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Publishable Summary for 16ENG04 MyRailS
Metrology for smart energy management in electric railway systems
Overview
The project aims to develop the metrological infrastructure for accurate measurement of energy exchange and
for reliable system monitoring, which underpins the implementation of an energy efficient management of the
European DC and AC railway and DC subway system. The project also focuses on the characterisation of the
railway subsystem as a producer-consumer, with a view to its integration in a wide smart grid, as well as on
the assessment of eco-driving performances.
Need
Considering the overall annual energy consumption of the European railway system, about 36.5 TWh, and the
ambitious target of reducing CO2 railway transport emissions by 50 % by 2030, it is clear that an efficient use
of energy in the railway system is required. To this end, accurate and reliable knowledge of the energy
absorbed/exchanged between the train and the railway grid, that takes into consideration the harsh on-board
measurement conditions, is essential.
To establish a single European railway area, the European Commission requires, by 2019, that energy billings
shall be computed on the actual energy consumed. All trains shall be equipped with an energy measurement
function (EMF), whose measurement accuracy shall be assessed and periodically re-verified, as required by
EN 50463-2. To assess the metrological reliability of the EMF under operating conditions, calibration set-ups
and procedures which go beyond the well-known procedures developed for pure sinusoidal or continuous
regimes are required.
Efficient use of the infrastructure, encouraged by the European Union, requires new constraints for the railway
energy supply systems. In this scenario, accurate knowledge of the real-time power quality is a valuable tool
to foster the efficiency of the whole railway system by “awarding” the good power quality delivered and
absorbed.
New installations of reversible substations in DC railway systems, able to transfer the excess energy produced
during braking to the upstream AC network, can improve energy saving. A reliable procedure for the estimation
and measurement of the potential energy saved by reversible substations (RSSs) is a valuable tool in the
cost-benefit evaluation. Eco-driving (driving a train as efficiently as possible by maintaining a speed profile
designed to reduce economic and environmental costs) is a further energy saving technique that needs
accurate on-board energy measurements for the definition of the best eco-driving strategy. Currently,
uncertainties of tens of percent on the absorbed energy measurements make this information unusable for
assessing the efficiency of eco-driving strategies.
Objectives
The overall objective of the project is to develop the metrological framework and measurement infrastructure
that underpin the adoption of energy efficient technologies in European railway systems.
The specific objectives of the project are:
1.

To develop a metrological framework for calibration (comprising laboratory and on-board train
calibration / measurement set-ups and robust data processing algorithms) to enable high accuracy
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energy and power quality (PQ) measurements under highly dynamic electrical conditions approaching
the uncertainty limits stated in the EN 50463-2:2013-05 with a frequency range from a few hertz up to
5 kHz for AC systems and up to 3 kHz for DC systems. The uncertainty targets for laboratory
calibrations are 0.5 % and 0.1 % respectively for AC and DC systems, and 0.4 % for on-board
calibration of DC systems. All major European supply systems (25 kV/50 Hz, 15 kV/16.7 Hz, 3 kV/DC,
1.5 kV/DC, 750 V/DC and 600 V/DC) will be considered.
2.

To develop a wide-area power quality monitoring architecture. This will include diagnostic studies,
system models, numerical simulations, power quality indices definition, measurement system
implementation, time-synchronisation, wide-area communication, centralised data collection for
quantifying the efficient use of the railway infrastructure and for on-board identification of the PQ events
affecting the power exchanged between the supply system and the rolling stock (including
high-capacity converter device effects, intermittent sliding-contact arcing and resonance effect).

3.

To set up combined measurement-simulation tools to analyse the existing energy-use profiles of DC
rolling-stock supplied with traditional unidirectional substations and to quantify the impact of the
installation of new reversible substations in terms of energy saving but also in terms of power quality
with a target uncertainty of 1 %.

4.

To develop accurate measurement systems and procedures for evaluating the energy saving provided
by an eco-driving strategy. To reduce the uncertainty of the on-board energy measurement to 1 % to
enable assessment of the reliability of an eco-driving forecasting model and to identify and test good
practices in on-site estimation of eco-driving benefit.

5.

