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EXECUTIVE SUMMARY

This document presents the progress of the research activity in
WP5 Smart Grids: Advanced Monitoring

There are two tasks defined in the MEAN4SG’s DoA within the Grant Agreement in this Work
Package based on Advanced Monitoring on Smart Grids: a) Implementing world-class PMU
algorithms on economic acquisition and computation platforms for ubiquitous deployment, and b)
PMU application in distribution grids.

The development of these tasks corresponds to the topics treated through 2 doctoral theses
performed by Early Stage Researchers (ESR) 7 and 8

Yljon Seferi (23.2M)

Implementing world class PMU algorithms on economic acquisition & computation platforms for ubiquitous deployment [Tﬁ!p. May 2021]

K Muhammad Hassan (9.9M) | Recruited by STRAT

ESR8

Recruited by STRAT | | |

Q’»

e

| | Mar 26th Feb 28th
Oct 25th Aug 21st

Ravi Shankar (36M)

PMU Applications in Distribution Grids [©#ap. Oct 2020]

1-VSL Recruited by TU/e 2-ALLIANDER

Oct 1st Jan 1st Jun 30th (N Sept 30th

May 1st May 30th

Task 5.1 Implementing world-class PMU algorithms on economic acquisition and computation

platforms for ubiguitous deployment

PhD title (ESR 7): Implementing world class PMU algorithms on economic acquisition and
computation platforms for ubiquitous deployment

MEANA4SG beneficiary: University of Strathclyde, UK

Targeted and prioritised development/improvement of hardware and/or software components,
based upon a thorough new understanding (gained by the new ESR) of uncertainty mechanisms
within both the hardware platform and the software/algorithmic components when exposed to a
wide range of realistic and worst-case network power quality scenarios.

Task 5.2 PMU application in distribution grids

PhD title (ESR 8): Application of PMUs and Phasor based methods in Distribution Grids

O
<
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MEANA4SG beneficiary: Eindhoven University of Technology, the Netherlands

The objective of this task is defining and developing new PMU applications to be used in distribution
networks, next to the existing applications for transmission networks. The research is focused on

the following applications:

Dynamic cable rating, with the aim of better utilization of collection systems for wind power

or mixed wind and solar power,

Derivation of harmonic aggregated load models based on non-invasive measurements, and
Real-time assessment of the compliance of DG units to the Requirements for Generators,

both for quasi-steady state and dynamic phenomena.
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1 TASK 5.1 IMPLEMENTING WORLD-CLASS PMU ALGORITHMS ON
ECONOMIC ACQUISITION AND COMPUTATION PLATFORMS FOR
UBIQUITOUS DEPLOYMENT (ESRO7)

The work presented in the following report focuses in designing a low-cost Phasor Measurement
Units (PMU) platform and transferring a standardised PMU algorithm. More specifically the
researcher is focused in the detailed understanding of hardware and software components,
required for a PMU to operate. Then in identifying the cheapest viable hardware and/or making
relevant improvements in hardware and software in order to support the PMU operation in cheap
platforms without compromising the reliability and high performance of this instruments when
facing reduced power quality conditions of the electricity grids under measurement.

There is a growing demand for PMU measurements utilisation in transmission and especially in the
distribution grids for protection applications, monitoring, power quality (PQ) analysis and other
network studies. However, the high cost of these instruments and their installation limits their
massive utilisation, either for the immediate network needs or for further research studies. In such
context, the output of this research aims to propose an accurate, reliable and cheap PMU
instrument to support the extensive research in other fields of studies and the network needs.

D5.2. WP5 Final research report
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1.2 Background and organisation of the project

Thesis title: Implementing world class PMU algorithms on
economic acquisition and computation platforms for ubiquitous
deployment

Research fellow: Yljon Seferi

K Previously: Muhammad Hassan

Current position: Researcher at University of Strathclyde
Contact beyond the project: linkedin.com/in/yljon-seferi-
22002341

Recruitment organisation within MEANA4SG: University of Strathclyde
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‘ Implementing world class PMU algorithms on economic acquisition & computation platforms for ubiguitous deployment [@ Exp. May 2021]
Yijon \ Recruited by STRAT
Muhan{ Recruited by STRAT | | |
| | Mar 26th Feb 28th
Oct 25th Aug 21st

Main Contribution to MEAN4SG:
ESRO7 Yljon pursues the research started previously by Muhammad aiming to contribute to the
scope of MEAN4SG by developping new, practical methods for instrumenting power networks,

which will enable future intelligent applications and to accelerate decarbonisation efforts.

Link to presentation: https://youtu.be/OLLaOfHBtyl
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Phasor Measurement Units instruments (PMUs) are becoming widely deployed in electricity grids
of transmission systems, because of their capability to provide accurate, reliable, fast and
comparable in time — synchro-phasor, frequency and ROCOF measurements. These parameters
make up the core for power flow monitoring and control, wide and local area monitoring of voltages
and currents and the inputs for the state estimation algorithms where examples of using PMU data
for real time state estimation exist.

PMUs functionalities are also being exploited on distribution level for protection, network studies
and monitoring purposes. In such context, accurate and fast frequency and ROCOF measurements,
are the key inputs for Loss of Main protection relays, load shedding mechanisms that are triggered
under off nominal frequency conditions of the network, and to control the amount of power
injected into the system under unbalanced conditions — namely ‘Synthetic Inertia’ — for short
periods of time.

Network studies including PQ phenomena and their propagation do also benefit (to some extent)
from the PMU parametric measurements, and fully in case of provided access to the raw data of
the synchronised A/D converters.

