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ABSTRACT

Enhancing train transportation remains a key issuee transportation means are
gradually becoming saturated in capacity in modeountries. Therefore, the
European Union (EU) develops initiatives to enhaheerail grid competitiveness, by
means of deregulation and interoperability, angetfs this process with an existing
rail network planned upgrade.

In such a context, the"6European Framework Program (FP6) CATIEMON
project CATenary InterfacE MONitoring; 2005-2009)as been specifically devoted
to the development of instrumentations and serawesto ‘control’ any train entering
a railway network. This was achieved by monitotiing interaction between the train
pantograph and its Overhead Contact Line (OCL) staading location: @ontrol
gate equipped with permanently controlled sensors.

Several solutions have been simultaneously evaueteluding different kinds of
sensors and measurement systems. The electrontaigmaiiine Optical Fibre Bragg
Grating (FBG) sensing technology developed by CHEsk has demonstrated, within
this project, fully relevant, reproducible, and leiable measurements for the
infrastructure manager.

To do so, we have been working on the entire FBBumentation, including the
development of innovative sensors, as well as thieus of two proprietary
measurements units. The first one, lightweight, Isfoan factor one:BraggLight
proved on field to be very handy to work in ‘acrbtieand bad weather conditions for
FBG sensor lines control during their installation the OCL. The second one,
BraggFif’, with high-end performances, devoted to high-spaed very accurate
Bragg wavelength measurements (resolution andspecbetter than 1 pm at 1 kHz
full speed in parallel on 6 optical lines) for pament monitoring purposes.
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BOUSSOIR, Laurent MAURIN, Stéphane ROUGEAULT, CEA, LIST, Optical Measurement
Laboratory, Boite courrier 94, Gif-sur-Yvette Cedex, F-91191 France.



Such developments enable today the infrastructargagers to control the rolling
stock operators’ compliance with their specificulegion procedurese(g.: authorized
maximum wear on the OCL), and allow them to stog tain identified by the
control gate to potentially damage their infradinoe. More generally, the FBG
sensors and systems developed at CEA List candginsgnany industrial sectors,
including transportation (railway, marine, aeromnzs)tbut also civil infrastructures
(bridges, buildings, power plants, underground. s)nell as oil & gas industry, for
structure monitoring and smart structure purposed,are particularly well-suited in
harsh environments where non-intrusive high-spegdpgcometric (~ 0.5 um/m or
5/100°C at 1 kHz) Bragg wavelength accuracy anolugen are required.

STATE-OF-THE-ART OF FBG MEASUREMENT SYSTEMS

The most straightforward mean to interrogate a RBfBsducer is based on
broadband source illumination (using a broadbaghit Isource such as an ASE —
Amplified Spontaneous Emissiersource or a SLED Super Luminescent Diode
source) whose narrow-band reflected peak is doleictt® a wavelength detection
system. Several methods exist to measure the wagtklshift of the sensor including
a miniaturized spectrometer, a wavelength tungadss-band filter, an interferometer
or an edge filter. Each method presents advantagsirawbacks with respect to the
basic requirements of a high-performance FBG maongosystem. CEA List has
already developed interrogation units using mannhese techniques. Using a widely
tuneable source, such a system has reached subgbicospectral resolution over a
range of 30 nm on the telecom C-band (@ 1.55 pm)n8asurements channels were
available in order to connect several sensing aldiiieers (each of them incorporating
several tens of wavelength-multiplexed FBG transds)c whereas two internal
channels were used for referencing (absolute wagtiereferencing using a gas cell,
and output optical power referencing). Such a gystas been deployed for field tests
during a European project — called CATIEMON — twdl be described in details in
the forthcoming sections.

Study case: the railway industry

The railway network deregulation policy has beepriogress for several years in
Europe and will soon become effective. So, in¢histext, the interaction between the
Overhead Contact Line (OCL) and the pantograph®rbes the new separating
interface between infrastructure managers and tvparators, standing and rolling
stock. Therefore, the monitoring of this interfaoecomes relevant for a better
availability of the interoperated networks. It wathntribute to a decrease of the traffic
interruption and of the maintenance costs [1].