To facilitate the take up of the technology and measurement infrastructure developed in the project by
the measurement supply chain (accredited laboratories), standard developing organisations (EN) and
end users (train manufacturers, railway companies).

Progress beyond the state of the art
For energy measurements on-board trains, the European standard in force adopts the same requirements
given for a fixed 50 Hz installation, disregarding wideband effects specific for railway systems. With respect to
the regulation, this project aims to improve the metrological reliability and decrease the uncertainty of the
energy measuring system. To this end, calibration chains for DC voltage and current transducers of EMF have
been developed, which are able to generate static and dynamic voltage signals with a maximum amplitude of
5 kV and a frequency content up to 5 kHz and with a maximum amplitude of 900 A and frequency content up
to 2 kHz for the current.
Standard EN 50388 deals with the electrical quality interface between traction units and fixed installation; it
defines the procedure of compatibility assessment only for new rolling stock or new infrastructure components.
Definitions and techniques for the estimation of the PQ in fixed installations (AC transmission/distribution grids)
are not all directly applicable to railways, because of the different timeframes, the mobility of the loads (trains),
and different power quality phenomena. This project will develop means, methods and specific metrics for
continuous PQ event detection in AC and DC supply systems. First results related to the conducted
disturbances produced by the pantograph-to-overhead line arc event on the overhead line are now available
thanks to a laboratory, experimental and modelling activity.
Because of the limited receptivity of the DC supply network during braking, about 20 % - 40 % of the traction
energy is converted into electrical energy and wasted by braking resistors. Nowadays, new RSSs allow
bidirectional energy exchange between AC and DC railway grids, saving a further 11 % to 20 % of the traction
energy. The high cost of the initial investment necessitates an accurate estimate of the energy saved by the
RSS. Up to now, this has been only carried out in an indirect way with low accuracy. New interesting reliable
data are coming from the long-time on-board measurement campaign performed on-board a Trenitalia
locomotive E464. The time behaviour of the chopped current flowing in the braking rheostat has been recorded
for a long time (weeks) with a sample frequency of 50 kHz. This will provide the possibilities to investigate on
the actual energy wasted by railway commuter traffic.
Little information is present in the literature on the effect of new RSSs on the upstream AC grid. The impact
on power quality of the RSS must be evaluated through synchronised measurement and a reliable load flow
algorithm involving both DC and AC grids.
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The saving of energy through eco-driving entails the application of combined efficient driving strategies to
achieve the required running time to minimise the energy consumption. The reduction of the absorbed energy
has been estimated to be of the order of tens of percent: that is with the same order of magnitude as the
uncertainty associated with the on-board energy measurement. There is, then, a need to develop
measurement systems able to reduce the on-site absorbed energy uncertainty up to several percent.
Results
Development of a metrological framework for calibration (laboratory and on-board) to enable high accuracy
energy and power quality measurements under highly dynamic electrical conditions
The calibration facilities for AC EMFs are almost completed. The system is able to measure the metrological
performances of VMF (voltage measurement functions) up to 25 kV for 50 Hz systems and 15 kV for 16.7 Hz
systems and CMFs up to 160 A peak even under distorted conditions. The reference phantom AC power is,
now, is limited to 1.32 MW. The main capabilities of the calibration setups for dc systems are: the generation
of reference dynamic dc currents up to 600 A with the possibility to generate chopped currents, the generation
of phantom powers up to 1.2 MW (4 kV * 300 A) and up to 800 kW (400 V * 2000 A) with arbitrary waveforms
for both voltage and current signals.
For the DC VMFs, CMFs and EMFs, three calibration chains have been developed. The VMF calibration
system is able to generate static and dynamic signals with a maximum amplitude of 5 kV and a frequency
content up to 5 kHz. The system generates and guarantees the traceability of static DC voltage with a ripple
of arbitrary shape, and dynamic voltages able to reproduce a time varying test signal or the real time behaviour