The need for reliable and accurate instruments like PMUs, able to provide fast and synchronous
measurements, will be more required especially in recent scenarios where high penetration of
Renewable Energy Sources (RES) has led to significant reduction of the natural inertia of the system
and as a consequence bringing more challenges to network operators to continue to maintain the
system stability within the safe limits. In such context, PMU measurements are expected to be the
basis of the future mechanisms able to respond more appropriately to the system behaviour under
unbalance conditions between generation and demand than the current SCADA systems based on
traditional measurements.

However, the large cost of PMU instruments is the main constrain for their massive deployment,
and in such context, more research is required to bring the cost down as much as possible without
compromising their high performance under all possible PQ scenarios. This work is focused in
designing a low-cost PMU platform and implementing a world-class PMU algorithm able to pass all
the tests specified on the respective standard.

The main objectives of this project are detailed below.

©
w
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The objectives to be accomplished through this correspond to:

Detailed understanding of front-end circuitry in order to ensure the highest accuracy
possible in the signal chain, within the limits of a low-cost target.

Detailed understanding of data converters, sampling techniques including timing accuracy
and jitter, and aliasing effect.

Understanding (and selection of) different microcontroller and embedded processor
targets, and their relative merits.

Deep understanding of power quality phenomena and their effects within modern power
networks, measurement window/filter techniques to deal with them, measurement
uncertainty assessment under those power quality conditions, using those techniques.
Designing the entire hardware system chain from signal conditioning through to
computation and report generation, including accurate time-stamping and reference to
UTC.

Testing the unit in an appropriate test environment using time-synchronised signal generation

sources.

The initial research about the topic was focused on the literature review of textbooks and technical

articles related to PMUs, and their applications. More specifically the student has been focused

mainly in understanding the general architecture of a PMU instrument and their basic hardware

components. It followed with an overview of the most recent international standards of PMUs,

detailing specific tests conditions required for the PMU to pass.

The hardware component blocks of a PMU architecture are detailed below:

1.

One of the key components of a PMU architecture, Analogue to Digital Converters (ADC) is
studied in detail. The reason behind this is because there are a number of ADCs on the
market which differ in terms of the resolution, sampling rate, conversion time, and number
of channels. The aim was to point out all the differences that may have an influence on the
performance of the PMU. In such context, one of the main characteristics that has to be
considerate is the way the ADC samples the input signal, which is defined by the
architecture itself, and it results that SAR ADC architectures offer the most precise
information in time when the sampling occurs (considering a good sampling clock with low
jitter and high stability) and the lowest latency. Another important feature to be considered
is the resolution of the ADC, expressed as the effective number of bits (ENOB) which has a
direct impact on the PMU accuracy. Normally the noise picked up from external
electromagnetic fields, and the noise developed internally in the signal chain by the

* -
O
° 4
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electronic components, tends to reduce considerably the resolution of the ADC — limiting
so its capability to sense small changes in the signal level. It turns out that sigma-delta ADCs
due to the oversampling capability and the digital filter that follows, can reduce the
guantization noise generated internally in the ADC and in general the signal noise,
improving so the signal to noise ratio (SNR) and consequently the ENOB. In the project,
both types of ADC are considered. At the moment a high-performance ADC, with 8
simultaneously sampling channels and 24-bit resolution has been procured.

As the next step, the student research has been focused on designing and constructing of
the signal conditioning circuitry (6 channels — 3 voltages and 3 currents) based on the
characteristics of the chosen ADC for the low-cost PMU platform. In such context, a detailed
study of the transducer models was performed. The choice of resistive voltage dividers for
the input voltage circuits and the current shunts resistors for the input current circuits was
mainly driven by their excellent tolerance (less than 1% provided by resistive elements),
flat magnitude response, unlimited phase-frequency response for the bandwidth of
interest, extremely low variance to temperature changes (25ppm/°C), extremely low power
dissipation (less than 0.25W for voltage circuit and 2.5W for current circuit), low reactance
and their relatively cheap price. Following the input scaling stage is the antialiasing filter,
implemented as an active second order filter with a cut-off frequency of 1kHz. The filter
provides less than 1% of error at 50 Hz if aliasing is encountered (if a sampling frequency of
5 kHz is considered), and negligible errors for higher sampling frequencies; reasonable gain
and phase errors that are easily compensated after a proper calibration; and is optimised
for passing the step test and harmonic tests defined in the PMU standard. The filter is
analytically modelled in Matlab in order to calculate the precise component values needed
to compose the filter. Its transfer response is compared with a filter model developed in a
spice simulator composed by elements with available values present on the market. This
process led to further optimization of the filter, which has then been implemented
physically in the PCB board.

Concluding the signal conditioning circuitry is the isolation stage needed to isolate and
protect the rest of the circuit (ADC, Microcontrollers, PC) from an un-expected high voltage
occurring at the entrance of the circuit and all the required power supplies.

Circuit components, such as resistors, and amplifiers are carefully selected and properly
adapted to their surrounding elements in order to reduce as much as possible the noise
developed internally. In such context a detail noise analysis is performed which has guided
the selection of the amplifiers and the resistors used to develop the circuit.

The complete circuit including all the elements has been simulated in LTspice circuit
simulator, where the exact macro-models (developed by the manufacturers) have been
loaded and used as the best behaviour representatives of physical elements. The circuit is
designed using a PCB software (Eagle) and then fabricated. All the components of the
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surface mount type have been soldered using an appropriate oven. The circuit then is
tested with some reference signals and has shown errors in magnitude smaller than 0.1%.