At the former IWSHM conference in Stanford (200We presented the"s
European Framework Program (FP5) SMITS proj&nhdrt Monitoring of Train
Systemsdevoted to the contact force measurements betevdrain pantograph and
its OCL [2]. SMITS project guideline was to giveetiolling stock operators an on-
board tool to optimize in real-time the contact®parameters during daily operation
to prevent pantograph excessive wear on the OClcdtoply with standing stock
specifications) and predict more accurately curecetiectors carbon strips lifetime to
proceed to predictive maintenance. To do so, seveh-suited electromagnetic-



immune optical Fibre Bragg Grating (FBG) sensoedinvere embedded by SMITS
partners into the pantograph current collectorspiig them into two 3 points
bending-based sensors in contact with the OCL.

6000 km on-line validation tests were performedrdpone week on a very high
speed double-deck train “TGV Duplex” between Pamsl Venddme (France) at
speeds up to 320 km/h. Contact forces betweenahmgraph and the OCL, as well
as temperatures inside the current collectors, wemaputed and successfully
compared in real time (500 Hz on 4 lines in paballdth the existing traditional
electrical gages provided by the SNCF for referemsasurements. During these
TGV tests, the innovative FBG measurement systaralolged by the CEA LIST has
demonstrated its reliability and accuracy with temapure measurements, and
coherence with contact force measurements in casgoawith SNCF reference
records.

Thanks to these good results, a second Europegetipdniven by Siemens ()
acronym CATIEMON(CATenary InterfacE MONitoringstarted in 2005, supported
by the &' European Framework Program (FP6) [3]. The motivatifor such a new
project are as follows: monitor and investigate pla@tograph/catenary interactions
directly “from the wire”, measure the contact forgplied by a pantograph to the
OCL, minimize the infrastructure maintenance coptgvent catenary-pantograph
incidents and thus traffic interruptions, proposdutions for an automated alert
system. Monitoring operations of the overhead stftecture are regularly planned,
and executed by railways companies with dedicatadst But, such operations are
complicated to realize, and imply expensive equisieas well as high-skilled
people. Moreover, these methods of surveillanceoalhg able to determine defects
linked to the infrastructure, and not problems eissed to trains.

In fact, badly adjusted pantographs and/or dameageént collectors may also be
a source of incidents. Indeed, a too strong comaoe induces an excessive wear on
the OCL and cause damages to the infrastructur¢h®oontrary, a too weak contact
force will generate electric arcing when loosingnteat - damaging the pantograph
carbon strips as well as the OCL - but will alsduee fluctuations of electrical
current, limiting train speed.

So, to anticipate potential problems caused to Ie¢hinfrastructure and the
pantographs, a concept of inspection gate has designed and developed by the
consortium [7]. Positioned permanently and in atstgic point of a railway grid, it
includes various types of sensors, and their agtmtiinstrumentations, enabling
local (.e. in well-known conditions) characterization andgtiastics at the OCL-
pantograph interactions [4, 5]. Such a control gates not only at stopping a train
presenting an immediate risk for the infrastruct(aed thus reduce the risks of
incident, as in tunnels) but also at estimating ithpact of any train in term of
infrastructure wear. In the CATIEMON project, thE& List has been developing
several FBG-based sensors 1) Uplift sensor baselisplacement FBG sensors, 2)
FBG-Impact sensors, and 3) distributed strain nreasent of OCL with several
FBG chains glued on the copper wire) and of coB®@& demultiplexing units.

! CATIEMON consortium includes: Siemens (prime), BISH) and OBB (Au) two railways
companies, Furrer&Frey (CH) Cybernetix (Fr) as pment providers, Morganite (UK) providing
Carbon strips and pantoheads, plus IPHT (D) and OBA (Fr) two R&D Institutes.



Railway control gate specifications

The control gate developed within the frameworkhaf CATIEMON project is
a first prototype. So it includes various measumgntechnologies developed by the
partners: rangefinder laser for 1D uplift measunetnaser scanner coupled with a
camera for a two-dimensional uplift measurementtic& and horizontal), 3D
FBG-based displacement sensors, and distributed $t» sensors.

Nevertheless, FBG-based metrology was the onlyni@dolgy capable of
performing the complete range of the measuremaaisiely the 3D uplift (FBG
triangulation sensor) of the OCL, and the distiifutof strain along the contact
wire. A steady arm (anchor arm used to define thetact wire position with
respect to rails) was also instrumented with FB@is Hit detection. Figure 1
illustrates the location of these FBG sensors erirthpection gate.
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Figure 1. Control gate installed in Switzerlandtdahberg), including several FBG sensors and
remote FBG measurement systems.

