
 

  

Metrology for the next-generation digital  
substation instrumentation  4th Newsletter

  
 

FutureGrid Ⅱ project 

This is the fourth newsletter of the EMPIR project ‘Metrology for the next-generation digital substation 
instrumentation (FutureGrid II)’, which is continuation to the EMRP project ‘Non-conventional voltage and 
current sensors for future power grids (FutureGrid)’. The project develops the necessary metrological 
infrastructure for closing the gap in the traceability chain between measurements made in fully digitally 
operated substations and the realisation of the relevant units.  

The decarbonisation of energy systems is causing significant and unprecedented changes in electrical power 
grids due to the wide-scale introduction of decentralised renewable energy resources. Consequently, future 
electrical power grids will require real-time capable control and monitoring systems to ensure stability un-
der increasingly complex and challenging conditions. The associated digital high voltage sensors and digital 
metering systems must be managed through accurate and reliable time synchronisation in a wide area.  

Due to introduction of new standards in the IEC 61869 for transformers as well as for stand-alone merging 
units, the movement from traditional analogue instrument transformer technology towards the new digital 
instrumentation technology is expected to gain speed on transmission and on distribution level.  

To enable more precise measurements in the future, the project will support standardization organizations 
and provide yet missing solutions for calibration and timing of new type of substation instrumentation for 
the European electrical power industry. To achieve this, the project has set the following objectives: 

∎ establish calibration methods to support dynamic testing of digital instrument transformers 

∎ develop reference standards for the calibration of instruments with digital input or output  

∎ develop tools for the characterisation of devices that exploit sampled values in digital substations  

∎ develop traceable reference standards for the verification of time and synchronisation methods  

∎ facilitate the take up of the technology and measurement infrastructure developed in the project. 
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Research highlights  
 

 
Calibration methods to support dynamic testing of digital instrument transformers  

The project will establish measurements and test systems for the dynamic characterisation of digital 
instrument transformers for voltages up to 400/√3 kV and at least 2 kA under dynamic PQ phenomena 
with uncertainties from 30 ppm under laboratory conditions and up to 0.1 % under on-site conditions.  

Relevant information on parameters of typical waveforms associated with power quality measurements 
was collected and a stored in a database. Further progress was achieved for generating high AC voltages 
and currents: now a programmable current generator (up to 2 kA) that can be synchronized to either GPS 
or PTP and programmable voltage generator for medium voltage levels with sufficient bandwidth are ready.

Partners have completed their setups for calibrating 
digital voltage or current transformers. The associated 
time synchronisation to PPS was implemented via 
either PTP (IEEE 1588), IRIG-B or GPS based time 
receivers. Now, time-synchronised high-voltage and 
high-current generation capable of producing PQ rele-
vant waveforms is possible. The estimated uncertain-
ties for the voltage and current transformer calibra-
tions indicate that the target uncertainties of 50 ppm 
and 50 rad (voltage transformer) and 30 ppm and 
60 µrad (current transformer) can be achieved.  

 

 
Reference standards for the calibration of instruments with digital input or output 

The project will provide methods and devices for linking existing analogue high-voltage metrology 
infrastructure to the digital domain of time stamped sampled values. The research focusses on setup 
of reference device with an error class that is ten times smaller than the defined accuracy classes of 
commercial instruments. Special emphasis is on the calibration of stand-alone merging units (SAMUs).  

The hardware and software of the reference SAMU 
were completed and the device was calibrated. For 
this, all relevant delays inside the SAMU were 
calibrated and a method developed for calibrating 
the delay of the analogue front ends of the internal 
ADC cards. The combined uncertainty (300 ns) fully 
satisfies requirements as a standard down to the 
accuracy class 0,05 of commercial SAMUs. The 
reference SAMU has already been used in a custo-
mer calibration.  