Another very important block of the PMU architecture is the computational unit, and here the
choices vary broadly from the single board computers like Raspberry Pi or BeagleBone Black
equipped with a variety of interfaces, peripherals and increased processor memory, to
microcontrollers with real time processing capabilities. In this context, the student performed a
general study of 'small embedded systems', such as microcontrollers (MCUs). The overall focus was
based in understanding their organisation, as well as their hardware and software components
embedded in their integrated circuit. There are a number of hardware factors that influence the
performance of the processing unit, including: clock frequency, processor latency, memory access
time, and the protocol used by the processor to communicate with peripheral devices. There are
also some software factors that include algorithm complexity and the ability to parallelize the tasks
in order to process the information simultaneously in the cores of a multicore system processor.

There are a large number of possible computational units, but the student focused in exploring the
integration of 2-3 different types of them with data converters, aiming to highlight the hardware
differences among them. This process was followed by the integration of the high-performance
ADC block with the Raspberry Pi unit, using Labview environment programming language. Similar
work is being conducted with other MCU units selected for the aforementioned purpose.

During the research period, the student has performed detailed studies of PQ phenomena present
in electricity grids. Initially the student was focused on understanding their definitions and their
sources in the power system. It followed with a detail understanding of the measurement
techniques and the practices of monitor them; interpretation of the measurement results and a
detail understanding of how the electromagnetic events impact the power system quality and the
devices connected to the network.

This process was followed by a digital signal processing work, which led to the development of PQ
measurement algorithms with reference to the measurement techniques specified at IEC 61000-4-
30 and IEC 61000-4-7 standards. More specifically the algorithms created and then tested with
reference signals were used for the characterization of electromagnetic disturbances in railway
electricity networks of 25 kV, 50 Hz and for those phenomena present on 3 kV DC systems, for the
following analysis:

- Harmonic and interharmonic analysis;

- Dips and swells measurement and their characterization, were an improved measurement
technique was proposed;

- Voltage interruption detection were an improved detection method was proposed;

- Voltage transient detection;

- Rapid voltage changes measurement;

- A new proposed algorithm for arc detection;

D5.2. WP5 Final research report
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- Power and energy measurements comprising measurements of power and energy during
regenerative braking of the trains;

- Frequency measurements using DFT based technique and zero crossing technique;

- Phase measurements;

- Unbalance analysis;

Using a variety of signal processing techniques such as:

- Fourier transform,

- Discrete wavelet transform,
- Correlation analysis,

- Interpolation analysis,

- Symmetrical components,

- Park transformation,

and Labview and Matlab programming languages.

This process gave to the student a deep understanding of the power quality phenomena and their
effects within the power networks.

In addition to the preview signal processing work, the student studied in detail the DFT based
methods and their respective modified algorithms proposed in the literature for the estimation of:

- Synchrophasor;
- Frequency and;
- ROCOF

measurements, performed by a PMU instrument. This work was followed by an implementation of
an Interpolated based DFT algorithm in Labview programming language and some preliminary tests
to assess its accuracy using computer based simulation signals.

At the moment, the student is focused on Phase-Lock-Loops techniques, implemented either
analogically or digitally, aiming to exploit their merits in combination with GPS receiving signals.

©
~
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| Implementing world class PMU algorithms on economic acquisition & computation platforms for ubiquitous deployment [ Exp. May 2021]
Vljon [ Recruited by STRAT
Muhan] Recruited by STRAT | \ I
| | Mar 26th Feb 28th
Oct 25th Aug 21st

Figure 1 ESRO7 recruitment timeline

Recruitment Organisation

Both Yljon and previously Muhammad have been recruited by the University of Strathclyde in a
total duration of 33.1 months (23.2 months for Yljon and 9.9 months for former ESRO7 Muhammad)

Both of them have received guidance from the University of Strathclyde (supervised by jointly Dr
Steven Blair, Prof Graeme Burt, Prof Brian Stewart, and Dr Andrew Roscoe) and acquired skills in
Implementing world-class PMU algorithms on economic acquisition and computation platforms
for ubiquitous deployment., corresponding to the dedicated task 5.1 within the project framework.

One of the main facilities used to validate scientific results has been the Dynamic Power System
Laboratory, including RTDS.

Secondment organisations

Due to the unforeseen withdrawal from the previous ESRO7 Muhammad, the planned secondments
for the former ESRO7 have been planned again and once the complete integration of Yljon took
place.

To this regard, there were two planned secondments for ESRO7 not being able to be performed
during the duration of the recruitment within MEAN4SG timeframe, but beyond the project at some
extend.

= Planned secondment 1 for ESRO7 Yljon: NPL (From June to July 2019) - CANCELLED:
Unfortunately, this secondment had to be cancelled because NPL was unable to support it
due to staff changes (the MEAN4SG contact at NPL left the organisation at short notice).

= Planned secondment 2 for ESRO7 Yljon: METAS — DELAYED beyond the project duration
(From 06.04.2020 to 29.05.2020) The ESR will be supervised by Dr Christian Mester (the
ESR has previously worked at METAS, so is familiar with the team and facilities). Note that
this has been delayed until after the close of MEAN4SG but will be supported by Strathclyde
and METAS. Yljon will get support from the Calibration of 6-channel analogue system as a
facility during his secondment

.
O
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Courses and summer schools organized in the framework of MEAN4SG

Former ESRO7 Mohammad has participated in 2 specific courses and 1 of the three Summer Schools

organized in the framework of the project

1°t MEANA4SG Specific Course: Hold in CIRCE, Zaragoza, Spain on 31/01/2017-02/02/2017,
as a training activity within the ITN-ETN MEAN4SG project

1 MEAN4SG Summer School: Hold in the Van der Valk Hotel, Haarlem, The Netherlands,
on 19-20/04/2017

2" MEAN4SG Specific Course: Hold in the University of Strathclyde, Glasgow, UK, on 6-
8/06/2017, as a training activity within the ITN-ETN MEAN4SG project