detected on-board train. The overall uncertainty associated with the generated signal is within 300 μV/V. A
reference setup has been realised to calibrate the output of current transducers for DC currents up to 600 A
with arbitrary waveforms. The third setup is able to generate phantom DC power up to 1.17 MW (3900 V * 300
A) with arbitrary waveforms for the voltage and current signals. Calibration of commercial EMFs is on-going.
A complete characterisation of a current transducer employed on-board locomotive (E464 – Trenitalia) has
been performed. Measurements have been carried out considering DC supply with added ripple in the
frequency range 47 Hz to 2 kHz. The current transducer scale factor error has been evaluated under square
supply current and under dynamic conditions. The waveform of the dynamic test has been selected on the
base of a current behaviour recorded on-board train that involves all the stage of a train journey: acceleration
– coasting – deceleration – electrical breaking. In addition, during the costing stage, an actually occurring
wheels skidding event was also reproduced. An interesting conclusion can be deduced from the analysis of
the effects on the measured DC current component in presence of the sinusoidal ripple: when measuring the
ripple, the variation observed with respect to the applied signal is of the same order of magnitude of the
accuracy associated with the DC current measurement. Higher deviation between the current measured by
the reference chain and the device under test has been observed at very low current. In the dynamic test, the
maximum value of this deviation was of about 3% for current of about 10 A.
This result is quite interesting if we consider the problem of the accurate estimate of the energy during the
parking state of the train, which can be associated with a standby state that can last up to 6 to 8 hours. In this
condition the train absorbs low power (low current) for a long time, consequently the current transducer
accuracy can significantly affect the energy measurement for billing purposes.
Different algorithms for the measurement of the energy absorbed by a train supplied in DC have been applied
to some waveforms from the waveform database. It has been observed that if the electrical energy is computed
involving the mean value of the voltage and current, computed over a time frame of 5 s from the energy
obtained by integrating the instantaneous electrical power, a deviation of 0.25% is found.
To provide new laboratory facilities for EMF calibration under highly distorted conditions, generation systems
for AC EMFs, able to generate a phantom power (voltage and current generated separately) up to 6 MW and
superimposed distortions up to 5 kHz are being developed. The expected accuracy associated with the energy
measurement after calibration carried out under distorted conditions is 0.5 % for the AC regime. The target
uncertainty associated with the knowledge of the generated harmonic/ripple is about 0.3 % at 5 kHz. A further
project output will be setups and procedures for the on-board calibration of DC and AC EMF chains with target
uncertainties of 0.7 % and 0.4 % for AC and DC EMFs respectively.
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Development of a wide-area power quality monitoring architecture
A test waveform database (WDB) has been initialised with the voltage and current waveforms recorded at the
locomotive pantograph, provided by some partners. The database collects waveforms recorded in the 25 kV
– 50 Hz, 15 kV – 16.7 Hz, 3 kV DC supply systems. All the information recorded during the measurements
(locomotive type, data, test railway section, speed profile, etc.) has been made available to the partnership.
Interesting results related to the conducted disturbances produced by the pantograph-to-overhead line arc
event on the overhead line are available. A laboratory experiment has been carried out in order to study
transient characteristics of the arc voltage arising between a sliding contact. Moreover, a circuital model that
involves a whole DC railway system has been developed; in details it considers the supply architecture
(electrical substations, over-head-line, track) and the electrical input stage of the train. The model has been
tailored on the Pisa-Collesalvetti (IT) single-track line and on the ETR 600 high-speed class electro-train. The
input of the model is represented by the arc voltage time behaviour. Thanks to a real arc voltage event detected
during a type test of the ETR 600 on the considered railway line, a comparison between the time behaviour of
the voltage detected at pantograph computed by the model and measured has been carried out. The
encouraging results are shown in Fig. 1 below.