For calibrating such reference SAMU with the aimed 20 ppm for ratio error and 30 µrad for phase displace-
ment, algorithms for synchronizing sampling processes were tested. Results were ideal (sub-nanosecond) 
when synchronizing to an external sample clock and above satisfactory (within +/- 15 ns) when using the 
internal PPS. A setup for synchronising a waveform generator to a digitally disciplined clock was designed 
and implemented. This setup provides a phase reference that meets the given latency requirements and is 
actively being used for the subsequently arranged sampling process with a 24-bit digitizer. With this setup, 
an uncertainty of 10 ppm and about 50 µrad can be achieved. Of the several resampling algorithms 
developed and evaluated, one was found to be capable to achieve an uncertainty that is negligible (well 
below 10-6) in respect to the other uncertainty contributions of the system. 

 

 
https://www.vtt.fi/sites/FutureGrid2 

 
 

Developed reference system for the performance 
evaluation of low power voltage transformers. 

Block diagram of the proposed SAMU. 
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Tools for the characterisation of devices that exploit sampled values in digital substations 

In this objective, metrological tools for the characterisation of devices that exploit sampled values (SV) 
in digital substations are developed; e.g. all-digital power and power quality meters and phasor meas-
urement units (PMUs). This includes studies on limitations due to latency and computation time, and 
characterisation of error sources to provide proposals for an enhanced protocol for sampled values. 

To support metering applications based on SV, two platforms for receiving or sending the timestamped SV 
data stream were finalized. The first software platform was tested on two commercial devices. For more 
time critical applications, where seamless streaming from and to SV based equipment is required, a 
microcontroller-based SV-Generator and an SV-receiver were built and tested with a commercial digital 
energy meter. The required software functionality for waveform generation and power meter algorithms 
has been developed and is ready for integration into the software platform. Effects on accuracy of electrical 
power and energy were simulated for different types of ADCs, number of bits, noise and jitter. Moreover, 
access to different medium voltage feeders was acquired and three-phase waveforms captured. 

PMU algorithm using the SV protocol was tested and 
accurate measurements of the impact on PMU report-
ing latency made. An open source library for measuring 
PMU reporting latency was created and updated and an 
extension to the Real Time Digital Simulator (64 PMU 
data streams) developed. A demonstrator implement-
ing SV based on IEC 61869-9 allowing integration of 
PMU algorithms was completed and tested. The tech-
nical impact of SV-based PMUs was fully analysed. A 
Sampled Value library for use in a laboratory environ-
ment with real time simulation for studying and vali-
dating its use in protection and PMU-based applica-
tions was updated. The analysis of PMU latency and 
computation was completed and published.  

 

 

Traceable reference standards for the verification of time and synchronisation methods 

In this objective, traceable reference standards for the verification of time and synchronisation meth-
ods will be developed. This includes study on techniques and algorithms such as PTP and White Rabbit 
for the synchronisation of sampling to a common time reference, both within and between digital 
substations. Satellite-independent PMU utilising distributed sensors will be developed and validated. 

A review of existing security technology for time synchronisation was finished. Research on security and 
self-assessment measures for PTP has been carried out and is constantly being transferred to IEEE 1588 
WG. Transferability of these methods to White Rabbit technology was found to be high. Moreover, research 
and evaluation of different self-assessment techniques has been concluded for PTP as well as for NTP. 

Selection of appropriate hardware options, integration with an embedded processor and firmware develop-
ment were completed. Furthermore, an existing mobile atomic clock has been used for in-laboratory, 
satellite independent calibration of time links. Moreover, a set of White Rabbit and PTP synchronisation 
devices have been verified. Methods and hardware for traceable references were examined, and 
experiments in cooperation with a TSO conducted. 

A ‘synchromerger’ was developed for satellite-independent PMU measurements using distributed photonic 
current and voltage sensors. This solution is intended for up to 50 distributed photonic measurement 
devices over a 50 km radius. PMU algorithms can be executed externally (cloud-based) using SV 
measurements or directly on the measurement device for real-time applications.  

