-way.
The reader is also referred to INNOTRACK D3.3.1 – List of key parameters for switch and crossing
monitoring (Innotrack, 2008).
Table 14

Alternative gap sensors

Sensor type

Fitting

Advantages

Drawbacks

Robust throughhole mounting
(other features
already use holes
through the
web); noncontact; high
resolution.

Short range. Best
for detection. Not
suitable for
measuring the
typical 110mm
gap.

Hall effect probe
(littelfuse.com, n.d.)
Point sensor

Robust throughhole or bolt-on
mounting; noncontact

Short range. Best
for detection. Not
suitable for
measuring the
typical 110mm
gap.

Laser
reflector
(keyence.co.uk,
n.d.) Point sensor;
lots of different
types.

Can really
measure the gap.
Non-contact; long
range; linear; high
resolution. Some
robust products –
used for civils.

May need a safety
case (already
popular).
Obstruction will
cause system
failure. Low TRL
for railway
infrastructure.

Camera
(bycindustrial.com,
n.d.) Field sensor

Can really
measure the gap.
Non-contact; long
range; linear
(depending on
mounting); high
resolution
(depending on
optics). Can

Needs a physical
support at a
suitable location
and angle. Not
inherently robust,
but could be
protected. No
good in the dark.
Obstruction will

Proximity
probe:
capacitive
or
inductive
(omega.com, n.d.)
Point sensor
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survey a wide
field, not just a
point. Potential
for other
observations.

cause system
failure.

Thermal
camera
(Wilda, n.d.) Field
sensor

Non-contact; long
range; linear
(depending on
mounting);
medium
resolution
(depending on
optics). Can
survey a wide
field, not just a
point. Potential
for other
observations.

Needs a physical
support at a
suitable location
and angle. Not
inherently robust,
but could be
protected. No
good if there is no
difference in
thermal emissions
– poor contrast.
Obstruction will
cause system
failure.

Gyro
(robotshop.com,
n.d.) (alibaba.com,
n.d.):
MEMS
accelerometer.
Point sensor

Bolt-on or
adhesive
mounting; noncontact

Not very robust.
Best suited to
angular
displacement:
likely to give poor
resolution for
110mm
displacement.
Low TRL for
railway
infrastructure.

Linear
encoder
(sick.com,
n.d.)
Point sensor.

Robust design
and mounting;
non-contact.
Mature in
machine tools.
Linear, high
resolution

Needs bracket
mounting like
Paulvé or LVDT
sensor.

Flex
sensors
(adafruit.com, n.d.)

Adhesive
mounting; noncontact

Best suited to
angular
displacement.
Low TRL for
railway
infrastructure.

GA H2020 730841

D2.3

Page 154 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

6.2.5 The controller
There are some fundamental requirements for any development of the control of the ALD. The
majority of the European population of ALD is a “box on the side” rather than an integrated
system. We must design in-built self-adjustment as a feature to be retrofitted to the majority.
The controller must work with existing signalling system logic and the existing detection. It must
meet safety criteria; it must be reliable, and secure.
There are three key issues:
 logic check: this represents the interface of signalling with actuation, locking and
detection;
 actuation control with adjustment: this will encapsulate the closed-loop control;
 health monitoring: a parallel activity which should not interfere with logic and actuation.
These three parts need to run in nested and parallel architecture, described in Table 15 and
illustrated in Figure 140. There is a strong requirement that monitoring does not interfere with
operation. Potential for interference such as cyber-attack must be minimised.
Table 15

Controller architecture streams

Function

Architecture

Safety and security

Logic

Boolean: hard-wired electronic logic

Very high

Actuation

Analogue or low-level digital feedback controller

Very high

Monitoring

High level digital controller

Medium

Figure 140 Overall controller architecture
In this section, a generic design is proposed. There will be necessary detail differences between
different ALDs in different countries. Different detailing will be required, for example, for
electro-mechanical transmission, hydraulic transmission, and specific feedback components,
which will not be completely covered here.
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Logic control
Figure 141 (simplified from Figure 125) illustrates the overall logical steps in actuation, locking
and detection, in order to demonstrate a complete switch throw and test that the track is clear
for traffic. Typical inputs and outputs are also shown in Figure 140.
The specific interfaces for such controllers are made to suit individual countries’ signalling
systems, but this is mature technology, so it will not be detailed here. Innovations such as HPSS,
and state-of-the-art systems from voestalpine and Vossloh Cogifer, have addressed how to
interface new drives and locks with existing detection and signalling, and how to prepare the
safety case for different railways.

Figure 141 Logic of the ALD instruction and feedback to the signalling system
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Figure 142 7400 series NAND logic gate IC
The typical components used today in this part of the control are physical electric and electronic
circuits; relays; micro-switches; and logic gates, illustrated in Figure 142 (Wikipedia, n.d.). Tests
are achieved by Boolean states (1/0), some of which are comparisons of voltage and current.
The sequencing, if sophisticated, could need programmable logic, but the basic tests for locking,
detection and actuation are very simple.
Security and hence integrity for safety is intrinsically very high because there is no
microprocessor and no communication. There is no remote access, other than normal signalling
interfaces. It remains possible to make local interference by physical presence, unlocking the
containment, and changing physical switching and connections. This is important for set-up and
test.
If a network accessible programmable logic controller (PLC) is used (and networked), there is
the potential for cyber-attack, which would need further study, and is not further considered
here.
Closed loop control
The closed loop controller sits completely within the logic controller, because its purpose is to
switch the ALD, not to talk to the signalling. For actuation to take place:
 the position command from the signal system must change its state;
 the locks must be released;
 then the set point – typically a voltage or a current – is transmitted as the set point.
The basic hardware blocks are described below. They are illustrated simply, mainly in analogue
electronics, for clarity. It is possible to specify integrated system packages for all of these, with
a suite of consistent design features such as rack mounting, and terminals, with product support
from well-known companies. While the basic components are very low cost (e.g. around €0.50
for an operational amplifier), the packaging, power and cable routing/termination may well
favour a proprietary package in the field. It is also possible to use digital solutions for all the
blocks, which may have certain advantages, e.g. simulation, adjustment and remote access. (For
completeness, it is also possible to use hydraulic analogue components, but the feedback is
more or less certain to be electronic).
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The set point voltage for each switch end can be adjusted locally. In a transistor-transistor logic
(TTL) circuit, they would typically be around 0.1V and 4.9V to allow for adjustment and set-up,
within a 0-5V system. In a digital system, the set points are numbers.