a)

https://www.youtube.com/watch?v=TBe48QJdPtk

b)

Fig. 1 a) Voltage at pantograph during arcing phenomenon measured and computed by the model; b) Arc event at sliding contact

A measurement campaign devoted to new acquisition of voltage and current at pantograph is going on.
Trenitalia has made available the test locomotive, the E464-041 locomotive class. This locomotive working
under 3 kV DC supply system with an installed power of 3.5 MW and a maximum speed of 160 km/h is typically
engaged for light local trains. The measurements are performed during its commercial service. In order to
monitor the power/energy exchanged between the train and supply line and the energy dissipated by the
rheostat, 6 electrical quantities are recorded at a frequency of 50 kSamples per second. Three voltages are
recorded: at the pantograph, downstream the inductance of the locomotive input filter and at the node between
the two traction inverters that are series connected. Three currents are recorded: the total current
absorbed/injected by the train and the current flowing in the two braking rheostat sections. Finally, the
temperature close to the braking rheostat module is recorded. The electrical quantities recorded at pantograph,
in particular the voltage waveform show several fast transient events (as can be seen in Fig. 2). Oscillation
amplitudes even higher than 1 kV are recorded.

Fig. 2 Voltage at pantograph recorded during a commercial service on the line Torino – Bardonecchia (Italy). Several fast transient events
have been detected.
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The project will provide metrics for new PQ phenomena specific for railway systems which are presently
missing. Finally, a demo PQ monitoring system involving synchronised on-board and in-substation
measurement units associated with the communication architecture will be implemented in several subsections
of a railway system.
Setting up combined measurement-simulation tools to quantify the impact of reversible substations in terms of
energy saving and power quality with a target uncertainty of 1 %
For the monitoring of the energy dissipated by the braking rheostat, two traction units have been selected. The
locomotive E464 of Trenitalia for the railway test case and family 9000, in service at Metro de Madrid, for the
subway test case.
The on-board measurement setup for the recording of the voltage and current in the braking rheostats has
been designed and tested in the laboratory. Taking into account the high frequency content of the chopped
current injected in the rheostat during the braking, and considering the stated overall accuracy of 1 %, a
suitable characterisation setup and procedures to assess the metrological reliability of the transducers used
for the on-site measurements are being developed.
The measurement campaign on the DC railway locomotive started in December 2018 and was concluded in
March 2019. As described in the previous section, all the electrical information necessary to estimate
accurately the power end energy dissipated by the braking rheostat are recorded with a high sample rate.
Interesting results are related to the measured characteristics of the energy wasted in the braking rheostats,
which could be recovered, e.g. by storage systems. A wasted energy of 60 % of the total energy absorbed by
the train for the journey has been measured in the Bardonecchia – Torino journey, a mountain line
characterised by high descending slope. If the whole energy, generated by the braking, was completely
recovered, the train would consume just 115 kWh instead of 591 kWh. The presentation “Energy dissipated
by the braking rheostats: a case study” can be downloaded from http://emrails.eu/.
The project will provide a characterised measurement system and protocols for the on-site measurement of
the energy dissipated by the braking rheostat. The results of measurement campaigns carried out in subway
and railway systems for the estimation of rheostat losses will be made available. The procedure developed for
impact assessment of RSSs, involving measurements as well as numerical models, will be applied to real test
cases. The target uncertainty on the estimated saved energy will be 1 %. A circuital model of the DC railway
system coupled with the AC supply system will be developed to estimate the energy flowing in the DC and AC
systems in the presence of RSSs.
Development of accurate measurement systems and procedures for evaluating the energy saving provided by
an eco-driving strategy
As foreseen two test trains and journeys have been selected. For the railway test case, the DC railway line
Bologna – Rimini, in Italy, and a test train for regional connections with a weight of 350 t and a length of 150 m
have been selected. The journey foresees 8 inter-stations, the line profile is characterised by a low planaltimetric gradient.
For the subway test case, the selected section line involves four inter-stations of line 10b of Metro de Madrid,
the defined rolling stock is the class 9000 (length: 55 m, weight: 136 t, supplied in DC at 1500 V). For both
(railway and subway) test cases the maximum allowed speed is chosen as speed profile.
First results have been provided by the simulations aiming to estimate the consumed energy for both test
cases. In detail, for the railway case with an estimated journey duration of 1 h the energy consumed is of 1604
kWh while for the subway test case with a duration of 44 min the relative consumption is of 40.2 kWh. A
