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SUMMARY

The railway had an enormous importance in thetlestcenturies of human history as one of the most
important elements in the industrial revolutiore thte eighteenth century and during the nineteenth
century. Around the railway stations were born dedeloped cities, which were linked to other cities
regions and countries. [1]

At the end of the twentieth century the railwaysravéosing some notoriety for road and air

transport. This was due, perhaps, the increaseddghout the world of better roads, bigger and bette
supply of road vehicles and increased supply of tainsport. It might be considered that the

decreasing importance of rail transport was dueyreater evidence of its weaknesses, as poor
flexibility, inflexible schedules, high costs of mgenance and handling.

Today, beginning of twenty one century appearstiergy concerns and sustainability, where rail can
and should have greater importance, is expectdgetagain a reference to the different means of
transport, because in the last years has evolveuwhich is considered a means of transport energy
efficient, safe and reliable. Currently the trag donsidered the most environmentally choice as
transportation.

Thus, the evolution of rail produced the emergesiceew and more advanced control systems and
operation of trains. With this evolution emergedvndoubts about paths hereinafter to the rail
modernization.

New and modern signalling systems are costly irirtipgementation, but in turn, lead to reduced costs
of maintenance of such systems, providing increapeéd of the trains and increasing the capacity of
lines.

In many countries questions arise on this themd. Wibe feasible to modify existing lines,

implementing new systems of train control, ETCS r@@@ean Train Control System)? Will be
profitable, the costs of these new control systbynsomparing them with their gains in capacity and
speed of the lines? These new systems should bkermapted on new lines or could also be
implemented on existing lines? How should be theelbgpment of systems, ATC (Automatic Train
Control) for ETCS level 2 or wait to be the treod ETCS level 3?

The propose of this thesis was to answer thesdiquesafter a strategic review of the evolutioraaf
existing line with a conventional signalling systésra more modern system, ETCS Level 2, and then
for, ETCS level 3.

This work aimed to analyse with some insight theaot of a rail signalling system alteration in an
already existent line, Mjolby - Alvesta. It was tbfore necessary to study an extensive literatfire o
the different approached themes on this thesibnteal documentation of the Swedish railways, and
the rail simulator RailSys 7.4.0 (RMCon) to accoisipl case of study.
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In RailSys 7.4.0 (RMCon) simulator was constructegth of the solutions encountered during this

thesis and was analyzed and recorded each outesuk. r

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
_ _ ATC ATC ATC ATC
Signalling
. ETCS level2 ETCS level2 ETCS level2 ETCS level2 ETCS level2
systems
4 ETCS level3 ETCS level3 ETCS level3 ETCS level3 ETCS level3
5 ) ) . Timetable 2 Timetable 2
Timetable Timetable 1 Timetable 1 Timetable 1 . -
Timetable 3 Timetable 3
T T T RT RT
_ RT RT BT
Train types
LDT Stop LDT Stop LDT Stop
LDT Stop LDT_Stop
LDT_MNonStop LDT NonStop LDT NonStop
. . . . 320 km/h - ETCS
200 km/h - ATC 200 km/h - ATC 200 km/h - ATC 200 km/h - ATC mimn -
level2(all line,
Max. Speed i ine)
P 200 k/h - ETCS lavel2| 320 km/h - ETCS level2| 320 km/h - £7¢S level2 | 320 km/h - eTCS level|  2Eicateline)
permited 320 km/h - ETCS
; . . . levels{all line,
200 km/h - ETCS level3 | 320 km/h - ETCS level3 | 320 km/h - ETCS level3 | 320 km/h - ETCS level3 evel3{all line
dedicate line)
Perturbation No No Yes No No
Simulation . ) . ; ) \ ; ] . | \ . |
— 1day (1cycle) 1day (lcycle) 365 days (365cycles) 1day (1cycle) 1day (1cycle)

Table 4.3 — Scenarios overview.

This thesis have also a basic description of railgignalling systems, describing the different Isve
of ETCS and explanation about the context of malitand geographical importance, of the section
Mjolby - Alvesta inserted in the Line Stockholm avho.

The obtained results from diverse simulations gn¢hse study, helps to answer the objectives in the
present work and to understand that the replaceaigdhe ATC for the ETCS level 2 and ETCS level
3 (even with the same speed limit) will reducettian delays (smaller delay on the ETCS3). With the
increase of speed in the track, only possible dfteimplementation of the ETCS level 2 and ETCS
level 3, the delay differences between the diffesggnalling systems are even more evident.

Delays
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Figure 5.3 — Train delays operating on ATC — scenario 2.
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Figure 5.4 — Train delays operating on ETCS2 — scenario 2.
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Figure 5.5 — Train delays operating on ETCS3 — scenario 2.

When the line is operated on a very busy daily take and some operation perturbations are added
up to simulation for a period of one year, it iteated once again that the best performances in the
average delays and punctuality rates are carrietyothhe ETCS level 2 and by the ETCS level 3.

Vi
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LDT_Stop Delays

Time B Conventional
B ETCS2
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Figure 5.10 — LDT_Stop average delay, operating on a conventional system, an ETCS2 and an
ETCS3, with the same timetable — scenario 3.
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Figure 5.12 — LDT_NonStop average delay, operating on ATC, ETCS2 and ETCS3, with the same
timetable — scenario 3.

The ETCS level 2 and the ETCS level 3, by increatie speed limit on the line, reduces the journey
duration when compared with the conventional system

Regarding the line’s capacity, headway and numbgebicles operating at the same time, the ETCS
level 3 stands out from the other two systems, tmedt allows a shorter headway and consequently,
permits the circulation of a larger number of tsa@ the same time in the track.

Vi
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LDT Journey duration |Headway Trains per hour
ETCS3 0:55:34 0:03:03 20
ETCS2 0:55:34 0:03:24 18

Conventional 1:03:35 0:03:15 19

Table 4.30 — LDT-Stop results in scenario 4.

RT Journey duration | Headway Trains per hour
ETCS3 1:16:53 0:02:45 22
ETCS2 1:16:48 0:05:16 12

Conventional 1:20:42 0:05:00 13

Table 4.31 — RT results in scenario 4.

As regards the maintenance costs of signallingesystwhen comparing the contrast of expenses per
year of the ATC with the ETCS level 2, the conabunsi are quite clear: the ETCS level 2 has a quite
smaller sum. But the ETCS level 3 figure is everlten when compared with those two systems. The
analysis of the maintenance costs of the threemssslife cycle (30 years) supports the concludian t
the investment in the maintenance of the convealisystem is quite higher when compared with the
ETCS level 2 figures, but it is monumental reldiv® the ETCS3 numbers.

In relation to the ETCS level 2, but especiallytite ETCS level 3, one can also affirm that booth
systems have lower equipment failure rates, whielams less flaws and perturbations in the rail track
operation. This is proportional to the reduced reaiance costs because the number of existing track
equipments will be very inferior when balanced agathe conventional system.

Conventional Maintenance costs
4,719,000 kr Year
141,570,000 kr Life cycle (30 years)

Table 5.8 — Maintenance costs calculation for the line Mjolby—Alvesta (ATC).

ETCS2 Maintenance costs
2,907,000 kr Year
87,210,000 kr Life cycle (30 years)

Table 5.9 — Maintenance costs calculation for the line Mjolby—Alvesta (ETCS2).

viii
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ETCS3 Maintenance costs
262,000 kr Year
7,860,000 kr Life cycle (30 years)

Table 5.10 — Maintenance costs calculation for the line Mjdlby—Alvesta (ETCS3).

In conclusion, with the rail signalling ETCS levgland ETCS level 3 - especially due to the last
system’s greater results— one can increase theedlonaximum speed in the track and improve the
line’s interoperability and safety in the rail tegort. But one can find more advantages in adopting
these systems: the train delays are reduced, wititbout line perturbations; the punctuality rate
the circulating trains is elevated; a higher nunidfevehicles operating the line at the same tinee ar
doable; improved headway; lower maintenance costdewer track equipments failures.
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1

INTRODUCTION

1.1. GROUNDING

Communication has been developing since prehisiityitimes, when man started to communicate
through cave paintings and gestures. Due to theiiggowill and need in trading information and
goods, man adopted tools witch aided and potemiceeproduction process, sending and reception of
the messages. The technology started to be ptredfuman communication as well as part in most of
the activities developed by man along evolution.

In our global "flat world" virtual communicationseaas fast and fluid as if distance didn't exisit B
when dealing with the transportation of people gadds, it seems difficult and slow in comparison.
Furthermore, we witness an unprecedented enviromainenisis that urges to solve.

Under this assumption, the rail transport could gmas an extremely important answer to the current
concerns of the world society. This mode of tramsjzofast, efficient, on-time, safe, free from jgor
weather conditions, with centre-located and abdly@a@ne polluting and eco-friendly. [2-9]

To evidence the importance of the rail transpoe have to look in to its origin and history.

In 1804 Richard Trevithick [10] demonstrated timstflocomotive-hauled train. Twenty-one years
later, the English mechanic George Stephenson theltfirst public steam railway in the world,
between Stockton and the mining area of Darlingfon,goods and passengers. After 4 years was
called to accomplish the railway between Liverpad &1anchester. [11, 12] This was followed by a
period of fast expansion and development, spreaghitrgordinarily in many countries during the 19th
century. [1] The railway became a symbol of pregre

The increasing of rail transport also increasedtggiroblems in the movements of the trains aldweg t
railways. The traffic intensification and the gromispeed caused several rail accidents, many of the
which fatalities. Therefore, the need to contralttbame traffic in a safe way generated the emeegen
of the rail signalling.

The rail signalling exists mainly to prevent traiollisions, regulating the circulation and good
operation. Accidents continue to happen, althoumi im smaller scale, due to the evolution of the ra
signalling and its implementation.
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Although all trains circulate in rail tracks, withe evolution of the rail signalling different sgsts
were implemented in different lands or even ingiflthe same country. This means that sometimes, a
train equipped with a specific signalling systemraat circulate in a rail track supplied by a diéfet
system.

In 2000 arrives ERTMS (European Railway Traffic Mgament System), conceived to provide the
interoperabilitypetween countries. It is considered unanimouslyrbst advanced system of control
in the world, bringing significant advantages inim@nance costs, safety, reliability, punctualityla
traffic capacity.[13, 14]

The theme of this paper is related to the emergehEBd CS (European Train Control System), part of
the ERTMS. It will address on how the change from already existent systems to ETCS (level 2 or
3), should be executed.

Because ERTMS is considered the way to go regarttiegevolution of railway, this transition
represents the future of rail transport in Europd aven in the world. [14-16] Like any transition,
gains and costs are involved. Projects should torioeitized and ETCS levels should be chosen after
a careful analysis of the geography and the tygheobperation /role of the line.

1.2. GOALS

According with the work theme, the intention isaiealyze the impact of the transition in an already
existent line with signalling system ATC (Automalicain Control) to an ETCS level 2 and level 3.

Consequently, the purpose of this work is:
» to simulate different scenarios for each proposgubs system for the line in study;
» to identify and compare the eventual differencesttom traffic volume in the signal
systems for the line in study;
* to identify and compare the potentials differenicesme travel for each proposed signal
systems for the line in study;
» toidentify and to compare the potentials diffeby increasing the circulation speed;

» to analyze the differences of maintenance costedoh signal system proposed,;
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1.3. METHODOLOGY

This work has six chapters. The first is the intrctdry where the analysis core, the goals to reach
the organization of the paper are defined.

In the second chapter, the general concepts ofsigilalling are presented as well as their main
operation guidelines and equipments.

In the third chapter, the ERTMS is presented asdappearance. Different levels of ETCS are
presented and compared with signal systems pretadiie emergence of ERTMS.

In the chapter four, different simulations are preéed, executed with the help of the program RailSy
7.4.0 (RMCon). RailSys 7.4.0 is software of systemalysis, planning and optimization of operational
procedures for a rail network of any size. The apenal procedures are microscopic descriptions of
the real world in the model, displayed on the cotapdesktop and the analysis of the whole system
as the solving of specific and local problems aasilg accomplished. This program has been
developed by the University of Hannover and RMCRail Management Consultations). It has been
applied with success in different projects suchthes high-speed lines Cologne - Rhein/Main and
Sydney - Canberra, the city railways of Munich, &gy Melbourne, etc, or the rail network of Berlin
and Copenhagen. In this chapter is explaining @it¢SiRs 7.4.0 composition.

These simulations were made in the already exidtemtStockholm — Malmo, specifically the line
Mjolby - Alvesta. In this chapter different opematicriteria with several trains using the brancte i
simultaneously are simulated as well.

In the fifth chapter, the results of the differesitmulations are analyzed and compared. The
maintenance costs to each signal system are addyrad.

Finally, in the last chapter, the main conclusians presented as well an ensemble of proposals for
future developments.
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2

RAIL SIGNALLING

2.1. RAIL SIGNALLING

The rail signalling is one of the essential elerseot the rail transport, because it controls the
movement of all of the trains of the network, is@®s the safety of those same movements and it
makes possible the administration of the traingnduthe operation.

Signalling main functions are: to guarantee thes shtance between two trains circulating in the
same way, to stop the access to the same sectiwvoofehicles circulating in opposite ways and to
manage conflicts in railway junction with pointshd rail signalling also supervises (and sometimes
even replaces) the train driver, avoiding eventwehan errors. It controls remotely the positionhef
circulating trains; it adjusts that same circulatio the existent traffic, providing a safe movemen
along the rail track. [17-19]

In a signalling, any anomaly should make the sysemmive in to a more restrictive way. In rail
signalling the systems are denominated as Fail-$20¢

Figure 2.0 — Train station. [21]
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2.2. SYSTEM EQUIPMENTS

It is important to mention the equipments which aglevant in a signalling system. Therefore, this
paper will enumerate the devices most frequentyus

2.2.1. INTERLOCKING

When the first trains appeared, their speed wag daw. The driver's responsibility was mainly
conduct the train, trusting his eye sight and noivking what was happening along the track (also
known as "Proceed-With-Care"). However, with thisthod the accidents were frequent. Therefore it
was the need to find to finding a way to contrdtéxethe train circulation, especially when in danf
areas as train stations, junctions and level angssi

The solution to these conflict areas was foundlbagipg people whom with the help of a flag regulate
the train’s movements. Safety's system continuallgvolve until some years later the first signals
arrived, installed with the purpose of controllifhg trains passage.

In 1840, the signals and points that controlled enmroblematic things are connected to a building
called the signal box, where the Signalman comdodlll the operations.

The next step was to protect the rail network dirofi eventual mistakes of the signalman: the first
mechanical blocking was created. It prevented adirfy signals and assured the correct command
was given to the points for the different itineearin which trains circulated.