TECHNICAL DEVELOPMENTS

Fiber Bragg Gratings (FBGs) are well known diffratgratings photo written by
UV laser interferometry within the core of singlesiedfibers. An FBG consists of a
submicronic modulation of the fiber core refractimdex ‘n’, and acts as a reflector
for a very narrow spectral bandwidth centred oharacteristic wavelengtiAg’ that
is directly dependent on its pitch’; through the well known relatioks = 2.nA. The
Bragg wavelength depends on both temperature eaid §€ig.2).



VAN

Source gpectium

=

',’l \\ ‘_/ . i
/Befure Slained,

hfﬁwvr i "”' Elhar "I
‘, bz
". lFBL:Z \ ]FBh ."

i

d I/ I

el

FBG | FBG FBG

@ HHE— Dy —EED
Fibre

lFBG1 lFBGS

Intensité

lFBiJZ FB*J

fi?/\lmm ITBGMS Aoplied sfraln A LA
! A ‘ M3 frpe = ALL

Reflected soectnum (no stial) Reflected sosctum, fber under strain

Figure 2. FBG principle: the spectral effect oéstron Bragg wavelength.

BraggFit® demultiplexing system

The BraggFif system is made up of an industrial rack and a R @&

dedicated software.

It enables accurate staticdgndmic measurement up to the

kHz, and its absolute wavelength referencing proced

Bragg Fit® performances are listed below.

M easurement
perfor mances

M easur ement
channels analysed
inreal time

Processing

Electrical
characteristics

Others

Measurement range: 30 nm (14o% range, C band)
Resolution: better than 1 pm at 1 kHz / 0.1 pmQCaitiZ
Stability: over 24 h / over 20°C < 1 pm

Gain 40 dB (adjustable for each channel)

Frequency scan: 1 kHz (6 channels of 30 nm sweptis)
Number of simultaneous channels: 6 fibers (up tonldption)

Number of sensors per channels: 30 t{pepending on the
spectral bandwidth allocated to each FBG-based®gns

Optical connectors : E2000/APC (other in option)

Data logger: Autonomous system, Data acquisitistorage
Client / server operations

Client software: Display / Processing / Paramegéeup
Data format: Binary file

Interfaces: Ethernet / WiFi

Voltage: 100-240 V; 50-60 Hz

Power: 220 W

Dimensions: 3U / 19” - Weight: 10 kg

Obviously, thisBraggFif system (Fig. 3) developed during the CATIEMON
project is designed for interrogating all types EBG optical fibre sensors
(temperature, strain, pressure, force...). It is eagyful that it meets the needs of
different application fields devoted to Structure omitoring and the
development/monitoring of Smart Manufacturing cosiomaterial for instance.



Figure 3. BraggFitmonitoring system architecture and picture.

BraggLight measurement system

The BraggLightsystem realizes the FBGs spectral analysis ahm@ iste up to
200 Hz. It is made up of a compact box connected taptop. Communications
with the PC as well as the power supply are madenbgns of a single USB
connection. With this basic design (Fig. 4) onlyediber is connected, but multi-
channel versions are also possible.

Figure 4.BraggLightmonitoring systém.

BraggLight performances are listed below.

M easurement
perfor mances

M easur ement
channels analysed
inreal time

Processing

Electrical
characteristics

Others

Measurement range: up to 80 nm (15 range)
Resolution: 0.5 pm

Accuracy/repeatability: 5 pm

Thermal stability: 1 to 2 pm/°C (compensation aafalib)
Frequency scan: 200 Hz

Number of simultaneous channel: 1

Number of sensors per channels: Typ. (B&pending on the
spectral bandwidth allocated to each sensor FBGeHasensor)

Optical connector : E2000/APC (other in option)

PC / software: Power supply, Driving / Parametdrupe Data
acquisition / Storage, Display / Processing

Data format: Text file

Interface: USB

From USB link

Consumption < 500 mA

Dimensions: 165 x 173 x 56 nim Weight: 1 kg



4.FIELD TESTS
FBG lineinstallation on High Voltage OCL with the BraggLight system

Both sensors and measurement systems were instaflea site located in
Switzerland, upstream to a tunnel drilled under Ahgs and open in 2007 (the
Lotschberg tunnel),e. a very critical location. To avoid perturbing th@mmercial
traffic, the work was done at night (less traffic).