comparison has been performed between simulation results of the selected journey and rolling stock of
Trenitalia line Bolonia-Rimini, considering Comillas and Trenitalia simulators. Deviations in running times,
speed profile and energy absorbed have been calculated and analysed, and results are very similar.
For the railway test case the energy consumption has been simulated, independently by two partners, and a
deviation of about 14 % has been recorded.
Experience gathered during the on-board estimation of energy saved by eco-driving procedures, along with
rigorous identification and correction of possible systematic errors associated with an accurate estimation of
the uncertainty budget associated with such measurements, will provide a procedure for energy measurement
with an uncertainty of about 1 %. A good practice guide on this topic will be published to provide a reliable tool
for the estimation of the impact of a specific eco-driving procedure in terms of energy efficiency.
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Impact
The dissemination strategy of the project results is showing its effectiveness: five articles in peer reviewed
journals have been published. The activities have been presented in five conferences around Europe through
eight contributions. The project visibility is fostered by several radio/TV interviews, a web page, a research
gate page and a Facebook webpage. The workshop EMRAILS 2019 organised by the project partners has
been a great opportunity to share the project results with the user community and to gather its needs. Research
activities on the development of tools for the arc event and power quality event detections have provided
interesting opportunities for exploitation of the project results. Mermec group and Haslerrail have demonstrated
an interest in these topics.
Impact on industrial and other user communities
To facilitate the transfer of project outputs to the industrial and other user communities a workshop was held
on February 21, 2019 in Napoli (IT). The aim of the workshop is to share needs coming from industrial and
other user communities with the opportunities provided by MyRailS scientific and technological activities. The
workshop presentations are available at http://emrails.eu/.
New references for the accurate calibration and on-board re-verification of EMF under distorted waveforms
will improve the reliability and accuracy of the energy billing of a railway undertaking. Europe-wide and widely
recognised procedures for periodical EMF accuracy assessment will foster interoperability. Moreover,
knowledge of EMF behaviour under harsh waveforms (harmonic, arcing effects, sag, swell) will promote the
development of more robust and accurate EMFs. Tests of commercial DC and AC EMFs made available by
stakeholders (SAIRA Electronics, TEM electronics, Microelettrica Scientifica and Mors Smitt) are scheduled
for the next two months. The tests will be carried out by applying real voltage – current waveforms provided
by the database.
Widespread PQ monitoring will provide knowledge of actual PQ levels in the European railway system, which
can provide input to the standardisation bodies concerning the definition of narrower PQ limits. This would
simplify the design of electrical locomotives, reduce their weight and increase the lifetime of all electrical
traction subsystems. The power quality monitoring is of great interest for companies producing new substations
for DC railway supply systems. The new electronic substations able to provide regulation of the supply voltage
on DC rail side can reduce the voltage fluctuation and, as a consequence, the supply losses. Moreover, it can
improve the efficiency of the system by increasing the regenerative energy produced by the train braking. All
these advantages are yet to be proved, a reliable monitoring system can give the right answers.
The experience gained in the currently on-going on-board measurements will be formalised in good practice
guides for on-board energy flux estimation and will provide a valuable tool in both, design of DC railway
supplying systems involving new RSSs and financial decision-making. Defining best practices in the
eco-driving energy saving assessment will impact future automatic train operation (ATO).
The project outcomes will be disseminated to NMIs, calibration and testing laboratories and the railway industry
by organising a workshop and presenting the project results at conferences and in scientific journals. A
stakeholder committee was established, and the next meeting will take place in Naples during the mid-term
meeting. The participation of industrial partners in the project will help to align the project with industrial needs.
Links between railway industry partners and international and European railway consortia (UIC and CER) will
guarantee a notable uptake and exploitation of the output.
Impact on the metrological and scientific communities
From the project output, new calibration methods related to AC and DC compact electronic transducers
supplied under actual harsh railway conditions will be made available to calibration and test laboratories.
Information gathered will help the realisation of a harmonised calibration procedure, a reliable measurement
model and a robust uncertainty budget. New/extended sensor calibration capabilities relevant to the calibration
under harsh non-sinusoidal conditions will be developed and a guideline for the whole energy meter chain
calibration will be made available to end users and the metrological community.
