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1 INTRODUCTION both in dedicated labs and live in a real

GRAIL (GNSS introduction in the RAIL Sector), is ERTMS/ETCS line, as well as test results are

a project funded by the Galileo Joint Undertakin resented. . , o ,
(GJU), now superseded by the GSA (GNS he demonstration and testing activities carrietd ou

Supervisor Authority), with funds from the With thed G.NSS'L:]T devel(l)dped by TASI bandd
European Commission's 6th Framework Programmigtegrated into the - Ansaldo ETCS on-boar

for Research and Technology Development. equipment, have been carried put in March, April

and May 2008 along the commercial high speed
: ; ; Madrid-Lérida line. The complete Demonstration
The introduction of the GNSS technology in t-heenvironment includes the On Board Unit, the User

Railway domain for different applications in ) ) ;
Europe, and irrespective of the technological basiéermmal, the Test train and the Test track. Brief

established has followed different paths. This ha esqriptio_?hof (gfsﬁft ele_me(r;ts s provi'ded i'h;ﬂ;
prevented the use of a common approach permittin\%ecnon' N train _demonstration works

: o ; : : ied out in Talgo BT2 train along the High
interoperability of the technical solutions at diént ere carre : . .
system levels in similar applications, and theopeed line Madrid Lleida between Madrid-Sur and

reusability of products for different applications. Ariza during 12 Wc_)rking days and _along 6000 km,
to demonstrate in a real environment on a

The project has been the answer of a consortiun, [§°mmercial line, the feasibility of using GNSS

by INECO-TIFSA, to the FP6 2nd call (June 2004f€chnology as odometer within the needs and

for Galileo, with the aim to contribute to the oakr spec(;ficgtiong re(;quired by _the ETICS/E.RTMS
objective of facilitating the introduction of GNSS Standard and to demonstrate in a real environment

: ; : ial line the use of GNSS technology to
(Galileo and EGNOS) in the Rail sector based off"? @ commercia eenn
the availability and maturity of different “service enhance selected ETCS/ERTMS functionalities.

enablers” (appropriate standards, availability séru A lot of data were collected fror_n TAS _and
terminal, economic and regulatory aspects’ nsaldo to carry out a post-processing analysis and
awareness, etc). to evaluate the results.

2 GRAIL PROJECT OVERVIEW
One of the main o_bjectlves of the GRAIL project RAIL is a project commissioned with the aim to
has been to specify, develop_and test a GNS upport the introduction of EGNOS & Galileo
prototype system ready to be integrated in ETC ervices in the rail market
train-borne equipment (ETCS on-board), with arp " e of railvay applications where GNSS
strategy, consistent with _the current deploymen ould be used is very large and diverse. The eiffiort
ﬁmrt%(;ifio%f E]‘R-EE%SSIETEElr::oil':rrglpiin?rc?)nimgﬂt his project has been focused on Safety-Critical
applications and particularly in ERTMS/ETCS.apphcatlonS’ specifically in European Train Cohtro

g . X - ; -~ " System (ETCS).
Here in the following are identified the main praje O¥1e of t(he mai)n objectives of the GRAIL project is
objectives:

to achieve a common specification for the GNSS

1. To achieve a common specification (agreed b :
users and industry) for the GNSS sybsystem for théubsystem at different levels of ERTMS/ETCS

;= chitecture. The key success of this process is to
Enhanced Qdometry appllcatlon qnd the Enhan.cqévolve in the technical definition of the GNSS-
ETCS applications (Virtual balise and train

. based User Terminal architecture a set of actors
awakening).

epresentative of the Rail community with the
2. To develop and test a prototype of the GNS : : o .
sybsystem for the Enhaced Odometry and th urpose to define a converging solution: Rail

. . . INfrastructures specialists to analyse the comggai
Enhanced ETCS applications with test in a €% the Ralil domain, rail-signalling engineers to

ERTMS/ETCS line and test in a lab environment, better understand the different possibilities after

3. To s‘gudy.some compl_ementary aspects such BY GNSS to contribute to the train control, GNSS
economical issues, legal |ssues_a_md development X manufacturer to support the development of the
(c;ol\rlliii terl?s\fillh tﬁf?&gfﬁvesspfgﬂg 2for ra'Iwaysappropriate technologies_(on-b(_)ard unit inclyding
the GNSS receiver), rail business specialist to
demonstrate the economic effectiveness of the use
of the European GNSS system, Rail law expertises

architecture and development of a demonstrator thE,’gfﬁ1 take into account the regulatory, standardisatio
has been integrated into the EUROCAB d certification environment, especially in Europe

. ; The objective of the project has been accomplished
functionality.

