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Scope

e Understand the accuracy of the inertia monitoring systems and dependencies on different generation / demand profiles.

¢ Understand regional differences of inertia.

e Establish standardisation methodology for measuring inertia and RoCoF.

e Clarity on accuracy of inertia measurement will feed into specification for inertia products with both Control and planning timescales.

Objectives

Using the metering data from the two new inertia system tools developed following earlier innovation and IT projects, along with the
existing NGESO inertia “estimate” and operational data, the project will:

¢ Analyse and verify the quality of the data from these new tools through comparisons to the existing NGESO estimation.

e Establish different scenarios / use cases for inertia and RoCoF, for example based around levels of synchronous and renewable
generation and demand.

e Compare the different solutions based on the established use cases.

Identify regional inertia variations and representations.

Develop measurement parameters and specification for reference instrumentation.

Build on data and use cases to establish standardisation for inertia measurement by comparing measured results to modelling.

Success Criteria



The following will be considered when assessing whether the project is successful:

The project delivers against objectives, timescales and budgets as defined in the proposal

Verification of the innovative real-time inertia monitoring solutions
e Deeper understanding of how different generation scenarios impact the inertia on the network

e Deeper understanding of regional inertia variations across GB

Standard methodology developed and documented for assessing inertia measurements

Performance Compared to the Original Project Aims, Objectives and Success Criteria

National Grid Electricity System Operator (“NGESO”) has endeavoured to prepare the published report (“Report”) in respect of Inertia
Measurement Method Optimisation, NIA2_NGES0023 (“Project’) in a manner which is, as far as possible, objective, using information
collected and compiled by NG and its Project partners (“Publishers”). Any intellectual property rights developed in the course of the
Project and used in the Report shall be owned by the Publishers (as agreed between NG and the Project partners).

The Report provided is for information only and viewers of the Report should not place any reliance on any of the contents of this
Report including (without limitation) any data, recommendations or conclusions and should take all appropriate steps to verify this
information before acting upon it and rely on their own information. None of the Publishers nor its affiliated companies make any
representations nor give any warranties or undertakings in relation to the content of the Report in relation to the quality, accuracy,
completeness or fitness for purpose of such content. To the fullest extent permitted by law, the Publishers shall not be liable howsoever
arising (including negligence) in respect of or in relation to any reliance on information contained in the Report

Copyright © National Grid Electricity System Operator 2023

The project has been concluded with the completion of all deliverables within the planned 2-year timescale and budget. The project has
met its overall objective of understanding and assessing the accuracy of measured inertia data from two commercial monitoring tools
as well as NESO'’s inertia estimation.

A detailed analysis of the measured inertia data from the commercial monitoring tools and comparison with NESO estimations was
carried out in Work Package 1. The analysis considered data from a 2-year period between 2022 and 2024, thus including the full
calendar year 2023 which enabled consideration of seasonal variations and dependencies. Across the whole time period, the extent
of differences between measured inertia data and NESO'’s calculated values was evaluated to assess the level of agreement. The
results enabled a comprehensive validation of the plausibility of measured inertia data based on known transmission-connected inertia
sources and NESO’s operational experience. The variation of differences between measured and estimated inertia data with different
power system scenarios was studied in detail, including correlation to time of day, day of week, time of year, share of non-synchronous
generation, level of demand, and inertia level. The results provided deeper understanding of how different generation scenarios impact
inertia measurement and estimation. Additional analysis aspects were the extent of variation of measured inertia over short times
scales up to 2 hours and whether this is attributable to real inertia changes or measurement noise; the level and variation of residual
inertia calculated from measurements by subtracting inertia from known synchronous machines; consideration of analysis results in the
context of the confidence intervals of measured inertia values including implications on predicting the rate-of-change-of-frequency
(RoCoF) for large loss of infeed events. The analysis was carried out continuously throughout the project duration with interim results
formally reviewed in 7 meetings with NPL and NESO. The final results were documented in a report completed in July 2024, which was
submitted to NESO and also reviewed in a further meeting.

The activities completed in Work Package 2 led to a deeper understanding of regional inertia variations across GB. Using the
reduced 36-bus model of the GB power system, simulation studies have been completed to evaluate the extent of regional differences
in frequency and RoCoF in historical and future scenarios. The results indicate that under transient conditions, short-term (<1 second)
differences may occur between frequency and RoCoF in different locations, and differences are significant with respect to
measurement accuracy. Furthermore, the sensitivity of local RoCoF to variations in regional inertia has been studied and found to be
significant over timescales less than 500 milliseconds based on the simulation outputs. Two interim reviews of results have been held
and the final report for WP2 was completed in June 2023.

In Work Package 3, a standard methodology for verification of inertia measurements was developed and documented. For the
purpose of inertia measurement verification, the primary system operators use case for inertia measurements was considered to be
the prediction of the maximum power system RoCoF that occurs immediately in response to sudden loss of a large power system
infeed or export. The aim of the verification is to assess to what extent the measured inertia values can meet this use case by
comparing predicted RoCoF with reference measurements of RoCoF provided by NPL. The accurate measurement of RoCoF in the



transient phase up to 0.5 seconds following a large power loss is a well-known problem as the voltage signals are affected by local
oscillations and phase steps resulting from regional power exchanges and impedance changes. In this project, NPL has developed a
new measurement method to provide robust reference values for frequency and RoCoF under transient system conditions. The
method is based on empirical mode decomposition (EMD) to successfully remove the oscillation modes and phase steps to
determine the underlying grid centre-of-inertia frequency regardless of the measurement location. The method has been documented
and submitted for publication in a peer-reviewed journal.