The functions of blocking went developing gradualgombining different mechanical options.
Therefore was necessary to consider new dynamiectssdike for instance the temporary blocks of
points placed near after the signal. After invarsid the signal aspect, when the train is alreagly v
close of that signal, signal that instants befoezenpermissive, it will be unsafe to move the point
because that points are now in the braking curvetrain and consequently impossible to the train
stop before reaching the points.

Appear small electric functions carried out by yedgistems.

The electric connection between the blocking andtrack equipments allowed the use of electric
signals and electric points.

In 1920, signalling engineers concluded that the¢hoek used in the mechanical interlocking could
also be implemented by relay circuits. The eleciniterlocking came to life and a new concept
emerge: the connection between the signalman amdlfects in the track was substituted by the
connection between the first signal and the lagtadiin the route.

Through the decades the complexity of the eleattarlocking kept growing. Due to the geography of
the rail network, more functions were needed. Amdl979, due to the increase of the use of the
computers in industrial applications, the electtomterlocking was commissioned. The use of
microprocessors gave the interlocking the finalhpueeded, culminating in its use in the most
important rail networks of the world. [22]

In our day interlocking assures safe rail transplwg the rail network.
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Interlocking incorporates three main functions:][23

. Operation which includes the interface with théway signalling and it can also include non
vital automatic operational functions as automadigtes amongst others.

. Blocking which includes the vital functions ofgeal blocking, itineraries, points, blocking
applications, etc.

. Control and information which includes commanddiions and information from and about all
of the existent elements in the railway track gaais, points, line sections, level crossings, etc.

But time and a centrally located policy have alfettee way we look at these functions. In nowadays
an interlocking can operated from different plagaparated from each other by several kilometres.
[23]

Figure 2.1 — Electronic interlocking (Ebilock 950 R4 — Bombardier). [24]
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2.2.2.CTC

Regarding the interlocking system, the latest newa converging centre is the CTC (Centralized
Traffic Control).

CTC allows the visualization and remotely controbranch line or a rail network. These systems
allow traffic regulation, increasing its capacityda speed, reducing manpower in controlling
operations and assure larger safety in the railordt regarding schedules administration, record of
events and system alarms. [25, 26]

..

Figure 2.2 — CTC (CCO Porto — REFER). [27]

2.2.3. TRAIN SAFETY

With the advent of rail signalling a new risk alemerged: the possibility of the driver ignore the

safety signals or not observing them in an appab@fivay. It is most uncommon for the drivers ignore

deliberately the rail signals because they arefitse ones to suffer the consequences. However to
ignore signals by mistake or misunderstanding atitlurs.

The two most common mistakes that the driver'smatrthe train in danger are the failure to observe
signal or failure controlling the train speed. Treen safety system protects both situations.

The protection systems of more usual are the AuicomBrain Stop (ATS), Automatic Train
Protection (ATP) and Automatic Train Control (ATC).

Also exist, although in a lower scale, the Automdtiain Operation (ATO). This system is considered
non-safe and assures partially or completely athefdriving functions. This means that it is pbksi

to cut of the driver (although in the majority difet existent systems he continues to exist, toraid i
eventual flaws in the system and emergencies).

ATS stops the train immediately in the occurrenceentain situations, like passing a red signal.
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Train speed must be adjusted according to the agilvonditions or the train’s “movement authority”.
ATP supervises the train speed, stopping the tragase of lack of “movement authority” or if that
same authority has been shortened after an unetpecturrence by the signalling system. With the
target speed indication we have a braking curve viiocity calculations made by the train’s safety
system. By abiding to these calculations, the traith also comply with the movement authority
assigned by the system of rail signalling.

We can say that ATP is safety system that asshaggte train has the necessary safety's distance t
stop without colliding with other train circulatiran the same track line.

ATC is the most modern safety system which includi€S, ATP and ATO. This system was adopted
all over the world to describe the architecturesyggtems of automatic operation, being most usually
used in subway system. [18, 28, 29]

2.2.4. RAIL TRACK EQUIPMENTS

2.2.4.1. Detecting trains
The detection devices most commonly used are tleecaxinter and the track circuit.

This type of equipments informs the position of thain along the railway, assuming a great
importance in the network's design, safety, phipbgoand form of operating.

The axel counter is a device on a railway thatalstéhe passing of the train and its position. A
detection point with two independent sensors coag#re number of axes at the start and at the end
of the section. It can also detect the directioa thin by the order in which the sensors areqohss

When passing through the first sensor, the countiaggases and the section is busy. At the enldeof t
section as the train passes a similar detectiont,pthe counter decrements. If the net count is
evaluated as zero, the section is presumed toebe fdr a second train.

B ¥ L

Figure 2.3 — Axle counter. [32]
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The track circuit is a simple system using eleattiorent on the tracks and a detection deviceayrel
The relay is placed at the end of the circuit anflimctions as a switch. If the relay is energize i
means that the section is free. When the trairulgites it interrupts the electric current and areat
short circuit, making the relay contacts to fallassuming the section as occupy.

Due to the different types of electric currentscusetrack circuits, we can differentiate them fimete
groups: Direct Current (DC), Alternating CurrentGpor Alternating Current with radio frequencies.

The track circuits can be used not only as devioestrain detection, but also for transmitting
information to the system of cabin signalling arart protection, between signals in the same sectio
(from the exit signal to the entry signal) and degection of continuity the tracks. [30, 31]

Figure 2.4 — Train track circuit. [33]
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2.2.4.2. Signals

The purpose of the signals is to supply informa@ma instructions to the driver and for the whole

staff in the track. The signals are a liaison betwéhe signalling system and the workers and can
supply different types of information. By observitige signal, the machinist can apprehend the
movement authority given to the train, the perrmdittepeed, the route direction, departure

authorization, position of the points, conditiontbé level crossing, command for testing the brakes
the beginning of electrified sections, kilometresitions, etc.

The signals should follow general requirements ts® driver can recognize easily the message,
interpretative the information in a correct formderstanding what does the signal means in afiast a

unequivocal way. All the information transmitted the signal should be given at the right time and
always in the same way.

The signal should be considerate a failsafe detieeause in the case of a technical flaw, the kigna
can never transmit a less restrictive indicatioanttithe original, but can give however a more
restrictive information. [34, 35]

Figure 2.5 — Railway signals. [36]
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2.2.4.3. Points

The purpose of the points is to allow a train taraye from a track to another. The basic design of a
point is similar in all the railways.

The points have three possible positions, two efrtlare considered as “final” and the remaining one
as “intermediate” position. The final positions afassified as the normal (+) position and the isge

(-) position, so called in agreement with the positused more frequently for the rail network.
Nowadays it is also used "Left" and "Right", insteaf normal and inverse, after observing the point
blades in the same direction as the points. [3], 38

@ <= > Movement of switch rails

Stratcher Point blades

\ Switch rails bars

(1) 4= Direction of travel Points motor

Figure 2.6 — Railway points [39]

2.2.4.4. Level crossing

Level crossings, the intersection places betweemaiway and the roadway, are the primary location
of collisions between trains and other vehicles tutheir different characteristics. This situatisn
difficult to administrate. The train's inability ipraking in a short distance when it comes across a
obstacle, combined with low orderliness in the way explains 1/3 of the train crashes. These same
accidents, which are mainly caused by inappropbateaviours of the car drivers, represent less than
1% of all road accidents.

To increase the safety in one level crossing, n@untries are abandoning its use in favour of other
options. However, the number of level crossingbaperating is very high and no changes are waited
in a nearby future.

After comparing braking distances between railwag eoad transport, the right of way was given to
the trains and the tracks should not be obstruaydts passage through the level crossing.

With the approaching of the train, the roadway wlglsi have to be informed so they could be able to
stop before arriving to the level crossing. Thedrtraffic can be aware of train’s proximity by aestit
form (optical or acoustic) or by the observatiorsiginals installed in the level crossing.

12
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The system operating at the level crossing shoel&dil-Safe in case of failure. This means that the
level crossing has to continue to operate in awafeor signalize the system flaw, so that bothmeea
of transport don't have permission to cross itdmmal operation.

The European Railway Agency (ERA) classifies thelerossings as:

* Passive level crossings, where there is no information regarding the teaarrival. Therefore
the vehicle’s driver has to apprehend by itsethé approaching train and make the decision
of crossing;

« Activelevd crossings, that indicate if it a train is coming or not.

Unlike the passive level crossings, quite simpld aasy of comprehend, the active level crossings
must obey to defined safety requirements not oefjarding the type of the warning that indicates the
train’s approach, but also how it prevents roadatek from go across the railway.

The most common equipments used in an active toesking, are:

» Colour light signals: depending on the countriégytcan be a plain red light, a flashing red
light or two red lights flashing alternately.

« Mechanical roadway block, usually by crossing gététh boom barriers).
» Crossing bells, ring continuously before the boarriers are closed until the train is gone.

« Aflagman. This “equipment” is basically a personoamanually alerts the closing of the level
crossing or manually closes the boom barriers. eEitlvay, this solution is only used in
degraded areas or in temporary solutions.

One of the greatest concerns in the operation tiWeatevel crossings is the warning period. The
period is defined as the time from which the lemssing is activated (when the warning signals
begin to function) until the arrival of the traim the intersection.

The duration of the warning depends on the chostrien for the closing and opening of the level
crossing. It should not be too short to give thesgality of the vehicles drivers stop before theval

of the train to the level crossing, but it shouldt rlso be too long, which might lead to road
indiscipline and therefore reducing the level cimgs safety. [40-42]

13
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Figure 2.7 — Level crossing. [43]

2.3. FUNCTIONAL PHILOSOPHIES OF SYSTEM

2.3.1. TRAIN SEPARATION

A train braking distance exceeds considerably thieeds visual field. Therefore, during regular
movements, procedures of train separation aregakiaction regardless the driver’s visual field.

There are three theoretical train separation piasi
e Train separation by relative braking distance;
e Train separation by absolute braking distance;

» Train separation by fixed blocks distance.

2.3.1.1. Train separation by relative braking distance

The relative braking distance uses a separatiogtienalculated by adding the braking distance
disparity between the two trains to the safetyfs. Jde two vehicle’s braking distances are measured
by the correlation of each train braking curve #radr corresponding speeds.

This train separation theory permits using the traitk at its maximum capacity, but this operating
model also brings relevant problems.

With this method it's not possible to move the peilocated between the two trains. To be able the
move the point, it would be necessary for the gatvben the switch and the train to be larger than t
braking distance. Another potentional problem wdoedif an accident occurred with the first train, i
will be impossible for the second to avoid a calis

14
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Figure 2.8 — Train separation by relative braking distance. [44]

Due to these important functional problems, thigragional solution is just a theoretical idea and
therefore, not implemented in rail transport.

2.3.1.2. Train separation by absolute braking distance

Train separation by absolute braking distasethe name shows, uses the full braking distahtteeo
second train plus the safety's distance.

It is considered the best solution for train sepana having as only downside (that is keepingaii
being implemented) the technological difficultytadicking the trains in an exact and secure way.

However, with the development of operations basedhdlio technology, it is expected in a close by
future a wide implementation of the Moving Blocktimed (name for which it is known).
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Figure 2.9 — Train separation by absolute braking distance. [45]

In a Moving Block system, the section behind tlaéntis liberated according with the gaps of logatio
of the train. Tighter the intervals are, closer aanain befollowed.

2.3.1.3. TRAIN SEPARATION BY FIXED BLOCKS

The railways where this model is used are dividgddztions: they can only be occupied by one train
at the same time and the gap between two traicalésilated by adding the braking distance, plus the
block (section) length, plus the safety distance.

d = dbrake,max + 1block + S

d distance between trains
dbrakemax  Maximum braking distance
lbtock length of the block section
S safety distance

I
| |2fd Trela:ilr! | i[ i[ - ist Tra.i:rlw

4 b
< >

[==] ==

[===] ==
’ dbrake,max
|1

@ b
—lw —> g

Figure 2.10 — Train separation by fixed blocks.[46]
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In nowadays, train separation by fixed blocks is thost used solution in rail transport all over the
world. [47]

2.3.2. Operating by Fixed blocks or Moving Block
It is now relevant to elaborate a little more traart separation method by fixed blocks.

In this kind of operation, it is most common to wa# signals to mark out the sections. However, in
hopes to increase the safety, a growth in the dideaim cabin systems (Cab Signal Systems) is
becoming more evident (especially in the high-sgems) due to possible negligence in observing the
railway signalling. [48]

2.3.2.1. Regulation in operations with fixed blocks

This system uses fixed blocks sections protectedatiay or cab signals. For a signal to allow of
train passage in to the section’s entrance, somérements must be satisfied:

e The train that circulates ahead, liberates thamect

» The train that circulates ahead, liberated thelapgonly in lines where the block overlap is
used);

* The train that circulates ahead, is protected fitoerfollowing with a stop signal;

» The train is protected against opposed movements.

The systems where the block overlaps are not reduthe signal control's length and the section
distance are the same.
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Figure 2.11 — Train operations with fixed blocks. [49]

The reserved area belonging to the following secisocalled overlap[50] because the first signal’s
control length overtake the next section and ijgal. The purpose of overlaps is to give an adddl
protection in case of the driver is unable to dtuptrain before the stop signal. A signal canne¢ g
the following train permission to go, until the Wl®ection controlled by that signal (Control ldngt

it is free. [48]

2.3.2.2. Blocking time theory and Headway

The headway is the period of time between two satipletrains in which the minimum headway in
the line with fixed blocks system depends on tleekihg time. Blocking time is the interval of time
in which each section (block) is exclusively alltmzhto a train and as a consequence, blocked &v oth
trains. As a result, blocking time endures untd first train liberates the section and the sedoaid
receives the movement authority over that samekbldsually the blocking period of the first tram i
higher than occupation time in the section. In anbh line in which the railway signals secure the
sections, for a train without a programmed sto, ilocking duration results in the sum of the
following intervals of time, figure 2.12:
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The time to release the signal,

The time necessary for the driver to see the limmraof permissive aspect in the advanced
signal;

The time between when the block sign gives moveraatitority and the advanced signal of
that same section gives that same indication taltiver;

The time between block signals;

The time to "clean” the block an if requested,diedn” the overlap, with the fully passage of
the first train;

The time of release the blocking system.

Distance
Time Minimum headway (as distance) of following trains
Sighting .
distance Block section Block section Clearing point
—— e 13 e 15, L
Train
length
\ Time for clearing the signal 4
Signal watching time
Approach time
Blocking time
a) Train without Stop of block section 13-15
Time between
block signals
Clearing lime
Release time
e i =+ ==
e e 15 e TrainD—
length
Time for clearing signal i
Signal watching time
4 : . Blocking time
b) Train with stop Tima betwasn of block section 13-15
block signals
Clearing time
Release time s

Figure 2.12 — Blocking time of a fixed block system. [51]
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If the train is schedule to stop before the sighat indicates beginning of the block, the time thzes
between the movement authority given by the blagka and the moment that same information is
given to the driver, will not be considered. Insttsame case, the time for the driver to see the
“proceed” in the advanced signal will be appliedthr block signal. In a branch line in which the
delimitation of the blocks is made by cab signallithe time of approach is the period in which the
train travels through the braking distance, sigrthlly the on-board system.