Moreover, the description of the test campaignst,hrough the definition of a GNSS-UT architecture

This paper will describe the process that led & th
definition of a GNSS-UT (GNSS-User Terminal)



integrated into the EUROCAB functionality as balises only have the function of odometry

output of a converging process between different correction.

technical solutions, approaches, requirements, user Improvement of the availability (by overcoming

needs and consistent with the current deployment drawback of existing sensors)

process of ERTMS/ETCS in Europe for theo Costreduction

integration of GNSS into control and commandFig. 1shows the data flow diagrams for the
applications. Enhanced odometry, the allocation of the functions,
The UT architecture is based on a commotthe interactions and the information flow between
specification agreed between users and industry lige ETCS on board and the GNSS Enhanced
focusing on two particular applications: theOdometry Subsystem.

Enhanced Odometry application and the Enhancdd this approach, the functions that are expected
ETCS applications (Absolute positioning and trainfrom the GNSS Enhanced Odometry Subsystem to
awakening), defined, developed and tested throudbe integrated in the odometry function are:

the GNSS subsystem prototype in a real Measure position and speed (along track velocity)
ERTMS/ETCS line. Details are provided in the. Data processing: data fusion and status
following. determination.

2.1  Enhanced Odometry (EO) - Error estimation: Integrity monitoring of SIS and

computation of confidence interval

A number of train protection systems rely on speeg rig 2 depicts the architecture proposed for the
control at singular spots along the track (end of Epnanced Odometry application
sections, points, stations, etc). Therefore, trainst

be equipped with odometric systems in order to /\ A T
provide train speed instantaneously. One of the,..,
systems more widely used is to calculate the traif: s b imeiaomn o ru
speed from the number of turns of a wheel of the:
train with corrective mechanisms for avoiding slide:
and slip phenomena. In ERTMS, train protection isss=
based on the knowledge of train position with Fig. 1: The EO Context Diagram
respect to a spot to be protected and the supamvisi -

of a braking curve. The spots to be protected are”
referred with respect to balises located on thektra @ @™
This system implies the need for odometric systems

providing current position and speed. ‘ D ‘
Odometry is the function that determines the — ™ 7 7 =7 T 1 T J T J TJ
location of a train (related to a reference poant . .

its speed. In the E'E’CS, the usual practice I?:ons%jsts Fig. 2: The EO funct|9n On-Board

a tachometer attached to an axle or traction Implementation
component and whose errors are reset periodical®2 Enhanced Train Awakening and Cold
by a Eurobalise, whose location is known with a Movement Detector

given tolerance (x5m + 5% travelled distance)y ain awakening in a RBC area describes the
Other sensors may also be used, e.g. Doppler I""‘d"igrocedure when train equipment is powered up and
The aim of the additional GNSS Enhancedy cap, is activated. If the train and/or the RBC can
Odometry Subsystem is to support the odometnfetermine a safe envelope for the train locatioent
with accurate position and speed. The GNS$e train shall be able to start its mission inl ful
Enhanced Odometry Subsystem could be used agpervision after awakening. GNSS technologies
substitute for or complement of the currenican pe ysed in the process of qualifying stored,dat
odometer sensors (tachometers, INS, Doppler radﬁfentifying the RBC, and also can deal with
etc) in the ETCS odometry. The expecteqyperational scenarios where a train is starting a
improvements of the Enhanced ETCS Odometry aigjssion with stored position data qualified as
the overall improvement of Train Location jhyajid or unknown. Taking advantage of the GNSS
accuracy. Operational benefits may derive from theahapilities and in particular absolute positioning
increase of the location confidence. These could begg  apsolute  movement detection, invalid or
0 Reduction of safety distances between trains anghknown initial positions can be qualified as valid
therefore increasing of the operational trainrhis can allow trains to start a mission in Full
density (in case of moving block or for a low gypervision mode in situations where, under
cost ETCS solution) and increasing of theyominal procedures, the system would not have
distance between the track balises - when thg,qygh information to start in a supervised mode.