Joining the project on 2018, March the 26™, last ESRO7 Yljon did participate in the last Summer

School organized in the project framework

3¥ MEAN4SG Summer School: Hold in ORMAZABAL, Boroa, Spain on 19-21/06/2018, as a
training activity within the ITN-ETN MEAN4SG project

Other training events performed/promoted within MEAN4SG

Among the training events taken place within the project’s framework, ESR0O5 did participate to the

following:

Demonstration Workshop on Electric System Modelling, Development of an integrated
model of electric systems and Development and validation of distributed generation
management at customer sites for service provision through virtual power plant concept.
Hold online by ENEL with special guests from the Universities of Cagliari and Genova on
10.10.2019, as a training activity within the ITN-ETN MEANA4SG project

ERIGrid Spring School “Introduction to Real Time Simulation Environment and Application
in Sustainable Energy Systems”. The spring school was organised at TU Delft on 4-6 March
2019.

Postgraduate Institute for Measurement Science — PGl Annual Conference taking place on
23-24 October 2018, at University of Strathclyde in Glasgow - UK. (observer)

IEEE 10th International Workshop on Applied Measurements for Power Systems (AMPS),
2019, September, Aachen — Germany. (paper presentation)

Postgraduate Institute for Measurement Science — PGl fourth Annual Conference taking
place on 6—7 November 2019, at NPL in London - UK. (poster presentation)

International Colloquium on Smart Grid Metrology, SMAGRIMET 2019 (Analysis and
selection of appropriate components for power system metrology instruments).
23/05/2019, Split, Croatia

©
©
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Many other RDP Courses have been organized by the University of Strathclyde within the research
and Development Program

= Project Management in the Real World (11-12.10.2018)
= Research Data Management Plan (22.12.2018)

= Writing for Impact (08.11.2018)

=  Getting Published in Academic Journals (08.02.2019)

= Risk Management in the Real World (09.05.2019)

= Digital Scholarship Skills (online course)

Seminar Presentations

= PhD Webinar. Group PM/MM - Phasor Measurement Units applications & Smart Grids
Modelling and Management: September, Friday the 20th: Yljon Seferi [10:30] Design, build,
implement and test hardware system chains for PMUs, ROCOF, Power Quality and
Metering as metrology systems including accurate time-stamping and reference to UTC:
[Link to the presentation https://youtu.be/OLLaOfHBtyl]

= Several presentations with research groups at University of Strathclyde

9 Cisces WebEs Mioetings - MEARASG - PR Webinas - Group PM/MM . Pror Mekturement Ursts appicanicns & Smart Grids Moselieg ind Masagement

£
-
:
B
;

Figure 2 ESRO7 Presentation during the last webinar
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Research skills

— Analogue signal conditioning and PCB design
— Analysis and selection of different ADCs architectures for different applications

Research Skills:

Technical Skills:

Literature review and

assessment (see more

listed below)

Signal processing, PCB

design, power system

simulation (see more
listed below)

Management Skills:

Travel and consumables

budget monitoring

Communication Skills:

Research paper writing,
presenting

— Digital signal processing

— Algorithm development for electrical measurements in power systems

— PQanalysis of railway electrical networks of 25 kV, 50Hz and 3 kV, DC systems

— Low cost Phasor Measurement Unit design (in progress)

— Electrical metrology (calibration of energy and power standards, high performance digital

multimeters and characterisation of electricity meters under non-sinusoidal signals).

Software skills

— Labview programming language

— Matlab programming language

— Python programming language

— Spice simulators (LTspice and TINA-TI)

— Eagle PCB design

— Microsoft project
— LaTeX editor
— Cand C++ (progress on going)

D5.2. WP5 Final research report
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The core research project is to establish a high-performance, yet cost-effective, Phasor
Measurement Unit (PMU) platform for large-scale electrical grid monitoring. The work finds an
evidence-based solution appropriate trade-off in PMU design to achieve acceptable real-world
accuracy, at minimal cost. In particular, the design of the analogue systems, processing platform,
and algorithm will be considered. The designs are being prototyped and tested at the University of
Strathclyde (including using a real-time power system simulator), and in collaboration with external
metrology labs.

Furthermore, the ESR has received additional training and experience in signal processing
techniques which are relevant to railway electrical systems, which will be used in the main research
to development next-generation PMU algorithms.

The main contribution of the ESR07 research activity have been the following:

v" Answer to the Development of cost-effective PMU by analysing hardware and software
requirements. Results: Initial hardware prototype developed

v" Answer to the Novel algorithm development by Assessing algorithm performance using real
measurement data. Results: New techniques for event and PQ localisation

v" 5 papers delivered or about to be delivered

(It is important to be noted that Yljon joined MEAN4SG relatively late due to departure another
researcher and will therefore complete his PhD studies after MEAN4SG concludes.)

= Title: Implementing world class PMU algorithms on economic acquisition and computation
platforms for ubiquitous deployment

= Defense date (Upcoming): May 2021

= Defense place: University of Strathclyde

= Doctoral school: University of Strathclyde

= Thesis supervisor: Dr Steven Blair and Professor Graeme Burt
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During 2018-2019 period, ESRO7 has contributed to the following publications:

Cetina, R.O., Seferi, Y., Blair, S.M. and Wright, P.S., 2019, April. Analysis and Selection of
Appropriate Components for Power System Metrology Instruments. In 2019 2nd
International Colloquium on Smart Grid Metrology (SMAGRIMET) (pp. 1-6). IEEE.