Figure 143 Differential operational amplifier
Comparator (also known as a summer, adder, or subtractor):
This can be achieved with many low cost electronic circuits. A “differential” (i.e. A-B) operational
amplifier (op amp) is a mature solution at low cost (illustrated in Figure 143 (electronicstutorials.ws, n.d.)). This device compares the set point (V1) with the feedback loop voltage (V2)
and outputs the subtracted difference (V2 - V1 in this example) as the error signal. The
comparator can also be implemented in a digital platform.
Controller:
The controller houses the control laws which affect the behaviour of the forward loop. The
controller can be very simple, or it can accommodate more complicated algorithms.
Proportional, integral & differential (PID) parameters are important in the forward loop:
 the proportional parameter increases (amplifies) or decreases the response; its biggest
effect is when the error is large;
 the integral parameter is useful when the error is small – for example, the decreasing
proportional output may reduce the closing force on the switch, causing it to leave a gap
if there is friction, but the integral of the error with time builds up the closing force until
the output overcomes the friction;
 here the “differential” parameter is not a subtraction, but the rate of change of the
input, which can be useful to moderate velocity and acceleration, if necessary; it is
possible that this is not necessary if motor current (in an electro-mechanical system) is
separately controlled or limited.
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Figure 144 A stand-alone PID controller
The functions for the P I & D parameters can all be achieved with one or more low cost op amps,
but they are typically built in to a package as illustrated in Figure 144 (process-auto.com, n.d.).
This particular example uses a 4-40mA input for its set point. Again, it is mature technology.
It is possible to use digital technology to perform PID functions as well as much more
sophisticated transfer functions. Such control strategies are well reported in the literature and
will not be explored here. Typically, the factors for optimisation are the cycle (rise) time;
minimisation of overshoot; settling time, and stability. In the case of the switch, overshoot is
undesirable (it would stall or break the mechanism). An “ideally” damped system will achieve
this; an over-damped system would be very slow.

Figure 145 Power (MOSFET) transistor on a heat sink
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Power amplifier or servo
The output of the controller is used proportionally to drive a device which handles the heavy
current for the electric motor, or the hydraulic servo. Figure 145 shows a MOSFET transistor,
commonly used as a part of a power amplifier circuit (genesisradio.com.au, n.d.). This is not
replicated by digital technology – an analogue device is required.
It is possible to include an additional control loop to ensure a limit on power through the forward
loop.
Feedback
The output from the measuring device (described in section 6.2.4) must be fed back to the
comparator. Its voltage must be scaled to the same range as the set point(s) i.e. 0-5V in a 5V
system.
Both LVDT and Paulvé sensors have proprietary electronic interfaces to produce suitable
voltages. In the case of the LVDT, an alternating voltage from the transformer is adapted to DC;
in the case of the Paulvé sensor the encoder Gray code is converted in a Siema interface to DC.
It is possible to adapt the feedback to a digital interface – though some analogue circuits are still
required.
If it is considered worthwhile to calibrate for the non-linearity in the Paulvé sensor, this is the
place to do it. It is possible to consider solutions for:






correction of the small difference in the sensitivity at either end (see section 6.2.4)
correction of the larger difference in the sensitivity including the middle portion;
analogue calibration;
permanently-encoded look-up table;
soft-coded solutions (computed or look-up) in a digital platform.

For control alone, it may be considered that the calibration is unnecessary, because its effect
would be negated in set-up. It could be performed later in the health monitoring package, if
desired, for improved accuracy in diagnosis.
Detection
The controller is capable of measuring that the switch rails are within tolerance, and hence that
logical detection has been achieved. This is likely to be used as a redundant backup to physical
detection, in the first instance.
Locking
The closed loop self-adjustment necessarily means that the forward loop is “live”. The selfadjustment minimises the gap. It is possible to logically lock the drive by zeroing the error signal,
and to physically lock the drive (e.g. HPSS uses a duplex brake).
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Security and hence integrity for safety is intrinsically very high for analogue systems. There is no
remote access, other than normal signalling interfaces. Local access is required for set-up, test
and inspection. A digital system offers greater potential for remote access (as well as other
benefits) but is significantly more vulnerable to cyber-attack. It is possible to physically separate
a digital control architecture from networked services, at the cost of reduced access for
monitoring. “Trojan” features such as test modes may still pose vulnerabilities in digital systems.
Health monitoring
In this section, the architecture, inputs, and benefits are proposed of monitoring the actuation,
locking and detection. The monitoring controller is proposed as a parallel process, because:
 it is not “mission critical”;
 its trending activities run on a long time scale – weeks and months, compared to a few
seconds for actuation; trends are important to produce robust diagnosis and prognosis;
 its key advantages will be realised best with a digital system, separated from the
actuation, locking and detection.
The architecture of the monitoring controller needs:






a clock – timing all the inputs;
logical, binary inputs;
analogue to digital inputs;
digital memory and processing;
communications.

Importantly – for security and safety – the monitoring controller should have no opportunity to
influence the logic or closed-loop controller. Its only outputs should be information about the
condition of the equipment. Remote access for condition monitoring is desirable as part of a
wider asset management system, outside of the signalling system. The telemetry and processing
of remote condition monitoring is not further considered here.
Three sources of inputs are proposed, and detailed in
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Table 16:
 logic states of actuation, locking and detection;
 measurands taken from the closed-loop control system, including set point, error,
forward loop and feedback loop variables;
 measurands from specific additional sensors specified for independent estimation of
degradation.
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Table 16

Inputs to the monitoring controller

Source

Input

Benefit

1.1

Logical state required of the State of the demanded position from the signalling – used
switch
for other diagnosis

1.2

Logical state of detection(s)

Position (Boolean) state of the switches and tolerances –
used for other diagnosis
Timing of the detection, identifying switch “bounce”

1.3

Logical state of locks

Position (Boolean) state of the locks - used for other
diagnosis
Timing of the locking, sensitive to mechanism behaviour

2.1

Set point

The required position (in mm or representative voltage) used for other diagnosis

2.2

Error

The “live” demand input to the forward loop: when there
is steady progress during the throw, the error signal in a
closed loop system should be fairly steady; peaks
represent disruption; the timing and/or position of
disruptions are important for diagnosis.

2.3

Current, hydraulic pressure

Proxy for the force applied; the time signature identifies
peaks; the integral measures energy consumed

2.4

Positions of switches

Measured state of the end positions - used for other
diagnosis and redundant detection;
Correlation with the detection, checking detectors;
Measured end position and (by inference) gap
measurement: trend towards the tolerance, giving early
warning of degradation;
Identification of obstruction;
Identification of delays in the forward loop (e.g.
backlash).

2.5

Positions of supplementary Measured state of the end positions - used for other
drives (if included)
diagnosis and redundant detection;
Correlation with the detection, checking detectors;
Measured end position and (by inference) gap
measurement: trend towards the tolerance, giving early
warning of degradation;
Identification of obstruction;
Identification of delays in the forward loop (e.g.
backlash).
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Differential positions of the The differential (i.e. A-B) measurement between the
switches
switches offers:
-

detection of degradation of stretcher bars and
assemblies, e.g. through timing difference in
displacement;

-

self-checking of single and multiple redundant
position sensors;

-

potential for redundancy strategy e.g. voting.

Trending of the differential measurement will be
important, as well as thresholds.
2.7

Differential positions
supplementary drives
included)

of Detection of degradation of
(if
- stretcher bars and assemblies;
-

switch panel behaviour;

-

supplementary drive assembly;

-

self-checking of single and multiple redundant
position sensors.

2.8

Comparison to ideal model Followers, observers and residuals are software tools to
behaviour
compare actual to ideal behaviour (Kaijuka, et al., 2018).
The simple display of variables (e.g. 2.2 - 2.6) is less
powerful than comparison. This approach can detect
faults in sensors and achieve fault tolerance.