Context

|- TBD
st reset balise - optional




The main functions to be covered by the Trairpossibility to have a confidence interval on the
Awakening and Cold Movement Detectiontravelled distance, which is independent of the
application (depicted in Errore. L'origine travelled distance and dependent only of the GNSS
riferimento non e stata trovata) are the following: measurement accuracy, satellites geometry, inyegrit
- Cold Movement Detection (CMD): Detection of technique and transformation from GNSS absolute
train movement during No Power mode. 3D position to 1D track distance.This position
- Validation of stored data: Stored data is validatethformation, with high integrity level, can be used
or not depending whether cold movement hagifferent ways: as input to the ETCS odometry or as
been detected. input to the ETCS BTM (Balise Transmission
Provision of a valid RBC ID/telephone number. Module). The first approach is the selected one: a
. Provision of a valid position. balise triggering is used to induce a re-location
Depending on where the reference points are storé@sed on GNSS “absolute” positioning and
and the translation of coordinates is performed (oRdometric measurements. A more advanced use of
board, RBC), a number of technical this gpproaqh would |mply the use of “virtual” re-
implementations are possible. The architecturéocation points recognized by the RBC which
considered more promising (depicted in the nexi€place “physical” balises for the positioning repo
figuresErrore. L'origine riferimento non & stata  (at long term all the physical balises could be
trovata.) is the one where storage and translatiofePlaced by Absolute Positioning Reference Points -

are performed on board by the User Terminal. APRP). Both approaches have their own advantages
and disadvantages. The following operational

benefits would be applicable in both cases:
Reduction of number of Balises bordering
shunting area and shortening of the overlapping.
Distance increasing of trackside installed Balises.
The GNSS subsystem shall perform the following
functions (as shown in the diagram at left) in the
frame of the absolute positioning application:
Compute train position in terms of travelled
distance from the last LRBG or the last APRP
Data translation in ETCS reference.
Compute train speed and time.
Provide APRP information to ETCS
Integrity Monitoring function

Info Request

Validated Position
like format)

sis TA Statu

ETCS On
Board

eeeeeee

Validated RBC ID/number
1D number

Context Diagram

Fig. 3: The TA&CMD Context Diagram

ETCS on board

Travelled Distance, Speed, acceleration

Confidence Interval

T

Balise trigger

Navigation data GNSS Status .

Absolute i
Positioning |D-Balise
APRP Message Telegrar
Database
update

Context Diagram

RBC

Fig. 4: The TA&CMD On-Board implementation
2.3

Absolute positioning (AP)

In the ETCS, the usual practice for Odometry —
consists of a tachometer attached to an axle or Fig. 5: The AP Context Diagram

traction component and whose errors are res@he proposed architecture for the Absolute
periodically by a reference Eurobalise group, knowmositioning application is shown in the next figure

as Last Relevant Balise Group (LRBG). The [ I

location of the LRBG is known with a tolerance of
about + 5 m + 5% s and is used to reset the
Database

odometer error to this value as well as the dedmit
management

GNSS
Algorithm

Balise_ID

Integrity
monitorinac

of specific locations. This practice is still usadhe
“enhanced odometry mode”, where the basic
information is the speed measurement (Doppler
shift).

High integrity Abs.Positioning
(in ETCS referential)
High integrity speed

GNSS raw data APRP ID

Odometry

“The absolute positioning mode” provides a way to
have a direct access on the positioning without

ETCS ONBOARD

Other
sensor

integration of the speed. As a consequence, one of

the main advantages of absolute positioning is the

Fig. 6:: The AP function
implementation

On-Board



2.4

Train integrity is the level of belief in the traliring :
complete and not having left coaches or wagons Term.mal. )

behind. This is called the integrity of the train.’ On Sité tests: Demonstration to be done on a real
Nowadays, train integrity is determined by means of € using Ansaldo ETCS on-board equipment
trackside components (track circuits, axle coupters [nstalled on the ADIF test train, together with
etc). For ETCS levels 1 and 2, the train integrity GNSS UT provided by TAS-I will be used for on
determination is performed in this way. site tests. _ _ _
However, in level 3 applications of ETCS, bothnrai 1S paper is dealing with the result of the Onsite
location and train integrity determinations arel€Sts in GRAIL test track. _

performed on-board. The goal is to remove ofhe Grail On site tests demonstration has been
minimise the track components. A train integrityc@ed out along the commercial high speed

system shall ensure that the train is completerbefoMadrid-Lérida line. _
it transmits its location. This information can be!N€ main objectives of the on-site tests were the