Applying the blocking times of all sections, a tradisin in a time / distance diagram, called "klng
team stairway", figure 2.13. The blocking time staiy diagram represents, in the most accurate way,
the operational line use.

With the diagram blocking team stairway it is pbbsito determine the minimum headway of two
trains, figure 2.14. The line headway is the minimbheadway between two trains, not only for a
specific block but to all of the line blocks.

Distance

\
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B

Figure 2.13 — Blocking Time Stairway. [52]
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Figure 2.14 — Sections Headway and line Headway. [52]

In lines operated by the moving block system, thaching time of the line it self can also be
determine. In a moving block line, the length of gection is reduced to zero which means that the
time between block signals is eliminated, butladl 6ther aspects of the blocking time can be fannd
the moving block.

In many lines, the sum of these other componerdsas bigger than the part of the time of block tha
can be eliminated in the moving block. The diffa@rnin a line of fixed blocks is the "steps" of the
blocking time stairway diagram, that will be elirated and the diagram will be transformed in a
continuous time channel, figure 2.15. [48]
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Figure 2.15 — Blocking time comparison between Moving and Fixed Block. [53]
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3

ERTMS/ETCS

3.1. GENESIS

The European Railway Traffic Management System (BR) took shape after the European Union
(EU) became aware that the problematic interopkalm and between different European railway
networks was caused by a multiplicity of signallsygtems.

One of the biggest obstacles to the developmetiteinternational rail transport lies in the exnste,
in Europe only, of more than twenty different silling systems.

In nowadays the trains are equipped with more g®ren navigation systems; which is extremely
expensive and unbearable in case of space volumellfthose equipments. For example, a train
travelling between two countries must, before tttei@ crossing, to switch operational system oneve
to change the locomotive for one adjusted to slopsystem operating the destination country. This
engineering represents a waste of time, operatfmoélems and high maintenance costs.

For all these reasons, during the 1980's the aeati a common system in Europe began to be
discussed. Following the 1989 findings of the Minisof Transportation, the EEC (European
Economic Community as known by that time) begaarntalyse the signalling and control problems of
the trains. By the end of 1990, the European RgiwResearch Institute (ERRI) created a commission
formed by accredited railway technicians, with pfuepose of developing the European Train Control
System (ETCS). In June of 1991, the European Spéwtiarest Group (EUROSIG) and the
International Union of Railways (UIC) establisheletcooperation principles for the system
development.

In 1993, the European Commission raised the probdénthe interoperability directive and the
decision to create a structure of technical statglaras set. In 1995, the EU laid down general rules
for the trans-European networks funding and defiaeglobal strategy for the development of the
ERTMS.

“Derived from the Treaty provisions relating tortsaEuropean networks (Title XV, Articles 154, 155
and 156), Directive 96/48/EC establishes a legah&work requiring in particular, since November
2002, the use of ERTMS on any new high-speed Iméhe trans-European network or when the
signalling system is to be renewed. For conventioaid, similar requirements will take effect six

months after the entry into force of a decisionatia to the technical specifications for

interoperability (TSIs) adopted pursuant to Direeti2001/16/EC. The use of ERTMS will in

particular be compulsory for any new installatisrrenewal of signalling in the priority projectstid

in Decision 884/2004/EC”. [54]
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In 1998, was created the Union Industry of SignglfUNISIG) to conclude the system requirements,
official’s on the 25th of April 2000. ERTMS had aed finally, bringing a substantial improvement
to the railway's performance levels.

The technical standards were constantly recongideranclude additional functions and in 2008 they
were formally adopted. To assure that ERTMS is stdpi to the real needs of the railway in a
permanent way, the technigque standards are setamitolled by the European Railway Agency
(ERA) in cooperation with the industry of rail sgjling and their stakeholders.

Alongside with the standards setting, the Europdaron and the member states made an effort to
finance the implementation of ERTMS / ETCS. Twotleatents were signed in 2005 and 2008

between the EU and the stakeholders of the raiadligg industry, which seeks to implement ERTMS

in the European rail transport system.

ERTMS is a gigantic European project (very simitathe Galileo for satellite navigation or SESAR

for air traffic management) that accommodates theofean Union’s exporting growth of new

opportunities and technical systems. The ERTMSimagmented in several countries, namely in the
Asian Southwest, proving that ERTMS is the righthpia to effective signalling and speed control in
the rail transport network. [54-57]
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Figure 3.0 — ERTMS time line. [58]
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3.2. CHANGE FACTORS

The extension and the impact of the railway seftemmentation presses EU to act; to unite forces an
cut down the costs of developing, testing and wasilid) incompatible systems in each member state
that, ironically, have the same purpose.

Looking it to the European Rail Traffic Managem@&ystem (ERTMS) timeline it is clear that in the
last decades, the different traffic managementesysthave suffered legal, operational, technical and
economic changes. In the hope of accomplish neveflierwith the implementation of ERTMS,
different factors compelled the change in theseaimnal systems.

3.2.1. INTEROPERABILITY

The circulation of people and of goods betweenediffit countries has been increasing in a gradual
and sustained way. Therefore, the interoperabflitytially a military term) is a fundamental
requirement and presupposes that trains, inclutthegmotives, can circulate freely in different
railway networks.

There is a distinction between the functional ioparability and the technical interoperability. The

technical interoperability is the precondition tretables trains to cross the border; the functional
interoperability, by the other hand, eases of tlamagement and manpower in trains circulating in
different countries.

The interoperability it is not restricted only tigmsals and train control. There are other factortake
in consideration and to be standardized for interapility becomes a reality.

In Europe is possible to find at least six gaugeesy The standard model (and therefore most usual)
the 1435 mm gauge, but there exist five more diffegauge types, like for example the Iberian gauge
of 1668 mm (as shown in figure 3.1). The standatthn of the gauge in the European rail network is
imperative to achieve the interoperability.
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o T

Track gauge

Figure 3.1 —Different track gauge in Europe. [59]

Another difference that can find in the Europeahmatwork is the safety envelope, also found i si
different versions, as attested in the figure ®Re to commercial reasons, the tendency was to

increase trains length, what naturally causes gng@act in the rail network. The solution is todia
standard template.

UIC clearance types
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Figure 3.2 — UIC safety envelope types. [59]
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Regarding the railway electrification system, o dind in Europe only, nine different types of
current (Figure 3.3). This issue should also bedstedized, but it is not as urgent as the last two
factors. Due to the spectacular progress of thetredally propelled locomotives sector in the lagb
decades, trains that can run with more than a ¢fpmirrent are a reality. The train Thalys operates
with four different types of electric traction.

Type of current

W 15k AC

@ 26w ac

M 750 v DC

3 1500 vOC

03000 v 0C

O 16 kvi26 kv AC

[ 3000 V/25 kV DC/AC
[ 1600 V/ 25 kV DC/AC
M Diese!

Figure 3.3 — Types of electric current. [60]

Besides all differences already mentioned, one alan point out the train control and the rall
signalling as the most problematic systems in #tgvork. The multiplicity is enormous and one can
find more than twenty different and incompatiblaustures operating. The classical solution to assur
the interoperability is to equip the train so inche control by different systems in parallel. The
expenses of this procedure increases the loconsotdtal costs in 20% to 25%, not mentioning the
several problems of mechanical and electromagiretitstalling the different national systems of cab
signalling, Figure 3.4.
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ETCS LZB ZUB123 Indusi ZUB121 LZB Crocodile  Signum Phase-changer EVM
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EVM Phase-changer Signum  Crocodile ZUB121 Indusi ZUB123 LZB ETCS

ETCS LZB PZB SCMT ATB Signum (switcheable)

Figure 3.4 — Signalling devices from the different systems installed on the train. [61]

Another restrictive factor is the requirement offatient displays in the train cabin, so driver can
receive the information and operate in the diffegrstems installed, as for example, in the cabin o
the Thalys (figure 3.5).[55, 62]

Figure 3.5 — Cab of the train Thalys. [61]

3.2.2. COMPETITION IN THE SYSTEMS SUPPLY

The acquisition based on an open tender, it isnddmental requirement for any public sector. But
with the lack of standard requirements or systéis,frinciple had no economic strength.

With the development of ERTMS, the customers cajuiae equipments from all ERTMS supplying
companies and all those same companies will alsableeto make their offers. Track equipments as
well as on-board equipments can be acquired froymoae of the six ERTMS supplying companies,
making the market more competitive. [62]
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3.2.3. QUALITY AND SAFETY SERVICE

The rail transportation demands restricted safeégifications but the traditional signalling andffic
control systems have some limitations. Contranlyhe road transport, the rail transport move along
tracks and needs a considerable braking distaspecmlly while travelling in high-speed. The reaso
is pure physics: the weak adhesion of the metdi ie train wheels and the enormous amount of
weight of the vehicle makes an immediate stop irsijtdes.

In many track lines there is a need of substitutirgold systems for more modern, safer and reliabl
ones. This requirement is even more important ghisipeed lines, where on-board signalling is
mandatory. Without a control system with completpesvision, it wouldn’t to be possible to circulate
in high speed in a safe way.

Modern technologies (used in ERTMS) offer the duBi to improve the quality of the rail
operation, by supporting the drivers and the naffic controllers with the information needed.
ERTMS was developed to operate at the speed oK&®0, in hoping that in a nearby future all the
trains can circulate at that speed in a safe diable way. [62]

3.2.4. THE INCREASE OF TRANSPORT CAPACITY

The pressure and the need to increase the rafipogincapacity is a reality. This can be achiewed b
improving the existent track lines and by creatiegv ones. Given the fact that these two options are
quite expensive and slow, the best option is taushtthe existent lines with more of transport
capacity: This can be accomplished by explorinthefvast potential of the railway signalling and of
the new technologies in traffic control.

Therefore, the key for traffic’'s capacity increagis changing from the traditional operating method
of Fixed Blocking to Moving Blocking. [62]

3.2.5.. COST REDUCTION OF THE SYSTEM'’S LIFE TIME

Economical studies show that the maintenance graraon costs of the rail signalling systems are
unbearable for certain track lines. As a resulhesof those same lines have been closed.

In the last decades, communication technology amdpaters had an enormous progress in price/
performance relationship.

With the ERTMS, maintenance costs are lower whenpaoed with the traditional signalling systems.
In fact from level 2 of ERTMS, when some track silling equipments stop being necessary, the
maintenance and reparation costs are substamgéaliced. [62]
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3.3. ERTMS

The European Railway Traffic Management System (HBY is a massive industrial project
developed by six members of UNIFE (Alstom TranspArisaldo STS, Bombardier Transportation,
Invensys Rail Group, Siemens Mobility and Thalé@s)¢cooperation with the European Union, other
railway entities and the industry of GSM-R.

ERTMS is constituted by two components:

e The GSM-R (Global System for Mobile CommunicatioRailway) a wireless radio system
based on the GSM technology. This is a voice artd dammunication system between
railway operational staff and station controllersing restricted frequencies bands for railway
applications and other advanced features. [56]

e The European Train Control System (ETCS) allowadnaitting to the driver the movement
authority information and the authorized speedjsb allows controlling constantly the driver
performance, if he respects the indications anthi@sions given to him.

3.3.1. GSM-R

GSM-R is essential for the ETCS data transmisgiesuring to the network a high capacity and a high
quality service. The GSM-R requirements are subjectconstant revision and its standard
specifications given by EIRENE (European Integrd®ediio Enhanced Network) are updated every 2
years.

According to European directive 91/440 on the dewelent of the Community's railways, a new
system of rail communications must:

* be open and standardized;

e promote national and international interoperabhility

» suitable for international rail traffic;

» approved for the open competition between natioriathational operators;

e support new requirements of systems of rail sigmathormalized (ETCS);

e up-to-date;

* be able to provide a safe platform in the voice mmmications and other rail functionalities;

« To be capable to support the commercial needseditteholders and network operators.

GSM-R’s core is an ETSI GSM standard specially twed for the railway, with a GSM
specifications and a reserved frequency band.
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GSM-R includes the following railway functionalisie
e All the calls, emergency radio calls and ETCS, hanerity;
* The calls for the users are made by a functionalbar management;

e The calls between the drivers and the rail traffientrollers are made by using the
transmission of Long Line Public Address;

* The possibility of Voice Group Call System, for gps predefined,;

« Emergency calls are possible in predefined, usiegdst calls programming (in less than two
seconds).

3.3.2.ETCS

Due to the nature of its requested functions, tREMS / ETCS have to be implemented partially in
the train and the rest on the track and subsequéntd subsystems are defined: the on-board
subsystem and the track subsystem.

There also exist external systems to the track kvlaie a part of ERTMS / ETCS, but on which
interoperability requirements do not apply like fiastance the interlocking, control centers, etc.

3.3.2.1. On-board subsystems

Depending on the level of ERTMS / ETCS, the on-tdaastems may have:
e ERTMS/ETCS on-board equipment;
*  GSM-R on-board radio system;

« STM (Specific Transmission Modulate) for the natiboperating systems of the train.

The ERTMS / ETCS on-board equipment is computetesyshat supervises the movements of the
train, based on the information shared with thektisubsystem.

The interoperability requirements for the ERTMS TGS equipments are related with the
functionality and the data communication betweeea @m-board and track subsystems and also
between the driver and the cabin sub subsystentraimeand the STM modules.

The GSM-R radio on-board system is used for thé@ditional transmission of information between
the train and Radio Infill Unit (RBC).
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3.3.2.2. TRACK SUBSYSTEMS
Also depending on the ERTMS / ETCS level, the traisystems may have:
+ Balises;
» Lineside Electronic Unit (LEU);
* Radio communication (GSM-R);
* Radio Block Centre (RBC);
* Euroloop;
* Radio Infill Unit.

The balise is transmission device, which sendse@t@ms” from the track subsystem to on-board
subsystem. It provides the up-link with fixed megsaor, when connected the one LEU, the messages
can be altered, depending on the present conditiegarding the track, the allowed speed, the
movement authority, etc.

The balises are installed in groups: every baliaasmits a telegram and the combination of those
telegrams, defines the message sent by each group.

The LEUs are electronic devices that generate raheg} be sent by the balises, with the received
information of the external systems to the track.

The GSM-R it is used for the bidirectional chan§@atormation between the on-board subsystem and
the RBC or RIU.

The RBC is a system based on a computer that srdaemessages to be sent to the train, compiled
with the received information of the external systeto the track and with the information sharedwit
the on-board subsystems. The main goal of thessages is to supply movement authority, so the
may circulate trains in the rail network in a secway in the RBC area.

The RBC interoperability requirements concern thfrimation shared between RBC and the on-
board subsystem.