 

   

 
https://www.vtt.fi/sites/FutureGrid2 

 
 

Setup for real-time validation of PMUs. 
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Improved standardisation by providing recommendations the relevant IEC working groups 

The aim is to facilitate the take up of the technology and infrastructure developed in the project. The 
project generates results valuable to standardisation work within IEC, CENELEC and IETF/IEEE. Mem-
ber partners of relevant technical committees will inform the committees about the project results 
and endeavour to ensure that they are incorporated in any updates to the standards or guidelines. 

The draft of the IEC TC38/ IEEE TC39 JWG55 Technical Report IEC 61869-105 “Recommended Practice for 
Uncertainty Evaluation in the Calibration of Instrument Transformers” using input from our project is 
completed. Further activities within IEC TC38/WG47 “The evolution of Instrument Transformer Require-
ments for the future market” relevant to a document about implementation of PMUs are circulated within 
the whole IEC TC 38 and were presented during the WG Paris meeting in February 2020. The first chapter 
of this document was circulated within the WG and discussed during the IEC TC 38 Chair Advisory Group in 
September 2020.  

Input was given to various drafts in WG ntp of area “Internet” (int) of 
IETF “Network Time Protocol”. In particular, the draft “draft-ietf-ntp-
using-nts-for-ntp” with significant contribution from PTB was published 
as a new standard "Network Time Security for the Network Time 
Protocol" in October 2020. It enables the securing of time transfer with 
NTP via the Internet without any significant loss of accuracy. Additional 
details can be found at The Internet Society´s webpage. Further input 
was given to the subcommittee “Security” of WG PNCS “Precise 
Networked Clock Synchronization” of IEEE. Some of this input was used 
for revision “IEEE 1588–2019” of the standard “Standard for a Precision 
Clock Synchronization Protocol for Networked Measurement and 
Control Systems”, which was published in June 2020.  

 

 
Final stakeholder workshop of FutureGrid II on June 16, 2021, 8:30 – 12:45 CEST 

The aim of the workshop is to share the findings of the project, and discuss steps for their uptake by the 
stakeholders through presentations on developed technology, good practice guides and contributions to 
standardisation. 

Register here. 

Preliminary agenda  

 Overview and progress of FutureGrid II,  
Project coordinator Enrico Mohns (PTB);  

 Invited talk on Trafoloss project - Loss Measurements on Power Transformers and Reactors,   
Gert Rietveld, Trafoloss project coordinator (VSL);  

 Traceable test systems for digital instrument transformers (WP1),   
WP leader Mario Luiso (SUN) + 2 partner presentations; 

 Technology for substations (WP2),  
WP leader Kristof Teichel (PTB) + 2 partner presentations; 

 Digital metering, power quality measurements and PMU applications using real-time IEC 61850 
communications (WP3),  
WP Leader Marco Agustoni (METAS) + 2 partner presentations; 

 Creating impact (WP4),  
WP Leader Jari Hällström (VTT) + a partner presentation on "main project inputs to standardisation". 
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Publications and conference presentations 

To ensure that the power systems scientific community benefits from these new or enhanced measurement 
capabilities, the project results have been disseminated in 29 peer-reviewed open-access publications and 
21 conference presentations and posters, so far. 

Peer-reviewed publications since the previous newsletter (full list in the Publishable summary)  

 A. Mingotti, L. Peretto, and R. Tinarelli, "Effects of multiple influence quantities on Rogowski-coil-type 
current transformers," IEEE Transactions on Instrumentation and Measurement 69, 4827–4834 (2020). 
http://doi.org/10.5281/zenodo.4322652. 

 A. Mingotti, L. Peretto, and R. Tinarelli, "Calibration procedure to test the effects of multiple influence 
quantities on low-power voltage transformers", Sensors 20, 1172 (2020).  
https://doi.org/10.3390/s20041172. 

 Y. Chen, E. Mohns, H. Badura, P. Räther, and M. Luiso, "Setup and characterisation of reference 
current-to-voltage transformers for wideband current transformers calibration up to 2 kA", 2020 
Conference on Precision Electromagnetic Measurements (CPEM), Denver, CO, USA, 2020.  
https://doi.org/10.1109/AMPS.2019.8897759.  