Train integrity (T1) tools, ANS (Ansaldo) onboard equipment and

TAS-I (Thales Alenia Spazio Italy) GNSS User

delivered from an external device of the trainte t following: _
onboard equipment or if not available replaced by a 10 Specify and set-up a test bench on the basis of
manual operation by the driver. a UNISIG onboard Test Facility, allowing

With Galileo a GNSS based train integrity synchronisation among different sub-systems.

technology is getting closer, due to the unique
features that Galileo comes with (Safety of Life
service, GNSS integrity,...). GNSS can provide a
solution to the Train Integrity by placing a GNSS
antenna at the rear of the train (the rear cabimer

To demonstrate in a real environment on a
commercial line, the feasibility of using GNSS
technology as odometer within the needs and
specifications required by the ETCS/ERTMS
standard To demonstrate in a real environment on

last wagon) attached to a radio transmitter. The @ commercial line the use of GNSS technology to

cabin in service knows the position of the frontken enhance selected ETCS/ERTMS functionalities.

of the train (by means of a GNSS LocationAccording to the above mentioned approach,

Subsystem or other means)' and receives the pDS|t|§RAIL reference architecture for on-site teSting is

of the rear end of the train from the GNSS receivepasically based on a test train fully equipped with

So, comparing the difference of the two positions an ERTMS/ETCS onboard equipment adapted to

with the train length, the integrity of the traiarche incorporate GRAIL functionalities;

derived. - two EGNOS/GPS antennas with corresponding

One of the possible solutions proposed from GRAIL receiver (one inside the Grail User Terminal and

in order to provide the required train integritydan  the other one extern);

fail-safe distance confirmations is depicted in the the GRAIL User Terminal;

figure here in the following. - the GRAIL data base including reference point

Reslo communication data train awakening and RBC (Radio Block

Centre) areas;

- a track fully equipped for ERTMS level 1 and
level 2 operations.

Brief description of different elements is providad

this section.

3.1 On Board Unit (OBU)

The OBU installed in test train is an Ansaldo OBU.
This equipment is basically a commercial
ERTMS/ETCS equipment including software
modifications related to the inclusion of GRAIL
functionalites and  corresponding  hardware
As mentioned abobe, three levels of test have be@rodifications to allow connection with UT.

defined for the Grail demonstration: Main interfaces of OBU during the on-site are:
- Interface and integration tests: Preparatory tests |nterface with UT.
to be carried out both in laboratory (company. gyrobalise interface. ETCS/ERTMS balise
laboratories and CEDEX- Centro de Estudios y megsage will be received through this interface
Experimentacion de Obras Publicas) and on-site g,roradio  interface. ETCS/ERTMS  radio
environments , messages will be interchanged through this
Laboratory tests: Demonstration to be performed jnterface
in CEDEX facilities, using CEDEX simulation

o

4
End of train
device

Front train
integrity
assessment
device

ETCS

TTOMNT VETCIe Train last vehicle

Fig. 7: The TI function On-Board
implementation

3 ONSITE TESTS TEST OVERVIEW



Driver interface. Transport, installed in driver cabin.
- Odometer interface. In order to adapt Test train to GRAIL requirements,
. Train interface. OBU sends and receives througfPllowing works have been done onboard

this interface signals corresponding to brake Installation of EGNOS-GPS antennas

commands, pantograph state, etc. Installation of support for IMU (Inertial
Fig. 8 shows OBU installed in test train and Figy. 1 Navigation System)
shows BTM and Synchronization link. Installation of UT, Tail Receiver and the power
3.2 User Terminal (UT) equipments into the train wagon

Installation of OBU — UT interfaces
UT for demonstration will be provided by TAS-I. The

This equipment is described in the previousig. 14 shows an image of the test train to be irsed

dedicated section. o  GRAIL demonstration.
Fig. 12 shows a view of User Terminal in test train ARIZA AR
during acquisition campaign. Fig. 9 shows INS A
installation.

Fig. 9: GPS-EGNOS antenna cables and INS
3.3 Testtrain

Test train for GRAIL demonstration is a Talgo BT
provided by  ADIF  Administrador  de
Infraestructuras Ferroviarias). Talgo BT trains are
mainly devoted to test ERTMS deployment in
Spanish High Speed lines. They are powered with |
Diesel engine and equipped with variable-gauge
adjustment. GRAIL test trail has two cabin named
Motive and Extreme. Each one is equipped with
independent ERTMS onboard systems to test
ERTMS deployment in Spanish High Speed lines.
Due to habitability and access conditions, GRAIL
prototypes are installed in the Extreme cabin.