The Euroloop subsystem operates in the lines wWiRTMS level 1, supplying in advance the
signalling information regarding the next signaattithe train will find. It combines the on-board
functionalities and parts of the track.

The Radio In-fill Unit subsystem also operatesines with ERTMS level 1, supplying in advance the
signalling information regarding the next signaattithe train will find. It combines the on-board
functionalities and parts of the track. [63-65]
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3.4. ERTMSLEVELS

The different possible correlations between thektrand the train are reflected in the existence of
several levels of ERTMS / ETCS.

The definition of the level depends on how the Krac equipped, in which way the information is
transmitted to the on-board equipments and hosvptacessed.

The different levels were defined in a way thabwal each railway company to choose the ERTMS /
ETCS level fitting their strategies, infrastructamed chosen operation performance.

One must also take in consideration that in théediht levels, it's allowed an interaction between
individual signalling systems and rail traffic cositwith ERTMS / ETCS.

The authorities that systematize the ERTMS/ETC8&dstad technical requirements have created an
ERTMS / ETCS level 0 that is used to operate iadinot equipped with ERTMS / ETCS or in lines in
commissioning.

The levels 3, 2 and 1 are compatible in a descgrslystem. This means that a train equipped with
ERTMS / ETCS level 3 can be operated in lines Vetkel 1 and 2, and that a train equipped with level
2 can be operated in lines with level 1. [64, 68, 6

ETCS level 3 N

L7
ETCS level 3
ETCS level 3 \ ETCS level 2 \
=t [
ETCS level 2
R E—— —— = o
ETCS level 3 \ ETCS level 2 \ ETCS level 1 2N
Crcr— TFF =7t
ETCS level 1

Figure 3.6 — Compatibility between the different ETCS levels. [68]

33



Strategic analysis about railway signalling system evolution to ETCS level 2 and 3

3.4.1.LEVELO

The level 0 corresponds to ERTMS / ETCS vehiclesraing in non-ETCS route or in lines that are
in commissioning. In this level of operation the vement authority is given to the driver through
trackside signals whether optical or other signgliequipments external to ERTMS / ETCS.

The ERTMS / ETCS onboard equipment doesn't supetiis train movement, with the exception of
the maximum speed allowed of that the line or $jueline sections.

The supervision of the train’s integrity and deitis made by a rail signalling system externahi
ERTMS / ETCS scope.

In level O, there isn't any communication betweblp track and the train, with the exception of
Eurobalises, which announce and command the siggdkivel transition. Consequently, the train
continues to read the Eurobalises but ignoreshallreceiving information, with exception of some
special data.

In the Man-Machine Interface (MMI), the only infoation shown regarding the supervision of the
vehicle’s movement is the allowed speed. [69]
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ERTMS / ETCS track equipments:
. Nonexistent track equipments, with the exceptib&urobalises for detecting level transition.
Main functions of the ERTMS / ETCS track equipments
. None.
ERTMS / ETCS onboard equipments:
. Onboard equipment, with the Eurobalise payload.da
Main functions of the ERTMS / ETCS onboard system:
. To monitor the maximum speed;
. To monitor the maximum speed in a restricted;area
. To read the payload data in search for levekitam or special commands;
. Nonexistent onboard signalling. [69]
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3.4.2. STM LEVEL

The level STM is used when trains equipped with EIST/ ETCS are operating in track lines
equipped with nationwide signalling and supervisgstems.

The payload data to be transmitted is producedbyntitional signalling system and which is sent to
the train by the standard channels of that sam&msysWhen receiving the information, the train

converts it on-board, making it intelligible foralEERTMS / ETCS. Depending on the functionality

and performance of the national signalling systim,optical signals may be exempt.

STM (Specific Transmission Module) is the devicatthllows the ERTMS / ETCS on-board
equipment to receive the nationwide signalling $raission. The monitoring level is similar to the
nationwide system, in which the management ofrthieg detection and integrity is executed by
external equipment to the ERTMS / ETCS.

This level of operation does not use ERTMS / ET@8dmissions between the rail track and the train,
with the exception of the information from the Boatises regarding the level transition or other
specific commands. However, the Eurobalises mustd@. The on-board ERTMS / ETCS
supervision functions are supported. The use obthioard ERTMS / ETCS functionality may
diverge, depending on the configuration of the SEM&I.

The information given to the driver depends onftictionality of the nationwide system, in which
the report of active STM is a part of the payloatad The train should possess the data so it avoid
stopping during level transitions and supervisentlag@imum permissible speed. [71]
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ERTMS / ETCS track equipments:

The level STM uses the transmission from the natida signalling system, which does not
belong to ERTMS / ETCS. Usage of Eurobalises tmanoe the level transition.

Main functions of the ERTMS / ETCS track equipments
* None.
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ERTMS / ETCS onboard equipments:
¢ Onboard equipment, with Eurobalise transmission;

* STM compatible with the nationwide signalling syste

Main functions of the ERTMS / ETCS onboard system:
* Depends on the nationwide signalling system an&d#d implementation;
* Toread the Eurobalises to detect the level tramsdr special commands;

* On-board signalling depends on the nationwide $liggasystem. [71]

3.4.3.LEVEL1

ERTMS / ETCS Level 1 is a cab signalling systent taa be superimposed on the existing signalling
system. The movement authority is generated byrédek equipment and transmitted to the train by
the Eurobalises.

This level of ERTMS / ETCS provides a continuesesuision of the train speed and also avoid

against the violation of the movement authority.eT¥ehicle detection and the train integrity

supervision is accomplished by track equipmentshefadjacent nationwide system (track circuits,
blocking, etc), being these systems aliens to RENES / ETCS scope. The track equipment does not
know to which train is sending out the information.

During an operation in an ERTMS / ETCS level 1,aifsignal changes to “clear” mode, the

approaching train does not receive that informatiatil passing over the group of Eurobalises. For
that same reason, the driver will have to obsdmeesignal to know when the train can proceed. After
passing the Eurobalises group and its respectiymakithe train have permission to proceed of the
next stopping place, in a maximum safe speed.

Additional Eurobalises can be install between maignals, with the purpose of transmitting
intermediate information. As a result, the convadly ieceive new data before reaching the signal.

It can also be installed a semi-continuous infiiing Euroloop or Radio infill way, allowing the itna
to inform the driver continuously, as soon as thgds available. The signals are required in ERTMS
| ETCS level 1, except if it is being operated iseai-continuous infill way.

Euroloop or radio infill improves the safety of tlEeRTMS / ETCS level 1 and allows operating
without the maximum safe speed when approachirgjraady “clear” signal. [72]
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ERTMS / ETCS track equipments:
» Eurobalises to transmit information from the traslhe train;
« Eurobalises should be able to transmit differetd;da

« Semi-continuous infill transmission using Eurolan®Radio in-fill.

Main functions of the ERTMS / ETCS track equipments
« To determine movement authorities according withatjacent signalling system;
« To transmit movement authority and information frtve track to the train.

ERTMS / ETCS onboard equipments:
« On-board equipment, with Eurobalises transmission;
« Euroloop transmission if an Euroloop system is &gl
« Radio infill transmission if a radio infill systeis required.
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Main functions of the ERTMS / ETCS onboard system:

» To receive the movement authority and the routerinétion from the track transmitted by the
groups of Eurobalises;

« To select, from all maximum safe speeds permittezimost restrictive for the line ahead;

« To calculate the safe speed profile, taking in maTation the acceleration / braking of the
train and the route characteristics;

« To compare of the train actual speed with the ptechione and the braking command, in case
of need;

« Onboard signalling for the driver. [72]

3.4.4. LEVEL 2

ERTMS / ETCS level 2 is a radio-based signal aathtcontrol system that is superimposed on the
existing signalling system. The movement authoiftygenerated by the track equipment and
transmitted to the train by Euroradio.

ERTMS / ETCS level 2 continually monitors the trajpeed, protecting against the infraction of the
movement authority by the trains. The vehicle datacof the vehicles and the train integrity
supervision is executed by the track equipmenthef anderlying national system (track circuits,
blocking, etc), being these systems outsidersadRTMS / ETCS scope.

This level of ERTMS / ETCS is a Euroradio-basedeysfor the communication between track and
train. Eurobalises are also used as main equiptoegport the trains exact position and directibme
Radio Block Center, which sends out the data tdréias, knows exactly which vehicle controlled by
this system, through the ERTMS / ETCS train’s idgnprovided by its onboard equipment.

In this level the use of trackside signalling mayaxempt. [75]
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ERTMS / ETCS track equipment:
 RBC (Radio Block Center);
« Euroradio for bi-directional communication betwégtk and train;
« Eurobalises as main reference for train location.

Main functions of the ERTMS / ETCS track equipment:

« To acknowledge each train operating in ERTMS / ETi@She RBC area, through the
ERTMS /ETCS train identity;

« Tofollowin a RBC area each ERTMS / ETCS trairakian controller;

« To determine movement authorities according tautierlying signalling system;
« To transmit movement authority and route informafior each train individually;
« To turn over the train control in the limits ardaddferent RBC.
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ERTMS / ETCS onboard equipment:

« On-board equipment, with Eurobalises and Euroradiasmission.

Main functions of the ERTMS / ETCS onboard system:

« To read the Eurobalises and report the train’stiposio the RBC, according with detected
balises;

» To receive the movement authority and route infdimnatransmitted by Euroradio;
« To select, from all maximum safe speeds permittezimost restrictive for the line ahead;

« To calculate the safe speed profile, taking in maTation the acceleration / braking of the
train and the route characteristics;

« To compare of the train actual speed with the pigeghione and the braking command, in case
of need;

« Onboard signalling for the driver. [75]

3.4.5. LEVEL 3

ERTMS / ETCS level 3 is a radio-based train corgggitem. The movement authority is given by the
track equipment and transmitted to the train byoEadio.

ERTMS / ETCS level 3 continually monitors the trajpeed, protecting against the infraction of the
movement authority by the trains. The vehicle datacof the vehicles and the train integrity

supervision is accomplished by RBC in cooperatidgth whe train, which reports on its position and

integrity.

This level of ERTMS / ETCS is a Euroradio-basedeysfor the communication between track and
train. Eurobalises are also used as main equiptoeaport the trains exact position and directibme
Radio Block Center, which sends out the data tdrdias, knows exactly which vehicle controlled by
this system, through the ERTMS / ETCS train’s idgnprovided by its onboard equipment.

In this level the use of trackside signalling is considered. [77]
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ERTMS / ETCS track equipment:

RBC (Radio Block Center);
Euroradio for bi-directional communication betwdsctk and train;

Eurobalises as main reference for train location.

Main functions of the ERTMS / ETCS track equipment:

« To acknowledge each train operating in ERTMS / ETi6She RBC area, through the
ERTMS /ETCS train identity;

+ Tofollowin a RBC area each ERTMS / ETCS trairakomn controller;

« To determine movement authorities according tautaerlying signalling system;
« To transmit movement authority and route informafior each train individually;
« To turn over the train control in the limits ardaddferent RBC.

ERTMS / ETCS onboard equipment:
« Onboard equipment, with Eurobalises and Euroradiustnission.

« Train integrity system.
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Main functions of the ERTMS / ETCS onboard system:

To read the Eurobalises and report the train’stioosio the RBC, according with detected
becons;

To monitor the train’s integrity (outsider functitmthe ERTMS/ETCS) and to sent out to the
RBC;

To receive the movement authority and route infdionatransmitted by Euroradio;
To select, from all maximum safe speeds permittesimost restrictive for the line ahead;

To calculate the safe speed profile, taking in weration the acceleration / braking of the
train and the route characteristics;

To compare of the train actual speed with the pigeghione and the braking command, in case
of need;

On-board signalling for the driver. [77]
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A

ERTMS IMPLEMENTATION ON THE
MJOLBY - ALVESTA LINE

4.1. INTRODUCTION

In this chapter a study will be presented, suppode simulations of different railway signalling
solutions, including ERTMS level 2 and level 3,tme Mjolby - Alvesta line, part of the route
Stockholm — Malmo.

In this study, it is intended to know which are thest development strategy, the more functional and
the economical approach more viable to the linenialysis.

4.2. MJOLBY — ALVESTA LINE

After the decision of the European Commission indl6ctober of 2006, by which create the
executive Agency of the network trans-europeanasfgport in application of the Regulation (CE) n°
58/2003 of the Council (2007/60/CE), all the mem&tates of the European Union should present a
plan of ERTMS implementation to answer to the resjuents of TSI 2006/860/EC (Control
command and signalling subsystem of the trans-Eamophigh speed rail system) and TSI
2006/679/EC (Control command and signalling sulesysof the trans-European conventional rail
system).

The Swedish strategy for implementation of ERTM$hm infrastructure can be summed up in the
following order of priority [78]

1) New and/or essentially upgraded routes or line;

2) Routes or lines without signalling system, centelitraffic control and ATP systems;

3) Routes or lines with major reinvestment needs X@stmg signal plants;

4) Routes or lines included in the corridors pointatlwy the European Union used by freight

trains crossing borders;
5) The remaining parts of the routes in TEN-T andraftat other parts of the railway network;

ERTMS is planned to be implemented on the Swedishqgs Corridor B before 2020 and in Swedish
railway TEN routes by 2035. [78]
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The line Mjolby - Alvesta was chosen for this stuzBcause it is a part to the Southern Main Line,
between Malm6 and Stockholm. The Southern Main Lgene of the most important routes in
Sweden for several reasons: it connects two méasaf the country; it ties the Swedish capitaite
south of the country and also very important, inrects of two northern European capitals:
Stockholm and Copenhagen.

In this line circulate freight trains, regionalitra.and long distance trains.

Mjélby (MY)

LKN:

Alvesta (A

Figure 4.0 — Line Mjolby — Alvesta.

In this academic work, different scenarios will benulated using all the three signalling types
proposed for this study: ATC (conventional sigmajlithe current signalling system in the line), STC
level 2 and ETCS level 3.

The line environment (geography, speed restricfitine sections, etc) used in these simulations is
faithful to the current state of the line study @y - Alvesta line, part of the route Stockholm —
Malmo).
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4.3. SOFTWARE USED IN THE SIMULATIONS

To simulate all proposed scenarios for the linestindy, it was used Railsys 7.0., a program of
infrastructures and timetable management.

RailSys 7.0 is software of system analysis, plag@ind optimization of operational procedures for a
rail network of any size. The operational procedwaee microscopic descriptions of the real world in
the model, displayed on the computer desktop aadttalysis of the whole system as the solving of
specific and local problems are easily accomplished

This program has been developed by the UniverditidAannover and RMCon (Rail Management
Consultations). It has been applied with succesdifferent projects such as the high-speed lines
Cologne - Rhein/Main and Sydney - Canberra, thereifways of Munich, Sydney, Melbourne, etc,
or the rail network of Berlin and Copenhagen.