Seferi, Y., Clarkson, P., Blair, S.M., Mariscotti, A. and Stewart, B.G., 2019, September. Power
quality event analysis in 25 kV 50 Hz AC railway system networks. In 2019 IEEE 10th
International Workshop on Applied Measurements for Power Systems (AMPS) (pp. 1-6).
IEEE.

The following articles are planned for the 2020 academic year:

Helko van den Brom, Domenico Giordano, Danielle Gallo, Andreas Wank, Yljon Seferi
(extended abstract uploaded to CPEM-2020) Accurate Measurement of Energy Dissipated
in Braking Rheostats in DC Railway Systems.

Yljon Seferi, Steven M. Blair, Christian Mester, Brian G. Stewart, Power Quality
Measurement and Active Harmonic Power in 25 kV 50 Hz AC Railway Systems (distributed
among the co-authors). This paper is targeting ‘Transaction on Instrumentation and
Measurement’ journal.

Yljon Seferi, Steven M. Blair, Brian G. Stewart, A new Arc Detection Algorithm for Railway
Electrical Networks (start of writing is planned on March-April 2020).

In terms of networking and due to the advanced status of ESRO7 research, it has been Yljon who
have had a more active role regarding meeting actors from the Smart Grids field.

Thanks

to the some events like the one listed below, a wide selection of important contacts to

pursue and discuss Yljon’s research have taken place.

Participation at the Workshop on new developments in high performance ADCs and their
characterisation organised at NPL in Teddington, UK on 16.01.2019

Presentation in a research group meeting, related to PQ analysis in railway networks, on
20-21.02.2019 in Naples, Italy.

Participation at Euramet EMPIR Call 2019 - SRT-g02 meeting: Metrology for DC electricity
grids, organised in VSL in Netherlands on 24-25.06.2019.

Participation at Euramet EMPIR Call 2019 - SRT-g11 meeting: Applications for turning smart
grid measurement data into actionable information, organised at NPL in Teddington, UK on
2-3.07.2019.

°
O
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= Presentation in a research group meeting, related to energy calculation during train braking
in railway networks, on 12-13.12.2019 in Madrid, Spain.

= Participation in IEC SC77A — WG9 and IEC TC 85 — WG20 technical committee meetings in
Berlin, on 22-24.01.2020.

Moreover, ESRO7 is planning to join IEC TC77/WG9 and TC85/WG20 international committees.
Besides, Yljon has identified potential ways of collaboration with other ESRs, notably:

= ESR-04 Nayeem Chowdhury (ENEL) | Development of Integrated grid model of electric
System. Possible data source for work of ESR6, or informing on capability of various
measurement approaches

= ESR-01 Stefano Lodetti (CIRCE) | New power quality issues related to Smart Grids. Sharing
of knowledge of measurement methods

= ESR-03 Deepak Amaripadath (LNE) | Development of tools for accurate and reliable
measurements of Smart Grid Power Quality. Sharing of knowledge of localisation of PQ
disturbances

The main target audience of the research are PMU vendors as well as electrical

In terms of relevant innovation activities carried out (prototypes, testing activities, standards) and
new potential applications, products, services, reference materials, a hardware prototype system
has been created, which will be tested in the coming months. New signal processing algorithms
have also been developed.

It shall be noted that considering the delayed start to the project due to the first ESR leaving, the
progress is excellent. The ESR will continue PhD studies beyond the end of the MEAN4SG project.

Table 1 Exploitation Plan for ESR07

Direct
Applications Future

Fellow Title - . Patent Research

/ Commercial ]
Required

use
Design and implementation of low-cost
Yljon Seferi (ESRO7) PMU (Phasor Measurement Unit) Yes Yes Possible No
platforms

Details on how the detected patents could be developed are explained in its dedicated deliverable:
“D8.2 Exploitation roadmap in consonance with the end user feedback”

©
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2 TASK5.2 PMU APPLICATIONS IN DISTRIBUTION NETWORKS (ESRO8)

The researcher studied the application of Phasor Measurement Units (PMUs) and phasor-based
methods in distribution networks. Two applications have been investigated. First application
presents and investigates a novel Dynamic Line Rating (DLR) method using PMUs. Second
application is based on utilization of harmonic phasors for aggregated modelling of distribution
level sub-grids.

The goal of a DLR application is to enable network operators to determine flexible time-based
loading limits of the cables. Cable temperature is a key variable in fixing the loading limits. Instead
of directly measuring the cable temperature as in previously proposed methods, this applications
uses indirect method to estimate the cable temperature in real-time using PMU data.

Aggregated modelling of distribution level sub-girds is an application based on harmonic phasor
measurements. The goal of this application is to estimate the instantaneous harmonic impedance
of the gird. This application would be helpful in building accurate network models for the purpose
of studying and quantifying harmonic emissions.

©
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2.2 Background and organisation of the project

Thesis title: PMU Applications in Distribution Grids (provisional
title)

Research fellow: Ravi Shankar

Current position: PhD Candidate at Eindhoven University of
Technology

Contact beyond the project: linkedin.com/in/ravi-shankar-singh

Recruitment organisation within MEAN4SG: TU/e
Secondment organisations:

(1) VvsL

(2) Alliander
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PMU Applications in Distribution Grids

i:_ Recruited by Tu/e

I I I I I
Oct 1st Jan 1st Jun 30th |1 Sept 30th
May 1st May 30th

588 Exp. Oct 2020]

Main Contribution to MEAN4SG:

As the scope of the project is based on metrology in Power Systems, this ESR was focusing on
developing additional applications of PMU-type meters for distribution systems. The main
contribution is an on-line estimation algorithm for tracking real-time line rating in cable systems,

aimed e.q. at collection systems for windfarms (with or without additional PV generation).