Each locomotive is equipped with ETCS/ERTMS
onboard equipment provided by Ansaldo-CSEE

Fig. 12: User Terminal installed onboard



Due to train integrity and versus determination
requirements, the selected technical solution
consists of two main equipments installed in thie ta
cabin and in the head cabin of the train (Fig. 15
shows the UT and Fig. 16 a high level view of the
UT Architecture).

The UT HW components can be classified as
follows:

- Three components are referred to as UT

Navigation sensors:

o0 The GPS-EGNOS-Galileo-ready receiver
used for Navigation purpose (GIRASOLE Rx)
(2];

o The inertial measurement unit, used as
additional sensor when GNSS Rx solution is
available and as primary navigation sensor in
dead-reckoning conditions.

0 A secondary GNSS receiver used for train
direction determination, information
indispensable to satisfy the TA&CMD
function (Train Awakening and Cold
Movement Detector) when velocity vector is
zero.

One component is identified as time reference
instrument

Fig. 14: The Train Test
3.4 Test Track

i

The section designed as a reference track for
GRAIL on-site tests and demonstration is that
corresponding to the action zone of the RBC
Medinacelli. This area extends between KP
(Kilometre Point) 75,032 and KP 211,160 and it is a
part of the high speed line Madrid-Lérida, presentl
in ERTMS commercial exploitation. This line is
fully equipped with an ERTMS Level 1/Level 2
signalling system.

Fig. 13 shows a view from the lateral track 4 in
Ariza station, where CMD and TA test were
performed. It is possible to see the ERTMS balises

on the track. v
Fig. 10 shows the GRAIL onsite home that is the g i meR
Onsite Demonstration in Madrid-Barcelona High - : = @
Speed line. m

3.5 The GRAIL User terminal (UT) o b

The Grail UT is the prototype of the GNSS i 4 ,H B aasiioise it
subsystem for the Enhanced Odometry and |

Enhanced ETCS applications developed in Thales Fig. 16: The GRAIL-GNSS-UT Architecture
Alenia Space ltalia premises starting from Rune
Project heritage [1] to tests in both real line anghe cTODL, used for time synchronization between

laboratory environments. UT time and EUROCARB time-
The GRAIL-GNSS-UT definition and development = 1 oo™ 1 components: are  referred  as

hasdbleen ca_rne:[q o/ut foIIowm_g tthe |d<—fatfof a Elmplj communication instruments
modular navigation/ communication platform based ~ 0" PROFIBUS, that make available

on GNSS technology. communication between UT time and



EUROCAB.

0 A Serial Communication Interfaces to connec
the UT sensors with the EUROCAB.

0 An Ethernet line allowing UT communication
with external PC need in test phase tc
download command or configuration data anc
store the data.

The last main hardware components are a CP et =

board (i.e. Single Board Computer — SBC), that wili . ; i

host the application software, two GNSS antennas, Flg. 18: A(?gﬁg'cgjglnggéitg?agg\éCOMM

and some Power Supply modules dedicated to the

usage of the terminal into the train. 4  ONTRIAL TEST RESULTS

All the SW drivers and Navigation SW@vigation- 41  The GNSS test environment

Equipment-forRail-UserDedicatedApplications _ . .

NERUDA) are integrated into the terminal. On theThe_GRAIL train dem_onstratlon worl_<s were carr_led

deployment view, the GRAIL-GNSS-UT Systemout in Talg(_) BT2 train along th_e High Speed !lne

includes three physical parts: the navigation sepso Madrid Lleida between Madrid-Sur and Ariza
the application system and the train On Boar@uring 12 working days and along 6000 km. Next
instrumentation. plot shows the trajectory of the trial over theden.