The working conditions (at night, bad cold weathe&imd) required specific
installation procedures, especially for the FB Igluing on contact wire (Fig. 5).

These sensing lines were fixed with special UV gpglae, using a UV lamp
equipped with a fiber bundle. With such equipmemioxy curing was performed
relatively quickly, and continuously, while at tekame time repetitive FBG spectra
were acquired to control the curing process.

To perform this outdoor optical control, a dedicaEBG measurement system,
small, portable and autonomous, has been developee BraggLight system
monitors, in real time, the curing process in cakéack of power supply (it just
needs an USB link to the PC for both power suppty data transfer).

Figure 5BraggLightunit used for real-time control of FBG line epaxying on contact wire.

Traffic monitoring with FBG sensorsand high perfor mance BraggFit® system

A BLS locomotive was used to calibrate the sensersusapplied contact
force (50 N, 70 N, 90 N) and train speed (from 4@k to 100 km/h, maximal
authorized speed at the gate location). The majectibe was to investigate the
possibility to link these two parameters with theasurements given by the optical
fibre sensors (displacement, strains).

Calibrations were performed at night, and duringesal field tests spreading
out over 18 months. During the same periods, we etslected the sensor data
while the Inspection Gate was crossed by commeiltcahs (passengers and
freights). This gave the strain distribution alomgection of the OCL during the
train transit along the Inspection Gate.

To do it, we simply detect the spectral Bragg lides to local strain associated
with every pantograph carbon strip(s) of a congiddrain. Then, we average the
Bragg wavelength associated to the distributed HB&- With these reference
data, it's now possible to identify a train out standard’ distribution, and
potentially harmful to the infrastructure.



Figure 6. FBG measurement units in the containeotdrol any train passing the control gate.

CONCLUSION

Several electromagnetic-immune optical FBG-based®ss and two powerful
measurement units have been developed by the CEAtd.iequip the Inspection
Gate. The picometric resoluti@raggLightinstrument is a small form factor unit able
to scan at 200 Hz an 80 nm spectral bardsome tens of FBG sensors. Just needing
an USB link, this handable system provides itsgatiential in outdoor measurements,
or where power line supply is not available. Theosel instrument, th8raggFit
system is characterized by a very high level ofgoerances: up to 10 optical fibers
spectrally scanned in real time at 1 kHz, with gsans better than 1 pm (# 1 um/m
or #0.01°C), enabling to interrogate several heasl of FBGs.

These powerful systems look like really ‘universahabling to interrogate any
FBG sensor photo-written in the 1.55 pm spectraea and coming from any
company. This may provide useful and powerful sohst in several industrial sectors
(transportation, marine, aeronautics, civil engimeg...), for structure monitoring &
smart structure purposes.

Concerning railway industry, these new instrumémnat enable to control the
rolling stock operators’ compliance with the infrasture rules, and eventually to
stop harmful trains identified by the control gate.

REFERENCES

1. White paper. European transport policy for 2010: time to dedide
http://ec.europa.eu/transport/white_paper/docundmtdb_texte _complet_en.pdf, European
Commission, 2001

2. L. Maurin, P. Ferdinand, G. Laffont, N. RousselBdussoir et S. Rougeaultdigh speed real-
time contact measurements between a smart trairtogeaph with embedded fibre Bragg
grating sensors and its overhead contactjrigtructural Health Monitoring 2007, Volume 2,
pp 1808-1815, édité par Fu-Kuo Chang, DESTech patitin, http://www.destechpub.com/,
ISBN 978-1-932078-71-8

3. http://www.catiemon.com

4. S. Kusumi, T. Fukutani & K. Nezu, “Diagnosis of @Qkead Contact Line based on Contact
Force”,QR of RTRIvol. 47, n°1, pp. 39-45, 2006

5. Yong Hyeon Cho, “Numerical simulations of the dymamesponses of railway overhead
contact lines to a moving pantograph, considerimgpminear dropper’Journal of Sound and
Vibration, vol. 315, pp. 433-454, 2008

6. Friedrich KieR3ling, Rainer Puschmann and Axel Sddar, “Contact lines for electric
railways, planning, design, implementation”, Siesméktiengesellschaft, 2001, ISBN 3-89578-
152-5

7. T. Bosselmann and N. Michael Theune, “Verfahren uWEidrichtung zur Messung der
Kontaktkraft eines Stromabnehmers”, Patent DE 49896 Al, Siemens, 2002.