 Y. Chen, “Entwicklung und Verifikation eines breitbandigen Referenzstromwandlersatzes für Ströme 
von 10 A bis 2000 A und 9 kHz", PTB-Seminar 2020 (Programm 316).  
http://doi.org/10.7795/810.20201113. 

 G. Cipolletta, A. Delle Femine, D. Gallo, C. Landi, and M. Luiso, "Design and characterization of a stand-
alone merging unit", ACTA IMEKO 9, 40–48 (2020). http://dx.doi.org/10.21014/acta_imeko.v9i1.753. 

 A. Mingotti, L. Bartolomei, L. Peretto, R. Tinarelli, "On the long-period accuracy behavior of inductive 
and low-power instrument transformers", Sensors 20, 5810 (2020).  
https://doi.org/10.3390/s20205810. 

 G. D'Avanzo, A.Delle Femine, D.Gallo, C.Landi, and M.Luiso, "Impact of inductive current transformers 
on synchrophasor measurement in presence of modulations", Measurement 155, 107535 (2020). 
https://doi.org/10.1016/j.measurement.2020.107535.  

 G. Crotti, D. Giordano, P. S. Letizia, A. Delle Femine, D. Gallo, C. Landi, M. Luisa, L. Barbieri, P. Mazza, 
and D. Palladini, (2020), "Measurement of dynamic voltage variation effect on instrument transform-
ers for power grid applications", 2020 IEEE International Instrumentation and Measurement 
Technology Conference (I2MTC), Dubrovnik, Croatia, 2020. http://doi.org/10.5281/zenodo.4154617. 

 G. Crotti, A. Delle Femine, D. Giordano, C. Landi, S. P. Letizia, and M. Luiso (2020), "Traceable 
characterization of low power voltage instrument transformers for PQ and PMU applications", 2020 
Conference on Precision Electromagnetic Measurements (CPEM), Denver, CO, USA, 2020.   
http://doi.org/10.5281/zenodo.4153819. 

 Y. Chen, E. Mohns, M. Seckelmann, and S. de Rose, "Precise amplitude and phase determination using 
resampling algorithms for calibrating sampled value instruments", Sensors 2020, 7345 (2020).  
https://doi.org/10.3390/s20247345   
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Contact and further information  
The consortium consist of six National Metrology Institutes, three
universities, two research centres and two companies and thus 
have measurement capabilities traceable to national standards, 
sites to host the measurements facilities and test their perfor-
mance and companies to develop and exploit their technology. 

 

 Project coordinator: Enrico Mohns, PTB (enrico.mohns@ptb.de)  

Project homepage:  https://www.vtt.fi/sites/FutureGrid2/  

To register as a project stakeholder, contact Jari Hällström, VTT (futuregrid2@vtt.fi). 

Project partners:  

 

 
 

 PTB Physikalisch-Technische Bundesanstalt Germany 
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INRIM Istituto Nazionale di Ricerca Metrologica  Italy 

  METAS Eidgenössisches Institut für Metrologie METAS  Switzerland 

  
TUBITAK Turkiye Bilimsel ve Teknolojik Arastirma Kurumu Turkey 

    
VSL VSL B.V. Netherlands 

  
VTT Teknologian tutkimuskeskus VTT Oy Finland 

  
STRATH University of Strathclyde United Kingdom 
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   SUN Università degli Studi della Campania  
Luigi Vanvitelli Italy 

   
UNIBO Alma mater studiorum Università di Bologna Italy 

  
CIRCE Fundacion Circe Centro de investigacion  

de recursos y consumos energeticos 

Spain 
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RSE Ricerca sul Sistema Energetico – RSE S.p.A. Italy 

   
COMSENSUS ComSensus, komunikacije in senzorika, d.o.o. Slovenia 
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Synaptec Synaptec Ltd United Kingdom 
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