The NERUDA SW is the heart of the GRAIL- : e ~ s

GNSS-UT Demonstrator. Here in the following are 53 ;

listed briefly the main functions:

- To acquire the Navigation Data generated by
Navigation Sensors;

- To acquire the CTDOL data generated by On
Board ATC for synchronisation with EUROCAB
and data generated by On Board ATC for GRAIL
functions implementation (EO and EE);

- To time-stamp all the received data, synchronize
all times available and store them;

- To implement the Real Time Data Fusion
(Navigation Filter) using Receiver and Ins Data; et A e oo Mo _

. To support the Real Time Verification comparing Fig. 19: Trajectory of the train over the terrain
the computed Train position with the marker® lot of data were collected from TAS-l and
provided by the wayside balises; ANSALDO to carry out a post-processing analysus

. To verify the overall GRAIL-GNSS-UT with the purpose to evaluate the results. In thisep

Demonstrator functionality and maintain a faultVe will present test results and conclusions ofilGra
log: demonstration referring figures and plot to a

To provide the MMI to the Test Engineer; selected trial (8 May 2008).

: : - : : First of all, it is important to provide a snapsloft
The following figure shows a high level view the
data flow of the NERUDA SW: the EGNOS System status as well as the global

EGNOS user performances ofi Blay 2008. The
aim of this matter is to put the local results oted

at GRAIL in a global context. Concerning the GPS
constellation, no NANU was announced alorl 8
May 2008. GPS PRN 1 was decommissioned on
17" March 2008 and GPS PRN 32 is still not
available in EGNOS mask. So, a total number of 30
GPS satellites were available during the trials:

N |'

Fig. 17: The NERUDA SW high level view . No SIS outages occurred in both operational
Hereafter there is also a block scheme of the User GEOs: PRN 120 and PRN 126
Terminal: . RIMS status:

o0 RIMS KIR has been out of service until 13:36



UTC during all day. total number of monitored GPS satellites and IGPs
0 RIMS MLG has been out of service fromat EGNOS System level in comparison with a
10:54 to 14:21 and from 14:31 to 14:55 dh 8 nominal day. This matter makes that the expected
May. performances should be promising.
Number of SBAS messages received at RIMS
locations: 100% of EGNOS SIS availability
during the trial.
o <2

nnnnnnnn

Fig. 23:lonosphere status on day'Odlay

[~ TEE |

Sors

Fig. 20 EGNOS Subsystems status off' 0fay
Fig. 21 shows the global APV-1 Availability results
on 08" May 2008 with GEO PRN 120 (results with
PRN 126 is similar). The 99% goal of APV-1
availability is obtained in the area where theldria
are held on, although RIMS MLG is out of service
during 4 hours on day"8May 2008.

Fig. 24:GPS monitorization on day H#/1ay
4.2  Behaviour of GIRASOLE Rx On GRAIL

The GRAIL trials GNSS data were processed using
the GPS measurements of the onboard GIRASOLE
GNSS receiver installed on the head cabin of the
test train. The figures reported here are refetoed
the selected trial (second trial on"0@ay 2008).

Fig. 21: APV-1 Availability over ECAC 421 Satellites usability
In terms of accuracy, as local parameter, we cgn s
that the values obtained at Torrejon de Ardoz GNS
receiver are under 2m. The "™®%ercentile on the
horizontal and vertical navigation system erroes ar

he number of GPS satellites used in the
omputation of the EGNOS performances after
applying the SBAS corrections is shown in Fig. 25.
This number is a subset of the set of GPS satellite

Accuracy |PRN 120 |PRN 126 locked by the receiver that have EGNOS valid
HPE 95% | 1,60 1,58 corrections provided in the SIS.
VPE 95% |1,72 1,73

Table 1: Accuracy at Torrejon location (in meters)

It is also important to remark that no integrity
failures were detected.
The continuity results are below the 5*1Bound in
the area of the trial that is nowadays accepted as
official continuity threshold. Next plot shows the
continuity risk

Fig. 25: GPS satellites used

422 PDOP vs Time

Position Dilution of Precision parameter measures
the geometrical strength of the GPS satellite
configuration in the sense of the amount of emor i

your position. PDOP less than 4 gives the best
accuracy (under 2 meter). Between 4 and 8 gives

Fig. 22 Continuity risk on day 08May acceptable accuracy. Greater than 8 gives poor

Finally it is important to remark the stability tife



accuracy. aeronautical requirements.

4.2.4 Navigation Position Error

It is important to remark that the computed positio

obtained with the GPS data from the on board

receiver and the EGNOS corrections is excellent.