2.9

Fusion of multiple sensors or
indicators

Systems with multiple inputs and outputs can achieve
clearer diagnostics with immediate calibration and
adjustment, e.g. force against position (compared to
force against time, offered by some systems today). Datarich systems may offer much more robust diagnosis: for
example sensor behaviour, as well as whole switch
behaviour, can be compared around the network.

3.1

Force sensor e.g. shear pin

A direct measure of the force applied through the
actuation rod; the benefits will similar to those arising
from measurement of current or pressure.
Normal and overload conditions may be measured and
trended.

3.2

Track circuits

Redundant state indicator for switch location;
Timing identifies possible relay degradation

3.3

Accelerometers
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Impact measured in the crossing can determine the
condition of the crossing.

3.4

Temperature

Temperature is correlated to expansion, which may lead
to a requirement for adjustment (e.g. locking devices).

3.5

Humidity

Humidity and temperature and have been correlated
with driving force

3.6

Strain

The strain of the switch rail is correlated with force and
displacement.

6.2.6 Draft specification
This section summarises the proposed design criteria in an outline specification for self-adjusting
actuation for ALD equipment. The specification is intended for further development for a
product suitable for retro-fit to independent ALD across the European railways. The design is
intended to suit the majority of legacy ALD, as well as modern designs in hollow steel bearers.
This specification will not detail where there are local variants, for which adaptations will be
necessary. The local railway administration will determine these requirements. For example, UK
ALDs have DC electricity supply from the signalling system; the majority of European designs use
an AC supply (Innotrack, 2008).
Table 17

System inputs

No.

Name

Description

1

Logical state required of the State of the demanded position – left or right – from the
switch
signalling

2

Logical state of detection(s)

State of the detectors (Boolean)

3

Logical state of locks

State of the locks (Boolean)

4

Power

Electric (or other) power suitable for the railway*

5

Positions of switches

Measured positions, obtained by fitting sensors*

6

Positions of supplementary Measured positions, obtained by fitting sensors*
drives (if included)

7

Analogue channels

Sensor inputs for selected external health condition
indicators, bandwidth to suit the sensor.

* as determined by the local railway administration

GA H2020 730841

D2.3

Page 165 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

Table 18

System outputs

1

State of the switch

Left or right*

2

Logical safe state

Boolean – safe according to the detection and locking
logic*

3

Logical unsafe state

Boolean – unsafe*

4

Health information

Fault detection, location, severity, classification and
prognosis raw data and converted information*

* as determined by the local railway administration
Table 19

Performance characteristics

Logic and timing characteristics
1

Response to command

The logic controller must respond to the local signalling
system in the required time*

2

System throw time

The switch system, including any self-adjustment, must
complete its throw, locking and detection in the required
time*

Control characteristics
3

Overshoot

Overshoot of the actuation, including self-adjustment, is
normally required to be zero

4

Resolution

Position sensor resolution is required to meet the
minimum resolution* (e.g. the scenario described in
section 6.2.4)

5

Tolerance

Error in position of the switch end point is required to be
less than the maximum tolerance*

6

Overload limit

The automatic controller must not overload the forward
loop components.

Monitoring characteristics
7

State inputs

The monitoring controller must record states of demand
and response from the logic controller at the required
sampling rate, and for the required period*.

8

Analogue inputs from the The monitoring controller must record values of
closed-loop controller
measured followers, at the required precision, sampling
rate, and for the required period*.

9

External analogue inputs

The monitoring controller must record values of other
sensing, at the required precision, sampling rate, and for
the required period*.

* as determined by the local railway administration.
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Table 20

Safety and security requirements

1

Logic controller

The interface of the signalling with the actuation, locking
and detection must meet or exceed current safety and
security requirements*.

2

Closed-loop controller

The actuation control with self-adjustment must meet or
exceed current safety and security requirements*
including its relationship with the logic controller and
sensors.

3

Monitoring controller

The health monitoring must meet or exceed current
safety
and
security
requirements*
including
considerations of:
-

remote access;

-

inputs from the logic controller and the closedloop controller which must not interfere with
their safety and security.

* as determined by the local railway administration.
This design study has considered the overall schematic for the self-adjusting switch, with its
control and monitoring. Further detailed specification will be required in follow-on work for:






material requirements of the components;
certification;
environmental requirements;
quality control requirements;
local variations as described above.

6.2.7 Discussion and assumptions
Discussion
 A design study was undertaken to address the need for self-adjustment of the switch
position against the stock rail. In the outline design, a forward loop to automate the
actuation was combined with a measured feedback loop and an automatic controller.
 An overall controller architecture was proposed with a closed loop embedded in a logic
controller, with a parallel health monitoring controller.
 The design was addressed to retrofit to the typical legacy European ALD types which are
not typically integrated into the bearer; but this should not exclude modern ALDs.
 The design is intended to be compatible with existing signalling for actuation command,
locking and detection, and to provide redundancy for detection and locking.
 The self-adjustment addresses the major movement of the actuation, i.e. a point-topoint linear motion, with closed loop control, achieving adjustment at each end.
 The outline design for the controller is intended to apply to both electro-mechanical and
hydraulic mechanisms, with different components required in the power control in the
forward loop.
 Modulation of the power is essential for self-adjustment using closed-loop control. This
can be achieved with an amplifier for electro-mechanical transmission and a servo valve
for hydraulic transmission.
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 Two proprietary measurement systems studied are already suitable for retrofit to
switches. Both are also suitable for supplementary drives and differential measurement.
 The self-adjustment is intended to achieve close-to-zero gap without excessive drive or
clamping forces, and to eliminate stall forces.
 The self-adjustment is intended to compensate for backlash in the forward loop.
 Obstruction can be detected by the measured gap, as well as conventional micro-switch
detection.
 Locking can be achieved by the closed loop control, in the sense that the closed loop
actively holds the switch and restores its position automatically, but this would require a
safety case. Locking can also be achieved by zeroing the error signal and by physically
stopping the motor.
 Sensing of state, health and degradation of the system can be derived from logical
states, control loop parameters, and measured parameters from sensors. A wide range
of sensing for S&C conditions is mature in the specialist market place.
 Safety and security are paramount in the design of a ALD control system.
 A specification was drawn up for further work.
Assumptions
 It is assumed that the stock rails act as datums for the position sensors. The gap
between the stock rail and the switch rail is minimised. Relative movement between the
switches would be detected, provided the bearers and their fixings to the stock rails
remain intact.
 It is assumed that the basic signalling interfaces for command and detection are
common across the railway.
 Similarly, that telemetry will be available for remote condition monitoring messages.
 Some detailed interfaces for signalling, power, locks and detection must be resolved by
the local railway administration to suit their needs and standards.
Limitations
 The measurement of the gaps is dependent on the integrity of the position sensors and
their mounting assemblies.
 Self-adjustment of locks and detectors was not considered.
 Movement of the whole turnout assembly cannot be measured with the proposed
system.
 The design is discussed in outline, and has not been fully drawn, modelled or
prototyped.
 The problem was discussed with several railway professionals, but in the time available
there has been no further scrutiny of the solution proposal.
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6.3 Life-cycle cost analysis
6.3.1 Cost breakdown structure
Life-cycle cost (LCC) includes direct costs and indirect variable costs of an asset over its entire
life. The LCC breakdown structure of the cost drivers in rail infrastructures is presented in Figure
146. In this report, the focus is on the cost of operation and maintenance.