RailSys consists of three modules:
« Infrastructure Manager
e Timetable and Simulation Manager

* Evaluation Manager

4.3.1. INFRASTRUCTURE MANAGER

Infrastructure Manager Function is, as the own nardieates, is to model the existing infrastructure
and to build up different infrastructure variartsincludes ail signals, pointers, train statiorejtes,
and contain attributes about track parametersldékgth, gradient, maximum speed. The information
can be inserted on a graphic or in table form.

4.3.2. TIMETABLE AND SIMULATION MANAGER

Thanks to the Timetable and Simulation Managers ipdssible to set exact routes and different
alternatives for every train in the rail networleated by the Infrastructure Manager.

The main task of the program is the optimal allocabf locomotives in large lines or networks,
showing inconsistencies such as unfeasible cormmetithes, not enough headways and conflicts with
other trains. To be able to do this, the programsuseveral functions as the continuous conflict
recognition in the rail net and the continuous glkaltion of the minimum journey duration.

Nominal or perturbed simulations can be carried the nominal simulation serves normally to check
that everything is working fine the perturbed siatian, it is necessary to emulate real train opanat
because of the complex relationship when a tralistés

4.3.3. EVALUATION MANAGER

This model has been developed to evaluate the ingbdloe infrastructure or timetable alternativigs.
evaluates the performance of the simulated op@atigrogram, by means of preparing and analysing
the delay data. To identifying the most favouraigéon, comparisons should be made.
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The results can be displayed as performance oivtfide network, for lines only, in stations, for the
total amount of trains or for different patternsiff€ent parameters can be analyzed: arrival and
departure delays, additionally generated delaysicfwlcould identify critical sections), on time
running performance at stations, number of deldy&ids, number of operational manoeuvres, block
occupation, etc. [79, 80]

4.4, TRAINS

For this study 3 types of trains were chosen, eamehoperated with different ends, a reproduction of
the actual line: a long distance trains, a regitra@h and a freight trains.

LDT- Long distance train

Figure 4.1 — Zefiro (X32). [81]

Maximum speed: 320 (km/h)
Acceleration: 1.2 (m/s2)
Length: 155 (m)

Weight: 360 (t)
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RT — Regional train

Figure 4.2 — Regina X52, photo: Oskar Froidh.

Maximum speed: 200 (km/h)
Acceleration: 1.0 (m/s2)
Length: 54 (m)

Weight: 135 (t)

FT — Freight train

Figure 4.3 — Green Cargo Rc4, foto: Oskar Fréidh.

Maximum speed: 100 (km/h)
Acceleration: 1.0 (m/s2)
Length: 400 (m)

Weight: 1000 (t)
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4.5. TIMETABLES

In these scenarios the following timetables willused (a document where all the trains and the time
schedule is they are presented). [82]

. Train type
Stations
FT RT LDT_Stop LDT_NonStop
Mijolby (My) Stop Stop
Lindekullen | (Lkn)
Boxholm (Bx) Stop

Sommen | (Smn)

Tranas (Tns) Stop

Gripenberg | (Gp)
Frinnaryd | (Frd)
Ralingsas | (Ras)

Aneby (Any) Stop
Flisby (Fls)
Vimnarp | (Vim)

Gamlarp | (Gmp)
Nassjo C (N) Stop Stop
Grimstorp | (Gt)
Bodafors | (Bdf)
Ulvstorp | (Utp)
Savsjo (sa) Stop
Aleholm | (Ahm)

Stockaryd | (Sy)

Rorvik (Rk)
Grevaryd | (Grd)
Lidnas (Lns)
Moheda (Mo)
Gavetorp | (Gap)

Alvesta (Av) Stop Stop

Table 4.0 — Timetable 1.
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Type of train

Type of train

Stations
LDT_Stop
Mijolby (My) Stop
Lindekullen | (Lkn)
Boxholm (Bx)
Sommen (Smn)
Tranas (Tns)
Gripenberg (Gp)
Frinnaryd (Frd)
Ralingsas (Ras)
Aneby (Any)
Flisby (FlIs)
Vimnarp (Vim)
Gamlarp (Gmp)
Néssjo C (N) Stop
Grimstorp (Gt)
Bodafors (Bdf)
Ulvstorp (Utp)
Savsjo (Sa)
Aleholm (Ahm)
Stockaryd (Sy)
Rorvik (RK)
Grevaryd (Grd)
Lidnas (Lns)
Moheda (Mo)
Gavetorp (Gap)
Alvesta (Av) Stop

Table 4.1 — Timetable 2.

Stations
RT
Mjolby (My) Stop
Lindekullen | (Lkn)
Boxholm (Bx) Stop
Sommen (Smn)
Tranas (Tns) Stop
Gripenberg (Gp)
Frinnaryd (Frd)
Ralingsas (Ras)
Aneby (Any) Stop
Flisby (FlIs)
Vimnarp (Vim)
Gamlarp (Gmp)
Nassjo C (N) Stop
Grimstorp (Gt)
Bodafors (Bdf)
Ulvstorp (Utp)
Savsjo (Sa) Stop
Aleholm (Ahm)
Stockaryd (Sy)
Rorvik (RK)
Grevaryd (Grd)
Lidnas (Lns)
Moheda (Mo)
Gavetorp (Gap)
Alvesta (Av) Stop

Table 4.2 — Timetable 3.
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4.6. SCENARIOS

4.6.1. SCENARIOS OVERVIEW

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5
o ATC ATC ATC ATC
Signalling
. ETCS level2 ETCS level2 ETCS level2 ETCS level2 ETCS level2
systems
4 ETCS level3 ETCS level3 ETCS level3 ETCS level3 ETCS level3
5 ) ) . Timetable 2 Timetable 2
Timetable Timetable 1 Timetable 1 Timetable 1 . -
Timetable 3 Timetable 3
T T T RT RT
_ RT RT BT
Train types
LDT Stop LDT Stop LDT Stop
LDT Stop LDT_Stop
LDT_MNonStop LDT NonStop LDT NonStop
. . . . 320 km/h - ETCS
200 km/h - ATC 200 km/h - ATC 200 km/h - ATC 200 km/h - ATC mimn -
level2(all line,
Max. Speed i ine)
P 200 k/h - ETCS lavel2| 320 km/h - ETCS level2| 320 km/h - £7¢S level2 | 320 km/h - eTCS level|  2Eicateline)
permited 320 km/h - ETCS
; . . . levels{all line,
200 km/h - ETCS level3 | 320 km/h - ETCS level3 | 320 km/h - ETCS level3 | 320 km/h - ETCS level3 evel3{all line
dedicate line)
Perturbation No No Yes No No
Simulation ) . . ) )
T 1day (1cycle) 1day (lcycle) 365 days (365cycles) 1day (1cycle) 1day (1cycle)
ime

Table 4.3 — Scenarios overview.

4.6.2. SCENARIO 1

In this scenario, the three different trains argeited in the same timetable, timetablel and tiee li
operation in each signalling system takes in carattbn the maximum speed allowed of 200 km/h.
The operation occurs during 1 day (1 cycle).

4.6.2.1. Assumptions

The main line infrastructure is used in the sinmdas$ the current infrastructure in the Southerrniriva
Line Stockholm - Malmd. The speeds of every traggtion are the present-day ones with the speed
limit of 200 Km/h.

All three different trains are presented in theetiablel used in scenario 1. However, the long mlista
train (LDT) is operated in two different ways aheitefore has two different schedules:

« LDT_Stop - it begins to operate at 7:00:00, haseguency of 60 minutes and the last train
leaves at 21:00:00. Fifteen trains are operatedagr

* LDT_NonStop - it begins to operate at 7:30:00, &dsequency of 60 minutes and the last
train leaves at 19:30:00. Thirteen trains are dpdrper day.

* RT (Regional train) — it begins to operate at 303:has a frequency of 20 minutes and the
last train leaves at 23:23:00. Fifty trains arerafe=l per day;

e FT (Freight train) - it begins to operate at 4:@7:Pas a frequency of 60 minutes and the last
train leaves at 22:07:00. Nineteen trains are apdnaer day.

54



Strategic analysis about railway signalling system evolution to ETCS level 2 and 3

4.6.2.2. Results

. Delay
Stations
FT RT | LDT_Stop LDT_NonStop

Mjolby (My) 0 0 0 0

Lindekullen | (Lkn) 0 0 0 0

Boxholm (Bx) 0 0 0 0

Sommen (Smn) 0 0 0 0

Tranas (Tns) 0 0 0 0
Gripenberg (Gp) 0 0 0 40
Frinnaryd (Frd) 0 0 0 39
Ralingsas (Ras) 0 0 0 39
Aneby (Any) 0 0 0 134
Flisby (Fls) 0 0 0 193
Vimnarp (Vim) 0 0 0 192
Gamlarp (Gmp) 0 3 0 196
Nassjo C (N) 0 0 0 215
Grimstorp (Gt) 264 | 118 0 311
Bodafors (Bdf) | 348 | 117 0 310
Ulvstorp (Utp) | 348 | 115 0 311
Savsjo (Sa) 348 | 82 0 310
Aleholm (Ahm) | 347 | 82 0 310
Stockaryd (Sy) 347 | 81 0 309
Rorvik (RK) 963 | 80 0 309
Grevaryd (Grd) | 348 | 79 0 308
Lidnas (Lns) | 1035 | 78 0 308
Moheda (Mo) | 1035 | 76 0 308
Gavetorp (Gap) | 1035 | 75 0 307
Alvesta (Av) | 1034 | 45 0 307

Table 4.4 — Train delays operating in a conventional system — scenario 1.

55



Strategic analysis about railway signalling system evolution to ETCS level 2 and 3

56

. Delays
Stations
FT |RT| LDT_Stop LDT_NonStop

Mijolby (My) 0 0 0 0

Lindekullen | (Lkn) 0 0 0 0

Boxholm (Bx) 0 0 0 0

Sommen (Smn) 0 0 0 0

Tranas (Tns) 0 0 0 2

Gripenberg (Gp) 0 0 0 7

Frinnaryd (Frd) 0 0 0 8
Ralingsas (Ras) 0 0 0 12
Aneby (Any) 0 0 0 138
Flisby (Fls) 0 0 0 156
Vimnarp (Vim) 0 0 0 164
Gamlarp (Gmp) 0 7 0 176
Nassjo C (N) 335 | 0 0 204
Grimstorp (Gt) 415 | 0O 0 205
Bodafors (Bdf) | 415 | O 0 204
Ulvstorp (Utp) | 415 | O 0 205
Savsjo (Sa) 415 | 0 0 205
Aleholm (Ahm) | 414 | O 0 205
Stockaryd (Sy) 414 | 0 0 205
R&rvik (Rk) | 415 |0 0 204
Grevaryd (Grd) | 958 | O 0 204
Lidnas (Lns) | 1025 | O 0 205
Moheda (Mo) | 1026 | O 0 204
Gavetorp (Gap) | 1025 | O 0 204
Alvesta (Av) 11025 | 0 0 204

Table 4.5 — Train delays operating in ETCS2 - scenariol.
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. Delay
Stations
FT |RT| LDT_Stop LDT_NonStop

Mijolby (My) 0 0 0 0

Lindekullen | (Lkn) 0 0 0 0

Boxholm (Bx) 0 0 0 0

Sommen (Smn) 0 0 0 0

Tranas (Tns) 0 0 0 0

Gripenberg (Gp) 0 0 0 0

Frinnaryd (Frd) 0 0 0 0

Ralingsas (Ras) 0 0 0 0
Aneby (Any) 0 0 0 30
Flisby (Fls) 0 0 0 112
Vimnarp (Vim) 0 0 0 127
Gamlarp (Gmp) 0 7 0 131
Nissjo C (N) 0 |0 0 143
Grimstorp (Gt) 515 | O 0 144
Bodafors (Bdf) | 515 | O 0 143
Ulvstorp (Utp) | 515 | O 0 144
Savsjo (Sa) 514 | 0O 0 144
Aleholm (Ahm) | 514 | O 0 144
Stockaryd (Sy) 514 | O 0 144
R&rvik (Rk) | 515 | 0 0 143
Grevaryd (Grd) | 966 | O 0 143
Lidnas (Lns) | 1035 | O 0 144
Moheda (Mo) | 1035 | O 0 144
Gavetorp (Gap) | 1035 | O 0 143
Alvesta (Av) 11035 | 0 0 143

Table 4.6 — Train delays operating on ETCS3 - scenariol.

4.6.3. SCENARIO 2

In this scenario, the three different trains ameited in the same timetable, timetablel. The lehic
were operated in an ETCS level 2 with the maximpees of 320 Km/h and in an ETCS level 3, with
the maximum speed of 320 km/h. The operation oaturing 1 day (1 cycle).

4.6.3.1. Assumptions

The main line infrastructure is used in the simardas$ the current infrastructure in the SoutherrirMa
Line Stockholm - Malmd. The speeds of every traektisn are the present-day ones, with the
exception of the speeds that previously were grelase or equal to 200 Km/h are now of 320 Km/h.

All three different trains are presented in theetiablel used in scenario 1. However, the long miista
train (LDT) is operated in two different ways aheitefore has two different schedules:
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e« LDT_Stop - it start to operate at 7:00:00, hasemdency of 60 minutes and the last train
leaves at 21:00:00. Fifteen trains are operatedagr

* LDT_NonStop - it start to operate at 7:30:00, hdsequency of 60 minutes and the last train
leaves at 19:30:00. Thirteen trains are operatedage

« RT - it starts to operate at 5:03:00, has a frequerfi 20 minutes and the last train leaves at
23:23:00. Fifty-six trains are operated per day.

« FT - it starts to operate at 4:07:00, has a frequari 60 minutes and the last train leaves at
22:07:00. Nineteen trains are operated per day.