In case of flight trials a trajectography process i

required to obtain a “real” path for the airplahatt

is used as reference to be compared with the

Fig. 26: PDOP navigation solution and then obtained the navigatio

We can observe that the PDOP global behaviour grors. In the case of train, it would be enough to
under 4. This matter means an expected accuracy fhow WGS-84 coordinates of the railroad because
position of less than two meters when comparing thiere are no doubts about the train position: tiris
navigation solution with the real position of thethe railroad.

receiver. As the WGS-84 coordinates of the railroad are not
known, an approximation of the navigation errors
4.2.3 Protection Levels can be obtained with global maps of accuracy over

One of the main features of the EGNOS system, &CAC together with the local NSEs computed in
the regional augmentation system of GPS, i&Ceivers placed near the area of the trial. Is thl'
providing integrity. The integrity parameters mustc@se the accuracy maps over ECAC are shown in
guarantee that the user is informed on his positiofid- 29 and Fig. 30.

with sufficient accuracy and is alerted when the

system exceeds tolerance limits. The Horizontal and

Vertical Protection Levels (XPL) are computed to

protect users from potential degradation of the

system, expressed in terms of Horizontal and

Vertical Navigation System Error (XNSE) above a

certain user level, called Alert Limit (XAL).

Next plots show the HPL and VPL evolution versus

time: . .
Fig. 29: Horizontal NSE on day H&/ay

Fig. 27:HPL on day 08 May

Fig. 30: Vertical NSE on day #i8viay
As it can be seen in these plots, the HNSE and
VNSE are under 1.7m and 2.1m respectively in the
area of the trials.

4.2.5 Computed Velocity of the train

Fig. 31, Fig. 32 and Fig. 33 show the velocity o t
Fig. 28:VPL on day 08 May train in each of the components (East/West,

We can observe that the HPL global behaviour iNorth/South and Up/Down) with the direction East,
under 12m and the VPL under 22m. These tw§orth and up positives. The values are given in m/s

values are in line with the expected performanat an
assure the availability of the service in terms of
APV-1 alarm limits (40m in horizontal component
and 50m in the vertical one) that are the oneddfixe
as goal to be achieved by the EGNOS System at
99% level of confidence and consequently fulfil the



conditions and errors in the GNSS
odometry: improvements in the propagation
and the filter should be done
Sudden deletion of the tail antenna
memory/register. This triggers Eurocab
failure during the initialization procedure
when starting the UT. The UT sends “No
solution available”. UT parameters and
OBU reactions should be reviewed.
GNSS System failure sometimes triggers
ERTMS onboard system failure when
delays are accumulated.
Nevertheless, those problems have to be evaluated
and commented in the framework of the particular
installation  conditions under which on-site
demonstration was carried out: A first installatmin
antennas and INS devices was performed under
supervision of involved companies in the first
Fig. 32: North/South Speed GRAIL test train BT1. Preliminary acquisition
campaign was programmed and performed in order
to verify the behaviour and performance of insthlle
equipments. This information was used to tune
internal filters and data processing algorithms
according to the measured train dynamics. Due to
train availability constrains, GNSS train equipment
have to be reinstalled in a new test train BT2 just
before demonstration campaign. A notable loss of
performance of same equipments was detected,
Fig. 33: Up/Down Speed especially in head GNSS antenna and INS noise
As it can be concluded from these plots, the traioutput. Due to the very limited availability of the
had a maximum velocity of 55m/s (aroundtest track (a high speed line in commercial use) a
198km/h) in each component. The direction of theonsiderable effort was made in order to minimize
train was almost constantly east-north with a veryoise and to re-tune processing algorithms, but
soft climb. effects as poor solution propagation in tunnelsewer
The third trial seems to be a calibration test ounavoidable:
similar on the railroad with train almost stopped. In the following there are summarized the results
5  THE GRAIL PROJECT RESULTS classified according to the application tested.

The main objectives of the on-site tests were $b te>1 FEO
the functionality of the UT and the ETCS equipmenill EO tests carried out have been successfully
in a real railway environment, to test how the ETC®assed. The communication and synchronization
equipment works with the GNSS equipment, to testvith OBU in UT and OBU nominal operation has
the impact in the operation of different satellitebeen successfully tested under good satellite
visibility conditions and finally to derive conditis  visibility conditions, as well as the normal op&at
based on the results. procedures. During the normal operation testsast h
Some incidences and minimum errors havdéeen demonstrated that the nominal value of
happened and should be corrected in the future:  odometry information provided by the GNSS is very
Noise in the signal coming from GNSS (greater thaclose to the traditional odometry although some
the noise registered during the acquisition campaigdiscrepancies related to obscuration zone in tunnel
with the BT1): Modification and debug actionsand to uncorrected INS noise estimation have been
should be undertaken. Greater noise in the signahcountered. In addition, it was also demonstrated
coming from the head antenna than the one comirthat the OBU equipment is using GNSS information
from the tail antenna: installation of antennasustho most of the time due to the reduced error except in
be optimized, in order to decrease the noise in thbose obscuration zones.
signal. Note that the implementation of odometry chosen
Relevant errors in GNSS signal propagatiorwas to select either traditional odo or GNSS odo
done by the INS under no visibility (provided by UT) based on the minimum error. No