LCC

Concept &
design

Manufacture

Operation &
maintenance

Retirement

Intervention
costs

Operation costs

Denial of service

Fines for delays

Fines for
cancelations

Inspection costs

Maintenance
costs

Corrective
maintenance

Reactive
maintenance

Unplanned
mantenance

Breakdown
maintenance

Renewal costs

Preventive
maintenance

Planned
maintenance

Risk & Safety
Reduction

Cost of NFF

Cost of new
technology

Sensing &
control

Condition-based
maintenance

Figure 146 LCC breakdown structure for rail infrastructure
Operation and maintenance costs represent a major portion of the LCC. Cost of denial of service
and breakdowns have a significant impact on the quality and capacity of service. Cost of denial
of service includes the annual cost of fines for minutes delay and cancelled stops, and may be
defined in an agreed schedule or tariff by a railway administration. The formulation for the
intervention costs depends on a number of factors such as downtime, failure rate and reliability
characteristics of an asset. The intervention costs include inspection, adjustment, maintenance
and renewal costs. Cost of maintenance is composed of reactive maintenance (RM), corrective
maintenance (CM) and preventive maintenance (PM). CM is carried out after a fault has been
detected. At the time of a complete failure, RM is performed. PM is carried out at pre-scheduled
intervals to reduce the probability of failure and therefore downtime in the service. Conditionbased maintenance (CBM) may be carried out for further monitoring and measurements after
inspection using non-destructive testing (NDT) and ultrasonic track recording vehicles.
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6.3.2 Cost Analysis and Methodology
Concerning the asset through its entire life, the LCC has three main stages: (1) Acquisition, (2)
Ownership and (3) Disposal (D. Rama, 2016). In this report, the focus is on the cost of ownership.
This includes both direct and indirect variable costs for support and downtime (i.e. the asset is
not available). Cost of S&C as part of the ownership cost (i.e. operation and maintenance) is vital
since the S&C failures cause the major train delays and downtime. Failures of S&C are mainly
due to the degradation of the assets. This drives a need for inspection to maintain a high safety
level to avoid/minimise the risk of incidents and accidents. Significant costs may accrue for onsite inspection. Regarding the cost analysis, the following points are assumed in this report.
 Only direct costs are considered in cost analysis and cost-benefit analysis.
 Intervention cost includes inspection, corrective maintenance, preventive maintenance,
and cost of renewal.
 Operation cost is mainly due to the denial of the service (tamping and grinding may be
excluded in this case).
 The number of short-term and long-term scheduled maintenance activities are
important.
As stated above, the cost of maintenance is composed of reactive maintenance (RM), corrective
maintenance (CM) and preventive maintenance (PM). In this regard, direct costs are associated
with Labour (𝐿), Equipment (𝐸), and Spare parts (𝑆). As mentioned earlier, the cost of
operation arises mainly from denial of service, which includes the cost of downtime and service
loss. The sum of the corrective and reactive maintenance costs (i.e. when failure happens) for
intervention activity 𝑖 for sub-system 𝑗 can be estimated thus (Nissen, Arne, 2009):
𝐶𝐶𝑀+𝑅𝑀 = ∑𝑖,𝑗 𝜆𝑖𝑗 × (𝐶𝐿 𝑖𝑗 × 𝑛𝐿 𝑖𝑗 × (𝑡𝑙 𝑖𝑗 + 𝑡𝑅 𝑖𝑗 ) + 𝐶𝐸 𝑖𝑗 + 𝐶𝑆 𝑖𝑗 + 𝑡𝐷𝑇 𝑖𝑗 × 𝐶𝐷𝑇 𝑖𝑗 ), (1)
where,
𝜆𝑖𝑗

: Failure rate, which is a function of time

𝐶𝐿 𝑖𝑗

: Man-hour cost for labour

𝑛𝐿 𝑖𝑗

: Number of persons to perform maintenance

𝑡𝑙 𝑖𝑗

: Mean logistic time (hours)

𝑡𝑅 𝑖𝑗

: Mean repair/replace time (hours)

𝐶𝐸 𝑖𝑗

: Equipment cost (£/hour)

𝐶𝑆 𝑖𝑗

: Spare part cost (£/hour)

𝑡𝐷𝑇 𝑖𝑗

: Service downtime (hour)

𝐶𝐷𝑇 𝑖𝑗

: Cost of downtime (£/hour)

Similarly, the cost of Preventive maintenance for intervention activity 𝑘 for sub-system 𝑗 can be
estimated as thus:
𝐶𝑃𝑀 = ∑𝑘,𝑗 𝑓𝑘𝑗 × (𝐶𝐿 𝑘𝑗 × 𝑛𝐿 𝑘𝑗 × (𝑡𝑙 𝑘𝑗 + 𝑡𝑅 𝑘𝑗 ) + 𝐶𝐸 𝑘𝑗 + 𝐶𝑆 𝑘𝑗 + 𝑡𝐷𝑇 𝑘𝑗 × 𝐶𝐷𝑇 𝑘𝑗 ) (2)
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where, 𝑓𝑘𝑗 is the frequency of preventive maintenance for intervention activity 𝑘 for sub-system
𝑗. Moreover, cost of denial of service due to service delay can be calculated as thus:
𝐷𝑒𝑙𝑎𝑦

𝐶𝐷𝑜𝑆

𝑡

𝑙
∑𝑖,𝑗(1 + 𝑟)−𝑡 × 𝜆𝑖𝑗 × 𝑝𝑖𝑗 × 𝐶𝐷 𝑖𝑗 × 𝑡𝐷 𝑖𝑗 + ∑𝑖𝑗 𝜆𝑖𝑗 × 𝑝𝑖𝑗 × 𝐶𝐷𝐹 𝑖𝑗
= ∑𝑡=0

(3)

where,
𝑡

: Number of years

𝑡𝑙

: Asset life time (year)

𝑟

: Discount rate

𝑝𝑖𝑗

: Probability that a failure leads to service delay

𝐶𝐷 𝑖𝑗

: Unavailability cost of delay (£/hour)

𝑡𝐷 𝑖𝑗

: Mean delay time for service (hour)

𝐶𝐷𝐹 𝑖𝑗

: Fines due to the service delay (£/hour)

Similarly, cost of denial due to the service cancellation can be calculated as:
𝑡

𝐶𝑎𝑛𝑐𝑒𝑙
𝑙
∑𝑖,𝑗(1 + 𝑟)−𝑡 × 𝜆𝑖𝑗 × 𝑞𝑖𝑗 × 𝐶𝐶 𝑖𝑗 × 𝑡𝐶 𝑖𝑗 + ∑𝑖𝑗 𝜆𝑖𝑗 × 𝑞𝑖𝑗 × 𝐶𝐶𝐹 𝑖𝑗 (4)
𝐶𝐷𝑜𝑆
= ∑𝑡=0

where,
𝑞𝑖𝑗

: Probability that failure leads to service cancellation

𝐶𝐶 𝑖𝑗

: Unavailability cost of cancellation (£/hour)