4.6.3.2. Results

. Delay
Stations
FT |RT| LDT_Stop LDT_NonStop
Mjolby (My) 0 0 0 0
Lindekullen | (Lkn) 0 0 0 0
Boxholm (Bx) 0 0 0 0
Sommen (Smn) 0 0 0 0
Tranas (Tns) 0 0 0 1
Gripenberg (Gp) 0 0 0 5
Frinnaryd (Frd) 0 0 0 3
Ralingsas (Ras) 0 0 0 8
Aneby (Any) 0 0 0 135
Flisby (Fls) 0 0 0 152
Vimnarp (Vim) 0 0 0 159
Gamlarp (Gmp) 0 7 0 172
Nassjo C (N) 339 | 0 0 199
Grimstorp (Gt) 419 | 0 0 168
Bodafors (Bdf) | 419 | O 0 142
Ulvstorp (Utp) | 419 | O 0 127
Savsjo (Sa) 419 | O 0 88
Aleholm (Ahm) | 419 | O 0 84
Stockaryd (Sy) 419 | 0 0 33
Rorvik (Rk) 419 | 0 0 0
Grevaryd (Grd) | 957 | O 0 0
Lidnas (Lns) | 1025 | O 0 0
Moheda (Mo) 1025 | O 0 0
Gavetorp (Gap) | 1025 | O 0 0
Alvesta (Av) | 1025 | O 0 0

Table 4.7 — Train delays operating on ETCS2 — scenario2.
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. Delay
Stations
FT |RT| LDT_Stop LDT_NonStop
Mijolby (My) 0 0 0 0
Lindekullen | (Lkn) 0 0 0 0
Boxholm (Bx) 0 0 0 0
Sommen (Smn) 0 0 0 0
Tranas (Tns) 0 0 0 0
Gripenberg (Gp) 0 0 0 0
Frinnaryd (Frd) 0 0 0 0
Ralingsas (Ras) 0 0 0 0
Aneby (Any) 0 0 0 27
Flisby (Fls) 0 0 0 112
Vimnarp (Vim) 0 0 0 126
Gamlarp (Gmp) 0 0 0 130
Nissjo C (N) | 343 |0 0 143
Grimstorp (Gt) 515 | O 0 113
Bodafors (Bdf) | 515 | O 0 87
Ulvstorp (Utp) | 515 | O 0 72
Savsjo (Sa) 514 | 0O 0 33
Aleholm (Ahm) | 514 | O 0 29
Stockaryd (Sy) 514 | O 0 0
R&rvik (Rk) | 515 | 0 0 0
Grevaryd (Grd) | 966 | O 0 0
Lidnas (Lns) | 1035 | O 0 0
Moheda (Mo) | 1035 | O 0 0
Gavetorp (Gap) | 1035 | O 0 0
Alvesta (Av) 11035 | 0O 0 0

Table 4.8 — Train delays operating on ETCS3 — scenario2.

4.6.4. SCENARIO 3

In this scenario were inserted in timetablel ndy ane all three different trains, but also peratibns

in track line. The line operation with the existaanventional signalling took in consideration the
maximum speed allowed in the line (200 km/h) ane BTCS level 2 and ETCS Level 3 were
operated at the maximum speed of 320 km/h. Theatiparoccurs during 365 days (365 cycles).

4.6.4.1. Assumptions

The main line infrastructure is used in the simardas$ the current infrastructure in the SoutherrirMa
Line Stockholm - Malmd. The speeds of every traektisn are the present-day ones, with the
exception of the speeds that previously were grelase or equal to 200 Km/h are now of 320 Km/h.

All three different trains are presented in theetiablel used in scenario 1. However, the long miista
train (LDT) is operated in two different ways aheitefore has two different schedules:
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e« LDT_Stop - it start to operate at 7:00:00, hasemdency of 60 minutes and the last train
leaves at 21:00:00. Fifteen trains are operatedagr

* LDT_NonStop - it start to operate at 7:30:00, hdequency of 60 minutes and the last train
leaves at 19:30:00. Thirteen trains are operatedage

« RT - it starts to operate at 5:03:00, has a frequerfi 20 minutes and the last train leaves at
23:23:00. Fifty-six trains are operated per day.

« FT - it starts to operate at 4:07:00, has a frequari 60 minutes and the last train leaves at
22:07:00. Nineteen trains are operated per day.

And with the following perturbations:

Train Station Perturbation
FT Mjolby Train delay at the arrival
FT Boxholm Driver’s failure / Signalling failure
FT Ralingsas Driver’s failure / Signalling failure
FT Ulvstorp Driver’s failure / Signalling failure
FT Lidnas Driver’s failure / Signalling failure
RT Mijolby Train delay at the arrival
RT Boxholm Driver’s failure / Signalling failure
RT Tranas Delay in passengers exit and entering
RT Ralingsas Driver’s failure / Signalling failure
RT Aneby Delay in passengers exit and entering
RT Nassj6 C Delay in passengers exit and entering
RT Ulvstorp Driver’s failure / Signalling failure
RT Savsjo Delay in passengers exit and entering
RT Lidnas Driver’s failure / Signalling failure
LDT Mijolby Train delay at the arrival
LDT Boxholm Driver’s failure / Signalling failure
LDT |Ralingséas Driver’s failure / Signalling failure
LDT Nassjo C Delay in passengers exit and entering
LDT Ulvstorp Driver’s failure / Signalling failure
LDT Lidnas Driver’s failure / Signalling failure

Table 4.9 — Perturbations.
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4.6.4.2. Results

Freight Trains

Station Arrival delay Departure delay Punctuality [%]
My 00:05:18 00:05:28 81.0
Av 00:21:07 00:21:07 6.2

Table 4.10 — Arrival/departure delays and punctuality of FT on ATC.

Regional Trains

Station Arrival delay Departure delay | Punctuality [%]

My 00:02:15 00:01:51 91.0

Bx 00:01:48 00:01:31 92.2
Tns 00:01:29 00:01:39 93.1
Any 00:01:40 00:01:50 92.9

N 00:01:54 00:01:47 92.6

Sa 00:02:01 00:02:10 92.1

Av 00:02:18 00:01:58 91.4

Table 4.11 — Arrival/departure delays and punctuality of RT on ATC.

Long Distance Train_Stop

Station Arrival delay Departure delay | Punctuality [%]
My 00:03:25 00:03:04 83.5
N 00:04:23 00:04:08 77.7
Av 00:04:25 00:03:37 77.2

Table 4.12 — Arrival/departure delays and punctuality of LDT_Stop on ATC.

Long Distance Train_NonStop

Station Arrival delay Departure delay | Punctuality [%]
My 00:03:27 00:03:27 84.0
Av 00:07:46 00:07:46 29.0

Table 4.13 — Arrival/departure delays and punctuality of LDT_NonStop on ATC.
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Freight trains

Station Arrival delay Departure delay | Punctuality [%]
My 00:05:08 00:05:19 80.9
Av 00:18:33 00:18:33 9.1

Table 4.14 — Arrival/departure delays and punctuality of FT on ETCS2.

Regional Trains

Station Arrival delay Departure delay | Punctuality [%]
My 00:02:15 00:01:52 90.8
Bx 00:01:53 00:01:35 91.8
Tns 00:01:35 00:01:45 92.6
Any 00:01:47 00:01:56 92.3
N 00:02:03 00:01:50 91.9
Sa 00:01:55 00:02:04 92.1
Av 00:02:09 00:01:48 91.5

Table 4.15 — Arrival/departure delays and punctuality of RT on ETCS2.

Long Distance Train _Stop

Station Arrival delay Departure delay | Punctuality [%]
My 00:03:22 00:03:01 83.9
N 00:04:10 00:03:56 78.2
Av 00:02:37 00:02:13 80.5

Table 4.16 — Arrival/departure delays and punctuality of LDT_Stop on ETCS2.

Long Distance Train _NonStop

Station | Arrival delay Departure delay Punctuality [%]
My 0:03:18 0:03:18 84.3
Av 0:02:26 0:02:26 88.6

Table 4.17 — Arrival/departure delays and punctuality of LDT_NonStop on ETCS2.



Strategic analysis about railway signalling system evolution to ETCS level 2 and 3

Freight Train

Station Arrival delay Departure delay | Punctuality [%]
My 00:05:13 00:05:18 81.7
Av 00:16:32 00:16:32 17.3

Table 4.18 — Arrival/departure delays and punctuality of FT on ETCS3.

Regional Train

Station Arrival delay Departure delay | Punctuality [%]

My 00:02:12 00:01:48 91.3

Bx 00:01:49 00:01:31 92.2

Tns 00:01:32 00:01:42 93.1
Any 00:01:45 00:01:54 92.7

N 00:01:59 00:01:45 924

Sa 00:01:49 00:01:58 92.0

Av 00:02:11 00:01:49 91.3

Table 4.19 — Arrival/departure delays and punctuality of RT on ETCS3.

Long Distance Train _Stop

Station Arrival delay Departure delay | Punctuality [%]
My 00:03:17 00:02:56 84.7
N 00:04:02 00:03:48 78.7
Av 00:02:32 00:02:07 80.8

Table 4.20 — Arrival/departure delays and punctuality of LDT_Stop on ETCS3.

Long Distance Train _NonStop

Station Arrival delay Departure delay | Punctuality [%]
My 00:03:13 00:03:13 84.9
Av 00:02:22 00:02:22 88.7

Table 4.21 — Arrival/departure delay and punctuality of LDT_NonStop in the ETCS3.

If we consider the increase of the maximum speledvatl in ETCS2 and ETCSS, it is possible to cut
down the journey duration of trains able to cirtellen a speed higher than 200 Km/h. By shortening
the journey duration, the route is improved and seledules are stipulated for the operating trains.

Because the trains delays and punctuality is dtrsem the comparison of their time of arrivalthe
stations, the new schedules affects the results fre ETCS2 and the ETCS3.
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Freight Trains

My 00:05:20 00:05:30 81.0
Av 00:26:03 00:26:03 6.6

Table 4.22 — Arrival/departure delays and punctuality of FT on ETCS2, with new timetables and shorter journey
duration.

Regional Trains

My 00:02:15 00:01:51 91.0
Bx 00:01:53 00:01:35 91.8
Tns 00:01:35 00:01:45 92.9
Any 00:01:48 00:01:57 92.5
N 00:02:04 00:03:21 92.1
Sa 00:03:32 00:03:41 74.0
Table 4.23 — Arrival/departure delays and punctuality of RT on ETCS2, with new timetables and shorter journey
duration.

Long Distance Train _Stop

My 0:03:31 0:03:10 83.5
N 0:04:30 0:04:15 78.3
Av 0:05:04 0:04:13 67.4

Table 4.24 — Arrival/departure delays and punctuality of LDT_Stop on ETCS2, with new timetables and shorter
journey duration.

Long Distance Train _NonStop

My 00:03:20 00:03:20 84.0
Av 00:07:07 00:07:07 52.8

Table 4.25 — Arrival/departure delays and punctuality of LDT_NonStop on ETCS2, with new timetables and
shorter journey duration.
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Freight Trains

My 00:05:13 00:05:18 81.7
Av 00:20:24 00:20:24 9.4

Table 4.26 — Arrival/departure delays and punctuality of FT on ETCS3, with new timetables and shorter journey
duration.

Regional Trains

]
l

My 00:02:12 00:01:48 91.3
Bx 00:01:49 00:01:31 92.2
Tns 00:01:32 00:01:42 93.0
Any 00:01:45 00:01:54 92.7
N 00:01:59 00:03:05 924
Sa 00:03:07 00:03:15 76.0
Av 00:03:30 00:03:08 75.6
Table 4.27 — Arrival/departure delays and punctuality of RT on ETCS3, with new timetables and shorter journey
duration.

Long Distance Train _Stop

My 0:03:17 0:02:56 84.7
N 0:04:14 0:03:58 78.5
Av 0:04:50 0:03:58 70.6

Table 4.28 — Arrival/departure delays and punctuality of LDT_Stop on ETCS3, with new timetables and shorter
journey duration.

Long Distance Train _NonStop

My 00:03:13 00:03:13 84.9
Av 00:06:30 00:06:30 59.5

Table 4.29 — Arrival/departure delays and punctuality of LDT_NonStop on ETCS3, with new timetables and
shorter journey duration.
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4.6.5. SCENARIO 4

In this scenario two timetables are consideredet#ible2 where operates the LDT and timetable3
where the RT operates. The line operation with #xéstent conventional signalling took in
consideration the maximum speed allowed in the (2@ km/h) and the ETCS level 2 and ETCS
Level 3 were operated at the maximum speed of 32 kThe operation occurs during 1 day (1
cycle).

4.6.5.1. Assumptions

The main line infrastructure is used in the simarias$ the current infrastructure in the SoutherrirMa
Line Stockholm - Malmé. The speeds of every traektisn are the present-day ones, with the
exception of the speeds that previously were grélade or equal to 200 Km/h are now of 320 Km/h.

The timetable2 used in this scenario includes D& with the following schedule:

e« LDT_Stop — From the 7:00:00 and for a period ohaar, the trains departure with minimum
headway, so they won't interfere with the followinghicles.

The timetable3 used in this scenario includes thevigh the following schedule:

e RT - From the 7:00:00 and for a period of an hdhe trains departure with minimum
headway, so they won't interfere with the followinghicles.

4.6.5.2. Results

LDT Journey duration |Headway Trains per hour
ETCS3 0:55:34 0:03:03 20
ETCS2 0:55:34 0:03:24 18

Conventional 1:03:35 0:03:15 19

Table 4.30 — LDT-Stop results in scenario 4.

RT Journey duration | Headway Trains per hour
ETCS3 1:16:53 0:02:45 22
ETCS2 1:16:48 0:05:16 12

Conventional 1:20:42 0:05:00 13

Table 4.31 — RT results in scenario 4.
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4.6.6. SCENARIO 5

In this scenario two timetables are consideredet#ible2 where operates the LDT and timetable3
where RT operates. The line operation took in amrsition in the ETCS level 2 and the ETCS Level
3 the maximum speed of 320 km/h. The operationrsoduring 1 day (1 cycle).

4.6.6.1. Assumptions

The main line infrastructure is used in the simwias the current infrastructure in the SoutherrirMa
Line Stockholm - Malmd. The permitted speeds oflin# sections were altered to 320 Km/h (track
addressed to high-speed trains).

The timetable2 used in this scenario includes & Wwith the following schedule:

e« LDT_Stop — From the 7:00:00 and for a period ohaar, the trains departure with minimum
headway, so they won't interfere with the followinghicles.

The timetable3 used in this scenario includes thevigh the following schedule:

e RT - From the 7:00:00 and for a period of an hdhe trains departure with minimum
headway, so they won't interfere with the followinghicles.

4.6.6.2. Results

LDT Journey duration |Headway Trains per hour
Dedicated_track_ETCS3 0:41:29 0:04:49 13
Dedicated_track ETCS2 0:41:28 0:05:06 12

Table 4.32 — LDT_Stop’s results in scenario 5.

RT Journey duration |Headway Trains per hour
Dedicated_track ETCS3 1:11:46 0:03:44 17
Dedicated_track ETCS2 1:11:42 0:04:17 15

Table 4.33 — RT'’s results in scenario 5.
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5

RESULTS ANALYSIS

5.1. INTRODUCTION

In this chapter will be analyze the results of #tady of the previous chapter, as well as the
maintenance costs of the life cycle of the difféignalling systems in the line in study.

5.2. RESULTS ANALYSIS
5.2.1. DELAYS AND PUNCTUALITY
Scenario 1

In the scenario 1, timetablel is applied and the i limited to the maximum speed of 200 Km/h. The
only variation in this simulation is the operatwith the three different signalling systems in stud
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Figure 5.0 — Trains delays operating on ATC — scenario 1.
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Figure 5.1 — Trains delays operating on ETCS2 - scenariol.
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Figure 5.2 — Trains delays operating on ETCS3 - scenariol.
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Results analysis of the delays registered in teaaio 1

After analysing the figures 5.0, 5.1 and 5.2, iglent that the largest number of delays (in thypes

of trains) occur in the conventional system: theidint trains reaches a delay of 1035 seconds; the
regional trains begin the register delays in thenlagy station (3s), reach their peek at Grimstorp
Station (118s) and they arrive to the Alvesta astativith a 45s delay. The long distance trains witho
programmed stops, reach their first delay at thgeBberg station (40s), reach their peek at the
Grimstorp and Ulvstorp stations (311s), and artivéAlvesta station with a 307s delay. The long
distance trains with programmed stops do not regésty delay.