Link to presentation: https://youtu.be/OLLaOfHBtyl
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The research focus of this ESR was PMU applications in distribution networks. This type of meters
was primarily developed for large transmission (high-voltage) systems, and the aim here was to
extend it to the medium-voltage and low-voltage distribution systems. This includes metering for
real time billing and balancing, real-time monitoring of grid components and derivation of network
modelling aimed for Power Quality and Network Stability studies.

The objective of this task is defining and developing new PMU and phasor-based applications to be
used in distribution networks, next to the existing applications for transmission networks. The
research is focused on the following applications:

= Dynamic cable rating, with the aim of better utilization of collection systems for wind power
or mixed wind and solar power, and
= Derivation of harmonic aggregated load models based on non-invasive measurements.

In the beginning the researcher made himself familiar with the concepts of phasors and PMUs
through literature survey and small simulations. Probable applications of the PMUs suitable for
distribution networks were thought upon.

PMU data-based DLR was chosen as the first application to work on. This application is aimed to
facilitate implementation of DLR. The idea is to use the temperature of the cable at steady state
and forecasted power flow to predict the thermal response of the cable. This thermal response
would for a predict power flow give the time-based temperature profile of various layers of the
cable. Thus, correct knowledge of cable temperature at the beginning is important for this
application. This type of application could help the operators to select the most optimum yet safe
loading levels of the cables to maximize their utilization.

The core of this application is estimating the cable temperature using accurate resistance estimates
of the cable in real-time. Cable resistance is the key parameter to determine the temperature of
conductors in the field without the need for extra temperature sensing equipment. In the past,
algorithms have been developed to estimate the line resistance of high-voltage transmission lines.
The applicability of such an estimation method was analysed, to estimate the temperature of a
medium-voltage cable.

The accuracy of the resistance estimates are also of prime importance. The desired accuracy of
resistance estimates depends on required accuracy of temperature estimates. This relationship

.
O
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between temperature and resistance of the cable conductor is dependent on the thermal
coefficient of resistance of the conductor. It could be easily calculated that for copper conductors,
if the aim is to monitor the cable temperature of an accuracy better than ten degree Celsius, then
the accuracy of the resistance estimates should be lower (better) than two percent. This high-
accuracy requirement is challenging to achieve especially in presence of errors in the whole
measurement chain preceding the PMUs. Current and voltage transformers (CTs and VTs) are the
power system sensors which transform the high energy power signals and feed it to the PMUs for
measurement.

In the first year, accuracy of the resistance estimator was investigated by implementing it in a
simulated medium voltage distribution grid, while still taking into account practical real-field
challenges like ratio and phase errors of CTs and VTs. Two types of measurement errors were
studied. The first being the random noise in all of the devices ranging from CTs and VTs to the PMUs
in use. Other type of measurements is called bias errors. Bias errors are fixed errors present in the
CTs and VTs which alters the magnitude and phase of the signals being fed to the PMUs. The bias
errors could be found out during calibration exercise and correction factors could be used.
However, these errors could change over a period of time and are unknown until next calibration
is performed.

During the second year, the algorithm of cable resistance estimation was improved so that it can
give more accurate estimates in presence of unknown bias errors. Bias errors when unknown cause
the algorithm to give erroneous results. After improving the algorithm, a method was developed
to calculate the uncertainty of the results obtained from the parameter estimation problem. Tests
were suggested to look for errors in the resistance parameters coming from the bias errors in the
CTs and VTs. It was also shown how correctly modelling the cable system components and
understanding the measurement set-up is important to determine the uncertainty of the estimated
cable parameters.

After gaining insights about the algorithm, the research focus was shifted on setting up an
experiment at VSL (Dutch Metrology Institute) where three copper coils and some capacitors were
used as a demo medium voltage cable. Different power profiles were created using a program in
Labview software which was driving a signal generator. The generated signal were amplified using
an amplifier. Real commercial PMUs were used to acquire voltage and current signals at both end
of the coils. Both the PMUs were synchronized using a GPS signal. The PMUs give phasor estimates
of the voltage and current signals. These phasors were used to estimate the resistance and other
parameters of the coil cable model.

After completing and getting results from the laboratory tests, during the second year, real PMU
data was utilised. The PMUs are located in a cable section of 50 kV Dutch distribution network.
The results were analysed varying different parameters. Recorded data of 24 hours was used to
derive continuous estimates of resistance. The uncertainty of the resistance estimates was also
calculated based on the knowledge about the CTs and VTs present in the grid.
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Continuous temperature estimates were computed using the resistance estimates. These estimates
gave the conductor temperature of the cable. Uncertainty associated with the cable temperature
was also calculated accordingly.

After achieving the temperature estimates, the next step was to use them to predict the thermal
response of a cable in presence of a forecasted load profile. To calculate the thermal response, a
correct thermal model of the cable system is required. During the third year, literature survey was
done to build accurate cable thermal model. In reference to a previous work, Thermoelectric
Equivalent (TEE) model of the cable was chosen to model the cable. In this model, the layers of the
cable are represented ad lumped thermal resistances and capacitances. However, to get more
accurate results, thick layers of insulations and soils were divided into multiple sub-layers.

Values of the thermal resistance and capacitance used in to model were calculated using the
material properties and geometry of the cable layers and soil. The model was then described using
a system of first order differential heat transfer equations. The temperatures of different layers of
the cable and soil system were the state variable of this system of equation while the heat
generated at the conductor, dielectrics and the screen are the driving function. The system of
differential equation were improved to give better results in case of current transients. The
resistance of the cable which along the current determines the amount of heat generated in the
conductor. In the referred work, the resistance of the conductor was considered constant and the
only variable was the time-dependent current. However, it is known that the value of the resistance
also varies with the change in the temperature. Thus the resistance of the conductor was also
included as a variable instead of a constant.