𝑡𝐶 𝑖𝑗

: Mean time for service cancellation (hour)

𝐶𝐶𝐹 𝑖𝑗

: Fines due to the service cancellation (£/hour)

In this project, the cost of renewal is associated with implementing new technology for S&C, and
the cost of risk due to the existing and the proposed technology. In this regard, the risks of the
proposed technology can be assessed, to assist with the Cost Benefit Analysis and appraisal. To
address risk, Quantitative Risk Analysis (QRA) should be applied. The QRA processes include the
following steps:
Step 1:
Identifying the risks databased based on historical data, studies of similar projects
and expert’s knowledge for the current and future state (i.e. with or without the new
technology)
Step 2:
Define the project scope statement to define the high-level requirement,
assumptions and milestones with/without the new technology
Step 3:

Risk management plan to define risk categories, and impact.

Step 4:

Risk register to define the list of risks based on their ranking and categories.

Step 5:

Project management plan including a schedule plan and cost plan.
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To assess the cost of risk related to the risk item 𝑟, it is required to calculate the impact of risk,
as follows:
𝑅𝑟𝑖 = 𝑅𝑟𝑜 × 𝑅𝑟𝑠 × 𝑅𝑟𝑑

(5)

where,
𝑅𝑟𝑖

: impact of risk item 𝑟 (a number between 1 and 1000)

𝑅𝑟𝑜

: probability of occurrence for risk item 𝑟 (a number between 1 and 10)

𝑅𝑟𝑠

: severity of risk item 𝑟 (a number between 1 and 10)

𝑅𝑟𝑑

: probability of detection for risk item 𝑟 (a number between 1 and 10)

Please note that 𝑅𝑟𝑑 can be neglected from the impact calculation and therefore the risk impact
can be a number between 1 and 100.
Based on the risk impact and risk category, each organisation can define the cost of that risk
item 𝐶𝑟 . 𝐶𝑟 is sum of all the cost values associated with the cost drivers of risk item 𝑟. For
instance, the cost drivers can be in terms of operation time, denial of service, labour, fatality,
etc. Afterwards, the cost average and standard deviation can be calculation as:

̅̅̅
𝐶𝑟 =

∑𝑛
𝑟=1 𝐶𝑟
𝑛

̅̅̅ 2
∑𝑛
𝑟=1(𝐶𝑟 −𝐶𝑟 )

, and 𝑆𝐶𝑟 = √

(6)

𝑛−1

The standard deviation error, known as standard error, can be calculated as:
𝑒𝑟 =

𝑆𝐶𝑟

(7)

√𝑛

where, 𝑛 is the total number of risk items. The confidence interval can be therefore calculated
as:
𝑍𝑚𝑖𝑛 < 𝑍𝑚𝑜𝑑 < 𝑍𝑚𝑎𝑥

(8)

̅̅̅
𝐶𝑟 − 𝑧 ∗ × 𝑒𝑟 < ̅̅̅
𝐶𝑟 < ̅̅̅
𝐶𝑟 + 𝑧 ∗ × 𝑒𝑟

(9)

The most common confidence values are 90% confident, 95% confident, and 99% confident
intervals. The 𝑧 ∗ scores for the most common confidence levels are 1.645, 1.96 and 2.576
respectively.

GA H2020 730841

D2.3

Page 172 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

6.3.3 Cost benefit analysis
In cost benefit analysis (CBA), the aim is to maximise the system reliability and minimise the cost
of operation and maintenance. It is worth noting that safety is crucial for system reliability. To
minimise the LCC, the ratio between PM and CM is important. It varies between organisations
and assets. The balance between these two maintenance types is based on the selection of
maintenance strategy, which depends on the cost of downtime, reliability characteristics and
redundancy of the asset. To find the ratio between PM and CM the answer to the following
questions are required:





Which intervention activities belong to PM or CM?
What is the enterprise resource planning for intervention?
What are the reliability characteristics?
What are the indirect variable costs and costs of outsourcing?

In CBA, benefits can also arise regarding the proposed S&C technology in terms of efficiency
saving and benefit from reducing risk. The efficiency improvement can be achieved by investing
in the new S&C system. The savings in cost can be associated with process time reduction and
resources (e.g. staff and equipment) reduction due to variation in time delays.

6.3.4 Case study
To demonstrate the cumulative net benefit of a renewal S&C technology, the Pareto diagram of
the possible failure modes of S&C from a railway study has been considered (Fausto Pedro
García Márquez, 2008). A Pareto diagram of the failures recorded in this study (based on
Network Rail’s Failure Reporting and Monitoring of Equipment (FRAME) database) over a three
and a half year period is illustrated in Figure 147.

Figure 147 Pareto diagram for the case study (Fausto Pedro García Márquez, 2008)
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In this report, the study cited (Fausto Pedro García Márquez, 2008) has been extended by
implementing a sensitivity analysis for the cumulative net benefit with respect to the total delay
time and the probability of inspection for each failure mode. Figure 148 shows the financial costbenefit of an assessment period of 10 years, using a discount rate, 𝑟 = 0.08.
Assuming a constant value for the total delay, Figure 149 shows the sensitivity of the cumulative
net benefit to variations in the probability of failure detection.
Both Figure 148 and Figure 149 show indexes for a notional £1 investment, and they compare
indices over the following years, with differing savings and probability of detection benefits.

Figure 148 Economic cost-benefit of cumulative net benefit (£1 investment) with respect
to the total delay minutes.
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Figure 149 Economic cost-benefit of cumulative net benefit (£1 investment) with respect
to the probability of failure detection.
As a worked example, based on Figure 148 and Figure 149, if the initial investment cost will be
£10,000, assuming an optimum value for delay cost saving and having a 30% increase in the
probability of failure detection, the net present value (NPV) over a 10-year period is modelled
in Table 21 as follows:
Table 21

Cumulative economic cost-benefit for investment and delay cost saving with
r=0.08.

Year-1

Year-2

Year-3

Year-4

Year-5

Year-6

Year-7

Year-8

Year-9

Year-10

Costs

£10,000.00

£10,996.98

£11,920.11

£12,774.86

£13,566.30

£14,299.11

£14,977.64

£15,605.91

£16,187.64

£16,726.27

Saving

£3,034.72

£5,844.65

£8,446.43

£10,855.49

£13,086.10

£15,151.48

£17,063.86

£18,834.59

£20,474.16

£21,992.27

-£6,965.28

-£5,152.34

-£3,473.68

-£1,919.38

-£480.20

£852.37

£2,086.22

£3,228.69

£4,286.52

£5,266.00

Total

The model in Table 21 indicates that the initial £10,000 investment will start to recover (positive
NPV) after six years, with this set of assumptions about costs and benefits.