While operating in the ETCS2, the freight traingiseer a maximum delay of 1025 seconds (inferior
value to the registered on the conventional syst¢h® regional trains register a delay only in
Gamlarp Station (7s) and arrives to Alvesta stationtime. The long distance trains without
programmed stops are late for the first time affttenas station (2s), reach their maximum figures i
the stations of Grimstorp, Ulvstorp, Séavsjo, Alehoand Stockaryd (205s, inferior to the delay
registered on the conventional system), and amovélvesta station with a delay of 204 seconds
(inferior to the delay registered on the converdloystem). The long distance trains with
programmed stops register no delays.

While operating in the ETCS3, the freight traingiséers a maximum delay of 1035 seconds (same
value registered on the conventional system) aedréigional trains register no delays. The long
distance trains without programmed stops are atdhie first time at the Aneby station (30s), reach
their maximum delay in the stations of Grimstorfydtbrp, Savsjo, Aleholm, Stockaryd, Lidn&s and
Moheda (144s, inferior to the delay registered o ¢onventional system and on the ETCS2), and
arrive to Alvesta with a 143s delay (inferior t@ ttelays registered on the conventional systenoand
the ETCS2). The long distance trains with prograchsteps register no delays.

Scenario 2

In scenario 2, alterations were introduced: Thedpienitation was increased from 200 km/h to 320
km/h for the ETCS2 and ETCS3, with the exceptiothefconventional system which only allows the
maximum speed of 200 Km/h. All three systems ogeratith the timetablel.
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Figure 5.3 — Train delays operating on ATC — scenario 2.
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Figure 5.4 — Train delays operating on ETCS2 — scenario 2.
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Figure 5.5 — Train delays operating on ETCS3 — scenario 2.

Results analysis of train delays reqgistered onasoe

The differences between the figures of the diffemggnalling systems operating on this scenario are
more significant when compared with the differen@ggstered in the previous simulation.

The system conventional registered the same nunafexsenario 1: the freight trains have delays of
1035 seconds, the regional trains begin to regitkay at Gamlarp station (3s), reach their pedkeat
Grimstorp station (118s) and arrive at Alvestaistawith a 45s delay. The long distance trains
without programmed stops are late for the firstetiat the Gripenberg station (40s), reach the
maximum delay at the stations of Grimstorp and tdys (311s), and arrive to Alvesta station with a
307s delay. The long distance train with programstegs registers no delays.

In the ETCS2 operating on scenario 2, the freighin$ registers a maximum delay of 1025 seconds
(inferior to one registered on the conventionalteryg; the regional trains registers a delay only at
Gamlarp station (7s) and arrives at Alvesta statithout any delay. The long distance trains withou
programmed stops are late for the first time amndisastation (1s), reach their peak at the station
Nassjo C (199s, inferior delay to the one registene the conventional system), and come at Alvesta
station on time. The long distance train with pesgmed stops registers no delays.

In the ETCSS, the freight trains have a maximunaylelf 1035 seconds (figures registered on the
conventional system) and the regional trains doregtster any delays. The long distance trains
NonStop are late for the first time at Aneby Stat{@7s), they reach their maximum at N&ssjo C
Station (143s, delay inferior to the one registenadthe conventional systems and on ETCS2) and
arrives to Alvesta station without delay. The latigtance trains with programmed stops register no
delays.
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Scenario 3

In scenario 3, an operation with 365 cycles wasabesl for each system (365 days, one year), in
which the train delays and punctuality were analyaa a perturbed simulation. The punctuality is
handling as a percentage of trains arriving wittedass higher than 5 minutes. Those delays and
punctuality rates were executed in the first stafidjolby), in the last station (Alvesta) and in tide
stations where, according with the timetable, thenthad a scheduled stop. The numbers registered
are compared with the time scheduled for arrivad departure of each train, predefined in the
Timetable.

FT Delays

0:23:02
0:20:10
0:17:17
Time 0:14:24 & Conventional

0:11:31 B ETCS2

0:08:38 = ETCS3
0:05:46
0:02:53
0:00:00

My Av

Figure 5.6 — FT average delay, operating on ATC, ETCS2 and ETCS3, with the same timetable —
scenario 3.
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Figure 5.7 — FT punctuality, operating on ATC, ETCS2 and ETCS3, with the same timetable —
scenario 3.
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Figure 5.8 — RT average delay, operating on ATC, ETCS2 and ETCS3, with the same timetable —
scenarios 3.
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Figure 5.9 — RT punctuality, operating on ATC, ETCS2 and ETCS3, with the same timetable —
scenario 3.

75



Strategic analysis about railway signalling system evolution to ETCS level 2 and 3

Time

0:05:02
0:04:19
0:03:36
0:02:53
0:02:10
0:01:26
0:00:43
0:00:00

LDT_Stop Delays

E Conventional
= ETCS2
E ETCS3

My N Av

Figure 5.10 — LDT_Stop average delay, operating on a conventional system, an ETCS2 and an

ETCS3, with the same timetable — scenario 3.
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Figure 5.11 — LDT_Stop punctuality, operating on a conventional system, an ETCS2 and an ETCS3,
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with the same timetable — scenario 3.
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Figure 5.12 — LDT_NonStop average delay, operating on ATC, ETCS2 and ETCS3, with the same

timetable — scenario 3.

90
80
70
60
(%)
40
30
20
10

LDT_NonStop Punctuality

H Conventional
H ETCS2
= ETCS3

My Av

Figure 5.13 — LDT_NonStop punctuality, operating on ATC, ETCS2 and ETCS3, with the same

timetable — scenario 3.
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With the new schedules calculated for faster journeys with the ETCS2 and ETCSS, the results for the

trains delay and punctuality on these systems and the charts comparing delay and punctuality on the

conventional system, will show a disparity.
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Figure 5.14 — FT average delay, operating on ATC, ETCS2 and ETCSS3, with different journey
durations and timetables — scenario 3.
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Figure 5.15 — FT punctuality operating on ATC, ETCS2 and ETCSS3, with different journey durations
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Figure 5.16 — RT average delay operating on ATC, ETCS2 and ETCSS3, with different journey
durations and timetables — scenario 3.
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Figure 5.17 — RT punctuality operating on ATC, ETCS2 and ETCS3, with different journey durations
and timetables — scenario 3.
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Figure 5.18 — LDT_Stop average delay operating on ATC, ETCS2 and ETCS3, with different journey
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durations and timetables — scenario 3.
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Figure 5.19 —LDT_Stop punctuality operating on ATC, an ETCS2 and an ETCS3, with different

journey durations and timetables — scenario 3.
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Figure 5.20— LDT_NonStop average delay operating on ATC, ETCS2 and ETCS3, with different

journey durations and timetables — scenario 3.

90
80
70
60
0,
) 40
30
20
10

LDT_NonStop Punctuality

E Conventional
E ETCS2_new_TT
H ETCS3_new_TT

My Av

Figure 5.21 — LDT_NonStop punctuality operating on ATC, ETCS2 and ETCS3, with different journey

durations and timetables — scenario 3.
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Results analysis of train delays reqistered onaswe3

In the outcome with the perturbed simulation fotimme period of a year of the ATC, ETCS2 and
ETCS3 systems, the average delay of the freighistrdecreases (as shown in the figure 5.6) as a
result of "transition" of the operating signallimystem, from the conventional to the ETCS2 and
finally to the ETCS3. Regarding the punctuality, skleown in graphic 5.7, it increases with the
“transition”. In the last station, Alvesta, canestt some disparity on the punctuality rates in all
different systems: ATC (6,2%), ETCS2 (9,1%) and B3(17,3%).

On the other hand, the regional trains registesarage delay and punctuality very similar onlad t
three systems (figures 5.8 and 5.9). But even watly close figures, the best punctuality records at
the Alvesta station were produced in the ETCS25%}, followed by the ATC (91,4%) and finally
the ETCS3 (91,3%).

The average delay and punctuality numbers fronLBDiE_Stop are similar in the ETCS2 and ETCS3
(figure 5.10), being the last system the one vhthltest results: 80,8% punctuality rate at the #bve
Station against the 80,5% punctuality rate of thi€&2. The ATC is the system with the worst results
(figure 5.11), showing an average punctuality gR% at the last station.

The train with the shortest journey duration, tH2TL NonStop, obtains similar results regarding the
average delay rate in the ETCS2 and the ETCS3réiguL2), being the last system the one with the
best results, with a substantial difference if canspl with the ATC. The ETCS3 has a punctuality rate
of 88,7% at the Alvesta station against 88,6% puality rate of the ETCS2, shows once again the
best figures. The conventional system obtains glate results, (figure 5.13) with only 29,0%
punctuality rate in the last stop.

When the journey durations are cut down, the tsaimedules are updated. Therefore, the results are
slightly different.

After the schedule update, the freight trains otsdidifferent average delay rates on the ETCS2 and
on the ETCS3. Although the new figures registergdh® ETCS3 continue to be an improvement

when compared the registered values from the ATgtié 5.14), they came short when compared to
the ETCS2 values. Regarding the punctuality ratAhatsta Station, nothing changes in the results

hierarchy, with just slightly different numbers: &T(6,2%), ETCS2 (6,6%) and ETCS3 (9,4%), as

shown in figure 5.15.

The regional trains, with the new timetable, reggistl different average delay and punctuality in all
three signalling systems (graphic 5.16). The ATG@istered the best results, followed (with some
distance) by the ETCS3 and finally the ETCS2. Thstlpunctuality rate at Alvesta Station was
achieved on the conventional system (91,4%), faldvby ETCS3 (75,6%) and finally the ETCS2
(73,5%), as shown in graphic 5.17.

The average delay rate of the LDT_Stop is simifaall three systems (figure 5.18), but the system
with the best figures is the ATC, followed by th& &3 and finally the ETCS2. Concerning the
punctuality rate, it's the same scenario: 77,2%tlen conventional system, 70,6% on ETCS3 and
67,4% on ETCS2, (figure 5.19).
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The train with higher priority on the track, the TDNonStop, obtains the best average delay rate in
the ETCS3, followed by the ETCS2 - although witmsadistance - and finally, with bigger numbers,
the conventional system (figure 5.20). The pundiuahte of this type of train in the ETCS3 is of
59,5%, of 52,8% in the ETCS2 and with much lowenhars, the ATC with 29,0%, (figure 5.21).

The results of this scenario makes one concludehlikaETCS3 obtains the best results in the average
delay and in the punctuality rates of all vehioksen arriving to the Alvesta Station. The ETCS2
obtains slightly worst figures but even so quitttdrethan the ATC results.

With the timetable update scenario, due to thetshgourney durations of the Long Distance Trains
on the ETCS3 and ETCS2 when compared with the ATTT ( Stop: minus 8'23”; LDT_NonStop:
minus 8'54™), the best results are once againhima ETCS3. However, with the Freight Trains and
LDT_NonStop the time gap is not as evident afterttme change. On the other hand, the Regional
Trains and the LDT_Stop show the best results erctimventional system, which did not suffer any
schedule alteration.

This line is not a high-speed dedicated track. t&thie contrary, it is one where also circulatesoth
types of trains. Therefore and in spite of the peyrduration of the LDT is shorter on the ETCS8 an
ETCS2 when compared with the ATC, it's probablytéeto do not to reduce it in such acute way, so
it don't disturb the other trains operation.

5.2.2. JOURNEY DURATIONS

After analyzing the scenarios 4 and 5, where th& BDd RT are operated, the following results were
obtained:

Long Distance Train

LDT Journey duration
Dedicated_track _ETCS3 0:41:29
Dedicated_track ETCS2 0:41:28

ETCS3 0:55:34
ETCS2 0:55:34
Conventional 1:03:35

Table 5.1 — LDT journeys duration - scenarios 4 and 5.
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Journey duration
1 1 | |
Conventional | | | I ’ 1:03:35
ETCS2 | | | | J 0:55:38
ETCS3 _ ’ 0:55:34 Journey duration
{11 ]
Dedicated_track _ETCS2 | | | ‘ 141:28
Dedicated_track ETCS3 l 141:29
|/ |/ T f T

Figure 5.22 — LDT journeys duration - scenarios 4 and 5.

The regional train registered the shortest jourmhaation on the ETCS2 with d«cated track, with a
difference of only 4 seconds to the ETCS3 with dadid track. Comparing the shortest jour

duration -ETCS2 with dedicated trac- with the longest eonventional line wittATC — one verifies
that it exista nine minutes differenc The journey durations with intermediate numbersuosz on

the ETCS2 and ETCS3 with pres-day track, with a gap of 00:04:54 and of 00:04 d€pectively

Regional Train

RT Journey duration
Dedicated_track_ETCS3 1:11:46
Dedicated_track ETCS2 1:11:42

ETCS3 1:16:53
ETCS2 1:16:48
Conventional 1:20:42

Table 5.2 — RT journey duration - scenarios 4 and 5.
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Journey duration
1 1 | |
Conventional | | | | ’ 1:20:42
ETCS2 | | | | ’ 1:16:48
ETCS3 _ ! 1:16:53 Journey duration
{1
Dedicated_track _ETCS2 | ‘ 1:11342
Dedicated_track _ETCS3 ’ 1:1146

Figure 5.23 — RT journey duration - scenarios 4 and 5.

The regional train registered the shortest joumh@ation on the ETCS2 with dedicated k, with a
difference of only 4 seconds to the ETCS3 with daidid track. Comparing the shortest jour
duration -ETCS2 with dedicated trac- with the longest eonventional line wittATC — one verifies
that it exist a nine minusedifference. The jouey durations with intermediate numbers occurre:
the ETCS2 and ETCS3 with pres-day track, with a gap of 00:04:54 and of 00:04 d€pectively

Results analysis of the journey durati

When analyzing the journey durations of both traibBT and RT) we can attest that the spe
difference in a dedicated track results in a shartvelling period in both systems (ETCS2
ETCS3) when compared with the ATC. This differeigenore accentuated in the LDT because
vehicle reaches higher speedsn the RT and its timetable have less scheduled <

In the ETCS2 and the ETCS3 on the pre-day track, the difference of the journey duratismot sc
accentuated when compared with the ATC, but dudadohigher speed of these two systems,
register relevant differences.
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5.2.3. MINIMUM HEADWAY

The results of the scenarios 4 and 5 were theviotip ones:

LDT
LDT Headway
Dedicated_track ETCS3 0:04:49
Dedicated_track ETCS2 0:05:06
ETCS3 0:03:03
ETCS2 0:03:24
Conventional 0:03:15

Table 5.3 — LDT minimum headway - scenarios 4 and 5.