After building the thermal model of the cable, the model was subjected to a step current of
amplitude equal to the rated current of the cable. The duration of the step current was 24 hours
as this time-frame gives the system operators to perform this analysis for one day in advance. The
thermal response achieved using this model was compared with the results achieved using a
commercial software which uses finite element method (FEM) and give thermal response based on
the specified geometry and material properties of the cable and the soil. In the comparison, it was
found that the difference between the response of the generated model and the response from
the commercial software using FEM was less that one degree Celsius at all times. This validated the
model and the system of differential equations. After this, a power profile based on historical data
was chosen to calculate the thermal response of the cable. This concluded the work related to the
application of DLR utilizing PMU data.

The second application was utilization of harmonic phasors for deriving harmonic aggregated load
models based on non-invasive measurements. The aim of this application was to help the grid
operators to make and update the harmonic models of grid sections for study pf power quality
phenomena and quantification of harmonic emission from different section of the gird. This work
presents a measurement based method to develop an aggregated harmonic impedance model of
the downstream distribution network as seen from the utility side of point of connection. Non-

O
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invasive method is when no additional signals are injected into the network and uses only the
signals present in the system. The method uses 3-phase current and voltage measurements to
capture the response of the distribution network after a switching event of an HV-MV transformer
in parallel with another similar rating transformer at a primary substation. Transformer switching
at the HV-MV sub-station is a common occurrence and depending upon the remaining flux and
switching moment can generate a rich spectrum current.

In a strong grid, the inrush current during transformer charging is provided by the upstream gird
causing only a small voltage perturbation at the transformer primary winding side. The perturbed
voltage and the response current is measured at the low voltage side of the transformer to model
the distribution network. To determine the harmonic impedance, two states of the grid were used:
the non-excited one and the excited one. Voltage and current signals were measured and harmonic
phasors were estimated to calculate the impedance.
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Figure 3 ESR08 recruitment timeline

Recruitment Organisation

Ravi Shankar has been recruited by TU/e in a total duration of 36 months, from 01.10.2016 until
30.09.2019. During his training he has acquired skills in the PMU applications in distribution
networks, corresponding to the dedicated task 5.2 within the project framework.

During the whole duration of the project, Ravi is employed as a PhD student in the EES research
group of the Electrical Engineering faculty. The PhD trajectory at TU/e lasts 4 years, so Ravi stays
employed in the group to finalize his thesis and defend it.

In this sense, the main facility used to validate scientific results has been the SmartGrid lab TU/e

©

20

D5.2. WP5 Final research report



* o

Document:

WPS5 Final research report

Author:

TU/e

Version:

1

VIEANASG

Reference:

D5.2

Date:

21/4/20

Secondment organisations

In total, Ravi has collaborated at the heart of two secondment organisations within his research

during MEANA4SG project.

Table 2 Secondments performed by ESR08

i Duration
Fellow Secondment Organization Start Date End Date
(months)
Ravi Shankar (ESR08) VSL 1.01.2017 30.06.2017 5.9
Ravi Shankar (ESR08) Alliander 1.05.2019 30.05.2019 1

During his first secondment at VSL, Ravi was working together with VSL on the line parameter
This
demonstration based on field measured data. Ravi took advantage from the VSL labs as facility used

estimation based on PMU measurements. included laboratory measurements and

to validate his scientific results.

During his second secondment at LNE, Ravi was given a task and support to execute the following
lab measurements relevant for network operators: 1.Modeliling of harmonic sources in the
frequency domain, 2. Modelling of aggregated network loads as a part of system harmonic
impedance. For this purpose, Ravi visited the Lemco laboratory (Kortrijk, University of Ghent,
Belgium) to perform the relevant laboratory measurements.

Courses and summer schools organized in the framework of MEAN4SG

ESRO8 has participated in almost all Specific Courses and Summer Schools organized in the
framework of the project

= 1 MEANA4SG Specific Course: Hold in CIRCE, Zaragoza, Spain on 31/01/2017-02/02/2017,
as a training activity within the ITN-ETN MEANA4SG project

= 3 MEAN4SG Specific Course: Hold in CIRCE, Zaragoza, Spain on 28-30/11/2017, as a
training activity within the ITN-ETN MEAN4SG project

= 2" MEAN4SG Summer School: Hold in the University of Strathclyde, Glasgow, UK, on 23-
25/01/2018, as a training activity within the ITN-ETN MEANA4SG project,

= 3 MEAN4SG Summer School: Hold in ORMAZABAL, Boroa, Spain on 19-21/06/2018, as a
training activity within the ITN-ETN MEAN4SG project

©
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Other training events performed/promoted within MEAN4SG

Figure 4 Presentation during the 31 Specific Course in Zaragoza

Among the training events taken place and promoted within the project’s framework, ESR08 did

participate to the following:

= Demonstration Workshop on Electric System Modelling, Development of an integrated
model of electric systems and Development and validation of distributed generation
management at customer sites for service provision through virtual power plant concept.
Hold online by ENEL with special guests from the Universities of Cagliari and Genova on

10.10.2019, as a training activity within the ITN-ETN MEANA4SG project

= Digsilent Power Factory training. March 2017. Gomaringen, Germany
=  PES General Meeting 2018. April 2018. Oregon, USA
=  SMAGRIMET 2019. May 2019. Split, Croatia
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Seminar Presentations

ERSO8 did participate in the following seminar events proposed in the framework of the project:

=  PhD Webinar. Group PM/MM - Phasor Measurement Units applications & Smart Grids
Modelling and Management. September, Friday the 20th — Ravi Shankar [11:00] -
Measurement-Based Modelling and Monitoring of Distribution Networks [Link to the
presentation https://youtu.be/OLLaOfHBtyI]
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Figure 5 Presentation of Ravi’s results during the PhD Webinar
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Research Skills: Technical Skills:

Metrology, thermal Power system simulation
modelling, frequency software, laboratory
domain modelling experimentation

Management Skills: Communication Skills:

Organizing own o .
Scientific writing,

research, setting up a

Presenting skills
research plan

2.4 Achievements

Answer to the Line parameter estimation by estimating them based on PMU data.
Results: Algorithm for on-line parameter estimation and uncertainty definition
Answer to the Aggregated load impedance estimation by simulating network events and

load parameter estimation. Results: Harmonic load models of network loads
v" 5 publications

= Title: Application of PMUs and Phasor based methods in Distribution Grids.
= Defense date (Upcoming): October, 2020

= Defense place: Eindhoven, the Netherlands

= Doctoral school: Eindhoven University of Technology

= Thesis supervisor: dr V. Cuk, prof. dr J.F.G. Cobben
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Up to 4 conference papers and a (1) journal paper have been published by Ravi

Stanislav Babaev, Ravi Shankar Singh, Joseph Cobben, Vladimir Cuk, Helko Van Den Brom,
‘Considerations on the Performance of Multi-point Synchronized Harmonic Measurement
System’, 2018 IEEE 9th International Workshop on Applied Measurements for Power
Systems (AMPS)

R.S. Singh, S. Cobben, M. Gibescu, and Hvan den Brom, D. Colangelo, G. Rietveld, ‘Medium
Voltage Line Parameter Estimation Using Synchrophasor Data: A Step Towards Dynamic
Line Rating’, 2018 IEEE Power and Energy Society General Meeting, PESGM 2018

R. S. Singh, S. Cobben, M. Gibescu, ‘Assessment of errors in the measurement chain of
distribution grids for feasibility study of a PMU application’, 2018 First International
Colloquium on Smart Grid Metrology (SmaGriMet)

Ravi Shankar Singh, Stanislav Babaev, Vladimir Cuk, Sjef Cobben, Helko van den Brom, ‘Line
Parameters Estimation in Presence of Uncalibrated Instrument Transformers’, 2019 2nd
International Colloquium on Smart Grid Metrology (SMAGRIMET)

Ravi Shankar Singh, Helko van den Brom, Stanislav Babaev, Sjef Cobben, Vladimir Cuk,
‘Estimation of Impedance and Susceptance Parameters of a 3-Phase Cable System Using
PMU Data’, in Energies. vol. 12, No. 23.

For performing measurements, Ravi got in touch with another eminent laboratory in the field: the

Lemco Lab in Kortrijk, University of Ghent. He performed measurements there during the scope of

the project.

At scientific conferences, Ravi reached out also to the external network of specialist in the area of

Power Quality and PMU measurement for discussions

Besides,

Jibran has identified potential ways of collaboration with other ESRs, notably:

ESR-02 Stanislav Babaev (TUE) | Transfer of Power Quality Disturbances through
Distribution Networks, with who he has been working on several research questions
together, including laboratory measurements and producing common papers.

ESR-01 Stefano Lodetti (CIRCE) | New power quality issues related to Smart Grids, with who
he has been actively discussing on the topic of Power Quality which is common for both
researchers. Attending several conferences together.
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The main target audience of the research are the network operators. In this sense, during the
project, the second secondment was performed at Alliander N.V., which is one of the largest
distribution network operators in the Netherlands. Network operators were the target users of the
technology for the project.

In terms of relevant innovation activities carried out (prototypes, testing activities, standards) and
new potential applications, products, services, reference materials, Ravi developed a methodology
for real-time line rating applied to medium-voltage cables. This has potential for use in practice,
however it is still dependent on further testing with field trials and the possible roll-out of PMU's in
distribution networks.

Table 3 Exploitation Plan for ESR08

Direct
L. Future
. Applications
Fellow Title . Patent Research
/ Commercial .
Required
use
Ravi Shankar Not
PMU Applications in Distribution Grids Yes No No
(ESRO8) PP Possible

Details on how the detected patents could be developed are explained in its dedicated deliverable:
“D8.2 Exploitation roadmap in consonance with the end user feedback”
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3 CONCLUSIONS

The research activity in WP5 progressed well and the obtained results are in good agreement with
the initially defined work plan.

Task 5.1.

The core research project is to establish a high-performance, yet cost-effective, Phasor
Measurement Unit (PMU) platform for large-scale electrical grid monitoring. The work finds an
evidence-based solution appropriate trade-off in PMU design to achieve acceptable real-world
accuracy, at minimal cost. In particular, the design of the analogue systems, processing platform,
and algorithm will be considered. The designs are being prototyped and tested at the University of
Strathclyde (including using a real-time power system simulator), and in collaboration with external
metrology labs.

Furthermore, the ESR has received additional training and experience in signal processing
techniques which are relevant to railway electrical systems, which will be used in the main research
to development next-generation PMU algorithms.

The main contribution of the ESR07 research activity have been the following:

v" Answer to the Development of cost-effective PMU by analysing hardware and software
requirements. Results: Initial hardware prototype developed

v" Answer to the Novel algorithm development by Assessing algorithm performance using real
measurement data. Results: New techniques for event and PQ localisation

v" 5 papers delivered or about to be delivered

Task 5.2.
The obtained results have been:

v" Answer to the Line parameter estimation by estimating them based on PMU data.
Results: Algorithm for on-line parameter estimation and uncertainty definition

v' Answer to the Aggregated load impedance estimation by simulating network events and
load parameter estimation. Results: Harmonic load models of network loads

v" 5 publications
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