6.3.5 Limitations
The methodology has been discussed with Network Rail’s Whole Life Costing team.
 The true costs and benefits are entirely simulated.
 Detailed costs of build and install cost, maintenance and inspection interventions, and
location-related benefits were not available, so a generic approach is used.
 The pay back is entirely dependent on the benefits e.g.
o reduction of denial of service, which varies according to time and location;
o reduction of inspection and maintenance, which has a range of additional variables.
 We have modelled the effect of uncertainty. Further work will be required to quantify
uncertainty in several areas.
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7 Conclusions and input to demonstrators
7.1 Evaluate, assess and catalogue existing state-of-the-art
solutions for S&C monitoring and control
This review aimed to catalogue existing sensors and communications technologies for use in
S&C remote condition monitoring. A list of potential S&C communication and sensing
technologies has been presented. Identification of a suitable selection along with a specification
for a plug and play system and architecture that can be demonstrated at TRL 5 followed (in
Sections 5.2 and 5.3).

7.1.1 Communications
A large number of local wireless technologies are covered by standard IEEE 802.15.4 (IEEE,
2015). These typically require somewhat more power than the lowest power devices but have
established industrial user bases.
The lowest power communication technologies are based on the 868 MHz band, and generally
use custom or proprietary communication protocols. A custom wireless protocol has advantages
in that it allows for optimisation of energy usage by cutting out any of the optional things that a
device meeting a standard has to include. It means that custom timing can be implemented,
enabling devices to wake up at a predefined time to transmit stored data and then go to sleep
without participating in a combined network.
By setting up the devices carefully, very low power can be maintained. The transmitters typically
do not require any time to set up, just power up and transmit something without having to
establish a point to point communication. The receiver is always powered up, listening for a
transmission from any device. The receiver may acknowledge the reception of the data and then
the transmitting device can go back to sleep. If the receiver misses the data, and data overflow
occurs in the sensor device, then data may be lost forever, which may or may not be important.
Certain microcontrollers are available with very low power requirements that include a radio
frequency communication hardware on the same silicon as the microcontroller. Efforts to
incorporate extreme power saving have been made on the silicon itself, and the number of
external components required is minimal. This type of device tends not to fit into an industry
standard but is customised to the particular requirements of a sensor system. It offers the lowest
power option but is not readily extensible to very different sensor types. Adding a device to a
sensor network may work, until the transmission times of all the devices fills the available time.
Advanced planning is needed. It is not clear how such devices can co-exist in close proximity to
a similar network.

7.1.2 Sensor recommendation
The In2Rail project (Innovative Intelligent Rail (In2Rail - H2020), 2018; Innovative Intelligent Rail
(In2Rail - H2020), 2017) identified that the sensors with the highest feasibility for use on S&C

GA H2020 730841

D2.3

Page 176 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

are electric current, acceleration and temperature. These metrics also represent a sensor type
that can diagnose switch movement, one that can monitor the passage of trains and assess the
environmental condition. These sensors also have a mix of data rates and are triggered by
different events (point machine activation, train movement, timed measurement).

7.1.3 Technology demonstrator
A technology demonstrator showcasing promising networking technologies has been developed
to show monitoring acceleration (triggered by vibration of train) over EtherCAT, monitoring
temperature (triggered by time interval) over LoRa and monitoring motor current (triggered by
switch movement) over Bluetooth LE. These three demonstrators were integrated using the
railML and SensorML data formats and transmitted over Ethernet to a server where data was
shown live.
The limitations of railML were discussed and the suggestion that SensorML be used alongside as
recommended by other Shift2Rail projects has been adopted. It was noted that the Shift2Rail

Canonical Data Model (CDM) should be used going forward when it is more fully developed.
Appropriate EMC and communications standards were considered, and it was determined that
there are no barriers to the implementation of systems similar to the demonstrators so long as
basic railway acceptance procedures are followed.
The three technology demonstrators were made to function together and to send their data to
a central server over Ethernet.
Some difficulties were encountered in getting the COTS Bluetooth product to sample at 100 Hz
and to get the EtherCAT working in a full ring set up as was originally intended.
EtherCAT can detect network issues and can transmit those issues onwards but needs a suitable
data structure to send error and status messages.
SensorML was found to be complex to implement on three demonstrators and a server and does
not, in the author’s view, support a suitable plug-and-play approach.
Discussions with the team developing the Shift2Rail canonical data model are recommended to
determine if a similar approach can be used for inter-hardware communications that support
plug-and-play of hardware without a very large overhead of XML schemas.

7.2 Technologies for whole S&C system monitoring, inspection
and control
This study focussed on the application of the electro-mechanical impedance technique for the
detection of cracks and other defects in rails – primarily crossings. There were some limitations
to the work due to large computational requirements leading to delays in producing meaningful
modelled results.
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7.2.1 Cube – material and discontinuities
As expected, EMI shows to be sensitive to changes in stiffness and to discontinuities. Samples
taken from the explosion hardened zone of a manganese crossing show a clear drift of
(reproducible) peaks, even if only about 10mm will be affected by the hardening process (edge
length of the cube is 40mm).

7.2.2 Crossing nose (FE only)
The response of the baseline is compared with the change of the nose geometry (Case A), the
deformation in operation (Case B) and with a crack of about 8x2mm (Case C). The position of
the actuator/sensor system strongly affects the signal obtained. Overall, the crack introduced in
case C leads to signatures that differ much more from the baselines than the rather small
signatures that are related to the small changes in geometry assumed to be representative for
tolerances related to manufacturing and operation/maintenance (cases A and B).
Based on the simplified approach presented in this study, EMI seems to have potential that
should be further assessed. The parameter space as defined at the beginning of this project
could not be fully analysed due to challenges in the model setup and computational steps. It
might be worth redefining the parameter space and the derived set of simulations to be run.
More emphasis should be put on crack type, size and orientation, rather than tolerances or
relative stiffness.
Two additional steps are necessary to address the latter: the validation of the simulation results,
as the crossing geometry of the FE model does not represent the real local cross-sections. The
difficulties to obtain reliable data or even technical drawings of crossing noses from
manufacturers was a substantial obstacle for the present work. It will also require a substantial
effort to compensate this gap in upcoming steps. A laboratory scale demonstrator might be
necessary where the real geometry is carefully determined and is transferred into a FE-model.
Also, tests out in the field should be performed, probably using some of the above conclusions
(actuator/sensor position) to address the influence of the additional parameters/tolerances.
It is also highly recommended to further analyse the following aspects:
 Which strategy and preparation steps are required (for the FEM and in particular for the
mesh) to obtain a stable baseline?
 Allocation of enough calculation power and priority of the computational tasks.
 Detection capabilities depending on actuator/sensor position and orientation
 For a successful application it is necessary to show that it is possible to derive algorithms
with reliable thresholds to trigger early warnings for a wide variety of baselines (crossing
types).
 Clarification of the application scenario: Is it possible to work with preset baselines?
Under which conditions it is necessary to set a new baseline?
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7.3 Assess S&C system and / or sub-system degradation rates
including foundation settlement rates as a function of
degradation status
The study illustrates, albeit mostly in a qualitative way, that a poor crossing geometry can cause
a higher local ballast settlement rate under the crossing transition compared to that in the
surrounding crossing panel. The amount of crossing geometry degradation (and corresponding
increase in impact angle) required to reach this point is dependent on the line speed and track
resilience. For a nominal and well-maintained crossing, no significant amplification in settlement
rate around the crossing transition compared to the surrounding track is to be expected.
To correlate the results presented here to the situation in track and current crossing geometry
maintenance limits, the following steps are proposed. If measurements of crossing geometries
that are on the limit of current maintenance limits are taken, the impact angles for a range of
wheel profiles can be obtained for these geometries using computer simulations. This
information can then be correlated to the impact angles used in this study. In this way one can
also observe what impact angles are currently tolerated and to what extent the stipulated
maintenance limits on crossings correlate to the resulting impact angles in track.