In Work Package 4, reference instrumentation for inertia measurement verification was developed. The development of reference
instruments was completed by September 2023 in time for onsite installations (see WP5 below). The instruments have been refined to
register candidate power system events when measured rate-of-change-of-frequency (RoCoF) exceeds a specified threshold.
Automated consolidation of the measurement data streams from multiple instruments has been implemented to distinguish system
RoCoF events from local excursions caused for example by normal power system switching operations. Three instruments have been
setup at NPL labs in London, Glasgow and Huddersfield to verify time synchronization, remote access, and measurement data
processing. All units were calibrated against national standards of AC voltage and current and are recording frequency and RoCoF in
real-time as well as other standard phasor measurements. For each event, the underlying waveform measurement samples are
captured with high resolution in addition to real-time frequency and RoCoF values, to allow reproducibility and further investigations of
the measurement results. The software has been configured to provide daily event reports. Further software has been written to
analyze frequency event data using the EMD method. The technical specifications of the instrumentation have been documented.

In Work Package 5, onsite verification of inertia measurements was carried out using NPL reference instruments. The project team
worked with the 3 Transmission Owners to arrange installation of NPL’s instruments in several network locations. By July 2024,
instruments were installed in high-voltage substations in North Scotland, South Scotland and in England in addition to instruments
connected to the low-voltage network at NPL sites in London, Glasgow, and Huddersfield. The methodology developed in WP3 was
applied to frequency measurements from these instruments to obtain reference RoCoF values for 50 large losses of power
infeed/exports. The centre-of-inertia RoCoF determined from different measurement locations differed by no more than 0.02Hz/s in
most cases. For each loss event, the predicted RoCoF from measured inertia data and from NESO’s estimated inertia values were
compared with the reference measurement, thus providing an assessment of the accuracy of the inertia values with respect to the
primary use case under consideration. The variation of accuracy with different power system conditions (demand, wind generation,
inertia level) was investigated. All results were presented in formal review meetings and documented in a two-part report submitted to
NESO. A subset of the results was included as a case study in the paper documenting the verification method which was submitted for
publication in a peer-reviewed journal. It was found that in most cases the NESO inertia estimation predicts a higher RoCoF value than
the NPL reference measurement, hence, the estimation method yields a conservative inertial response.

Required Modifications to the Planned Approach During the Course of the Project

The planned approach was to primarily use reference measurements taken in high-voltage substations to verify the inertia
measurements in a lower noise environment compared to low-voltage network connection. Since the installation of NPL’s instruments
in high-voltage substations was slower than planned and due to some instruments not measuring continuously due to intermittent
remote access, the approach was modified to include reference measurements from instruments connected to the low-voltage at NPL
sites which met the accuracy requirements and enabled a larger number of frequency events to be used in the verification.

Lessons Learnt for Future Projects

Future projects should anticipate that setting up data access and installation of non-standard software packages can take several
months. Contingency should be allowed for delays in installation of instruments in high-voltage substations. The verification procedure
requires information about the size of the power loss which is published in NESO’s system incident report GC 105 which has a lag time
of 3 to 4 months, this should be considered in the timeline of future projects using information from this report.

Note: The following sections are only required for those projects which have been completed since 1st April 2013, or since the
previous Project Progress information was reported.

The Outcomes of the Project

1. Assessment of the plausibility of results from commercial inertia measurement systems with respect to existing inertia estimation.
Identification of scenarios in which measured and estimated inertia have smaller/larger divergences.

2. Assessment of the extent and effect of regional differences in frequency, its rate of change and inertia in the GB power system.
Along with frequency measurement results, the results may be used to plan regional inertia monitoring requirements and optimize local
frequency management.

3. Use cases and measurement requirements for frequency, its rate of change and inertia have been documented. This information
may be used to review existing and specify new requirements for response times of frequency services.

4. Methodology for validation of inertia measurements has been developed. This includes a method for reference measurements of the



RoCoF due to inertial response to loss of large infeed events. The methodology provides a framework to assess the extent to which
inertia measurement results from commercial systems meet the requirements of the main use case of predicting the frequency
trajectory after large disturbances. The methodology has been presented to international Working Group CIGRE C2.45 which is
preparing a technical brochure providing guidance on ‘Estimation, evaluation and provision of power system inertia in networks with a
high share of renewable generation’ due to be published in 2026, and to [IEC TC8 for considerations on a future standard on power
system inertia.

5. The absolute accuracy of the commercial systems measurement results and of NESO'’s inertia estimation has been quantified using
reference RoCoF measurements from NPL’s instruments installed in different network locations. The results enable NESO to assess
and optimise the reliability of inertia measurements and estimations for operational use.

Data Access

Details on how network or consumption data arising in the course of NIA funded projects can be requested by interested parties, and
the terms on which such data will be made available by National Grid can be found in our publicly available “Data sharing policy related
to NIC/NIA projects” and www.nationalgrideso.com/innovation.

National Grid Electricity System Operator already publishes much of the data arising from our NIC/NIA projects at
www.smarternetworks.org. You may wish to check this website before making an application under this policy, in case the data which
you are seeking has already been published.

Foreground IPR

The following outputs will be owned per IPR arrangements between ESO and NPL.:

- Methodology, interim presentations and final report of analysis and comparison of inertia measurement results

- Methodology, presentations and final report on investigation of regional differences in frequency, RoCoF and inertia
- Documented use cases and requirements for frequency, RoCoF and inertia measurement

- Documented reference method for inertia measurement verification

- Technical specification for reference measurements

- Presentations and reports on results of onsite verification of inertia measurements
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