Fig. 31: East/West Speed



specific fusion of all sources (phonic wheel andd CONCLUSIONS

GNSS) was done. The EGNOS user performances obtained during the
52 TA trials are very promising in the sense making a
mooth integration of GNSS into control and

All TA tests carried out have been successfull ; o
mmand rail applications:

passed. The TA application has been tested in the D
railway siding of Ariza under open sky conditions’ 100% Availability in APV-1. L

(good satellite visibility) and using the TA area’ Accuracy below 2m & Integrity is insured.
defined in GRAIL database. The degraded operation G00d stability —of position and velocity
was tested with the scenario of a train not in a TA determination. _ ,

area. After the analysis of the on-site results it can be
It has been demonstrated that ETCS can operat@ncluded that: o _

with a TA module and start the mission in ES mode: The installation and calibration of the devices are
Although no specific test for performance has been cfitical for the application performances

carried out on-site, the records show that the The impact of the obscuration zones: it has been

solution provided by the UT (position) is drifting demonstrated that the performances are degraded
within a square of 1m. under these conditions and it should be studied if
The time employed in the calculation of the soltio it is worth to define less demanding

has not been greater than the one needed for the performances for the obscuration zones. WP3
ERTMS equipment to awake. defines the performances of the UT
independently from the satellite visibility
53 CMD conditions. In addition, further tests should be
All CMD tests have been successfully passed. The carried out to evaluate the maximum possible
three possible reactions from the CMD module have time without GNSS SIS, the need and
been tested: “no cold movement”, “cold movement” improvements of local elements, etc.

and “unable to provide cold movement: Although the INS seems not to provide the
information”. To simulate the unavailability of the  performance needed under GNSS poor signal, it
GNSS signal for this last test the GNSS receivers has been demonstrated that under open sky
and antennas were disconnected. conditions the GNSS based odometry provides
It has been demonstrated that ETCS can operate better accuracy as the one provided by traditional
with- a CMD module and start the mission in FS odometry

mode. - As a mitigation for the loss of APRP, the linking
54 AP should be used for the AP functionality in the

same way as it is used with the real balises.
The AP test has been successfully passed. To testpyring the on-site test, it has been demonstrated

the APRP approach, _it was necessary to locate the e feasibility of using a GNSS equipment
APRP in the real balises locations since the RBC integrated with ETCS equipment

must know all APRPs. Therefore the train should

not receive any real balise (it would be duplicated =~ REFERENCES

otherwise). Hence the BTM was disconnected. [1] A.Albanese, L. Marradi, " Rune (Railway User
For the AP application the APRP approach has been Navigation Equipment): Architecture & Tests "
tested in normal operation. Although some APRP 2006 Tyrrhenian International Workshop on Digital
were not treated by the OBU (either because they gommulrt"ﬁa“ons , September 6-8 , 2006, Island of
were missed by the UT or received outsidzz] onza, faly

. . . X L. Marradi, L. Foglia, G. Franzoni, A. Albanesg.
expectation windows) Full supervision mode in th Di Raimondo, " Girasole Receiver Development For

tests was not degraded since linking reaction  safety Of Life Applications ",2006 Tyrrhenian
included in MA elaborated by RBC allows the loss International Workshop on Digital Communications

of some of the reference points used. , September 6-8 , 2006, Island of Ponza, Italy

The loss of APRP could have been due to softwal@] A.Urech, M.J.Garcia Prieto, W.Roberts,
problems with the EUROCAB or/and lack of  "GRAIL, GNSS Introduction in the Rail
accuracy of the database used as it had to be built Sector”, European Navigation Conference
with a reduced number of trips. ENC-GNSS 2006, May 8-10, Manchester,
The AP application has been tested under the United Kingdom.

visibility conditions of the test track. It has Ipee

successfully tested that the train is resetting

correctly the odometry information by using APRP

information.