The definition of PQ events and related metrics will have a significant scientific impact on the academic
community dealing with the study of new MV DC power transmission/distribution grids and relevant harmonic
distortion.
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Impact on relevant standards
The project will have an impact on the implementation of the European Commission Regulation (EU)
No 130/2014 concerning a technical specification for interoperability relating to the ‘rolling stock’ - locomotives
and passenger rolling stock subsystem of the rail system in the European Union. The consortium will promote
the results of the project within the standardisation community and will provide input to more specific technical
committees on on-board energy measurements: CENELEC/IEC TC9X, CENELEC/IEC TC38 (WG47 and
AHG 50), CENELEC/IEC TC85, International organisation on legal metrology OIML TC12 and WELMEC
WG11. The project has been presented at the CEI CT 38 (the Italian standardisation technical committee on
instrument transformer) during the periodic general assembly and at the annual meeting of the Sub-committee
Power and Energy of the EURAMET TC-EM. Moreover, the project has been introduced to the IEC TC9
chairman and a preliminary discussion on potential standardisation activities triggered by MyRailS activities
has been carried out.
Longer-term economic, social and environmental impacts
The creation of a modern, competitive and integrated railway network is a main priority for the EU, considering
both the development of a sustainable transport system and the development of a free and competitive market.
Development and demonstration of technologies to advance and enhance the energy efficiency and
environmental sustainability of the rail system must nowadays be faced at a pan-European level to ensure a
significant reduction of the energy consumption, with a consequent decrease of the CO2 emissions. An
integrated European railway area will also benefit from an improved technical compatibility of the measurement
infrastructure, including for rolling stock.
It is current practice for many rail operators to charge for the energy consumption of a train based on a simple
estimation. However, an error of 5 % on 36.5 TWh of energy used in railways in the EU each year equates to
around 110 M Euro. Accurate billing of energy between rail network operators is essential for interoperability
and important to give a financial incentive for operators to improve energy efficiency. Agreed and mutually
accepted calibration tools, procedures and guidelines for the on-board energy measurement systems will
increase mutual confidence in billing, fostering the interoperability with reference to the rail ‘energy’ subsystem
in the EU.
Reliable tools for continuous monitoring of power quality events can be used to regulate energy billing, which
can take into account the electromagnetic impact of the user’s (the railway company’s) trains on the supply
system and vice-versa. Furthermore, grid management can be penalised if the power quality provided by the
grid is not adequate.
A widely spread dissemination of PQ analysers which continuously detect PQ events will guarantee a longer
lifetime for the equipment in railway/subway systems with a consequent benefit for the environment.
It has been estimated that, for a single-track suburban line (30 km) with an annual traction consumption of
6 GWh, reversible substations can produce a saving of about 1.4 GWh (23 % of the traction consumption).
The reduction of the energy dissipated by on-board braking rheostats will give a valuable contribution to the
solution of the issue of the tube temperature increase, which is detected by many underground network
managers. A decrease of such temperature will produce a consequent improvement of the energy efficiency
of the traction units.
Train eco-driving techniques will improve PQ and can have a significant impact on the energy consumed for
trains operating over the same route with the same stopping patterns. Coupled with the financial incentive
enabled by a billing infrastructure, this should lead to significant energy saving and resultant reductions in
emissions. By using accurate energy data, coupled with an optimised driving technique, the potential
considering all the EU25 train drivers is estimated to be a yearly CO2 emission reduction of 2.4 Mt.
Moreover, the development of an integrated and energy efficient railway infrastructure at European level, as
fostered by the output of this project, will support the shift from medium distance road freight to rail freight
green corridors.
A wide monitoring system and data processing architecture will be able to prevent malfunctioning of railway
electrical equipment with a consequent greater confidence in the use of the electric public transport. This will
produce a reduction in car-use and thus have a positive impact on pollution-related health and environment
problems as well as on the reduction of road congestion and on the number of accidents, leading to an
improvement in quality of life indexes.
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Increasing the interoperability and integration of railway networks will, along with increased passenger
confidence in the railway as a means of transport, contribute to the fulfilment of the EU objective of tripling the
existing high-speed rail network by 2030 and to the goal of moving the majority of medium distance passengers
by rail by 2050.
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