Headway
gl | |
Conventional ‘ ‘ ’ 0:03:15
ETCS2 | | ‘ J 0:03:24
ETCS3 | | ﬂ 0:03:03 Headway
Dedicated_track _ETCS2 ‘ ‘ ‘ ‘ | 0:05:06
Dedicated_track _ETCS3 | . ’0:04:4’9

0:00:00 0:01:26 0:02:53 0:04:19 0:05:46

Figure 5.24 — LDT minimum headway - scenarios 4 and 5.

The lowest record of minimum headway for LDT wagha actual track with the ETCS3 (00:03:03),
followed close by the conventional system also hie present-day line (00:03:15) and ETCS2
(00:03:24). The worst result was accomplished odedicated-track with the ETCS2 (00:05:06),
followed by the ETCS3 (00:04:49) on a dedicatedktra
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RT Headway
Dedicated_track ETCS3 0:03:44
Dedicated_track ETCS2 0:04:17

ETCS3 0:02:45
ETCS2 0:05:16
Conventional 0:05:00

Table 5.4 — RT minimum headway - scenarios 4 and 5.

Conventional

ETCS2

ETCS3
Dedicated_track ETCS2

Dedicated_track ETCS3

e

Headway

| 0:05:

’O:O':

J 0:04:17

§ 0:03:44

Headway

0:00:00 0:01:26 0:02:53 0:04:19 0:05:46

Figure 5.25 — RT minimum headway - scenarios 4 and 5.

Regarding the regional train, the best result was eegistered in the actual line with the ETCS3
(00:02:45), followed at a great distance by the BEZ©On a dedicated track (00:03:44). The third place
also registered on a dedicated track, was acconegliby the ETCS2 (00:04:17). With the worst
numbers and very distant from the best headwathassimulation of the actual line operating on
ETCS2 (00:05:16) and on ATC (00:05:00).
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Results analysis of the minimum headway

Analysing the results, it can be attested that libst numbers of minimum headway were both
accomplished by the LDT and the RT operating in MgwBlock System, in the present-day line on a
ETCS.

One can also verify that the two worst resultshef EDT are produced on a dedicated track (ETCS2
and ETCS3). This is explained by the combinatiothefhighest speed achieved by the LDT and the
small number of programmed stops; although the EBT§frates in Moving Block (and consequently

has a slightly better result than ETCS2), the grdivat succeed the first vehicle have higher brakin

curves and bigger distance gaps between themseliies, comparing with other systems operating on
a lower speed.

As for the regional train, due to the high numbeprmgrammed stops executed during the operation,
the system with the best results of minimum headisaie ETCS3 (Moving Block), not only on the
actual track but also in a dedicated track. Thisrafng system responds better to the different
braking curves between trains, even in higher speadhieving a minor distance gap between
vehicles.

5.2.5. MAXIMUM NUMBER OF TRAINS

Concerning to the maximum number of trains opegatina hour, without the precedent train interfere
with the operation of the succeeding train, thelteof the scenarios 4 and 5 were the followingson

LDT
LDT Trains per hour
Dedicated_track_ETCS3 13
Dedicated_track ETCS2 12
ETCS3 20
ETCS2 18
Conventional 19

Table 5.5 — Long Distance Trains per hour - scenarios 4 and 5.

88



Strategic analysis about railway signalling system evolution to ETCS level 2 and 3

Trains per hour

Conventional | J o
ETCSZi | | J 18
ETCS37 | | §20  Trains per hour
Dedicated_track_ETCSZi | | J12
Dedicated_track_ETCSSi J13

0 10 20

Figure 5.26 — Long Distance Trains per hour - scenarios 4 and 5.

The largest number of LDT operating in a hour wesoaplished in the ETCS3 on the present-day
line. The second best result, with close numbeesewthe conventional system and the ETCS2
operating on the same line, with 19 and 18 tragspectively. In the dedicated tracks, very distant
figures were registered: the ETCS3 with 13 traimd the ETCS2 with 12 vehicles.

RT
RT Trains per hour
Dedicated_track_ETCS3 17
Dedicated_track_ETCS2 15
ETCS3 22
ETCS2 12
Conventional 13

Table 5.6 — Regional trains per hour — scenarios 4 and 5.
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Trains per hour
Conventional ‘ ‘ '13
ETCS2 | J 12
ETCS3 ‘ ‘ ’ 22 Trains per hour
Dedicated_track_ETCS2 ‘ ‘ ’ 15
Dedicated_track_ETCS3 ) ' 1
0 10 20 30

Figure 5.27 — Regional trains per hour — scenarios 4 and 5.

With the RT was possible to operate more vehiclggng one hour in the ETCS3 on the actual line
and the closest registered figure was also achievéte ETCSS3 but in a dedicated track. After them,
with the third best result, is the ETCS2 on a datdid track, operating 15 trains during one hour.
Finally and very apart from the numbers of the mtlsystems, are the ATC and the ETCS2 with the
results of 13 trains and 12 trains respectively.

Results analysis of the number of trains per hour

The maximum number of trains to circulate duringe dmour is directly related with the track's
minimum headway with the different systems in stulyerefore, one can attest that the system that
allows operating the largest number of long distanains during the period of one hour is the ETCS3
on the present-day track. It's also corroborated, thue to the speed increase on the dedicatdd trac
the potential number of vehicles operating during @our is quite inferior when compared with the
same systems to operate in the actual line.

Regarding the maximum number of regional trainsrajoey during one hour, once again it is
confirmed that the ETCSS3, both in the actual anthendedicated track, is the system that obtaias th
best results, very apart from other systems figures
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5.3. MAINTENANCE COSTS

When choosing a signalling system, apart from #efirtical conditions, it is imperative to consider
the implementation costs and, no less importamt,cthsts originated from the system use during its
life cycle.

Because this study takes place in an already operie, it is important to analyse the coststef i
functioning. Let us analyse the system’s mainteaansts in the study.

In the maintenance costs analysis, it was congidiéxe already existing track equipments in the line
Mjolby - Alvesta (track circuits, signals and bak$. The points maintenance cost was not taken in
consideration, because it is an expense inhereaik o the systems in study.

The data used for this comparison were suppliedldrg Lagestam, Head of Sectidnferlocking
systems, Trafik/Teknik/Signal och teleteknik/SitaliVerk of the Trafikverket, the Swedish National
Traffic Administration. | thank him for his valuabhelp.

The track equipments of the branch line Mjolby -ve§ta in the current system (ATC), have the
following costs:

Track circuits Annual cost
Batteries maintenance

Maintenance /relay adjusting
Joint replacement 2,645,000.00 kr
Joint maintenance
Failures repairmen

Signals Annual cost
Maintenance

Light bulbs replacement 1,450,000.00 kr
Failures repairmen

Balises (with cable) Annual cost

Maintenance
Failures repairmen
Fixed balises (no cable) Annual cost
Maintenance
Failures repairmen

362,000.00 kr

262,000.00 kr

Table 5.7 — Track equipments maintenance costs for the line Mjélby—Alvesta (ATC).

It is clear that every year around 4.719.000 SEKeapended and considering the system’s life cycle
(30 years), 141.570.000 SEK are used in the mantnof the signalling equipments.

Conventional Maintenance costs
4,719,000 kr Year
141,570,000 kr Life cycle (30 years)

Table 5.8 — Maintenance costs calculation for the line Mjolby—Alvesta (ATC).
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In a European Train Control System Level 2, itngpeortant to consider that neither the use of rail
signals nor balises (with cable) are necessarys€&@muently, the maintenance costs would be reduced
to 2.907.000 SEK per year and to 87.210.000 SEkhduhe system life cycle.

ETCS2

Maintenance costs

2,907,000 kr

Year

87,210,000 kr

Life cycle (30 years)

Table 5.9 — Maintenance costs calculation for the line Mjolby—Alvesta (ETCS2).

On the other hand, in an ETCS3 one must take isideration that, apart from absence of need from
rail signals and balises with cable, track circuare dispensable. Therefore, in this system, the
reduction costs are in order of 262.000 SEK per gad 7.860.000 SEK during the system life cycle.

ETCS3 Maintenance costs
262,000 kr Year
7,860,000 kr Life cycle (30 years)

Table 5.10 — Maintenance costs calculation for the line Mjdlby—Alvesta (ETCS3).

Comparing the maintenance costs of the differgmadiing systems, one can attest that between the
conventional system and the ETCS2 one could samdrl.812.000 SEK of costs per year and about
54.360.000 SEK in thirty year period.

Conventional — ETCS2
1,812,000 kr
54,360,000 kr

Year
Life cycle (30 years)

Table 5.11 — Maintenance costs differentiation between the ATC and the ETCS2.

Comparing the maintenance costs between the ATGhenHTCSS3, one can attest that could save
around 4.475.000 SEK of costs per year and abd&1718.000 SEK in thirty year period.

Conventional — ETCS3
4,457,000 kr
133,710,000 kr

Year
Life cycle (30 years)

Table 5.12 — Maintenance costs differentiation between the ATC and ETCS3.

Comparing the maintenance costs between the ETEGSEACS3 could be saved 2.645.000 SEK per
year and of 79.350.000 SEK in thirty years.

ETCS2 - ETCS3
2,645,000 kr
79,350,000 kr

Year
Life cycle (30 years)

Table 5.13 — Maintenance costs differentiation between ETCS2 and ETCS3.
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6

CONCLUSION AND DISCUSSION

6.1. CONCLUSION AND DISCUSSION

This paper aimed to analyse with some insight tiygaict of a rail signalling system alteration in an
already existent line, Mjolby - Alvesta. It was tbfore necessary to study an extensive documentatio
and accomplish a case of study.

The obtained results from diverse simulations & ¢hse study, helps to answer the objectives in the
present work and to understand that the replaceaighe ATC for the ETCS level 2 and ETCS level
3 (even with the same speed limit) will reducettiain delays (smaller delay on the ETCS3). With the
increase of speed in the track, only possible dftenimplementation of the ETCS level 2 and ETCS
level 3, the delay differences between the diffesignalling systems are even more evident.

When the line is operated on a very busy daily taike and some operation perturbations are added
up to simulation for a period of one year, it iteated once again that the best performances in the
average delays and punctuality rates are carrietyothhe ETCS level 2 and by the ETCS level 3.

The ETCS level 2 and the ETCS level 3, by increntiie speed limit on the line, reduces the journey
duration when compared with the conventional system

Regarding the line’s capacity, headway and numbeebicles operating at the same time, the ETCS
level 3 stands out from the other two systems, i allows a shorter headway and consequently,
permits the circulation of a larger number of tea@rt the same time in the track.

As regards the maintenance costs of signallingesystwhen comparing the contrast of expenses per
year of the ATC with the ETCS level 2, the conabnsi are quite clear: the ETCS level 2 has a quite
smaller sum. But the ETCS level 3 figure is evemlan when compared with those two systems. The
analysis of the maintenance costs of the threesgslife cycle (30 years) supports the conclushern t
the investment in the maintenance of the conveatisystem is quite higher when compared with the
ETCS level 2 figures, but it is monumental reldiv® the ETCS3 numbers.

However, were not considered in this study impletaion costs related to the implementation of the
different systems.

In relation to the ETCS level 2, but especiallytite ETCS level 3, one can also affirm that booth
systems have lower equipment failure rates, whielama less flaws and perturbations in the rail track
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operation. This is proportional to the reduced reaiance costs because the number of existing track
equipments will be very inferior when balanced agathe conventional system.

In conclusion, with the rail signalling ETCS levgland ETCS level 3 - especially due to the last
system’s greater results— one can increase theedlonaximum speed in the track and improve the
line’s interoperability and safety in the rail tegort. But one can find more advantages in adopting
these systems: the train delays are reduced, wittitbout line perturbations; the punctuality rate

the circulating trains is elevated; a higher numifevehicles operating the line at the same tinee ar

doable; improved headway; lower maintenance cagtdewer track equipments failures.

The importance of this study results can be dematest after the observation of the assemblage of
investments occurring in Sweden at this time.

The Trafikverket the Swedish Transport Administration, is exeautt this time several projects as
for example the Botniabanan High Speed Line prqfe&TMS level 2) estimated in 13,2 billions of
Swedish crowns (SEK), which goal is to increase ghéety in the people's transport, open new
journey opportunities for passengers and promotigjonal development, by reducing journey
durations and by promoting a less pollutant trartsf3, 84]

The Stockholm City Line project, with an investmestimated in 16,8 billion of SEK, will enable the
double the traffic capacity approaching the citgitoe and increase the punctuality rate. [85]

The Hallandsas project, estimated in 10,5 billiohSEK, has as development aim the improving of
line’s capacity from four trains per hour to 24itsaper hour and to work as a fundamental link of
long distance passengers traffic (Copenhagen-MaBothenburg, Oslo).[86, 87]

The CITYTUNNEL project (Malmd), with an investmeatound 8,565 billion of SEK, expects to
increase the line’s capacity in more than 40% armeéduce the journey durations. [88]
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6.2. FUTURE DEVELOPMENTS

During the assembling of the present work, relevaspects of the rail signalling systems were
analyzed. Nevertheless, the information compilesilteng from all of the consulted documents and
the case study, recommends that the investigationl@ be continued, completing and improving the
collected data.

Therefore, the following matters should be studietbwards to deepen its comprehension:

« Analysis of the implementation costs of the newtesys to be deployed (ETCS level 2 and
ETCS level 3);

« Analysis and comparison of LCC (Life Cycle Cost}iné different signalling systems that are
a part of this study.

« Analysis and comparison of the RAM (Reliability, @lability and Maintainability) of the
different signalling systems that are a part of study.

« Study of the costs and implementation of the igialling ETCS level 2 and ETCS level 3 on
a rail line built from scratch and compared it wittle conventional system.
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ANNEX
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Figure 7.0 — line Mjolby — Alvesta.
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Figure 7.1 — line Mjolby — Alvesta.
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Figure 7.2 — Diagram with fixed block duration (ATC and ETCS2) in the Mj6lby — Alvesta.
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Figure 7.3 — Fixed block headway on the rail line and section (ATC and ETCSZ2) in Mjolby — Alvesta.
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Figure 7.5 — Fixed block headway on the rail line and section (ETCS3) in Mjolby — Alvesta.
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Figure 7.9 — FT speed chart in Mj6lby — Alvesta with a speed limit of 200 Km/h.
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Figure 7.11 — LDT speed chart in Mj6lby — Alvesta with a speed limit of 200 Km/h.
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Figure 7.14 — RT speed chart in Mjélby — Alvesta (with a speed limit of 320 Km/h along the line).
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Figure 7.15 — LDT speed chart in Mj6lby — Alvesta (with a speed limit of 320 Km/h along the line).
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