7.4 Establish relevant measures and intervention limits for
existing European S&C inspection and maintenance
practices
This section collated maintenance practices from two European IMs and compared the various
types and frequency of inspections.
It was found that inspection frequencies differ from one IM to the other but offer the same
safety level. Each IM had established, from experience, a specific balance between visual
inspection and checking. Consequently, the intervention limits are different from one IM to the
other and had been omitted from this report. Logically, failure modes identified and prioritised
in IN2TRACK D2.1 can be detected by the proposed inspection, thanks to only one check at a
time or through a combination of them.
While essential, visual inspection is clearly a labour-intensive process. Optimising this process
thanks to sensors is clearly in line with the digitalization trends towards industry 4.0. It is one of
the goals of In2Smart project deliverables D9.1 to D9.4. Whatever the optimisation strategy is,
a balance should be found between human inspection, automatic visual inspection (in place or
train-borne) and asset-mounted sensors. Most of the checks listed here are not directly and
efficiently measurable since they include qualitative assessment (e.g. condition of ballast) that
rely on human expertise during visual inspection. Thus, the present inspection list needs to
develop adapted sensing techniques and data analysis to assess each check. Another approach
could be to develop new checks natively designed to be efficiently measured.
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7.5 Advanced S&C control for self-adjustment
7.5.1 Current ALD Systems
Broadly, all European switch machines produce the same point-to-point linear motion, derived
from a wide range of motor arrangements, with mechanical or hydraulic transmission. There is
development to move most of the primary and supplementary drive components into the
bearers, and/or central to the track, to shield them from tamping tines.
All drives use a combination of rods and bolted joints to move and lock the switch rails. Manual
adjustment of the position uses a range of threaded joints and/or spacers. Drive of switch rails
to the stock rail generally involves high forces, which may include forcing mechanisms to stall.
The position achieved is dependent on the current position of the stock rail (assuming there is
no obstruction). A gap is undesirable, because lateral wheel forces would cause displacement;
but a pre-load has no advantage.
There is a wide variety of locks to fix the switch rail at its end position. Some of the latest
mechanisms brake the drive motor rather than lock the rail. This has advantages in the life,
precision and logic of the lock but puts dependence on the drive and all its joints remaining
intact. Many mechanical locks also depend on a series of joints.
A significant range of sensing is available to monitor known faults. Measurement of the position
of the toes, and further locations towards the heels, of the switch rails is possible, though not
widespread. Detection of position typically uses an array of micro-switches or proximity probes
to confirm the position of the closed and open switch rails. The micro-switch is a binary indicator
and can only control tolerances with multiple detectors. Accurate displacement sensors (e.g.
LVDT and encoders) may be fitted in addition to conventional detection devices, to measure the
position and monitor tolerances. No evidence was found that the sensors were used to
modulate the drive displacement. Sensors fitted to the switch rail generally measure the
position of a bolted rod or bracket attached to the rail. The gap between the stock rail and the
switch rail is inferred, assuming the other components have no relative movement.
Degradation
S&C, including ALD, contributes significantly to loss of service, and has a relatively short life.
There is a very wide distribution of fault types. Errors is displacement are important but are not
the only fault. Displacement errors occur in different mechanisms at different scales, e.g.
actuation, detection and locking. Advanced designs have attempted to design out known faults.
They also include a wider range of measurement, with some remote monitoring for fault
prediction.
There is capacity for automatic adjustment in several faults. Improved measurement and
monitoring will be important.
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S&C self-adjustment capability
There are many robust technologies for adjustment of position. Actuation has a different scale
of displacement, compared to detection and locking.
The control of turnout actuation is dominated (technically and culturally) by the end positions,
but further control of the tolerances will need measurement and modulation. The adjustments
needed are not only in actuation, but also in detection and locking.
Evaluation of technical difficulty and cost effectiveness will be important.

7.6 Self-adjusting design
Opportunity exists to prevent a significant proportion of faults relating to switches. The faults
which remain, or are uneconomical to prevent, may be detected early using a range of sensing,
which is mature in the railway industry.
Automatic self-adjustment can be fitted to the majority of the actuation for ALD. It is important
for the solution to retrofit to a range of physical hardware across Europe and to be compatible
with the culture and logic of railway signalling command and control.
Early detection offers the opportunity to avoid further degradation, improve safety, reliability
and availability, and reduce denial of service and other impacts related to failure.
Remote monitoring and control offer the opportunity to reduce the need for physical
attendance on site for inspection, while maintaining a clear view of system health and its
management.
Safety and security remain the highest priority, and it is critical that the detailing of the closed
loop control and monitoring system (e.g. for cyber security) fundamentally maintains or exceeds
current requirements.

7.7 Self-adjusting S&C life cycle costing
This section presented an economic study of LCC cost-benefit of a case study for a self-adjusting
S&C infrastructure with built-in monitoring. Statistical information for the possible failure
modes, and the Pareto analysis is cited from a study (Fausto Pedro García Márquez, 2008), which
is based on the Network Rail’s Failure Reporting and Monitoring of Equipment (FRAME)
database.
This case study described the cumulative net benefit with an 8% annual rate of return. Figure
148 shows that without the self-adjusting and monitoring S&C system (i.e. with no delay cost
saving), there will be no preventive maintenance cost and no cost saving per delay minute.
Therefore, the investment will not be beneficial over the 10 years. However, after the point
when delay cost saving is optimum (ratio = 1) the system investment will be financially
justifiable. For instance, the NPV will increase by approximately 86% when the cost saving per
delay minute is doubled. Furthermore, Figure 149 shows how the economic cumulative net
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benefit would change over the 10 years by varying the probability of fault detection using the
S&C system. For instance, by assuming the optimum value of detection probability as 1, the NPV
will increase by 26.6% when the probability of fault detection increases by 30%.
The cost benefit is dependent on accurate figures for the new infrastructure, as well as the site
of the turnout, and the timing of potential inspections and interventions, so each installation
requires such details for a true assessment. As with any new investment, the self-adjusting S&C
is likely to have the biggest benefit at busy locations.
The presented methodology and CBA are generic and can be applied to any LCC with different
cost value ratio. This assessment can support the investment decisions by including a detailed
risk assessment and probability of failures under uncertainty.
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9 Annexes
9.1 Annex A – EMI Appendices
Annex A1 Results for crossing nose PZT1
Figure 150 to Figure 152 show the impedance phase spectrum on PZT1 with peak values
tabulated. Case A is referred to as TIP_1; Case B corresponds to FM118_0; Case C is labelled as
FM120-0_1

Figure 150 PZT1 baseline (TZ-0 @-4mm, blue) and Case A (TZ-0 @-5mm, red).

Figure 151 PZT1 comparison between baseline (blue) and Case B (local deformation,
red).
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Figure 152 PZT1 comparison between baseline-2 (blue) and Case C (crack with 2x8 mm,
red).
Annex A2 Results for crossing nose PZT2
Figure 153 to Figure 155 show the impedance phase spectrum on PZT2 with peak values
tabulated. Case A is referred to as TIP_1; Case B corresponds to FM118_0; Case C is labelled as
FM120-0_1

Figure 153 PZT2 baseline (TZ-0 @-4mm, red) and Case A (TZ-0 @-5mm, blue).

Figure 154 PZT2 comparison between baseline (red) and Case B (local deformation,
blue).
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Figure 155 PZT2 comparison between baseline-2 (red) and Case C (crack with 2x8 mm,
blue).
Annex A3 Results for crossing nose PZT3
Figure 156 to Figure 158 show the impedance phase spectrum on PZT3 with peak values
tabulated.
Case A is referred to as TIP_1; Case B corresponds to FM118_0; Case C is labelled as FM120-0_1

Figure 156 PZT3 baseline (TZ-0 @-4mm, yellow) and Case A (TZ-0 @-5mm, purple).
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Figure 157 PZT3 comparison between baseline (yellow) and Case B (local deformation,
purple).

Figure 158 PZT3 comparison between baseline-2 (yellow) and Case C (crack with 2x8
mm, purple).
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Annex A4 Tabulated results
Table 22 Resonant peaks for the simulated cube model and measurements on sample
b3. See also Figure 61.
Left sensor
Simulated, no damage

B3 cube – sensor (measured)

Resonance frequency (Hz)

Resonance phase (º)

Resonance frequency (Hz)

Resonance phase (º)

57450

65

56700

57

66550 (D)

64

66700

66

86450

-31

82500

-32

90800

5

93500

-43

Table 23

Resonant peaks for partially hardened (A2) and as cast (B2) Mn13 steel. See
also Figure 62.
Left sensor
A1 cube (hardened)

Resonance frequency (Hz)

B2 cube (as cast)

Resonance phase (º)

Resonance frequency (Hz)

Resonance phase (º)

57950

126

56325

-2

67675

99

66025

45

84725

-86

81750

-50

92950

-50

91850

-60

95100

-64

92950

-50

Table 24

Resonant peaks for the simulated model with and without damage. See also
Figure 66.
Back sensor
Simulated, no damage

Simulated, 10 mm cut

Resonance frequency (Hz)

Resonance phase (º)

Resonance frequency (Hz)

Resonance phase (º)

57450

65

53500

-70

66550

65

58900

8

66900

55

64450

60

86450

-31

83250

-55

90800

5

89400

-10

90000

7

Table 25

Resonant peaks for the simulated cube and for real measurements on B2
cube. See also Figure 67.
Back face of the cube
Simulated

Resonance frequency (Hz)

B1 cube – sensor (measured)
Resonance phase (º)

Resonance frequency (Hz)

Resonance phase (º)

53500

-70

53500

-77

58900

3

57375

-73

64450

60

59250

-46

83250

-55

62925

64

89400

-10

89875

-69

90000

7

90875

-60
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Annex A5 Material characteristics, mesh and boundary conditions used for the FE models
Cube Model
Materials
Three different materials were considered in the simulation model: 1) PZT, 2) Brass and 3)
Manganese steel.
The manganese steel on the cube was considered to behave as a linear elastic material with
Young Modulus E=200GPa, Poisson’s ratio ν=0,29 and density ρ=7.850kgm-3.
The brass disc on the sensor/actuator was defined as a linear elastic material with E=106GPa,
ν=0,35 and ρ=8.200kgm-3.
The PZT (Lead Zirconate Titanate) piezoelectric ceramic material on the sensor/actuator
corresponds to a Murata’s Piezotite® (P-7) class 4mm (tetragonal structure). Piezoelectric
material characteristics are summarized on table below:
Density (kgm-3)

7.800

Young Modulus (MPa)

63.000

Poisson’s ratio

0,36

Electrical permittivity (Fm-1)

1,859e-8

Piezoelectrical
constants

d1 13 (10-12 mV-1)

550

d2 12 (10-12 mV-1)

550

d3 11 (10-12 mV-1)

-207

d3 22 (10-12 mV-1)

-207

d3 33 (10-12 mV-1)

410

Mesh
The cube was discretized through, approximately, 4.900 stress/displacement elements, 8-node
linear hexahedron, reduced integration with hourglass control.
For the PZT sensor/actuator, the piezoelectric region was discretized with, approximately,
13.100 piezoelectrical, 20-node quadratic hexahedron with reduced integration. The
piezoelectric element contains both displacement and electrical (electric potential) degrees-offreedom. The brass disc region, supporting the PZT ceramic, was discretized through,
approximately, 4.200 stress/displacement elements, 20-node quadratic hexahedron with
reduced integration and hourglass control.
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Boundary conditions
The cube was left to vibrate freely achieved by the no-imposition of nodal displacement
boundary conditions. This is in accordance with the experimental procedure considered for the
measurement of the cube’s EMI spectrum, in which the cube was supported by low stiffness
foam.
The electrical boundary conditions applied to the PZT sensor/actuator considered the
application of 0V and 1V at the bottom and top surfaces of the PZT sensor/actuator, respectively.
A sinusoidal variation of the electric potential was imposed, on the top surface of PZT region, on
the frequency range [40, 100] kHz considered for the numerical analysis

Crossing Model
Materials
The material characteristics used for the cube model were also considered on the crossing
model.
Mesh
The crossing region was discretized through, approximately, 370.000 stress/displacement
elements, 8-node linear hexahedron, reduced integration with hourglass control.
For the PZT sensor/actuator, the PZT region was discretized with, approximately, 13.100
piezoelectrical, 20-node quadratic hexahedron, reduced integration. The piezoelectric element
contains both displacement and electrical (electric potential) degrees-of-freedom. The brass
disc region, supporting the PZT ceramic, was discretized through, approximately, 4.200
stress/displacement elements, 20-node quadratic hexahedron with reduced integration and
hourglass control. For the crossing model, three PZT sensors/actuators were tied to the crossing
region, at different coordinates.
Boundary conditions
The crossing was fixed laterally on 8 different points, simulating its connection to ground.
The electrical boundary conditions applied to the PZT sensors/actuators considered the
application of 0V and 1V at the bottom and top surfaces of the PZT sensor/actuator, respectively.
A sinusoidal variation of the electric potential was imposed, on the top surface of PZT region, on
the frequency range considered [1, 100] kHz.

GA H2020 730841

D2.3

Page 197 of 198

IN2TRACK

D2.3 – Enhanced monitoring, operation, control and maintenance of S&C

This page is intentionally blank

GA H2020 730841

D2.3

Page 198 of 198

